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Abstract
Streptococcus pneumoniae (the pneumococcus) is a major human pathogen causing
diseases such as pneumonia, bacteremia or meningitis and constitutes a leading cause
of morbidity and mortality worldwide. The pathogenesis of pneumococcal disease and
the mechanisms of recognition and clearance of S. pneumoniae by the immune system
are incompletely understood.
Toll-like receptors (TLRs) are pattern recognition receptors of the innate immune
system and play an important role in host defense against invading microbes. Pattern
recognition receptors are present on many cell types such as macrophages and
neutrophils. Neutrophils are cells of the innate immune system that engulf and
subsequently kill microbes intracellularly through antimicrobial granule components
and reactive oxygen species. Recently, neutrophils were shown to form neutrophil
extracellular traps (NETs), extracellular filamentous structures consisting of DNA and
bactericidal granule proteins. NETs can trap and kill microbes extracellularly at sites of
infection and comprise a novel mechanism of innate host defense.
The aim of this thesis was to study the role of Toll-like receptors, NETs and the granule
contents of neutrophils in their interaction with S. pneumoniae. Host-pathogen
interactions were assessed both in vivo in different murine models of pneumococcal
disease and in vitro, employing isolated cells and killing assays. The bacterial and host
factors influencing recognition and clearance were studied, employing knockouts in
bacterial as well as host genes.
We found that TLR9, but not TLR1, TLR2, TLR4, TLR6 or the IL-1/IL-18 receptor
pathway plays a non-redundant role in host defense against S. pneumoniae.
Furthermore, TLR9 is essential for the early pulmonary defense against pneumococci
and plays a role in phagocytosis of S. pneumoniae by alveolar macrophages.
NETs are formed in the lungs of mice with pneumococcal pneumonia and
pneumococci are trapped in NETs. S. pneumoniae has evolved at least three virulence
factors to counteract the action of NETs. The surface-bound DNase EndA allows
pneumococci to degrade the DNA scaffold of NETs. Thereby bacteria can free
themselves from entrapment in NETs. In vivo, DNase expression promotes spreading
of pneumococci from the upper airways to the lungs and from the lungs into the
bloodstream during pneumonia. The pneumococcal polysaccharide capsule limits
trapping by NETs. Capsule and D-alanylation of pneumococcal surface structures act
together to render the organism resistant to killing by antimicrobial components present
in NETs. From a neutrophil granule extract we identified Į-defensins as antimicrobial
peptides that efficiently kill encapsulated virulent pneumococci. We found that nonencapsulated pneumococci were more resistant to Į-defensins and that this resistance is
mediated mainly by D-alanylation of pneumococcal surface structures.
In conclusion, we could contribute to further elucidate the processes underlying
recognition and clearance of pneumococci by the innate immune system. We identified
TLR9 as a non-redundant receptor for the early recognition and clearance of
S. pneumoniae by alveolar macrophages and found that neutrophils with their
antimicrobial components and NETs play a crucial role in host defense against
pneumococci. This importance is underlined by the fact that S. pneumoniae has evolved
several virulence factors to evade NETs and neutrophil killing.

Zusammenfassung auf Deutsch
Streptococcus pneumoniae ist ein Bakterium, das schwerwiegende Erkrankungen wie
zum Beispiel Lungenentzündung, Blutvergiftung und Hirnhautentzündung verursachen
kann. Behandlung dieser Infektionskrankheiten wird durch die zunehmende Entstehung
von Antibiotikaresistenz bei Pneumokokken erschwert. Trotz langjähriger Forschung
auf dem Gebiet der Pneumokokken sind die Faktoren, die für die Krankheitsentstehung
und Immunantwort eine Rolle spielen, nur ansatzweise verstanden.
Toll-like Rezeptoren auf menschlichen Zellen erkennen Strukturen, die charakteristisch
für Krankheitserreger sind. Wenn Toll-like Rezeptoren eine solche Struktur erkennen,
signalisieren sie dem Körper, dass eine Infektion vorliegt und das Immunsystem wird
aktiviert. Es gibt verschiedende Toll-like Rezeptoren, die unterschiedliche Strukturen
erkennen und auf vielen Zelltypen, wie z. B. Makrophagen und Neutrophilen
Granulozyten zu finden sind. Neutrophile Granulozyten sind Immunzellen, die
Krankheitserreger aufnehmen und intrazellulär durch verschiedene keimtötende
Substanzen bekämpfen können. Vor kurzem wurde entdeckt, dass Neutrophile eine
weitere Möglichkeit haben Krankheitserreger zu bekämpfen. Sie können sogenannte
neutrophil extracellular traps (NETs) bilden. Das sind extrazelluläre, filamentöse
Strukturen, die aus DNA und keimtötenden Vesikel-Komponenten bestehen und
Krankheitserreger fangen und töten können.
Das Ziel meiner Doktorarbeit war ein besseres Verständnis der Immunantwort während
Pneumokokken-Infektionen zu erlangen, insbesondere in Bezug auf Toll-like
Rezeptoren und NETs sowie der keimtötenden Wirkung von Vesikel-Komponenten.
Die Interaktion von Pneumokokken mit dem Immunsystem wurde in verschiedenen
Mausmodellen sowie in Zellkulturversuchen untersucht. Die Wichtigkeit einzelner
Faktoren für die Immunantwort wurde mit Hilfe von Knock-outs in Pneumokokkenoder Wirtsgenen analysiert.
Toll-like Rezeptor 9 spielt eine wichtige Rolle in der Erkennung von Pneumokokken in
der Lunge und ermöglicht die Aufnahme und intrazelluläre Bekämpfung von
Pneumokokken durch Immunzellen.
NETs werden während einer Lungenentzündung im Lungengewebe gebildet und sind
in der Lage Pneumokokken zu fangen. Pneumokokken haben jedoch mindestens drei
Mechanismen entwickelt um NETs zu entgehen. Eine DNase auf der Oberfläche von
Pneumokokken kann das DNA-Grundgerüst der NETs zerstören und so dazu beitragen,
dass Pneumokokken sich aus NETs befreien können. Auch die Kapsel, die
Pneumokokken umgibt, schützt sie vor NETs und vermindert die Anzahl, der in NETs
gefangenen Pneumokokken. Die Kapsel trägt zudem zusammen mit einer
Oberflächenstrukturveränderung von Pneumokokken zur Einführung von positiver
Ladung dazu bei, dass diese Krankheitserreger nicht von NETs getötet werden.
Durch die Analyse von Vesikel-Bestandteilen haben wir herausgefunden, dass
Į-Defensine eine stark keimtötende Wirkung auf Pneumokokken haben und besonders
aktiv gegen die virulenten enkapsulierten Pneumokokken sind.
Zusammenfassend haben wir herausgefunden, dass Toll-like Rezeptor 9 wichtig für die
frühe Erkennung und Bekämpfung von S. pneumoniae in der Lunge ist und dass
Neutrophile, vor allem durch die Bildung von NETs und die keimtötende Wirkung der
Į-Defensine, zur Immunantwort gegen Pneumokokken beitragen.
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Introduction

Streptococcus pneumoniae

1 Introduction
1.1 Streptococcus pneumoniae
1.1.1 History
Streptococcus pneumoniae or Diplococcus pneumoniae, as it was originally named,
was first isolated and described independently by Louis Pasteur and George Miller
Sternberg in 1880/1881. Sternberg and Pasteur inoculated rabbits with saliva and
isolated the same organism from the diseased animals. They both grew the bacterial
isolate in culture and described its morphology (Pasteur, 1881; Sternberg, 1881). Soon
after that, Albert Fränkel could prove that the pneumococcus is a common cause of
pneumonia (Fraenkel, 1884). Pneumococcal pneumonia was a major health burden and
a mostly deadly disease in the 19th and the beginning of the 20th century. The discovery
of penicillin by Alexander Fleming and the introduction of antibiotic treatment was a
breakthrough for the cure of pneumococcal pneumonia as well as other infectious
diseases in the early 20th century. Unfortunately, due to emergence of antibiotic
resistance S. pneumoniae and other bacterial pathogens continue to be a health problem
worldwide (Klugman, 2002).
S. pneumoniae research not only led to a better understanding of pneumococci and
pneumococcal disease but also contributed to major advances in the field of genetics. In
1928 Frederick Griffith observed that a non-virulent strain of S. pneumoniae could be
transformed into a virulent strain when incubated together with heat-killed virulent
pneumococci (Griffith, 1928). Using S. pneumoniae as the model organism, Oswald
Avery, Colin MacLeod, and Maclyn McCarty discovered in 1944 that the transforming
factor and thus the carrier of genetic information is DNA and not proteins, as
previously assumed (Avery et al., 1944).

Figure 1 Morphology of
Streptococcus pneumoniae.
A. Pneumococcal colonies
grown on blood agar plates. B.
Immunofluorescence staining
of individual pneumococcal
cells labelled with a green
fluorescent dye (FITC). The
pneumococcal polysaccharide
capsule was stained with anticapsular
polysaccharide
antibodies (red).
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1.1.2 Morphology and Identification
Streptococcus pneumoniae is an encapsulated, Gram-positive bacterium that is
facultative anaerobe and alpha-hemolytic (Fig. 1A). Individual cells are lancet-shaped
and between 0.5 and 1.25 micrometers in size. Pneumococci typically are found as
pairs of cocci (Fig. 1B), hence the old name diplococci, but they can also occur as
single cells or in chains. They are non-motile and cannot form spores. Classically,
S. pneumoniae is identified on the basis of its colony morphology and alpha-hemolytic
activity on blood agar plates. Characteristics of pneumococci employed for diagnostics
are their optochin sensitivity and bile solubility. Pneumococci are mostly surrounded by
a polysaccharide capsule that differs antigenically and hence can be distinguished
serologically as different serotypes. Thus, pneumococci can be identified and typed by
agglutination or quellung reaction with anti-pneumococcal polysaccharide antibodies
(Chandler et al., 2000). However, there are pneumococcal isolates that react atypically
in some of these classical tests, including optochin resistant and bile insoluble strains
(Kontiainen & Sivonen, 1987; Obregon et al., 2002). So-called non-typable
pneumococci are unencapsulated or have an unidentified capsular type and hence do
not react with anti-pneumococcal polysaccharide antibodies (Sa-Leao et al., 2006).
Molecular diagnostics include the detection of certain S. pneumoniae specific genes,
such as the autolysin or pneumolysin genes, with probes or PCR.
1.1.3 Genome Organization
The genomic sequences of three pneumococcal strains are publicly available: TIGR4, a
virulent serotype 4 isolate; R6, an avirulent laboratory strain and G54, a type 19F
clinical isolate (Dopazo et al., 2001; Hoskins et al., 2001; Tettelin et al., 2001). The
pneumococcal genome comprises more than 2 million base pairs and has a low GC
content of approximately 40%. It encodes more than 2000 genes of which about 60%
are assigned predicted functions (Tettelin et al., 2001). A characteristic of the
pneumococcal genome is its high density of repeated sequences (IS-elements, BOX
elements and RUP elements) that facilitate inter- and intragenomic recombination and
thereby contribute to genome plasticity (Tettelin et al., 2001). The vast majority of
S. pneumoniae isolates is transformable - naturally competent to take up DNA - and
horizontal gene transfer seems to be important for pneumococcal adaptation and
survival. This is exemplified in the spread of antibiotic resistance genes among
pneumococcal strains (Dowson et al., 1989).
Genome comparison revealed a large variety between pneumococcal strains, reflected
in a large set of genes, not considered to belong to the so-called core genome. In a
comparison of 17 strains only 46% of genes were conserved among all strains (Hiller
et al., 2007). Individual strains have been shown to vary with up to 10% of their
genomic content (Hakenbeck et al., 2001). Thirteen large loci, so-called regions of
diversity have been identified, some of them differing in the GC content or flanked by
insertion sequences, indicating their likely acquisition from other organisms by
horizontal gene transfer (Tettelin, 2004). Recent data suggest that the presence or
absence of these regions of diversity correlates with the potential of strains to
colonize or to cause invasive disease (Obert et al., 2006). These findings may explain
the substantial differences in virulence observed for different pneumococcal strains.
2
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1.1.4 Cell Wall and Surface Proteins
The pneumococcal cell wall consists of a thick layer of peptidoglycan (PG) with
interwoven teichoic acids (TA) and lipoteichoic acids (LTA) (Fig. 2). LTAs are
chemically identical to TAs but possess a lipid moiety that is anchored in the
cytoplasmic membrane (Fischer et al., 1993), while TAs are attached to the PG.
Proteins located on the bacterial surface can be divided into three groups dependent on
their mode of anchoring: choline binding proteins, membrane associated lipoproteins
and peptidoglycan-bound proteins (Bergmann & Hammerschmidt, 2006).

