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ABSTRACT 
 
The pneumococcus, Streptococcus pneumoniae, is a major respiratory tract disease 
causing pathogen with an estimated mortality of 1-2 million per year worldwide. It is 
the most common bacterial cause of sinusitis, otitis media and community acquired 
pneumonia and also a major cause of invasive diseases such as septicaemia and 
meningitis. Rarely bacteraemia is associated with cardiac complications, such as 
endocarditis and pericarditis. Pneumococci are also frequent colonizers of the 
nasopharynx of healthy children attending day-care centers and may be considered as 
mucosal commensals of the nasopharyngeal microflora. The aim of this thesis was to 
investigate pneumococcal adhesion factors and other cell wall properties involved in 
the interaction with the human host in regard to colonization, virulence, and treatment. 
Clinical isolates, from patients hospitalised with a pneumococcal bacteraemia 
associated with a pneumococcal endocarditis or pericarditis, were collected and 
analysed. An associated condition such as pneumonia, sinusitis, meningitis or sepsis, 
appeared to be a prerequisite for disease, and was present in all cases. In the study we 
found that streptococci seem to require pre-existing endothelial lesions in order to 
adhere to cardiac valves and cause endocarditis. We could not find any specific 
virulence attributes, such as capsular types or adhesive properties in the examined 
isolates.  
A novel pilus-like structure was found on the surface of pneumococci, encoded by the 
rlrA pathogenicity islet. The rlrA islet contains the genes rlrA, encoding the positive 
regulator, rrgA, rrgB, rrgC, encoding three structural pili subunits and srtB, srtC, srtD, 
encoding three sortases involved in the linkage and assembly of the pilus structure. We 
found that the pilus shaft consists of a polymer of RrgB subunits with RrgC as the tip 
protein. RrgA is distributed in intervals along the shaft and monomers are also 
associated with the pneumococcal cell wall. The pilus is one of the major, but not the 
only, adherence factor to lung epithelial cells. We show that RrgA is the major 
adhesion among the pilus proteins. However, the pilus as such does no seem to be 
essential for in vitro adherence as long as RrgA is present. Our observations also show, 
that RrgA is the major protein involved in virulence and pathogenicity, inducing earlier 
death and high levels of TNF and IL-6 in murine infection models. 
Lysis is a characteristic feature of pneumococci. We examined contributions of cell 
wall charge and pH alterations on LytA-dependent stationary phase and antibiotic 
induced lysis. An exogenous pH below 6 or fermentation of glucose and subsequent 
low pH levels in the growth medium effectively abolished lysis but not growth or death 
of the bacteria. Pneumococcal cell wall pH levels were detected by FITC emission. We 
could not find any significant pH changes in the cell wall of bacteria in liquid cultures. 
However, a biofilm model in which non-encapsulated T4R and T4R∆lytA attached as 
monolayers, showed that treatment with penicillin G, vancomycin or valinomycin (a 
proton motive force dissipator), but not the non-lytic erythromycin, led to an instant pH 
shift. This pH shift was dependent upon endogenous H202 production as it required an 
intact pyruvate oxidase gene, spxB, and could be prevented with exogenous addition of 
catalase. 
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1 INTRODUCTION 
 
1.1 STREPTOCOCCUS PNEUMONIAE 

 
The pneumococcus, Streptococcus pneumoniae, or Diplococcus pneumoniae as it was 
originally called, was isolated and described for the first time in 1881 by Pasteur and 
Sternberg (Pasteur 1881; Sternberg 1881). Griffiths experiment in 1928 showed that a 
non-encapsulated and avirulent type 2 derivate strain, R6, can be transformed with 
DNA from an encapsulated variant, resulting in the recovery of capsule expression and 
virulence in mice (Griffith 1928). This first step in understanding basic hereditary 
principles and genetic transformation led to the major breakthrough with the 
characterization of DNA as the molecule being transferred during genetic 
transformation, shown by chemical identification in a pneumococcus type 3 (Avery et 
al. 1979). 
Pneumococci are gram-positive elongated cocci, mostly occurring as pairs (diplococci) 
but also as single bacteria or in longer chains. They are facultative anaerobic and alpha-
hemolytic, partially lysing red blood cells, confirmed by the characteristic greenish halo 
around colonies on blood agar plates. Phenotypical identification is based primarily on 
optochin susceptibility, bile solubility and agglutination with capsule antibodies to 
differentiate pneumococci from other alpha-hemolytic Streptococci (Whatmore 2000). 
The pneumococcal cell wall will be discussed in chapter 1.5. It consists mainly of 
peptidoglycan (PG), teichoic acid (TA) and lipoteichoic acid (LTA) with the unique 
presence of choline and choline binding proteins (CBP’s). It is surrounded by the 
polysaccharide capsule. 
 
Serotyping of pneumococci depends on the chemical structure the of capsular 
polysaccharide, its linkage and sugar composition (van Dam et al. 1990), and 48 
different serogroups have been characterized and divided into 90 serotypes to date 
(Henrichsen 1995). Common molecular epidemiological tools used for genetic 
characterization of pneumococcal strains are PFGE (pulsed field gel electrophoresis), 
based on specific enzymatic digestion of chromosomal DNA and comparison of the 
resulting ladder on agarose gel electrophoresis, as well as MLST (Multilocus sequence 
typing), where seven housekeeping genes are sequenced and analyzed. To date two 
pneumococcal strains have been fully sequenced, and are publicly available on the 
internet, a serotype 4 isolate TIGR4 (Tettelin et al. 2001) and a non-encapsulated 
serotype 2 laboratory strain R6 (Hoskins et al. 2001). While TIGR4 was isolated from a 
patient in Norway with invasive disease and is highly virulent in mice, R6 is derived 
from D39, a serotype 2 strain, via the non-encapsulated mutant R6A. In addition partial 
sequences of the parental strain D39 and a serotype 19F isolate G54 are accessible 
(Lanie et al. 2007) (bioinfo.cnio.es/data/Spneumo/). 
 