Figure 2 Schematic drawing of the pneumococcal cell surface. The pneumococcal cell
membrane is surrounded by a cell wall consisting of peptidoglycan (PG) and interwoven
teichoic (TA) and lipoteichoic acids (LTA). Pneumococci also express a large variety of
surface proteins including choline binding proteins (CBP), lipoproteins and PG-bound
proteins. Recently, pneumococci where shown to form pilus polymers that are anchored to the
cell wall.

Choline binding proteins (CBPs) are linked to the cell surface by a mechanism unique
for pneumococci. TA and LTA on the pneumococcal surface contain
phosphorylcholine that is employed as a linker for the attachment of CBPs. These
proteins possess choline binding domains through which they specifically attach to
choline. Pneumococci express 13 to 16 CBPs including the cell wall hydrolases LytA,
LytB, LytC and the phosphorylcholine esterase (Pce) as well as the pneumococcal
surface protein A (PspA) and the pneumococcal surface protein C (PspC).
3
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Phosphorylcholine is not only involved in protein anchoring, but also acts as an adhesin
by binding to the platelet activation factor receptor (PAFR) on host cells, allowing
subsequent invasion (Cundell et al., 1995). Phosphorylcholine is also recognized by Creactive protein (CRP), an innate immune component. CRP received its name due to its
reactivity towards C-polysaccharide as the pneumococcal teichoic acid was originally
named (Kaplan & Volanakis, 1974).
Surface-located lipoproteins, such as the pneumococcal surface antigen A (PsaA), are
integrated into the pneumococcal cell membrane (Bergmann & Hammerschmidt,
2006).
Peptidoglycan-bound proteins possess LPxTG-motifs that are recognized by
transpeptidase enzymes, named sortases, which catalyze their covalent attachment to
the cell wall peptidoglycan. This is a common mechanism of attachment in Grampositive bacteria (Navarre & Schneewind, 1999). Examples of peptidoglycan-bound
pneumococcal proteins are the hyaluronate lyase (Hyl), the neuraminidase NanA, the
IgA1-protease and the zinc metalloprotease ZmpC. Furthermore the pneumococcal
pilus proteins RrgA, RrgB and RrgC possess LPxTG-motifs and are assembled and
anchored to the cell wall in a sortase-dependent fashion (Barocchi et al., 2006).

1.1.5 Virulence Factors
S. pneumoniae features a wide range of virulence factors including its polysaccharide
capsule, cell wall components as well as a variety of different proteins that are released
or surface-exposed.
A selection of the most important virulence factors as well as mechanisms of special
interest for this thesis are discussed below.

The Polysaccharide Capsule
Most clinical isolates of S. pneumoniae are surrounded by a thick capsular
polysaccharide (CPS) that is considered to be the major virulence factor of
pneumococci. To date 90 serologically different capsular types have been described,
varying in their sugar composition and linkage (Henrichsen, 1995). The genes required
for the synthesis of a capsular polysaccharide are encoded in the capsule locus (Paton et
al., 1997). Capsular type specific genes are flanked by common regions, simplifying
genetic exchange and recombination of the capsular loci between different
pneumococcal strains. This favors the occurrence of capsular switches, resulting in
strains characterized by the same genomic background but different capsules (Doit et
al., 2000; Paton et al., 1997).
As already noticed by Griffith in 1928, in the vast majority of cases non-encapsulated
pneumococci are almost completely avirulent compared with encapsulated strains
(Griffith, 1928). The capsular polysaccharides of S. pneumoniae are non-toxic and the
capsule’s virulence is mainly based on its inhibition of complement-mediated
opsonophagocytosis by polymorphonuclear neutrophils and macrophages. The capsule
limits the access of phagocytic receptors on host immune cells to complement
4
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components bound to the pneumococcal cell wall (Cross, 1990; Jonsson et al., 1985;
Tuomanen et al., 1987).
The majority of invasive pneumococcal infections is caused by only a small range of
serotypes with the most prevalent strains varying among age groups and geographical
regions (Henriques et al., 2000). Different capsular types confer different levels of
virulence and strains with equally thick capsules but different capsular serotypes can
vary considerably in virulence (Bruyn et al., 1992; Knecht et al., 1970).
Experiments with capsular switches and epidemiological data on genetic clones,
however, indicate that not only the capsular type but also the genetic background is
important for the virulence potential of pneumococcal strains (Brueggemann et al.,
2003; Sandgren et al., 2004; Sjostrom et al., 2006). CPSs are immunogenic and give
rise to serotype specific protective antibodies (Chudwin et al., 1985). Capsule
expression can be up- or downregulated and this is vital for the survival in different
host environments. During nasopharyngeal colonization capsule expression is low,
most likely facilitating attachment to cells by revealing adhesive surface components
(Kim & Weiser, 1998; Weiser et al., 1994). Interestingly, contact with epithelial cell
has been shown to induce a reduction in capsule expression (Hammerschmidt et al.,
2005). In contrast, capsule expression is high during the systemic phase of infection,
thereby protecting the bacteria from opsonophagocytosis (Kim & Weiser, 1998).
Pneumolysin
Pneumolysin is a cytoplasmic protein expressed by virtually all clinical isolates of
S. pneumoniae. It belongs to a family of pore-forming toxins common to several Grampositive bacterial species (Cockeran et al., 2002). Traditionally called a hemolysin, it
nevertheless is capable of lysing any eukaryotic cell with cholesterol in its membrane
(Rubins et al., 1992). The integration of up to 50 pneumolysin molecules can lead to
the formation of as large as 30 nm sized pores in cytoplasmic membranes (Morgan et
al., 1995). Pneumolysin does not possess a secretion signal suggesting that it is
liberated to the extracellular space upon bacterial lysis. However, recent data indicate
that it might be released independently of the major autolysin (Balachandran et al.,
2001).
Besides its cytotoxic activity several other functions of pneumolysin have been
described, mainly emphasizing its proinflammatory effect (Cockeran et al., 2002).
Pneumolysin activates neutrophils and macrophages and can induce apoptosis in
several host cell types (Braun et al., 1999; Cockeran et al., 2001; Zysk et al., 2000).
Pneumolysin has been shown to be a TLR4 ligand, thereby leading to the activation of
NFțB and the expression of proinflammatory cytokines (Malley et al., 2003).
However, how this affects pathogenesis is still under debate (see Results and
Discussion). It also has a role in the interaction with complement and has been shown
to activate the classical complement pathway in the absence of antibodies (Paton et al.,
1984). Pneumolysin also slows ciliary action of respiratory epithelial cells (Steinfort et
al., 1989).
In animal models, pneumolysin alone has been shown to induce similar lung
inflammation as observed in pneumococcal pneumonia (Feldman et al., 1991).
5
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Accordingly, pneumococci deficient in pneumolysin are less virulent in intranasal and
systemic models of infection (Berry et al., 1989b).
Autolysins
S. pneumoniae possesses several cell wall hydrolases that cleave covalent bonds of
peptidoglycan. They are involved in fundamental cellular processes such as cell wall
synthesis, separation of daughter cells and genetic transformation (Lopez & Garcia,
2004). Four cell wall hydrolases, LytA, LytB, LytC and phosphorylcholine esterase
(Pce), have been shown to play a role for pneumococcal virulence. While LytB is
important for daughter cell separation, LytA and LytC can cause bacterial cell lysis and
have therefore been named autolysins (Garcia et al., 1985; Lopez et al., 2000).
LytA is the major pneumococcal autolysin and has been shown to be involved in
virulence, probably by aiding the release of pneumolysin and other inflammatory
molecules by cell lysis (Berry et al., 1989a; Berry & Paton, 2000; Sato et al., 1996). It
is also responsible for the lytic effects that penicillin exerts on pneumococci (SanchezPuelles et al., 1986).
LytB and LytC were shown to be important for nasopharyngeal colonization (Gosink et
al., 2000). Pce (also called CbpE) cleaves phosphorylcholine residues from TA and
LTA and is important for cell adherence and nasopharyngeal colonization (Gosink et
al., 2000). Interestingly, Pce-deficient pneumococci are more virulent in an
intraperitoneal infection model (Vollmer & Tomasz, 2001). Due to the different
functions of phosphorylcholine in the infection process (CBP attachment, PAF receptor
interaction, C-reactive protein binding) a contradictory role of Pce, modulating the
amount of phosphorylcholine in the cell wall, is not surprising.
Pneumococcal Surface Protein C (PspC)
Pneumococcal surface protein C (PspC), also known as Choline binding protein A
(CbpA) or Streptococcus pneumoniae secretory IgA binding protein (SpsA), is
produced by more than 75% of pneumococcal clinical isolates (Brooks-Walter et al.,
1999). It has been assigned different functions and interacts with a variety of host
proteins. Allelic variants of PspC are rather polymorphic and can be divided into 11
groups and not all observed functions are present in all variants (Iannelli et al., 2002).
The classical PspC proteins are CBPs but Hic, a PspC like protein expressed mainly by
type 3 strains, is an PG-anchored protein (Janulczyk et al., 2000).
PspC binds to the secretory component of the polymeric Ig receptor (pIgR) that is
expressed on mucosal epithelial cells, thereby mediating adherence and possibly
invasion of epithelial cells during nasopharyngeal colonization (Zhang et al., 2000).
PspC also binds to the secretory component on secretory forms of IgA (sIgA) and IgM
(sIgM) (Hammerschmidt et al., 1997). Both these interactions with secretory
components are human specific. Additionally, PspC was described to bind to
complement component C3 and to factor H, a regulatory protein of the alternative
complement pathway, and thereby inhibits complement activation (Dave et al., 2004;
Smith & Hostetter, 2000). Hic binds factor H but lacks the other functions of PspC
proteins (Janulczyk et al., 2000). In one study PspC proved to be essential for
6
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colonization but not systemic infection (Rosenow et al., 1997). However, another study
found that both PspC and Hic enhance virulence in systemic infection models (Iannelli
et al., 2004). These differences might be due to the diversity of PspC structure and
function between strains and thus reflect the importance of different aspects of PspC
function in different host niches.
Pneumococcal Surface Protein A (PspA)
Pneumococcal surface protein A (PspA) is a CBP expressed by virtually all clinical
isolates and plays a role in virulence. PspA-deficient pneumococci are cleared faster
from the bloodstream and antibodies directed against this surface protein are highly
protective (McDaniel et al., 1987). PspA has been shown to interfere with complement
dependent clearance and binds to (apo-) lactoferrin, inhibiting its bactericidal effect
(Hammerschmidt et al., 1999; Tu et al., 1999).
Pneumococcal Surface Adhesin A (PsaA)
Pneumococcal surface adhesin A (PsaA) is the substrate binding lipoprotein of an ABC
type manganese transporter system (Dintilhac et al., 1997). Knockout of psaA affects
virulence in intraperitoneal and intranasal infections and leads to decreased adherence
to host cells and increased sensitivity to oxidative stress (Marra et al., 2002; RomeroSteiner et al., 2003; Tseng et al., 2002). Recently, E-cadherin on epithelial cells was
shown to act as a receptor for PsaA (Anderton et al., 2007).
Degradation of Host Components
A large variety of enzymes, produced by the pneumococcus, is involved in virulence
and pathogenesis of pneumococcal infections. The neuraminidases NanA, NanB and
NanC (putative) cleave terminal sialic acids on host glycoproteins and glycolipids,
possibly increasing the accessibility of potential binding sites for pneumococci and
thereby promoting adherence and colonization (Tong et al., 2000; Tong et al., 2002).
The IgA1 protease is expressed by virtually all clinical isolates. It can inactivate
mucosal IgA1 and has recently been implicated to play a role in adhesion to host cells
by interaction with surface attached IgA1 (Romanello et al., 2006; Weiser et al., 2003).
Other enzymes may assist tissue invasion by degrading extracellular matrix (ECM)
components. Examples are the hyaluronate lyase Hyl that degrades hyaluronan and the
zinc metalloprotease ZmpC that cleaves and activates matrix metalloprotease 9
(Oggioni et al., 2003; Rigden & Jedrzejas, 2003).
Pyruvate Oxidase
With help of the pyruvate oxidase SpxB, pneumococci produce large amounts of
hydrogen peroxide equalling concentrations achieved by neutrophils during oxidative
burst (Duane et al., 1993). As pneumococci do not express catalase the produced
hydrogen peroxide is not immediately neutralized. Hydrogen peroxide production is
7
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important for pneumococcal virulence and has been shown to have cytotoxic effects on
host cells (Duane et al., 1993; Spellerberg et al., 1996). It also provides a mean to fight
competing microorganisms in the upper respiratory tract due to its bactericidal activity
on bacteria such as Haemophilus influenzae and Staphylococcus aureus (Pericone et al.,
2000; Regev-Yochay et al., 2006).
Pili
It was recently shown by our group that pneumococci are decorated with elongated
surface-attached pilus polymers that protrude beyond the pneumococcal capsule
(Barocchi et al., 2006). This pilus structure is encoded by the rlrA pathogenicity island
that has previously been described to be important for virulence in a signature tagged
mutagenesis (STM) screen (Hava & Camilli, 2002). The rlrA islet contains seven
genes, rlrA, rrgA, rrgB, rrgC, srtB, srtC and srtD. SrtB, srtC and srtD encode sortase
enzymes whereas rrgA, rrgB and rrgC encode sortase-anchored surface proteins
characterized by LPxTG motifs (Hava & Camilli, 2002). RlrA is a transcriptional
regulator that positively regulates the transcription of all seven genes contained in the
rlrA islet (Hava et al., 2003). A negative regulator of the rlrA islet, mgrA, lies outside
the islet (Hemsley et al., 2003). The pilus-subunit proteins RrgA, RrgB, and RrgC are
polymerized to form a pilus structure by covalent cross-linking of subunits by sortase
enzymes (Fig. 2). RrgB is the major pilus subunit, forming the backbone of the pilus
whereas RrgA and RrgC decorate the pilus structure (Barocchi et al., 2006). Piliation
increases adhesion of pneumococci to lung epithelial cells (Barocchi et al., 2006) and
pilus-associated RrgA was shown to be responsible for the adhesive effect of pili
(Nelson et al., 2007). Piliated pneumococcal strains outcompete non-piliated
corresponding strains in mixed infections in murine models of colonization, pneumonia
and bacteremia (Barocchi et al., 2006). Furthermore, pili seem to be involved in the
triggering of the host inflammatory response to pneumococcal infections (Barocchi et
al., 2006).
The rlrA islet is present in some but not all clinical isolates and recent data suggest that
piliation might explain the successful spread of certain pneumococcal clones around the
world such as Spain9V-3 of ST156 (Sjostrom et al., 2007).
D-alanylation of (Lipo-) Teichoic Acids
The attachment of positively charged D-alanine residues to TA and LTA on the
bacterial surface is a common mechanism among many species of the low-G+C
subdivision of Gram-positive bacteria such as Staphylococcus, Streptococcus and
Bacillus species (Neuhaus et al., 1996). D-alanylation is accomplished by reactions
catalysed by components of the dlt-operon consisting of dltA, dltB, dltC and dltD
(Neuhaus et al., 1996). D-alanylation adds positive charge to the bacterial surface and
has been shown to influence a variety of processes such as autolysis, adhesion, biofilm
formation, acid tolerance, protein secretion, resistance to antimicrobial components and
virulence (Neuhaus & Baddiley, 2003). In S. pneumoniae, D-alanylation was
overlooked for a long time as R6, a commonly used laboratory strain, has an
8
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inactivating mutation in dltA. Kovacs et al. recently demonstrated an active dlt-operon
and the occurrence of D-alanylation in pneumococci. D-alanylation of TA and LTA
rendered pneumococci resistant to the lantibiotic peptide nisin (Kovacs et al., 2006).
Deacetylation of Peptidoglycan
The pneumococcal cell wall peptidoglycan contains a high percentage of nonacetylated glucosamine residues. Deacetylation is mediated by the peptidoglycan-Nacetyl-glucosamine deacetylase A (PgdA) (Vollmer & Tomasz, 2000). Pneumococci
deficient in PgdA are hypersensitive to lysozyme and show decreased virulence in a
mouse model of systemic infection. This protective effect of deacetylation of
peptidoglycan from lysozyme-dependent killing has also been shown to occur in other
human pathogens such as Staphylococcus aureus (Bera et al., 2005).
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1.2 Host Immune Responses
1.2.1 Innate Immunity
Overview
The innate immune system is the sum of the defense mechanisms already in place,
when the body is challenged with a certain pathogen for the first time. In the majority
of cases this is sufficient to deal with a pathogen and restrict and resolve the infection.
The first line of defense against invading pathogens is to prevent their entry into the
body. This is achieved by a variety of physical and chemical barriers, which are
difficult to overcome.
The skin, with its low pH and the mucus membranes that line the inner surfaces of the
body are important physical barriers. Pathogens trapped in the mucus are removed by
mechanisms such as sneezing, coughing and ciliary action. The pneumococcal
virulence factor pneumolysin has been shown to slow ciliary movement (Steinfort et
al., 1989). Additionally, secreted body fluids contain microbicidal components like
lysozyme (tears, salvia and nasal secretions), acid (gastric juice) and lactoperoxidase
(milk).
The normal flora of the mouth, gut and skin prevent our body from the adhesion and
entry of potentially dangerous pathogens by microbial antagonism. Pneumococci have
evolved mechanisms to combat other microbes through the production of hydrogen
peroxide that is bactericidal for many other microbes such as Haemophilus influenzae
(Pericone et al., 2000). Bacterial antagonism may also be mediated by innate immune
activation. Thus, the Gram-negative organism Haemophilus influenzae can by
activating nucleotide-binding oligomerization domain protein-1 (NOD-1) signaling
induce neutrophil- and complement-mediated clearance of Streptococcus pneumoniae
from the mucosal surface in a murine model (Lysenko et al., 2007).
Once a microorganism has managed to overcome the linings of the body, it encounters
two categories of innate defensive mechanisms: phagocytosis and soluble microbicidal
and signaling factors.
Phagocytosis is mainly carried out by two major cell families of professional
phagocytes, macrophages and neutrophils (see below). Phagocytes bind to microbes via
phagocyte receptors that recognize a variety of pathogen-associated molecular patterns
(PAMPs). Thereby ingestion of the microbe into a vacuole (phagosome) is initiated and
after fusion with cytoplasmic vesicles the digestion of the microbe takes place. The
pneumococcal polysaccharide capsule inhibits phagocytosis by neutrophils and
macrophages (Jonsson et al., 1985).
The complement system is the major soluble effector mechanism of innate immunity.
When activated by an adequate stimulus, this enzyme cascade system can generate a
rapid, highly amplified response against microbial intrusion. The complement system
can be activated by three different pathways. The classical pathway is primarily
triggered by the binding of complement component C1q to antigen-antibody complexes
but can also occur by binding of C1q to the pathogen surface or to CRP-pathogen
complexes. C-reactive protein (CRP) is an acute phase protein that is upregulated upon
10
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infection and binds to phosphocholine in the pneumococcal cell wall. This binding may
activate the complement cascade but bound CRP may also directly act as an opsonin
(Mold et al., 1982; Mold et al., 2002; Szalai et al., 1997). The alternative pathway of
complement activation is initiated by C3 hydrolysis directly on microbial surfaces,
whereas the lectin pathway is triggered by binding of mannose-binding lectin to
mannose residues present on the surface of certain bacteria. Activation of the
complement cascade results in increased abundance of C3 convertase and consequently
increased cleavage of C3. From here the cleavage cascade continues to produce many
different mediators. Examples for the actions of these mediators are opsonization
(C3b), mast cell degranulation and immune cell recruitment (C3a and C5a), and
formation of the membrane attack complex (MAC) (C5b, C6, C7, C8 and C9). All
together this results in an increase of vascular permeability, migration of immune cells
to the site of infection and the lysis and opsonophagocytosis of microorganisms.
S. pneumoniae mainly activates the classical complement pathway via CRP,
pneumolysin or direct binding of C1q to the pneumococcal surface (Brown et al., 2002;
Paton et al., 1984). The alternative pathway, but not the lectin pathway, has been
shown to play a role as well (Brown et al., 2002). The pneumococcal virulence factors
PspA and PspC inhibit complement activation (Dave et al., 2004; Smith & Hostetter,
2000; Tu et al., 1999). Encapsulation renders complement mediated opsonization
inefficient and reduces the amount of complement deposited (Abeyta et al., 2003).
Besides acting as phagocytic receptors, pattern recognition receptors play a crucial role
in the activation of both innate and adaptive immune responses. They sense the
presence of PAMPs and induce intracellular signal transduction cascades that result in
the expression of proinflammatory mediators such as cytokines and chemokines.
Examples for signaling receptors are Toll-like receptors and NOD-proteins.