Pneumococcal pneumonia was a major cause of mortality in Europe at the beginning of 
the 19th century and only after the discovery of penicillin and thus treatment of the 
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disease death rates decreased significantly. Today, respiratory tract infections are still 
the 6th leading cause of mortality worldwide as reported by the N.C. Office of Statistics 
and Programming (1999) and the pneumococcus as an opportunistic pathogen is the 
most common cause of community acquired pneumonia, as well as bacterial 
meningitis, otitis media, and sepsis. It has been estimated that ca 20 million children 
acquire pneumococcal pneumonia every year and that 1-2 million die from the disease, 
mostly in developing countries (Klein 1994; Mulholland 1997).  
 
 
 
1.2 PNEUMOCOCCAL DISEASES 

 
Pneumococcal diseases can be separated into mucosal and invasive diseases. Mucosal 
infections caused by S. pneumoniae in the respiratory tract include sinusitis, acute otitis 
media (AOM) and pneumonia. Invasive diseases caused by pneumococci are mainly 
bacterial meningitis and bacteraemia. Less common are pyogenic arthritis, 
osteomyelitis, pyomyositis, necrotizing fasciitis, endocarditis, pericarditis, mycotic 
aneurysm, central nervous system abscess, peritonitis, urinary and genitary tract 
infections, parotitis, epiglottitis, buccal or periorbital cellulitis, mastoiditis, 
endophthalmitis and conjunctivitis. Figure 1 shows the routes for pneumococcal spread 
in the host, in the case of respiratory infections and the most common invasive diseases.  
Aerosol droplets transmit the bacteria to the nasopharynx establishing an asymptomatic 
carriage. The reasons why some strains evade host defense mechanisms and cause 
illness are unknown, but the incidence for invasive pneumococcal disease is greatest for 
young children and the elderly (Robinson et al. 2001). Colonizing pneumococci can 
provoke sinusitis or spread from the nasopharynx to the ear (AOM) or lung 
(pneumonia). Most likely bacteraemia (septicemia) occurs via earlier infection of the 
lung, and meningitis subsequently after bacteraemia, but direct routes via the 
nasopharynx and the ear are possible.  

Brain (meningitis) 

Blood (bacteraemia) 

Nose (sinusitis) 
 

Nasopharynx (carriage) 
 

Lung (pneumonia) 
 

Ear (AOM) 

Airborne droplets 
 

Figure 1: Schematic illustration of pneumococcal infection and the pathogenic route in 
the human host 
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Sinusitis 
 
Sinusitis is an acute inflammation of the mucosal membranes in the paranasal sinus 
cavities, an area that normally is sterile (Meltzer et al. 2004). The accumulation of 
mucous and congestion of the cavities, for example triggered by viruses causing 
common cold, and subsequent bacterial growth leads to acute infection. It is estimated 
that approximately 31 million cases occur each year in the US (Meltzer et al. 2004). S. 
pneumoniae, non-typeable Haemophilus influenzae and Moraxella catarrhalis are the 
most commonly found bacterial agents, and mixed infections are not uncommon 
(Taylor et al. 2006).  Postnasal drip, mucopurulent rhinorrhoea, cough, fever and pain 
around the eyes are the most common symptoms during the course of infection (Evans 
1998). 
 
 
Acute otitis media 
 
Acute otitis media (AOM) originates in the majority of cases from the commensal flora 
of the oro- and nasopharynx. S. pneumoniae and non-typeable Haemophilus influenzae 
are most frequently found and in one study they accounted for around 80% of all cases 
in children. The remaining bacteria causing AOM, were group A Streptococcus (10%), 
enteric gram-negativ bacilli (7%), Moraxella catarrhalis (2%) and Streptococcus 
faecalis (1%) (Turner et al. 2002). But pneumococci are also the most commonly found 
etiology for AOM in adults (Schwartz et al. 1992). Although AOM has a low mortality, 
approximately 80% of all children will contract otitis media by the age of three, as has 
been determined in the US (Teele et al. 1989).  
Acute otitis media is defined as an acute onset of an infection of the middle ear with 
accompanying inflammation and presence of middle ear effusion, by the American 
Academy of Pediatrics (AAP). Not much is known about the actual course of infection, 
but bacteria enter the middle ear via the Eustachian tubes originating from the 
nasopharynx (Tuomanen 2000). The acute onset of inflammation can give rise to an 
array of symptoms: purulent effusion, fever, distinct otalgia, nausea, bulging of the 
tympanic membrane or hearing impairment (Darrow et al. 2003). Loss of hearing is 
especially a problem in developing countries, where treatment is not readily available, 
while conductive hearing loss is a possible complication in the developed world (Klein 
2000). Studies have shown that infection most often follows directly after prior 
colonization with a new pneumococcal strain (Faden et al. 1997).  
 
 
Pneumonia 
 
Pneumonia is defined as an inflammation of usually one or two lobes of the lungs. In 
which case, after activation of complement, cytokine production and regulators on the 
vascular endothelium, the alveoli are filled with exudative fluid and white blood cells.  
Clinical diagnosis depends on radiographical findings of nonlucent areas, which in the 
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case of pneumococcal pneumonia and other bacterial etiologies are filled by 
proliferating bacteria and inflammatory exudates. Pneumonia can be divided into lobar 
(discussed above) and bronchopneumonia, where the inflammation is localized to 
bronchi (Stevens 2000). Physical symptoms include cough, shortness of breath, fatigue, 
chills and sweat and an elevated body temperature. Pneumococci are the most common 
cause of pneumonia. Prior respiratory tract infections caused by viruses, especially 
influenza virus, seem to increase the susceptibility for pneumococcal pneumonia 
considerably (Jones et al. 1984). Other risk factors include old age, smoking, 
alcoholism (Musher et al. 2000) and diabetes mellitus, but general factors such as cold 
exposure, fatigue, stress, nosocomial infections and many chronic diseases lead to a 
general predisposition for nonspecific pneumonia (Heffron 1939; Lipsky et al. 1986).  
 
 
Bacteraemia & Septicemia 
 
The definition for the presence of bacteria in the blood is bacteraemia. Septicaemia or 
sepsis describes clinical symptoms associated with the systemic inflammatory 
response.  It varies in severity and a classification has been established: sepsis, severe 
sepsis, septic shock syndrome, and multiple organ dysfunction syndrome (Levy et al. 
2003). Most symptoms originate from an immunological hyper reaction when bacteria 
enter the bloodstream, thereby stimulating the release of cytokines and chemokines 
(Ring et al. 1998). The most common clinical symptoms include fever, hypotension, 
shivering, skin rashes, tachycardia, tachypnoea, and in the case of septic shock 
syndrome increased vasopermeability and vasodilation, leading subsequently to organ 
failure and death.   
 