Toll-like Recetors
Toll-like receptors (TLRs) are pattern recognition receptors which are evolutionary
conserved over a wide variety of life forms including plants, insects and vertebrates.
The first member of the TLR family, Toll, was discovered in the fruit fly Drosophila
melanogaster where Toll plays a role in embryonic development but is also important
for protection against fungal infections in the adult fly (Lemaitre et al., 1996). To date
13 mammalian TLRs have been identified, TLR1-10 are found in humans whereas
TLR1-9 and TLR11-13 are found in the mouse (Kawai & Akira, 2007).
TLRs are transmembrane proteins possessing an extracellular leucine-rich domain and
a cytoplasmic domain important for signal transduction (Fig. 3). The extracellular
leucine-rich domain mediates the pattern recognition function and binds specific
microbial ligands. The cytoplasmic domain is homologous to the cytoplasmic domain
of the interleukin-1 and 18 receptors (IL-1R / IL-18R) and is called Toll / IL-1R (TIR)
domain. Both TLR and IL-1R / IL-18R activation therefore signal via related pathways,
but the extracellular domain of the IL-1R / IL-18R is an immunoglobulin-like domain
and thus non-homologous to TLRs (Takeda & Akira, 2004). The IL-1R / IL-18R
ligands, IL-1ȕ and IL-18, are activated by caspase-1, previously named IL-1 converting
enzyme (ICE) (Black et al., 1988).
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Binding of microbial ligands to the pattern recognition domain induces dimerization of
TLRs and the initiation of a signaling cascade in the host cell, leading to the expression
of proinflammatory mediators such as cytokines and interferons (IFN). Additionally
TLR signaling induces the upregulation of co-stimulatory molecules on dendritic cells
(DC) important for the activation of the adaptive immunity. Signaling occurs mainly
through a myeloid differentiation factor 88 (MyD88)-dependent pathway leading to the
activation of the transcription factors NFțB, AP-1 and IRF-5. But adaptor molecules
other than MyD88, namely Mal, TIRAP and TRIF, exist and this can lead to
differences in response to stimulation of different TLRs. All TLRs except TLR3 have
been shown to signal through MyD88. TLR3 and TLR4 also signal in an MyD88independent fashion, resulting mainly in induction of IFN-Į and IFN inducible genes
(Kawai & Akira, 2006).
TLRs are expressed on immune cells including macrophages, dendritic cells,
neutrophils, T-cells and B-cells but also on non-immune cells such as epithelial cells
and fibroblasts (Albiger et al., 2007).

Figure 3 Toll-like receptors (TLRs) and their ligands and signaling pathways. TLRs are
pattern recognition receptors that are expressed on the cell surface or the endosome and are
activated by specific microbial structures. Both TLRs and IL-1/IL-18 receptors (IL-1R/IL18R) activate signal transduction cascades that involve adaptor molecules like MyD88 and
lead to the transcription of proinflammatory mediators such as cytokines and interferons.
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Table 1 Toll-like receptors: Ligands and subcellular localization.
Receptor

Ligand(s)

Location

TLR 1

triacyl lipoproteins

cell surface

TLR 2

lipoproteins; lipoteichoic acids; zymosan; viral glycoproteins

cell surface

TLR 3

double-stranded RNA

endosome

TLR 4

LPS; viral glycoproteins; mannan; heat shock proteins; pneumolysin

cell surface

TLR 5

flagellin

cell surface

TLR 6

diacyl lipoproteins

cell surface

TLR 7

single-stranded RNA

endosome

TLR 8

single-stranded RNA

endosome

TLR 9

unmethylated CpG DNA

endosome

TLR 10

unknown

cell surface

TLR 11

Profilin

cell surface

TLR 12

unknown

?

TLR 13

unknown

?

Individual TLRs differ in their extracellular domain and the recognition of specific
PAMPs (see Table 1 for an overview). TLR4 is the essential receptor for
lipopolysaccharide (LPS) of Gram-negative bacteria but has also been shown to
recognize mannan from yeast, host heat shock proteins, viral envelope proteins and
pneumococcal pneumolysin. TLR2 forms heterodimers with TLR1 or TLR6 and
recognizes a wide spectrum of microbial components including lipoproteins from
various pathogens, LTA of Gram-positive bacteria including S. pneumoniae and
zymosan from fungi (Schroder et al., 2003). TLR1/TLR2 heterodimers were suggested
to recognize triacylated lipoproteins while TLR2/TLR6 recognize diacylated
lipoproteins and thus also pneumococcal LTA (Kim et al., 2005). TLR2 has also been
shown to be activated by peptidoglycan but this is controversial and might be due to
contamination of peptidoglycan preparations with other TLR2 ligands such as LTA
(Travassos et al., 2004). Flagellin, a component of bacterial flagella is the ligand of
TLR5 (Takeda & Akira, 2005).
Whereas TLR1, 2, 4, 5, 6, 10 and 11 are primarily located on the cell surface, TLR3, 7,
8 and 9 are located on intracellular membranes of the endosomal compartment. These
TLRs recognize nucleic acids and have been mainly implicated to play a role for the
recognition of viral infections.
While TLR3 recognizes double stranded viral RNA, TLR7 and 8 were shown to
recognize single stranded viral RNA. TLR9 is a receptor for unmethylated CpG DNA
found in bacterial and viral DNA. In contrast to this, CpG motifs in vertebrate DNA are
highly methylated and therefore do not activate TLR9. (Takeda & Akira, 2005).
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The role of TLRs in host defense is studied in infection models employing mice
deficient in various elements of the TLR signaling pathway. MyD88-deficient mice are
highly susceptible to many different microbial infections including pneumococcal
infections pointing to its central importance in host defense (Akira, 2000; Albiger et al.,
2005).
TLR4-deficient mice are highly susceptible to infections with various Gram-negative
pathogens such as Salmonella, Haemophilus influenzae and Klebsiella pneumoniae (Li
& Cherayil, 2003; Macarthur et al., 2007; Wang et al., 2002). TLR2 was shown to be
important in defense against Gram-positive bacterial pathogens such as Staphylococcus
aureus and Listeria monocytogenes but also Gram-negative pathogens like Legionella
pneumophila and Salmonella (Hawn et al., 2006; Takeuchi et al., 2000; Torres et al.,
2004). To elucidate the contributions of individual TLRs in pneumococcal infections
was a part of this thesis work.

Macrophages
Macrophages are professional phagocytes that belong to the myeloid lineage of
immune cells (Fig. 4). Myeloid progenitor cells develop into monocytes that circulate
in the bloodstream and subsequently migrate into tissues where they differentiate into
resident tissue macrophages. Large numbers of long-lived, resident macrophages are
found in organs such as the spleen (splenic macrophages), the liver (Kupffer cells), the
lungs (alveolar macrophages) and in the submucosal layer of the gastrointestinal tract
but are also present in the peritoneal cavity (peritoneal macrophages), the CNS
(microglia), the kidney (mesangial phagocytes), the connective tissues (histiocytes) and
the bones (osteoclasts) (Janeway, 2004).
Macrophages are usually the first immune cells that encounter invading microbes in
infected tissues and possess a variety of surface-receptors that recognize microbial
structures. These pattern recognition receptors include the TLRs, as described above,
but also many other receptors like scavenger receptors and C-type lectins (e.g.
macrophage mannose receptor) (Taylor et al., 2005).
As is the case for TLRs, binding of microorganisms can lead to signal transduction and
subsequent immune activation by the release of proinflammatory cytokines and
chemokines such as IL-1, IL-6, IL-12, Tumor necrosis factor-Į (TNF-Į) and IL-8 that
induce an inflammatory response with increased vascular permeability and the
attraction of other immune cells such as neutrophils and lymphocytes to the site of
infection. Other pattern recognition receptors such as scavenger receptors and C-type
lectins induce phagocytosis of the bound microorganism (Janeway & Medzhitov,
2002). The scavenger receptor macrophage receptor with collagenous structure
(MARCO) and the murine C-type lectin SIGN-R1 have been shown to recognize
pneumococci (Arredouani et al., 2004; Kang et al., 2004).
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Figure 4 Macrophages are professional phagocytes that can take up pneumococci.
Immunofluorescence stainings of macrophages with (A, C) and without (B) phagocytosed
pneumococci. Macrophages were stained for surface antigen F4/80 (green in A, red in B and
C). In A, pneumococci and nuclei of macrophages were stained for DNA (red). In C
pneumococci were labeled with fluorescent dye (FITC, green).

Figure 5
Neutrophils can phagocytose pneumococci and form NETs.
Immunofluorescence stainings for DNA (blue), neutrophil elastase (red) and pneumococci
(green) A. Neutrophils are characterized by a multilobular nucleus (blue) and abundant
neutrophil granules (red) in their cytoplasm. B. Neutrophils can phagocytose pneumococci
(green). C. and D. Neutrophils form neutrophil extracellular traps (NETs).
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Neutrophils
Neutrophils or polymorphonuclear leukocytes (PMN) are short lived cells that are
abundant in the bloodstream but are rarely present in normal, healthy tissues (Fig. 5).
Neutrophils are the first immune cells attracted to sites of infection by chemokines and
cytokines and are found in large numbers in infected tissue already in the early stages
of infection (Mayer-Scholl et al., 2004).
Neutrophils belong to the myeloid lineage of immune cells and are characterized by a
multilobular nucleus and abundant cytoplasmic granules. Similar to macrophages,
neutrophils are professional phagocytes that recognize microorganisms with cell
surface receptors and phagocytose and kill microbes intracellularly (Janeway, 2004).
Neutrophils contain different types of granules, azurophilic (or primary) granules,
specific (or secondary) granules and gelatinase (or tertiary) granules that contain a large
array of antimicrobial components (Table 2). Proteases such as neutrophil elastase and
cathepsin G degrade bacterial virulence factors. Antimicrobial peptides (such as
Į-defensins and cathelicidins) and bactericidal/permeability increasing protein possess
direct bactericidal effects (Mayer-Scholl et al., 2004).
Granule components act together with reactive oxygen species (ROS) which are
generated during the oxidative burst, initiated by the assembly of the NADPH oxidase
at the phagosomal membrane. The NADPH oxidase produces superoxide molecules
which are rapidly converted to hydrogen peroxide by the enzyme superoxide
dismutase. Myeloperoxidase, contained in granules, generates hyperchlorous acid, a
potent antimicrobial, from hydrogen peroxide (Mayer-Scholl et al., 2004).
Granules can also fuse with the cytoplasmic membrane and thus release their
antimicrobial content into the extracellular space. This is called degranulation and can
harm extracellular pathogens but also host cells (Talstad et al., 1983).

Phagocytosis
Recognition of microbial structures by phagocytic receptors leads to uptake, or
phagocytosis of microbes by neutrophils and macrophages (Fig. 4 and 5). Phagocytosis
is an active process during which the attached microbe is surrounded by the phagocyte
membrane and internalized into a phagosome. Acidification of the phagosome content,
fusion with granules that contain antimicrobial proteins, peptides and enzymes and the
oxygen-dependent production of reactive oxygen species, mostly lead to the
intracellular killing and degradation of phagocytosed microbes (Janeway, 2004).
Microbes opsonized with complement component C3b or specific antibodies are
recognized by C3b receptors or Fc-receptors on phagocytes and this increases
phagocytosis of most pathogens. For S. pneumoniae, complement mediated
opsonization is inefficient, but opsonization with anti-capsular polysaccharide
antibodies is highly effective (Jonsson et al., 1985).
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Antimicrobial content of neutrophil granules.
Azurophilc
(primary)

Proteinases

Specific
(secondary)

Neutrophil elastase

Collagenase

Cathepsin G

Gelatinase

Gelatinase
(tertiary)
Gelatinase

Proteinase 3
Esterase N collagenase

Microbicidal
enzymes

Myeloperoxidase

Lysozyme

Myeloperoxidase

Lysozyme

Neuraminidase

Lysozyme

Į-1-Antitrypsin

Apolactoferrin

Lactoferrin

Heparin binding protein

Vitamin B12-binding protein

Azurocidin
Neuraminidase

Acid
hydrolases

N-acetyl-ȕ-glucosaminidase
Cathepsin B
Cathepsin D
ȕ-Galactosidase
ȕ-Glucuronidase
Į-Mannosidase

Inhibitors

Protein kinase C inhibitor
Histaminase
Heparinase

Other

Defensins

hCAP-18 (Æ LL-37)

BPI

Plasminogen activator

Acid mucopolysaccharide

Lipocalin

Acetyltransferase

Ubiquitin

NETs
Recently a new host defense mechanism specific for neutrophils was described. When
neutrophils are activated with IL-8, Phorbol myristate acetate (PMA) or bacterial
endotoxin they form neutrophil extracellular traps (NETs) (Brinkmann et al., 2004).
NETs are filamentous extracellular structures composed of neutrophil DNA and
granule proteins (Fig. 5). They trap microbes such as Salmonella enterica, Shigella
flexneri and Staphylococcus aureus but also the fungus Candida albicans and then kill
them by high local concentration of antimicrobial components. The formation of NETs
in vivo has been shown to occur in human appendicitis, experimental shigellosis,
necrotizing fasciitis, sepsis and the non-infectious pregnancy related disorder
preeclampsia (Brinkmann et al., 2004; Buchanan et al., 2006; Clark et al., 2007; Gupta
et al., 2005; Urban et al., 2006; Wartha et al., 2007). The mechanism of NET formation
is not completely elucidated but it seems to be a novel form of cell death distinct from
necrosis and apoptosis. Initially, the lobulated nuclear morphology is lost and internal
membranes disappear allowing the NET components to mix. Finally, cytoplasmic
membranes rupture and NETs are released into the extracellular space. This is
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dependent on formation of ROS by the NADPH oxidase (Fuchs et al., 2007). As NETs
have been discovered only recently, a lot of open questions concerning their role in host
defense and their interaction with microbes remain. To study the interaction of NETs
with pneumococci and their implication for pneumococcal disease was a major aim of
this thesis work.

Antimicrobial Peptides
Antimicrobial peptides (AMPs) are small, mostly cationic polypeptides consisting of
fewer than 100 amino acids. They possess antimicrobial activity in physiological
concentrations present at sites of host defense. The two major families of AMPs present
in mammals are the defensins and the cathelicidins (Ganz et al., 1985; Zanetti et al.,
1995).
Only one member of the cathelicidin family, LL-37, has been described in humans. LL37 is present in high concentrations in neutrophil secondary granules, where it is stored
as a pro-peptide (hCAP-18), and is activated by proteinase-3 upon release (Zanetti et
al., 1995).
Defensins are the predominant AMPs in humans and are characterized by a ȕ-sheet rich
fold and six conserved cysteine residues that form disulfide bonds. Į-defensins are
stored in high concentrations of more than 10 mg/ml in neutrophil azurophilic granules.
They are synthesized in neutrophil precursor cells in the bone marrow and stored
preformed in their active form in the granules of mature neutrophils. Also the secretory
granules of Paneth cells, host defense cells in the small intestine, contain high
concentrations of Į-defensins. Epithelial cells at mucosal surfaces produce and secrete
both Į- and ȕ-defensins. However, the spectrum of AMPs is rather diverse among
species, and mice for example do not produce any neutrophil defensins (Ganz, 2003).
Similar to other AMPs, defensins have antimicrobial activity against many bacteria,
fungi and also against some enveloped viruses. Defensins are highly active especially
under low ionic strength conditions, with low concentrations of divalent ions and
plasma proteins present, where antimicrobial activity can be observed at concentrations
of 1-10 µg/ml. Due to their positive charge AMPs associate with the bacterial cell
membrane and create pores that increase membrane permeability (Ganz, 2003).
Transmembrane potential and electrostatic fields are important for the entry of
defensins into membranes (Ganz, 2003).
Several pathogens have evolved mechanisms to counteract AMPs. Mechanisms include
the degradation of AMPs by proteases (Guina et al., 2000) and LPS modifications (Guo
et al., 1998) in Salmonella Typhimurium and D-alanylation of cell wall teichoic acids
in several Gram-positive species (Kristian et al., 2005).
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1.2.2 Adaptive Immunity
Innate immune mechanisms are effective and sufficient against many invading
microbes. However, these non-specific host defenses not always succeed in eliminating
pathogenic microbes.
The adaptive immune system has evolved as a more specific and very powerful defense
system that is activated by innate immune mediators such as chemokines and cytokines.
At the first contact with a specific microorganism the adaptive immune responses get
active within 4-7 days and due to this delay in response the innate immune system is
crucial to limit microbial spread, especially during the first days of an infection. A
characteristic of the adaptive immune system is its memory function providing
improved resistance to repeated infections with the same pathogen (Janeway, 2004).
The specificity of the adaptive immunity is based on the enormous repertoire of antigen
receptors present on the surface of lymphocytes. Through rearrangement of the
germline genes of the antigen receptors during development each lymphocyte expresses
an antigen receptor with a single specificity. Hence, the billions of lymphocytes in the
body carry millions of different antigen receptors (Janeway, 2004).
During infection, immature dendritic cells, residing in the infected tissue, phagocytose
pathogens and present processed antigens on their surface in combination with major
histocompatibility complex (MHC) class II. They mature and migrate to regional
lymph nodes where they act as antigen presenting cells (APC) for naïve Tlymphocytes. If a T-lymphocyte with an antigen receptor complementary to the
presented antigen encounters the APC, the lymphocyte gets activated and clonally
expands giving rise to effector T-lymphocytes such as cytotoxic T-cell, T-helper cells
and memory T-cells (Janeway, 2004).
Naïve B-lymphocytes get activated by contact with a complementary antigen and a
second activation signal from an activated T-helper cell. As in the case of T-cells the
activation results in clonal expansion and the production of antibodies specific for the
encountered antigen by plasma cells (Janeway, 2004).
Besides the classical activation pathways described above special situations of
lymphocyte activation exist and some of them play an important role in pneumococcal
infections. Thymus-independent antigens (TI-antigens) can activate naïve B-cells in the
absence of T-cell help. TI-1 antigens such as LPS can, in very high concentrations,
activate B-cell regardless of their antigen-specificity and thereby induce polyclonal Bcell activation. TI-2 antigens such as pneumococcal polysaccharides are characterized
by repetitive structures and can activate mature B-cells independently of T helper cells.
As B-cells of infants are mostly immature, small children are deficient in making
antibodies against polysaccharide antigens (Janeway, 2004).
Other lymphocyte subpopulations such as Ȗ:į T-cells and B1-cells have a very limited
receptor variability and show similarities to innate immune mechanisms. B1-cells
respond to polysaccharide antigens and also pneumococcal phosphorylcholine and
produce IgM antibodies without help of T-cells. The response is very fast but no
memory is generated (Janeway, 2004).
While cytotoxic T-cells mainly act against intracellular pathogens by killing infected
cells, antibodies produced by B-cells are effective against extracellular pathogens.
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Several classes of secreted antibodies with different properties exist including IgM,
IgG, IgA and IgE isotypes. IgA antibodies are released at mucosal surfaces and play a
crucial role in mucosal immunity. Antibodies can act directly by blocking attachment
of pathogens to cells or by neutralizing bacterial toxins. They can also bind to surface
located antigens leading to opsonization of the pathogen facilitating Fc-receptor
mediated phagocytosis by professional phagocytes (Janeway, 2004). Pneumococci
possess an IgA1-protease that degrades mucosal IgA1 (Romanello et al., 2006).
A long term effect of the adaptive immune response is the generation of memory Tcells leading to a faster and more efficient response upon repeated contact with the
same pathogen (Janeway, 2004).
For a summary of pneumococcal interaction with immune mechanisms see Figure 6.