 
Meningitis 
 
Meningitis is an inflammation of the meninges surrounding the brain and spinal cord. 
Early symptoms in adults are headache, fever, stiff neck, vomiting and a sore throat. 
Acute illness may include swelling in the brain, causing stroke symptoms, paralysis, 
and ultimately killing the patient. Younger children may also develop hydrocephalus, a 
condition where the cerebrospinal fluid (CSF) is blocked and accumulated, thereby 
swelling the head. A mortality rate as high as 46% has been determined for 
pneumococcal meningitis (Yaro et al. 2006). Pneumococcus is the most common 
etiological agent for bacterial meningitis in adults, other than during outbreaks of 
Neisseria meningitides infections (Quagliarello et al. 1997), and they account for 83% 
of all cases (van de Beek et al. 2004). 
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1.3 PNEUMOCOCCAL CARRIAGE 

Even though that they are one of the four major infectious disease killers, pneumococci 
are primarily carried asymptomatically in the nasopharynx and oropharynx of healthy 
persons and especially children under the age of seven. Up to 70% of children attending 
day care centers are potentially colonized without having a disease (Mato et al. 2005). 
A study in Israel showed that 53% of children attending day care centers were 
colonized, while only 4.7% of adults without children in the appropriate age frame 
were carriers (Regev-Yochay et al. 2004). A number similar to Sweden where circa 
50% of children were colonized by pneumococci, when local day care centers were 
examined (Borres et al. 2000). The actual risk of colonization depends on several 
factors, especially the age. Carriage prevalence varies noticeably between different 
studies, but the progressive risk for carriage during the first year of life rises from 
around 10% to nearly 100% at its end (Aniansson et al. 1992; Dagan et al. 1996). 
Simultaneous colonization with multiple serotypes is possible, as has been shown in 
one study from the US including children below two years of age. 95% of the children 
were carriers at some time point in this study and 73% of them carried at least two 
different serotypes consecutively. The occurrence of two serotypes at the same time 
was observed in 4% and three serotypes in 0.3% of the examined children (Gray et al. 
1980). Adults have markedly reduced carriage rates and this decrease seems to start 
around the age of four (Hansman et al. 1985; Lloyd-Evans et al. 1996), but not all 
studies have found a significant change in age-related prevalence.  Accordingly, the 
presence of siblings is one of the major risk factors, and infants have been shown to 
acquire pneumococci from its colonized older sibling (Givon-Lavi et al. 2002). Another 
potential factor influencing carriage rates is season, and pneumococcal carriage and 
disease have been shown to be more common during winter months (Marchisio et al. 
2001; Hendley et al. 2005). 
The capsule of S. pneumoniae is an important factor for carriage. Most studies 
collecting swap samples from children at day care centers show low numbers of non-
encapsulated pneumococci in the nasopharynx. Non-encapsulated pneumococci are 
capable to colonize nasopharyngeal cells in vitro and in animal models, although they 
do so at reduced density and duration. It has been shown that encapsulated 
pneumococcal strains, depending on the amount of capsule expression, are able to 
avoid adherence to lumenal mucous. This helps the bacteria to evade clearing at an 
early stage in vivo and enables them to transit to the epithelial cell layer, where a more 
stable colonization may arise (Nelson et al. 2007). This finding could also explain why 
specific serotypes have different carriage duration times. Studies have shown that 
serotypes 1 and 4 are almost absent from nasopharyngeal samples, but could be 
retrieved from patients with invasive disease, whereas 6A, 19F and 23F are mainly 
found among healthy carriers (Henriques Normark et al. 2001; Brueggemann et al. 
2003; Sandgren et al. 2004). The duration of the carriage stage was determined in a 
study in by Sleeman. Exact duration for serotypes 1, 4, 5 and 9A could not be 
determined, since the sampling interval was >2 weeks, thereby suggesting short 
carriage time. In contrast, serotype 19F, 23F, 6B and 35F isolates colonized between 13 
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and 32 weeks and strains of serotypes 12F, 3, 15B/C and 9V were capable to persist 5-8 
weeks in the nasopharynx (Sleeman et al. 2006). 
In this niche in the upper respiratory tract, pneumococci seem to act mostly like a 
mucosal commensal of the normal nasopharyngeal microflora, an important factor for 
the spread of the bacteria in the society, since S. pneumoniae is a strict human pathogen 
with no other known host or reservoir. Given that invasive pneumococcal disease is not 
able to contribute to the spread to other hosts, it could be speculated that virulence 
factors important for invasive disease should also have an essential function in the 
colonization of the nasopharynx or for the spread of the bacteria via aerosols and 
mucous exchange. This is an important feature, since pneumococcal strains are not able 
to colonize permanently, and will be replaced by other serotypes (Hava et al. 2003).  
 
 
 
1.4 THE PNEUMOCOCCAL CELL WALL 

 
S. pneumoniae shows the normal gram positive characteristics, one cell membrane 
surrounded by an outer thicker layer of peptidoglycan. An unusual component is the 
incorporation of phosphorylcholine into the cell wall, recognized by the innate immune 
system via C-reactive protein and the PAF receptor (Cundell et al. 1995).  Protruding 
from the membrane are teichoic acids, lipoteichoic acids or proteins like PsaA. 
Attached or embedded in the peptidoglycan layer are proteins important for virulence 
or adhesion of pneumococci (Figure 2) such as hyaluronate lyase, neuramidase, PspA, 
cholin binding proteins like PspC or CbpA or the autolysin LytA.  
 

 

CM   PG     CPS    

NAPsaA 

LytA

CbpA

Hyaluronate lyase

PspA

PspC 

 
                       Figure 2: Schematic of the pneumococcal cell wall 
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The pneumococcal pilus encoded in the rlrA islet and described in this thesis is 
covalently attached to the peptidoglycan layer by sortases. An overview over the 
proposed assembly and attachement is provided in chapter 1.5 and the discussion of 
paper II and III. The outmost layer covering most of the structural and protruding 
proteins consists of the polysaccharide capsule, effectively shielding and protecting the 
pneumococcus. 
 