Figure 6
Interaction of Streptococcus pneumoniae with the Immune System.
Pneumococcal components such as pneumolysin (Ply), teichoic (TA) and lipoteichoic acids
(LTA) induce host immune responses by activating the complement system or inducing
cytokine and chemokine production via Toll-like receptor (TLR) activation. Pneumococcal
virulence factors such as PspA and PspC interfere with complement activation. The capsule
inhibits complement-dependent opsonization by limiting complement deposition and
hampering the attachment of phagocytes with C3b-receptors. Capsule-specific antibodies
efficiently opsonize pneumococci, but pneumococci can degrade IgA1 with their IgA1protease (IgAp).
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1.3 S. pneumoniae – Host Interactions
1.3.1 Pneumococcal Infections
Infection with S. pneumoniae occurs via respiratory droplets from person to person
and in most cases initially leads to asymptomatic carriage of pneumococci in the
upper respiratory tract (Bogaert et al., 2004). Development of disease can occur by
local spread from the nasopharyngeal mucosa leading to sinusitis and otitis media
(Bogaert et al., 2004). Pneumococci can reach the lungs when aerosolized from the
nasopharynx and aspirated directly into the alveoli, circumventing the ciliated
epithelium that is difficult to attach to (Tuomanen, 1986). Alternatively, pre-damage of
the respiratory epithelium due to viral infections or chronic bronchitis favors
pneumococcal invasion along the airways (O'Brien et al., 2000). Bacteremia can occur
as a complication of pneumococcal pneumonia or without a previous focus of infection.
From the bloodstream pneumococci can invade the meninges and cause meningitis.
This is favored by high density bacteremia but the exact mechanism of invasion is still
unclear (Ostergaard et al., 2006).
S. pneumoniae also less frequently causes other diseases such as endocarditis,
pericarditis, osteomyelitis, conjunctivitis, pyogenic arthritis, necrotizing fasciitis and
peritonitis (Butler, 2004).
Nasopharyngeal Carriage
The nasopharynx of humans is the major ecological niche for the pneumococcus.
Only singular reports of animal infections, such as the colonization of horses by
serotype 3 pneumococci, have been reported (Whatmore et al., 1999). Streptococcus
pneumoniae can asymptomatically colonize the mucosa of the upper respiratory tract
of healthy individuals. Pneumococcal colonization is usually observed during the first
weeks or months of life, with carriage rates peaking around 2 years of age (Aniansson
et al., 1992; Gratten et al., 1986; Syrjanen et al., 2001). Colonization rates decrease
with age and only 4-10% of young adults are colonized (Hussain et al., 2005; RegevYochay et al., 2004). Colonization episodes last for weeks up to several month at a
time and multiple serotypes can be carried simultaneously (Ekdahl et al., 1997;
Gratten et al., 1986). Risk factors for carriage are age, family exposure, crowding,
upper respiratory tract infections and exposure to tobacco smoke (Greenberg et al.,
2006; Leino et al., 2001; Syrjanen et al., 2001). Carriage rates peek with up to 70% in
young children attending day care facilities (Aniansson et al., 1992; Bogaert et al.,
2001; Frazao et al., 2005).
Adherence to host epithelial cells of the nasal mucosa is important for establishment of
colonization. Pneumococcal adhesion is mediated by the interplay of many factors
including the interaction of phosphorylcholine with the PAF-receptor on mucosal
epithelial cells, binding of PspC to various host molecules, pilus-mediated attachment
and also the down-regulation of capsule expression (Cundell et al., 1995; Nelson et al.,
2007; Rosenow et al., 1997; Smith & Hostetter, 2000; Weiser et al., 1994). Indeed
transparent colony types, characterized by sparse encapsulation and a high density of
teichoic acids, phosporylcholine and CBPs in their cell wall, are more efficient
colonizers than opaque colony types (Kim & Weiser, 1998; Weiser et al., 1994). In
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contrast, the thick polysaccharide capsule of opaque colony types renders pneumococci
more resistant against phagocytosis and makes them more fit for survival during
invasive disease, but also inhibits proper attachment. Thus switching between colony
types seems to be a special adaptation to different environments (Kim & Weiser, 1998).
Nasopharyngeal carriage plays a key role in the pneumococcal spread form person to
person and is usually the first step in the development of pneumococcal disease.
Pneumococcal Disease
Compared to nasopharyngeal carriage, the establishment of pneumococcal disease is a
relatively rare event. Pneumococcal infections include mucosal infections, such as
sinusitis and otitis media that occur by local spread, as well as invasive infections,
where pneumococci are invading normally sterile sites, such as the lower respiratory
tract, the bloodstream or the meninges. The serotypes that cause mucosal infections
usually reflect the spectrum of serotypes found in carriage in a certain geographical
region. However, the majority of invasive pneumococcal disease (IPD) is caused by a
small number of serotypes and 10 serotypes account for 62% of IPD worldwide (Kalin,
1998). Serotype distribution varies by geographical region and over time and also
among age groups (Bridy-Pappas et al., 2005).
S. pneumoniae is a leading cause of disease in young children and in the elderly. Each
year, 1 million children die from pneumococcal infections (WHO, 2003). Certain
medical conditions such as asplenia, HIV infection, sickle cell disease or a preceding
influenza infection increase the risk of development of pneumococcal disease. Children
attending day care facilities are also more prone to acquire pneumococcal infections
(Bridy-Pappas et al., 2005).
The invasive disease potential of serotypes or clonal types can be quantified in the form
of odds ratios. Odds ratios provide a measure for the relative frequency of a type in
invasive disease compared to its carriage rate (Brueggemann et al., 2003). Serotypes
with the highest invasive disease potential in children are serotypes 1, 5 and 7
(Brueggemann et al., 2004; Sandgren et al., 2004). Serotype 1 and 7F were also found
to mainly cause invasive disease in previously healthy individuals and thus act as
primary pathogens, whereas other serotypes cause severe disease mainly in patients
with underlying conditions (Sjostrom et al., 2006).
However, not only the serotype but also the clonal type and thereby the genetic
composition determines the disease potential of pneumococci (Sandgren et al., 2004;
Sjostrom et al., 2007).
Acute Otitis Media and Sinusitis
Acute otitis media (AOM) is an inflammation of the middle ear. It is a common disease
in children and it is estimated that 90% of children have had at least one episode of
AOM by the age of 2. Most cases of AOM are caused by S. pneumoniae, Haemophilus
influenzae, Moraxella catarrhalis and group A streptococci (GAS). Pneumococcal
serotypes 4, 6, 9, 14, 18, 19 and 23 cause 70% of AOM caused by S. pneumoniae
(Hausdorff et al., 2000).
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Otitis media occurs by local invasion via the Eustachian tube and is favored by
previous viral infections and a narrow Eustachian tube.
Sinusitis is an inflammation of the paranasal sinuses that can be caused by infections or
have allergic reasons. Acute bacterial sinusitis is most commonly caused by
S. pneumoniae, Haemophilus influenzae, Moraxella catharalis and Staphylococcus
aureus. Damage of mucosal tissue, frequently caused by a previous viral upper
respiratory tract infection, predisposes for the development of bacterial sinusitis (Alho,
2005).
Pneumonia
Pneumonia is an illness of the lungs and involves inflammation of the alveoli.
Pneumonia is frequently caused by infections but can also have non-infectious causes
such as chemical or physical damage of the lungs.
S. pneumoniae is the most common cause of community acquired pneumonia and a
major cause of morbidity and mortality worldwide. Pneumonia is the most common
cause of infection related deaths in the US and causes 5 million deaths annually in
developing countries (Bridy-Pappas et al., 2005). The case fatality rate in pneumonia is
around 6% in children and 15% in the elderly but rises to 25% when the infection is
caused by an antibiotic resistant strain (Pallares et al., 1995).
The pathogenesis of pneumococcal pneumonia is far from being completely understood
but compiling results of numerous studies of pneumococcal virulence and pathogenesis
can give us an idea of the process.
When pneumococci reach the alveoli, they loosely attach to sialylated cell surface
molecules via PspC (Barthelson et al., 1998; Cundell & Tuomanen, 1994).
Pneumococcal neuraminidases cleave terminal sialic acids and thereby expose other
surface receptors enabling better adherence (Tong et al., 2002). Pneumococci multiply
in the alvoli and spread to neighboring alveoli via the pores of Kohn. This initial phase
of lobar pneumonia is called engorgement and is characterized by fluid accumulation in
the alveoli originating from systemic leakage (Loosli, 1940).
The second clinical phase of pneumonia is the red heparinization, that involves leakage
of massive amounts of erythrocytes into the alveoli (Loosli, 1940). Pneumococcal lysis
and the release of cell wall components such as TA, LTA and peptidoglycan induce
inflammation (Tuomanen et al., 1987). The cytotoxin pneumolysin and hydrogen
peroxide, produced by pneumococci, causes damage to the pulmonary epithelium
(Duane et al., 1993; Rubins et al., 1993).
The final stage of pneumonia, the grey heparinization, is characterized by consolidation
of the alveoli with leukocytes and lysed erythrocytes (Loosli, 1940). The immune
response is fully initiated and immune cells are recruited to the alveoli by inflammatory
mediators (Fillion et al., 2001). Neutrophils invade in large numbers, but neutrophil
phagocytosis is inefficient in the absence of proper opsonization. The pneumococcal
capsule renders opsonization with complement component C3b ineffective, as C3b
receptors on professional phagocytes are unable to bind to C3b deposited on the
pneumococcal cell wall. C-reactive protein binds to phosphorylcholine on the
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pneumococcal surface and is important for opsonophagocytosis by neutrophils (Mold et
al., 1982). Activation of the adaptive immune system and opsonization with anticapsular polysaccharide antibodies most efficiently control pneumococcal growth
(Janoff et al., 1999; Vitharsson et al., 1994). Finally, macrophages enter the lung tissue
and absorb the debris. It was shown that the induction of an efficient host response and
control of bacterial numbers without massive bacterial lysis is critical for survival
(Dallaire et al., 2001).
Bacteremia and Meningitis
Bacteremia is the presence of bacteria in the bloodstream. When a critical amount of
bacteria is present in the bloodstream systemic inflammatory response causes a serious
systemic illness termed sepsis. Bacteremia can occur as a complication of
pneumococcal pneumonia as a result of the high load of bacteria in the lungs and easy
accessibility of the bloodstream from the lungs especially under inflammatory
conditions. Bacteremia without a previous focus of infection, so-called occult
bacteremia, is often observed in young children (Baraff, 2000).
Meningitis is the inflammation of the meninges, the membranes covering the central
nervous system. It can have infectious or non-infectious causes such as physical injury.
Since the introduction of the vaccination programs against Haemophilus influenzae
type b in the US and some western European countries, and the dramatic decrease in
meningitis caused by this bacterium, S. pneumoniae is the most common cause of
bacterial meningitis in these countries (Dawson et al., 1999; Schuchat et al., 1997).
Despite antibiotic treatment, pneumococcal meningitis has a case fatality rate of 1634% and very high number of patients suffer from long-term neurological
complications (Kastenbauer & Pfister, 2003). The host defense mechanisms in the brain
are ineffective in controlling initial pneumococcal invasion and pneumococci can
proliferate to reach high numbers. Bacterial lysis causes inflammation and influx of
neutrophils and other immune cells. The pathology of meningitis is mainly due to the
inflammatory response, particularly the production of reactive oxygen species, that
leads to collateral brain damage (Klein et al., 2006).

1.3.2 Treatment and Prevention
In the beginning of the 20th century, before antibiotics were discovered, pneumococcal
pneumonia was treated with type-specific antisera. Also crude vaccines, consisting of
whole killed bacteria or purified capsular polysaccharide, were already available
(Swartz, 2002).
With the establishment of antibiotic treatment and the successful application to
pneumococcal infections, however, demand of pneumococcal vaccines declined
dramatically. In the 1930s, sulfonamides were introduced as treatment for
pneumococcal infections but one third of the strains showed natural resistance to this
antibiotic. Penicillin, introduced in the 1940s, proved to be highly effective against
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S. pneumoniae and was the drug of choice thereafter (Swartz, 2002). The exuberant
application of penicillin lead to emergence and dramatic increase of pneumococcal
strains resistant to penicillin in the 1970s. In the 1990s up to 75% of pneumococcal
strains in Spain were resistant to penicillin (Garcia-Martos et al., 1997). New classes of
antibiotics such as fluoroquinolones were introduced and are now used for treatment of
pneumococcal disease. However, resistance also to these antibiotics is appearing
(Brueggemann et al., 2002). Spread of antibiotic resistant clones and the emergence of
multiresistant strains is a serious problems and hampers effective treatment of
pneumococcal disease (Swartz, 2002).
Antibiotic resistance and the realization that pneumococcal disease can be fatal despite
antibiotic treatment increased the interest in developing new pneumococcal vaccines.
Two vaccine types, a 23-valent polysaccharide vaccine (PPV23) and a 7-valent
conjugate vaccine (PCV7), are currently in use. PPV23 consists of purified capsular
polysaccharide antigens from S. pneumoniae serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, 33F. These serotypes
cause 85-95% of invasive pneumococcal disease in adults in the US (Centers for
Disease Control and Prevention, 1997). Vaccination is mainly conducted in individuals
that have an increased risk to develop invasive pneumococcal disease (individuals with
chronic conditions that predispose to pneumococcal disease such as asplenia, chronic
pulmonary or cardiovascular disease and diabetes mellitus) as well as elderly adults
over 65 years of age. One major drawback of PPV23 is its poor immunogenicity in
infants and young children, the other high-risk group for pneumococcal disease.
Polysaccharides are TI-antigens and therefore elicit poor immune responses in young
children up to 2 years of age. The need for a vaccine, efficient in infants, led to the
development of pneumococcal conjugate vaccines. In conjugated vaccines, the weakly
immunogenic polysaccharide antigens are covalently coupled to carrier proteins that
lead to a stronger and T-cell dependent immune response. PCV7 consists of the
pneumococcal serotypes 4, 6B, 9V, 14, 18C, 19F and 23F coupled to a nontoxic variant
of the diphtheria toxin. The included serotypes cause 80% of invasive pneumococcal
disease in children under 6 years of age in the US (Butler et al., 1995; Centers for
Disease Control and Prevention, 2000). The pneumococcal conjugate vaccine induces a
strong immune response and a good memory even in infants (Centers for Disease
Control and Prevention, 2000). Other conjugate vaccines, including more serotypes, are
in development. Drawbacks of the conjugate vaccines are their high costs and the risk
of serotype-replacement. Therefore there is a great interest in developing a protein
based vaccine against pneumococci (Barocchi et al., 2007).
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2 Aims
General Aim
The aim of this thesis was to study the role of recognition and clearance mechanisms,
such as Toll-like receptors, neutrophils and NETs, in their interaction with
Streptococcus pneumoniae.
Specific Aims
Paper I
To identify MyD88-dependent receptors with a non-redundant function in host defense
against pneumococci using TLR1-, TLR2-, TLR4-, TLR6-, TLR9- and ICE-deficient
mice and to characterize the role and function of these receptors in host defense against
pneumococci.
Paper II
To study the role of neutrophil extracellular traps (NETs) in host defense against
S. pneumoniae and to determine the involvement of the pneumococcal DNase EndA in
the interaction with NETs.
Paper III
To study the effect of pneumococcal virulence factors, the polysaccharide capsule and
D-alanylation of LTA, on the interaction of S. pneumoniae with NETs.
Paper IV
To characterize the effect of neutrophil granule components on S. pneumoniae and to
study possible resistance mechanisms.
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3 Methods
3.1 Bacterial Culture and Construction of Mutants
Pneumococci were grown from frozen stocks on blood agar plates over night at 37qC in
the presence of 5% CO2. The bacteria were subcultured in semi-synthetic medium c+y
(Lacks & Hotchkiss, 1960). For most experiments the invasive serotype 4 strain
TIGR4, was used (Tettelin et al., 2001). Mutants were generated by PCR ligation
mutagenesis as previously described (Lau et al., 2002; Sung et al., 2001). Briefly,
upstream and downstream fragments, flanking the region of interest, were amplified by
PCR and then ligated to an antibiotic resistance gene cassette. Subsequently, the
ligation product was transformed into the recipient pneumococcal strain as previously
described (Bricker & Camilli, 1999). Homologous recombination resulted in the
replacement of the region of interest with the resistance cassette. Transformants were
selected on blood agar plates containing antibiotics and checked by PCR and
sequencing.