 
Capsule 
 
The polysaccharide capsule consists of monosaccharides linked by glycosidic 
connections. It creates a hydrated shell, shielding and protecting the bacteria and 
extends approximately 200 to 400 nm from the cell wall (Tapiainen et al. 2004). 
Pneumococcal capsules are mainly anionic, but neutral or zwitterionic structures have 
been observed. It elicits an immune response with antibodies, enabling the host to clear 
colonization or infection with a specific capsular serotype eventually. As mentioned in 
the first chapter, at least 90 different serotypes have been determined and characterized 
so far, and they can be divided into 46 groups. The most commonly used classification 
system today is Danish and comes from the “World Health Organization Collaborating 
Center for Reference and Research on Pneumococci, Statens Seruminstitut” in 
Denmark, also the worldwide source for classification with antisera. 
The capsular polysaccharide is considered one of the main virulence factors of 
pneumococci and non-encapsulated strains are supposed to be avirulent. Its essential 
function seems to be protection from phagocytosis by macrophages and neutrophils. A 
new feature, as discussed in chapter 1.3 is the ability to avoid adherence to lumenal 
mucous, facilitating a more stable colonization to the epithelial cell layer (Nelson et al. 
2007). 
 
 
Teichoic & lipoteichoic acids 
 
Teichoic acids (TA) and lipoteichoic acids (LTA) are polysaccharides and have 
antigenic properties. Structurally the teichoic acid part of TA and LTA is identical. TA 
(or C-antigen) is attached directly to the peptidoglycan and evenly distributed on both 
sides (Tomasz 1981). LTA (or F-antigen) on the other hand is covalently linked to the 
cytoplasmic membrane (Goebel The heterophil 1943; Sorenson 2003). It has been 
demonstrated that lipoteichoic acid (LTA) elicits an inflammatory immune response, 
but at lower levels than LTA originating from S. aureus (Han et al. 2003). Both 
molecules provide the attachment basis for most cell wall proteins, including CBPs, 
PspA and LytA (Jedrzejas 2001). 
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Pneumococcal surface antigen A (PsaA) 
 
PsaA is the substrate binding lipoprotein of the manganese ABC transporter encoded 
by psaABC (Dintilhac et al. 1997). A deletion mutant showed decreased virulence and 
decreased adherence to epithelial cells, but it was suggested that PsaA actually is 
regulating the assembly of adhesion molecules, instead of being an adhesin itself. It has 
been shown that a deletion in psaBC with an intact psaA expressed the same negative 
effect on adherence and virulence, and the role of psaA would be an indirect affect 
through the disruption of Mn2+ transport. This deficiency in Mn2+ transport was 
suggested as the cause for the observed hypersensitivity to oxidative stress from H2O2 
and superoxide (Johnston et al. 2004). 
 
 
Hyaluronate lyase 
 
Hyaluronic acid is a major and ubiquitous component of the host extracellular matrix 
(Kreil 1995). The polymer provides structure, absorbs water, restricts free diffusion and 
has many additional functions, for example, involvement in the immune system and the 
embryonic development inflammation (Teti et al. 1993). Hyaluronate lyase is 
covalently linked to pneumococcal PG by sortases recognizing a LPXTG motif. But it 
can also be found in the supernatant of cultures and is secreted by 99% of all 
pneumococcal isolates. Degradation of hyaluronic acid by hyaluronate lyase has been 
shown to stimulate chemokine expression by macrophages, thereby enhancing 
inflammation at the infection site (Irwin et al. 1994) and a role in the bacterial 
spreading throughout the host has been assumed. 
 
 
Neuraminidase (NA) 
 
Neuraminidase, a LPXTG motif containing protein, cleaves N-acetylneuraminic acid 
from lipoprotein, glycoproteins and oligosaccharides on cell surfaces, thereby causing 
direct damage to the host (Camara et al. 1994). In the pneumococcus a role for 
colonization in the nasopharynx and during AOM has been established (Tong et al. 
2000). 
 
 
Choline binding proteins 
 
Choline or closely related analogs are essential for pneumococcal growth (Tomasz 
1968). S. pneumoniae is the only human-pathogenic bacterium to date that express 
surface proteins specifically binding to choline as a mechanism of attachment to its 
surface. All three pneumococcal autolysins and PspA belong into this category, but 
most of them are simply called CBPs for Choline binding proteins. Several of them like 
CbpA, CbpD, CbpE and CpPG have been implicated as a factor in colonization (Berry 
et al. 1989). CbpG has been shown to have proteolytic activity for fibronectin and 
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casein, and deletion mutants in T4 showed reduced adherence to cells and decreased 
virulence in murine models (Mann et al. 2006). CbpA mutants also showed reduced 
adherence to human cells and decreased nasopharyngeal colonization in rats (Rosenow 
et al. 1997). 
 
 
Autolysins 
 
Pneumococcal murein hydrolases are choline binding proteins generally believed to be 
involved in synthesis of the cell wall, separation and genetic transformation.  
The major pneumococcal autolysin is LytA (N-acetylmuramyl-L-alanine amidase A) 
and its function and activity depends on the presence of choline. It has been assumed 
that LytA is constitutively expressed, but overexpression during competence has been 
observed (Seto et al. 1975). However, LytA is not required for the actual 
transformation and its role during competence remains unclear (Garcia et al. 1987). The 
posttranslational maturation occurs in two steps by a process called conversion, 
whereas the low-active E-form is converted to the enzymatically active C-form (Garcia 
et al. 1985). It is suggested that LytA is loosely bound to the inner side of the 
membrane and is translocated by an unknown process to the outside, where it will bind 
to the choline part of LTA. Lipoteichoic acid is a specific inhibitor for LytA mediated 
lysis via the association LytA-LTA (Holtje et al. 1975), although binding to LTA is not 
responsible for the absence of activity (Briese et al. 1985). Possible mechanisms for 
disassociation from LTA or other mechanisms leading to an enzymatically active LytA 
outside the pneumococcal cell are unknown. Antibiotic induced lysis and stationary 
phase autolysis are LytA dependent (Tomasz et al. 1975).  
LytB is a putative glucosaminidase suggested to be essential for pneumococcal cell 
separation (Garcia et al. 1999), since deletion in lytB yields long chains with more than 
100 cells. LytC acts as an autolysin similar to LytA, but is enzymatically active at a 
temperature of 30ºC compared to 37ºC for LytA (Sanchez-Puelles et al. 1986). 
 