3.2 Killing Assays
To determine the killing capacity of innate immune components as well as the
virulence of bacterial strains and mutants, in vitro killing assays were performed.
Killing assays were done with cells (neutrophils and macrophages) or with isolated
components (NETs, neutrophil granule extract, Į-defensin). To determine the killing
capacity, bacteria were incubated together with the killing agent or a control
substance under appropriate assay conditions and the relative survival of the bacteria
was assessed by serial plating and colony forming unit (cfu) counting.
The advantage of in vitro assays is that an interaction between a specific host defense
mechanism and the bacterium can be observed in isolation from other factors. Thus
an observed effect can be directly attributed to the studied host factor. However, it is
difficult to estimate the relative importance of the observed effect in host defense in
vivo. Also, assay conditions often differ from the in vivo situation in terms of the
surrounding media as well as concentrations and quantitative ratio of studied
interaction partners.
However, in combination with other experimental set-ups, such as animal models, in
vitro killing assays are a valuable tool to get an idea about host–pathogen
interactions.
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3.3 Detection and Quantification of NETs
In vivo NETs were detected in lung tissue of mice with pneumococcal pneumonia.
Paraffin embedded sections of lung tissue were immunostained for NET-markers
(histones and DNA) and analyzed for the presence of NETs with a confocal
microscope. The widespread presence of the nuclear components DNA and histone in
the extracellular space were criteria to define the presence of NETs in lung tissue.
In vitro NET-formation was studied with isolated human neutrophils. Neutrophils were
isolated from the peripheral blood of healthy donors following a dextran-ficoll protocol
(Brinkmann et al., 2004). Seeded neutrophils were activated with phorbol myristate
acetate (PMA) to form NETs. NETs were then either visualized by immunostaining
and subsequent confocal microscopy, assayed for their killing capacity or quantified by
the measurement of neutrophil elastase activity.
To study NETs and their function in vitro is more feasible and more specific than under
in vivo conditions. As NETs are naturally formed by human neutrophils, in vitro assays
with NETs are a good and valid model to study NET–pathogen interactions. However,
the activation of neutrophils with PMA is artificial and might lead to differences in
NET formation compared to in vivo conditions. Also, the increased space in vitro,
compared to the density of a host tissue, and the media surroundings might contribute
to differences in the activity of NETs in vitro and thus limit the transferability to the in
vivo situation.
3.4 Animal Models
To study the importance of bacterial factors for virulence in vivo and to assess the
involvement of certain host factors in the recognition and clearance of pneumococci
murine models of pneumococcal infections were employed.
The intranasal infection (i.n.) route was chosen to mimic the natural route of
pneumococcal infection. Dependent on the pneumococcal strain and the infection
dose used, a certain percentage of the infected mice develop nasopharyngeal
colonization, pneumonia and/or sepsis. C57BL/6 mice (5-10 weeks old, age and
gender matched) were infected with 20µl of bacterial suspension.
To study the systemic phase of the infection mice were challenged intraperitoneally
(i.p.) with bacterial suspension and the progression of disease was followed.
Following host–pathogen interactions in an animal model allowed us to study the host
and bacterial factors influencing the complex process of host defense in an integrated
model. Of course man and mouse are different in many aspects and this affects the
transferability of results received form mouse experiments. Mice are no natural hosts
for pneumococci, but when directly infected with high numbers of pneumococci the
developed disease phenotype resembles pneumococcal infections in humans to a large
extent.
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4 Results and Discussion
4.1 TLR9 in Pneumococcal Disease (Paper I)
A previous study done in our group revealed that MyD88-dependent signaling is
crucial for pneumococcal recognition and immune activation in murine models of
pneumococcal pneumonia and sepsis (Albiger et al., 2005). In Paper I, we aimed to
identify the receptors upstream of MyD88-dependent signaling that are crucial and
have a non-redundant role for the recognition of pneumococci by the host immune
system. With this objective, we studied the progression of pneumococcal infections in
TLR1-, TLR2-, TLR4-, TLR6-, TLR9- and ICE- (or caspase-1) deficient mice, as
compared to wild-type (wt) C57BL/6 mice (Fig. 7).
An intranasal infection of the above mentioned mouse strains with TIGR4
pneumococci in a dose that caused a resolving non-lethal pneumonia in wt mice (105
cfu/mouse) resulted in a disease progression similar to wt mice in TLR1-, TLR2-,
TLR4-, TLR6- and ICE-deficient mice. In contrast, TLR9-deficient mice showed an
increased susceptibility to pneumococcal infection with reduced survival and an
increased occurrence of bacteremia. Thus, TLR9 but not TLR1, TLR2, TLR4 and
TLR6, seems to play a non-redundant role in host defense against pneumococci. Also
IL1 / IL18 receptor signaling, disrupted in ICE-deficient mice, does not play a nonredundant role in pneumococcal infections, suggesting that the previously identified
role of the MyD88-dependent signaling in pneumococcal disease is mediated via TLRs
rather than the IL-1 / IL-18 receptors.

Figure 7
Susceptibility of different
knockout
mice
to
Streptococcus
pneumoniae.
Mice were intranasally infected with TIGR4
pneumococci and disease development was
followed over time. TLR1-, TLR2-, TLR4-,
TLR6- and ICE-deficient mice showed no
increased susceptibility towards pneumococcal
infections compared to wild-type C57BL/6
mice. However, TLR9-deficient mice were
significantly
more
susceptible
to
pneumococcal infections.

To study the involvement of TLR9 in the systemic phase of the infection we infected
wt and TLR9-deficient mice intraperitoneally with TIGR4 pneumococci (5x104
cfu/mouse). Interestingly, no difference in systemic disease progression between wt and
TLR9-deficient mice was observed. Therefore we concluded that the involvement of
TLR9 in defense against pneumococcal infections presumably lies in the pulmonary
rather than systemic phase of infection. Closer investigation of the progression of
30

Results and Discussion
pulmonary disease revealed an early clearance event in the bronchi and alveolar space
in the first 8 to 12 hours post-infection and a later clearance phase between 24 and 48
hours post-infection in the lung tissue of wt mice. These clearance events were
markedly impaired in TLR9-deficient mice.
To analyze whether TLR9-deficient mice, as MyD88-deficient mice, are impaired in
eliciting an immune response to pneumococcal infections, we analyzed influx of PMNs
and macrophages into the lungs as well as the induction of a cytokine response. TLR9deficient mice were not impaired in the recruitment of immune cells to the site of
infection and produced cytokines in similar amounts as the wt mice.
As recruitment of immune cells was not impaired in TLR9-deficient mice and as the
early clearance event in the bronchi and alveolar space of the wild-type mice was prior
to the observed influx of immune cells 12 hours post-infection, we hypothesized that a
defect in the function of resident phagocytes, the alveolar macrophages (AM), might be
the basis of increased susceptibility in TLR9-deficient mice. Therefore we investigated
the function of AM and bone-marrow derived macrophages (BMDM) from wt-, TLR9and MyD88-deficient mice. As expected, in vitro stimulation experiments revealed that
both TLR9- and MyD88-deficient macrophages are impaired in the recognition of CpG
DNA, a known ligand of TLR9. In contrast to the MyD88-deficient macrophages, the
TLR9-deficient macrophages were able to recognize and respond to intact
S. pneumoniae. This supports the finding that TLR9-deficient mice are not impaired in
mounting an immune response upon recognition of pneumococci. However, studying
phagocytosis of isolated BMDM and AM revealed that both TLR9- and MyD88deficient macrophages are significantly less efficient in phagocytosis and subsequent
killing of pneumococci.
Taken together these data indicate that TLR9 is crucial for host defense to
pneumococcal infections by enabling resident alveolar macrophages to an early
clearance response.
Other effects observed in MyD88-deficient mice, such as failure to elicit an immune
response, reflect a total loss of MyD88-dependent signaling and are probably mediated
by redundant pathways or possibly unstudied or unrecognized receptors.
Despite the presence of pneumococcal TLR2 and TLR4 ligands, LTA and
pneumolysin, respectively, we did not observe an increased susceptibility of TLR2- or
TLR4-deficient mice. Several other infection studies support the finding that the
knockout of individual TLRs has no or only a minor effect on susceptibility to infection
even if a specific ligand for the TLR in question is present in the infectious organism
(Bafica et al., 2006; Hitziger et al., 2005). Thus, redundancy seems to be an important
aspect of the TLR signaling pathway and often several structures of pathogens are
recognized by different TLRs. TLR2-deficient mice were shown to be more susceptible
to pneumococcal meningitis but, similar to our results, other studies found no or only
marginal changes in susceptibility to intranasal pneumococcal infections
(Echchannaoui et al., 2002; Knapp et al., 2004; Koedel et al., 2003). One study
described TLR4 as important for defense against S. pneumoniae, but several other
studies found no or only a modest increase in susceptibility of TLR4-deficient mice to
pneumococcal infections (Branger et al., 2004; Malley et al., 2003; van Rossum et al.,
2005). Interestingly, neutrophils of TLR2-deficient mice showed, similar to our
findings with macrophages, a delayed phagocytosis and killing of S. pneumoniae
(Letiembre et al., 2005).
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4.2 Pneumococci and NETs (Paper II & III)
Paper II and Paper III both deal with the role of the recently discovered innate
immune mechanism neutrophil extracellular traps (NETs) in pneumococcal
infections. Paper II answers the question whether NETs occur in pneumococcal
disease and for the first time gives an explanation, why DNase acts as a virulence
factor. The importance of the polysaccharide capsule and D-alanylation of LTA for
the interaction of S. pneumoniae with NETs was studied in Paper III.
Paper II
Employing an i.n. infection model, we found that NETs are formed in the alveolar
spaces of mice with pneumococcal pneumonia (Fig. 8B). With immunostainings and
confocal microscopy, we could detect an influx of neutrophils into the infected lung
tissue that was accompanied by the extracellular presence of the NET-markers DNA
and histone H1 that indicated the presence of NETs. In vitro, with NETs formed by
isolated human neutrophils upon stimulation with phorbol myristate acetate (PMA),
we showed that pneumococci interact with NETs. Pneumococcal cells were trapped
in a dose-dependent manner in these filamentous extracellular structures (Fig. 8C). To
see whether the antimicrobial components of NETs, that have previously been shown
to be active against other bacteria such as Shigella flexneri, affect pneumococci, we
studied the killing capacity of NETs. However, we found that TIGR4 pneumococci
were resistant to killing by NETs in killing assays with isolated human neutrophils.
As the backbone of NETs is DNA, we aimed at identifying what role the membranebound pneumococcal DNase EndA (endonuclease A) plays in the interaction of
pneumococci with NETs. TIGR4 pneumococci, expressing EndA, were able to
degrade extracellular DNA and destroy the filamentous structure of NETs (Fig. 8A).
Knockout of the endA gene rendered TIGR4 pneumococci incapable of degrading
extracellular DNA as well as NETs. In a time-course experiment we could visualize
that pneumococci possessing DNase activity are initially trapped in NETs but are able
to free themselves from NETs by degrading the DNA-backbone. In contrast to this,
pneumococci lacking EndA were retained in NETs and were not able to free
themselves. However, DNase-deficient pneumococci retained their resistance to the
bactericidal capacity of NETs and other, unidentified resistance mechanisms exist
(see Paper III).
We assessed the importance of the DNase EndA in vivo by comparing the course of
i.n. infections with pneumococci that possess or lack EndA. Mice infected with
DNase-deficient pneumococci exhibited a delayed onset of disease and an increased
survival rate compared to mice infected with wt pneumococci. In mixed infections
with simultaneous administration of wt and EndA-deficient pneumococci we found
that pneumococci lacking EndA are equally competent as the wt in colonizing the
upper respiratory tract, but are outcompeted by the wt bacteria in the lungs and in the
bloodstream during the progression of infection. This suggests that pneumococci
lacking EndA are less efficient in propagating in the lungs and spreading to the
bloodstream. Thus, EndA-mediated extracellular DNase activity acts as a virulence
determinant in pneumococcal infections, possibly by degrading NETs, freeing the
bacteria from entrapment and thereby acting as a spreading factor in the body.
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Figure 8. Interaction of Streptococcus pneumoniae with neutrophil extracellular traps. A. NET
formation is induced during pneumococcal infections probably by inflammatory mediators such as IL-8.
Pneumococci are initially trapped in NETs but virulent pneumococcal strains possess a surface-located
DNase, EndA, that degrades the DNA backbone of NETs and thereby frees pneumococci from
entrapment. B. Immunofluorescence staining of lung tissue of a mouse with pneumococcal pneumonia.
Nuclei of cells are stained for DNA (blue). Neutrophils (red) have invaded the tissue in high numbers
and NETs, stained for histone H1 (green), are present in the alveoli. C. Immunofluorescence staining of
pneumococci (green) trapped in NETs (red) in vitro.
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S. pneumoniae is not the only pathogen that fights NETs with the help of DNase.
Group A streptococci also express DNases important for virulence and were shown to
degrade NETs in a way similar to pneumococci (Aziz et al., 2004; Buchanan et al.,
2006; Sumby et al., 2005; Walker et al., 2007). DNase-deficient GAS are more
sensitive to killing by NETs. Furthermore, GAS DNases contribute to virulence in
mouse models of necrotizing fasciitis and systemic infection. Strikingly, the
administration of a DNase inhibitor (G-actin) increased survival of mice after
infection with DNase producing GAS, suggesting a possibility for treatment of
streptococcal and pneumococcal infections with DNase inhibitors (Buchanan et al.,
2006).
Paper III
As formation of a polysaccharide capsule is a major virulence determinant of
S. pneumoniae we investigated the role of encapsulation on the pneumococcal
interaction with NETs. Pneumococci of different capsular types (serotypes 1, 2, 4 and
9V) as well as corresponding non-encapsulated strains were used for this purpose.
The role of encapsulation and capsular type on entrapment in NETs was established
by quantifying the relative amount of bacteria associated with NETs, formed by
isolated human neutrophils. Both a cfu-based and a microscopy-based approach
revealed that non-encapsulated pneumococci were trapped in NETs to a significantly
higher extent than encapsulated ones. However, no significant differences in
entrapment could be observed between encapsulated strains of all studied serotypes.
Therefore we can conclude that encapsulation per se is crucial in protecting
pneumococci from capture in NETs but that the capsular type is of minor importance
in this interaction.
Studying the effect of encapsulation on the sensitivity of pneumococcal killing by
NETs we found that all but one of the non-encapsulated strains remained resistant to
the antimicrobial effects of NETs. Only the R6 strain, a commonly used nonencapsulated laboratory strain, was sensitive to the bactericidal action of NETs. Due
to a spontaneous point mutation in the dltA gene, DltA is non-functional in R6
resulting in a deficiency in the incorporation of D-alanine residues into TA and LTA.
D-alanylation of TA and LTA leads to an addition of positive charge to the bacterial
surface and thereby increased resistance to AMPs. To study whether the sensitivity of
R6 to NET-killing is due to its deficiency in D-alanylation we knocked out the dltA
gene in TIGR4 and TIGR4R pneumococci. In the non-encapsulated, but not in the
encapsulated pneumococcal background, a dltA knockout led to sensitivity to the
antimicrobial action of NETs. Thus we can conclude that pneumococci are protected
from the antimicrobial action of NETs by two distinct mechanisms: formation of a
polysaccharide capsule and D-alanylation of LTA and TA. Only the loss of both
encapsulation and D-alanylation of LTA and TA renders pneumococci sensitive to
NET-killing.
At times when capsule-expression is low, such as the early stage of invasive disease
when pneumococci adhere to respiratory cells (Hammerschmidt et al., 2005), Dalanylation might play a crucial role for the defense of pneumococci. To prove this
hypothesis, we studied the virulence of encapsulated DltA-deficient pneumococci.
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We infected mice intranasally with encapsulated wt and DltA-deficient pneumococci
in a 1:1 ratio in a competition experiment. The dltA mutant strain was outcompeted
by the wt strain in mixed infections slightly in the upper respiratory tract but more
pronounced in the lungs and in the bloodstream. Thus D-alanylation of LTA and TA
contributes to pneumococcal virulence in a non-redundant way possibly due to
downregulation of capsular expression at certain stages during infection.