 
Pneumococcal surface protein A (PspA) 
 
PspA is a choline binding protein that binds with a total of three domains to choline. It 
is an important virulence factor in murine mouse models, and PspA deletion strains 
showed increased virulence and higher rates of clearance from blood than wild-type 
strains in CBA/N mice (McDaniel et al. 1987). PspA shows anti-complement 
properties and binding of lactoferrin has been observed (Hammerschmidt et al. 1999). 
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1.5 STRUCTURE AND ASSEMBLY OF BACTERIAL PILI  

 
Regular surface structures are common on most gram-negative bacteria and are 
grouped into three categories: flagella, pili and S-layers. They confer most often 
interactions with the bacterial host and can be involved in motility, adhesion or 
invasion of host cells. Another function of these structures can be conjugation and 
resulting transfer of DNA between bacterial strains (Pugsley 1993).  
Flagella enable bacteria to swim with rates of around 10µm/s when E. coli strains are 
examined. They consist normally of one long filamentous part, a hook and the basal 
body anchoring both mobile elements to the cell membrane. The filament is 
polymerized from circa 20.000 flagelllin molecules, and a rotating bundle consisting of 
6-8 filaments propels the bacteria forward. The synthesis of a S. typhimuriun flagella 
has been shown to involve circa 40 different genes (Kutsukake et al. 1988). 
Pili, or fimbriae, look like long hair-like structures and are built up from protein 
subunits. Type 1 pili of uropathogenic E. coli are encoded by the pap operon containing 
11 genes (Kuehn et al. 1994) and consist of a long rigid shaft and a thin flexible 
fibrillae with PapG as the actual adhesin on the tip (Lund et al. 1987). Assembly is 
facilitated by a chaperone-usher pathway. In the main step, the outer membrane usher 
PapC recognizes chaperone-subunit complexes and translocates them through the outer 
membrane (Dodson et al. 1993). Type 4 pili are defined by amino acid homologies 
among the major subunits, they are important in virulence and adhesion for many 
bacteria and confer among other things twitching motility over moist surfaces 
(Henrichsen 1983). Unlike type 1 pili, translocation of the outer membrane is 
accomplished through the formation of a channel by PilQ (Bitter et al. 1998). 
S-layers consist of crystallized proteins shielding the bacteria, and can be also found in 
gram-positive (Messner et al. 1992).  
 
Unlike typical gram-negative pili, subunits of gram-positive pili are covalently linked 
to peptidoglycan and each other and cannot so easily be disassociated. Pili subunits 
contain a N-terminal signal sequence promoting the translocation across the bacterial 
membrane. The sorting and assembly of the pilus is facilitated by a LPXTG motif 
together with a hydrophobic domain and positively charged tail on the C-terminus 
(Schneewind et al. 1993). Sortases are membrane anchored transpeptidases, which 
recognize a LPXTG motif followed by the characteristic tail. The LPXTG motif 
containing protein is cleaved at the T, resulting in an acyl enzyme intermediate 
complex together with the sortase. Catalysis is completed by the nucleophilic attack of 
the amino group of cell wall cross-bridges within lipid II at the cysteine residue in the 
thioester-linked acyl enzyme. Transpeptidation and Transglycosylation incorporates in 
the following step the lipid II together with is linked surface protein into the bacterial 
cell wall (Ton-That et al. 2004). Corynebacterium diphtheriae express three different 
pili, named according to their major subunit SpaA, SpaD and SpaH, and the genes 
encoding these proteins are each located in close proximity to the sortase genes. In the 
SpaA pilus, SpaA is the subunit of the shaft, SpaB is associated along the SpaA shaft 
while the pilus tip was decorated with SpaC (Ton-That et al. 2003).  Several conserved 
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motifs have been observed in the pili subunits in addition to LPXTG. The major 
subunits, like SpaA, share an E box motif (YxLxETxAPxGY), and exchange of the 
conserved glutamate residue in the E box prevented incorporation of SpaB into SpaA. 
Furthermore, a pilin motif has been detected. (Ton-That et al. 2004). A comparison 
between LPXTG containing pili gene clusters indicates that most of the gram-positive 
pili assembled via sortases share similar biogenesis (Scott et al. 2006).  
 
 
 
1.6 PNEUMOCOCCAL ADHERENCE PROPERTIES  

 
Pneumococcal adhesion to mucosal host cells in the respiratory tract is the general 
mechanism to colonize, persist and cause disease. Asymptomatic colonization of the 
nasopharynx could be considered the best route for pneumococcal spread and survival, 
and it has been argued that pneumococci should be considered commensals of the 
normal microflora. Although a lot of pneumococcal proteins important for colonization 
have been observed, only a few can be classified as adhesions in the classical sense. 
Research on adhesion molecules has focused mainly on the CBPs, and CbpA, CbpD 
and CbpG have been suggested as adhesins (Gosink et al. 2000). Recent studies have 
shown that deletion of cbpG reduced adherence to epithelial cells and decreased 
virulence in a murine infection model (Mann et al. 2006).  A direct function in 
adhesion and invasion has been observed for CbpA in regard to the human polymeric 
immunoglobulin receptor (pIgR). Hammerschmidt et al. found that CbpA specifically 
binds to the secretory component of pIgR (Hammerschmidt et al. 2000). It has been 
suggested that during transcytosis of the blood-brain barrier, adherence to activated 
host cells is promoted by the recognition of the platelet-activating receptor (PAFr) by 
pneumococcal phosphorylcholine (Ring et al. 1998).  PAF receptor deficient mice have 
been shown to have decreased inflammation and reduced dissemination during 
pneumococcal pneumonia (Rijneveld et al. 2004). The pneumococcal surface protein 
PavA is structurally and functionally related to the fibronectin-binding protein of S. 
pyogens. A deletion in pavA showed decreased virulence in a murine meningitis model, 
and also lower adherence to epithelial lung cells and endothelial cells from the brain 
(Pracht et al. 2005). Plasmin and plasminogen have been observed to bind to the 
pneumococcal surface via the α-enolase, a mechanism that has been also suggested for 
the glyceraldehydes-3-phosphate dehydrogenase (GAPDH). Secretion and exposure of 
both enzymes on the pneumococcus in unknown, since both enzymes lack the classic 
signal peptides and membrane anchoring motifs (Bergmann et al. 2001). 
Neurominidase (NA) has been shown to improve colonization by cleaving N-acetyl-
neuraminic acid from the mucin, thereby decreasing viscosity and enabling the 
pneumococcus to reach epithelial cells. Attachment to epithelial cells directly has been 
observed to promote stable colonization. Viral encoded neurominidases have been 
suggested to be involved in accompanying viral infections, like influenza and 
parainfluenza, and may facilitate pneumococcal attachment to epithelial cells 
(McCullers et al. 2003).  
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1.7 BIOFILM FORMATION 

 
Today more than 60 % of bacterial infections are considered to involve biofilm 
formation, maybe enclosing several species simultaneously. Surprisingly the current 
theory of biofilm and understanding of its universal importance for bacterial life was 
not developed before 1978. Biofilms are, as of today, defined as sessile bacterial 
communities embedded in extracellular matrices adhering to surfaces. This concept 
also includes bacterial interactions, for example quorum sensing systems, specific 
structures in the matrix like “water-tunnels” and possibly even planktonic cells. This 
gives bacterial communities extra means of survival and persistence in the host. The 
behavior differs greatly compared to single cell liquid cultures, opening up new and 
undiscovered mechanisms for bacteria to interact with each other and the human host 
(Costerton et al. 1999; Parsek et al. 1999). They also provide the colonizing and 
invading bacteria with means to evade host defense mechanisms. The matrix provides 
protection against physical abrasion and chemical assaults, by for example hydrogen 
peroxide (Elkins et al. 1999) and chlorine (Norwood et al. 2000). Biofilm bacteria also 
exhibit an inherent tolerance and resistance to killing by most antibiotics and 
prevention of phagocytosis, thereby evading the immune system (Leid et al. 2002). The 
coexistence of bacteria in close proximity may enable them to exchange nutrients in 
mixed cultures, exchange DNA more easily (Roberts et al. 1999), and slower diffusion 
in the matrix may provide the necessary conditions for quorum sensing. Apart from 
natural occurring biofilms, the adherence to abiotic surfaces on medical devices such as 
intravenous and urinary catheters, cardiac peacemakers or prosthetic joints, provides an 
additional route of infection in the human host (O'Toole et al. 2000). 
 
Development of biofilm is a continuous process over several stages, starting from 
planktonic bacteria encountering a surface, permanent attachment and finally the 
formation of a dense extracellular matrix and the mature biofilm.  
Planktonic bacteria meet a surface and adhere in a first weak transient attachment. 
Surface sensing and the first contact differ from motile to non-motile bacteria, but 
essentially all adherence factors could play a role. Flagella seem to promote recognition 
and attachment in Pseudomonas fluorescence. If conditions are favorable, like 
hydrophobicity, already existing matrices or specific receptors on cell surfaces, a 
second phase includes irreversible attachment in a single monolayer. Bacterial flagella 
could either be necessary as for E. coli K12 or greatly improve the first attachment step 
(Pratt et al. 1998). However, over a longer time period overexpression of fimbriae may 
override the requirement for flagella (Prigent-Combaret et al. 2000). It has been shown 
that Type I pili of E. coli K12 were essential for attachment and a knockout mutant did 
not adhere to PVC (Pratt et al. 1998), while in contrast type III and not type I pili of 
Klebsiella pneumoniae in a sample of 33 wild-type isolates were involved in adhesion 
to abiotic surfaces (Di Martino et al. 2003). For non-motile bacteria attachment may be 
achieved through a variety of adhesion proteins, for example the major autolysin AtlE 
of Streptococcus epidermidis (Heilmann et al. 1997). 
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In the next step “microcolonies” are formed on the surface, eventually becoming the 
mature biofilm. The composition of the extracellular matrix is complex and varies 
considerably between bacterial species. The most common elements in extracellular 
matrix are water, cellulose, β-1,6-linked N-acetylglucosamine, GDEF-domain 
containing and Bap-related proteins (Lasa 2006). As a part of the bacterial “life cycle” 
detachment from the biofilm matrix and return to a planktonic life style is possible. A 
process that is either called erosion for the release of free planktonic cells or slouching 
in the case of rapid detachment of large cell clusters from the biofilm (Stoodley et al. 
2001). 
 
The first pneumococcal biofilm models mimicked nasopharyngeal growth on Sorborad 
filters in a continuous culture. It was shown that type 3 pneumococci generated 
duplications of the cap3A gene, thereby leading to the formation of non-encapsulated 
variants (White Spontaneous 2001). Non-encapsulated pneumococci adhered to a 
greater extent than their encapsulated wild-type variants. In studies with the non-
encapsulated R6 strain, the formation of filamentous material connecting the bacteria 
and large void spaces transversing in between could be observed. The matrix comprised 
extracellular DNA and protein, since treatment with DNase I or proteinase K 
diminished biofilm formation greatly. Inactivation of LytA, LytB, LytC, CbpA, PcpA 
and PspA also reduced adherence and biofilm formation to ca. 30-80% of observed 
wild-type levels (Moscoso et al. 2006). It has been established that the capsule is a 
necessary requirement for successful nasopharyngeal colonization, whereas at least 
20% of the capsule amount expressed by the parental encapsulated strain was required. 
Accordingly, biofilm models involving non-encapsulated strains are a subsidiary, since 
observations indicate that the opaque variant expressing more capsule is the actual 
pneumococcal phase present within the nasal mucosa. 
Not much is known so far about pneumococcal biofilms in encapsulated strains, but 
recently a pneumococcal biofilm model was developed (Oggioni et al. 2004). The 
encapsulated strains TIGR4 and D39 were able to form a hydrated biofilm including 
expression of extracellular matrix on polystyrene surfaces. One of the key components 
observed was the necessity for incubation with exogenous CSP, the competence 
stimulating peptide. In addition, the comC1 allele, a gene involved in natural 
competence appeared to be boosting adherence, while a comD mutant, a knockout in 
the histidine kinase CSP sensor, completely abolished adherence  (Oggioni et al. 2006). 
CSP inducible genes seem to be an essential factor in biofilm formation, driving 
pneumococci away from the planktonic stage to biofilm formation. Transcriptome 
analysis has shown that only 23 out of 123 CSP-inducible genes are required for 
transformation, many of which will probable be involved in other cell-density adaptive 
functions (Peterson et al. 2004). This finding could also explain the observation that 
CSP was able to reduce virulence in a murine model (Oggioni et al. 2004), since 
planktonic pneumococci could have an advantage in bacteraemia.  
Clinical pneumococcal isolates from cystic fibrosis (CF) respiratory samples compared 
to non-cystic fibrosis blood samples showed that 80% of the CF isolates were able to 
form biofilm, compared to 50% of isolates recovered from blood samples.  (Garcia-
Castillo et al. 2007). 
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1.8 β-LACTAM ANTIBIOTICS AND PNEUMOCOCCAL LYSIS 