4.3 ǂ-Defensin Sensitivity and Resistance (Paper IV)
Despite their resistance to the antimicrobial activity of NETs, we found that
encapsulated TIGR4 pneumococci are killed by a human neutrophil granule extract
(hNGE). To identify the components active against pneumococci in neutrophils, we
fractionated the granule extract with high-performance liquid chromatography (HPLC)
columns into 40 fractions and assessed the bactericidal activity of the individual
fractions on TIGR4 pneumococci in an in vitro killing assay. One single fraction
showed high antimicrobial activity against TIGR4 pneumococci and was identified to
contain the neutrophil Į-defensins human neutrophil peptide (HNP)-1 and HNP-3 by
mass spectrometry analysis.
To confirm the anti-pneumococcal activity of Į-defensins we used commercially
available HNP1-3 and found that TIGR4 pneumococci are highly sensitive to
physiological concentrations of Į-defensins (90% killing with 3.75µg/ml).
Interestingly, both Shigella flexneri and Escherichia coli, two Gram-negative bacterial
species as well as non-encapsulated pneumococci (TIGR4R) were less susceptible to Įdefensins than encapsulated TIGR4 pneumococci. Only around 25% of the bacterial
inoculum of these strains was killed by HNP1-3 concentrations of 15µg/ml.
To investigate whether the type 4 capsule is unique in conferring sensitivity to Įdefensins or whether this is a common phenomenon of pneumococcal encapsulation we
tested sets of encapsulated (serotypes 1, 2, 4 and 9V) and corresponding nonencapsulated pneumococcal strains for their sensitivity to Į-defensins. Encapsulated
pneumococcal strains proved to be more sensitive to Į-defensins than corresponding
non-encapsulated strains. This contradicts the common perception that the capsule is
the main virulence factor.
However, there was one exception to this finding: R6, a non-encapsulated, nonisogenic derivative of the type 2 strain D39, was as sensitive as the corresponding
encapsulated strain. As mentioned above, R6 was previously shown to have a defective
dltA gene, leading to changes in surface charge. Therefore, we investigated the
influence of surface charge on sensitivity towards Į-defensins by employing defined
mutants in dltA in the encapsulated (TIGR4) and non-encapsulated (TIGR4R)
background. A knockout mutant in dltA in the encapsulated background showed no
significant change in sensitivity to Į-defensins. In contrast to this, a dltA knockout
mutant in the non-encapsulated background showed a marked increase in sensitivity
towards Į-defensins. This supports the assumption that the increased sensitivity of R6
is due to its deficiency in D-alanylation of LTA and TA.
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Thus, changes in surface charge render non-encapsulated pneumococci more prone to
killing by Į-defensins, probably by increasing the accessibility of cationic Į-defensins
to the pneumococcal surface. For encapsulated pneumococci the protection by surfacecharge seems to be inefficient due to an unknown interference mechanism by the
capsule (Fig. 9).
In Paper III we found that the capsule helps to protect pneumococci from NET-killing
whereas here we observe that the capsule sensitizes pneumococci to killing by Įdefensins which at a first glance may seem contradictory. However, Į-defensins are
inactivated by the presence of divalent ions and plasma proteins (Ganz, 2003). Thus, in
the extracellular space and in NETs, Į-defensins are likely to be inactive and therefore
the killing of sensitized pneumococcal mutants in NETs is probably not mediated by Įdefensins. Additionally, encapsulation protects pneumococci from trapping in NETs
and might thereby contribute to the resistance towards NET-killing, by keeping NETassociated antimicrobials at a distance. Therefore, we suggest that encapsulation
initially helps pneumococci to resist both NETs and phagocytosis, but that Į-defensins
have evolved as a host defense mechanism to kill encapsulated pneumococci
intracellularly after opsonization and phagocytosis.

Figure 9. Resistance towards the antimicrobial activity of Į-defensins. The net-negative
charge of peptidoglycan, teichoic acids (TA) and lipoteichoic acids (LTA) and the
cytoplasmic membrane renders the pneumococcal surface negatively charged. The addition of
positively charged D-alanine to TA and LTA adds positive charge to the pneumococcal cell
surface and thereby helps to repel positively charged antimicrobial peptides such as Įdefensins. Pneumococci with active D-alanylation system are more resistant to Į-defensins
than D-alanylation defective pneumococci. Encapsulation, by an unknown mechanism,
disables the protective mechanism of D-alanylation against Į-defensins.
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5 Conclusions
The aim of this thesis was to get a better understanding of the processes that lead to
recognition and clearance of S. pneumoniae by the innate immune system during
infection. For this purpose, we studied the interaction of pneumococci with novel or
unstudied host factors and their importance during pneumococcal infections.
We found that TLR9 mediates early recognition of S. pneumoniae in the lungs and
enhances phagocytosis of pneumococci by macrophages. The defect in mounting an
inflammatory response, observed in mice deficient in MyD88 expression, however, is
not present in TLR9-deficient mice and thus is not mediated by TLR9 alone, but
through other receptors upstream of MyD88. This redundancy is characteristic of the
TLR signaling system and might act as a safeguard to ensure recognition of pathogens
by more than one mechanism. This makes avoidance of bacterial recognition by the
host defense system more difficult.
We showed that the recently described innate immune mechanism neutrophil
extracellular traps (NETs) is involved in host defense against S. pneumoniae.
Neutrophils are recruited to sites of infection such as the lungs of patients with
pneumococcal pneumonia, in high numbers. We found that NETs are formed during
murine pneumococcal pneumonia and that pneumococci are trapped in NETs. As
pneumococci are relatively resistant to unopsonized neutrophil phagocytosis, NETs
might provide an especially important mean of initial defense against pneumococcal
infections. However, in contrast to all previously studied bacteria, S. pneumoniae is
resistant to the antimicrobial activity of NETs. We could identify three virulence
factors, the DNase EndA, the pneumococcal polysaccharide capsule and the Dalanylation of LTA and TA, that help pneumococci to evade NETs. This might be a
new example of the arms race between host and pathogens observed countless times in
infection biology. The host has evolved an efficient mean to inhibit the spread of
pathogens by entrapment and killing in NETs. Pathogens, however, have evolved
means to circumvent this defense mechanism as in the case of pneumococci.
Once opsonized by anti-capsular antibodies, however, pneumococci are readily
phagocytosed by neutrophils and killed intracellularly. We identified that Į-defensins,
present in high concentrations in neutrophil granules are highly effective in killing
encapsulated pneumococci. Non-encapsulated pneumococci were less sensitive to Įdefensins and we could show that this is due to changes in surface charge by Dalanylation of LTA and TA on the pneumococcal surface. Thus, Į-defensins might
have evolved as a host defense mechanism to kill encapsulated pneumococci
intracellularly after opsonization and phagocytosis.
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