 
Penicillin induced lysis is mediated by pneumococcal autolysins, mainly LytA activity. 
However, the absence of murein hydrolases has no influence on the bactericidal effect 
of penicillin, indicating that penicillin induced lysis and death are actually two 
independent mechanisms. Pneumococcal mutants with increased tolerance to killing 
have been isolated regardless of presence or absence of an intact lytA. Lysis seems to be 
the secondary event, since pneumococcal death occurs shortly after treatment with 
penicillin, while lysis occurs only after a substantial lag time (Moreillon et al. 1990). 
Treatment with penicillin and other antibiotics led to an immediate breakdown of the 
membrane integrity. This process is LytA independent and shedding of membrane 
vesicles together with PG and TA precursors can be observed (Hakenbeck et al. 1983). 
Normal incorporation of PG and TA into the growth zone of the cell is inhibited, which 
could ultimately lead to induction of autolysis. 
The precise mechanism of bactericidal action of β-lactam is unclear. β-lactam 
antibiotics target penicillin binding proteins (PBP), enzymes catalyzing the final steps 
in the PG synthesis. PBPs are generally classified into a group with high molecular 
weight, acting as transpeptidases and the main killing target of β-lactam, and one with 
low molecular weight, including D-alanyl D-alanine carboxypeptidases. Resistance 
appears usually after several sequential mutations to high molecular weight PBPs (1A, 
1B, 2B, 2x and 3), however, recently mutations conferring resistance have also been 
identified in several genes not belonging to PBPs (Laible et al. 1989). Interestingly, 
although being naturally competent, pneumococci do not produce any β-lactamase. One 
of the non-PBPs identified was the two-component signal transduction system CiaRH, 
where mutations confer higher susceptibility to lysis (Giammarinaro et al. 1999). 
Interestingly, pneumococci lysed immediately upon the end of their exponential phase, 
when mutations in the CiaRH system and PBP2x were present simultaneously, 
although these PBP2x mutations would normally confer β–lactam resistance (Mascher 
et al. 2006) 
 
 
 
1.9 PYRUVATE OXIDASE & HYDROGEN PEROXIDE PRODUCTION 

 
The pyruvate oxidase SpxB catalyzes the conversion of pyruvate to acetylphosphate in 
the pyruvate metabolism, which is an important source for ATP during aerobic growth 
of S. pneumoniae. The reduction of O2 during the conversion leads to H2O2, which can 
be further reduced in the Fenton reaction to free hydroxyl radicals (Spellerberg et al. 
1996):  
 

H2O2 + Fe2+  Fe3+ + OH· + OH-. 
 

SpxB and subsequent production of H2O2 is an important virulence factor and has a 
cytotoxic effect on host cells, as shown in rat alveolar epithelial cells (Duane et al. 
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1993). The produced amounts of H2O2 can reach mM levels and are similar to those 
produced by polymorphonuclear cells during respiratory burst (Pericone et al. 2000). 
Pneumococcal produced H2O2 has been shown to be toxic on other microorganisms, 
such as Staphylococcus aureus (Regev-Yochay et al. 2006). It has been demonstrated 
that the fatty acid composition of the pneumococcal cytoplasm membrane shifts from 
palmitic acid to cis-vaccenic acid during anaerobic growth. A deletion in spxB 
exhibited a fatty acid composition similar to growth in anaerobic conditions, regardless 
if grown aerobically or anaerobically, suggesting that endogenous H2O2 levels play an 
important role in membrane adaptation to environmental conditions (Pesakhov et al. 
2007). 
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2  AIMS 
 
2.1 PAPER I 

To evaluate the clinical and adhesive properties of pneumococcal strains isolated from 
patients with endocarditis and pericarditis in comparison to control strains isolated from 
patients with only bacteraemia. 
 
 
2.2 PAPER II 

To characterize the role of the rlrA pathogenicity islet and the formation of a novel 
pneumococcal pilus structure and its adhesive properties. To investigate the 
contribution of pili in nasopharyngeal colonization and the host inflammatory response 
during invasive disease in mice. 
 
 
2.3 PAPER III 

To elucidate which of the three different subunits of the pneumococcal pilus from paper 
II, RrgA, RrgB and/or RrgC, are required to confer pilus-mediated adherence to human 
epithelial lung cells.   
 
 
2.4 PAPER IV 

To study the effect of penicillin and hydrogen peroxide dependent change in cell wall 
pH on LytA dependent pneumococcus cell wall lysis. 
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3 MATERIAL & METHODS 
 
3.1 CLINICAL DATA 

 
844 patients with pneumococcal bacteraemia were enrolled in a preceding study by Yu 
et al. (Yu et al. 2003). Clinical outcome of disease was assessed and patients were 
followed for at least 14 days after the onset of bacteraemia. In paper I eight patients 
with cardiac complications (endocarditis and pericarditis) were identified. Further 
clinical data and pneumococcal isolates were collected, and data obtained was 
compared to clinical data and characteristics of blood isolates from clinical controls 
consisting of patients with only bacteraemia and matching age and sex. 
 
 
 
3.2 CONSTRUCTION OF MUTANTS 

 
Insertion-deletion mutagenesis was performed as described previously by Lau et al. 
(Lau et al. 2002).  Briefly, approximately 1 kB of upstream and downstream fragments 
of the relevant ORF were amplified by PCR, digested respectively with Apa1 and 
BamH1, and ligated to the erythromycin-resistance cassette ErmR (Genbank accession 
AB057644) or the Km–rpsL cassette, Janus (Sung et al. 2001). 
 
 
 
3.3 CELL WALL PREPARATIONS & WESTERN BLOT 

 
Bacteria were grown on blood agar plates or in liquid culture and lysed with 
mutanolysin and repeated freeze and thaw cycles was performed as described in paper 
II. Supernatant was separated on 4-12% SDS polyacrylamid gradient gels. The 
characteristic pili ladder was detected by using antibodies against RrgA, RrgB or RrgC. 
 
 
 
3.4 ELECTRON MICROSCOPY 

 
Negative Staining 
 
For negative staining, bacteria were grown on blood agar for 16 hours and stained with 
0.5% uranyl acetate on a Formvar supporting grid and air-dried. Samples were 
examined in an FEI Tecnai 10 electron microscope (Phillips, FEI, Eindhoven, The 
Netherlands) at 80 kV. 
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Immunoelectron Microscopy 
 
S. pneumoniae was grown in THY medium and 20 µl were added to Formvar-coated 
nickel grids and fixed in 1% paraformaldehyde. Staining was performed with 1:10 
polyclonal mouse or rabbit primary antibodies to RrgA, RrgB, or RrgC and subsequent 
secondary gold-conjugated antibodies at 1:20 (goat anti-mouse IgG, 5-nm gold 
particles; goat anti-rabbit IgG, 10 nm).  
 
 
 
3.5 MURINE INFECTION MODELS 

 
Intranasal challenge (i.n.) 
 
Bacteria were grown in C+Y medium until OD620=0.5. For competition experiments 
bacterial suspensions were mixed equally 1:1. 20µl of bacterial broth was inoculated 
intranasally into 6-8 week old C57BL/6 mice. Mice were sacrificed after 7 days or at 
signs of acute sickness. The health status was monitored according to the following 
scores: 0=healthy, 1=piloerection, 2=reduced motility, 3=fever, more pronounced 
reduced motility, 4=1,2,3 more pronounced and 5=moribund. Naso-tracheal lavages, 
lung and blood was collected and examined. All animal experiments were approved by 
the local ethical committee. 
 
 
Intrapertitoneal challenge (i.p.)  
 
Bacteria were grown in C+Y medium until OD620=0.2 and 200µl of ~5 x 106 CFU were 
injected into the peritoneum of  6-8 week old C57BL/6 mice. Mice were sacrificed after 
six hours and blood samples analyzed in regard to bacterial CFU and host TNF and IL-
6 levels. 
 
 
 
3.6 ADHERENCE ASSAYS 

 
Biofilm assays in paper I were performed with pneumococci grown in F12K medium 
supplemented with 1% glucose. Bacteria were incubated for 4, 8 and 24 hours at 37°C 
in 96 well polystyrene plates coated with collagen I (BD Bioscience) or fibronectin 
(Sigma). After extensive washing, attached bacteria and extrapolymer matrix were 
assayed by staining with 150µl crystal violet solution (0.1%) for 10 minutes and 
subsequent resuspension in 200µl of an ethanol-acetone mixture (4:1). Absorption was 
measured at 590 nm.  
 



 

  19 

For adherence assays in paper I A549, Detroit 562 and PAE cells were grown 
confluently in 96 well plates and incubated for two hours with 200µl bacterial 
suspension at a density of OD620=0.05. Cells and bacteria were detached from the wells 
with 50µl Trypsin (0.25% 1mM EDTA) and 50µl Triton-X (0.05%). Bacterial CFU 
was determined and adjusted to growth (% adherence = cfu adherence / cfu growth 
x100). 
 
For paper II and III pneumococci were grown to OD600=0.3–0.4 and incubated with 
A549 lung epithelial cells for 30 minutes at the appropriate dilution. After washing, 
bacteria were either detached with 0.25% trypsin and 0.025% Triton X-100 and 
bacterial CFU was determined. For fluorescence microscopy A549 monolayers were 
grown on coverslips. Infected cell layers were fixed in 3% paraformaldehyde and 
labeled with anti-capsular primary and Cy2-conjugated secondary antibodies. Cells 
were visualized by staining F-actin with rhodamine-conjugated phalloidin. 
 
 
 
3.7 FITC-COUPLING OF THE CELL WALL 

 
For real-time analysis of FITC emission in paper IV, non-encapsulated pneumococci 
were grown to OD620=0.265 on glass slides. Adhering bacteria were labelled with FITC 
solution by incubation for 20 min at room temperature. Imaging of FITC emissions at 
520nm (excitation 488 nm) were observed in 8-second intervals in an open chamber 
(Warner Instruments), mounted on a Nikon TS-100 microscope using a 100x/0.5-1.3 S 
fluor oil iris objective. Overlaying PBS on adherent bacteria was supplemented to the 
final concentrations of catalase, valinomycin, penicillin G, erythromycin or 
vancomycin. All values were normalized with Imagemaster3 and Sigma Plot to an 
internal standard of 1 Fluorescence Intensity (a.u.). 
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4 RESULTS & DISCUSSION 
 
4.1 PNEUMOCOCCAL ENDOCARDITIS (PAPER I) 

In this study we assessed the incidence of pneumococcal endocarditis and pericarditis, 
as defined by the Duke Criteria (Durack et al. 1994), and studied pathogen related 
adherence factors. One of the aims was to get a better understanding of this rare but 
deadly outcome of pneumococcal disease, in regard to host factors. Overall the 
frequency for pneumococcal cardiac complications decreased from 10%–15% to <3% 
(Aronin et al. 1998) since penicillin became available. Pneumococcal pericarditis has 
been reported less often, and less than 20 cases have been reported since 1980 
(Hastbacka et al. 2002). But although pneumococcal endocarditis is a rare disease 
nowadays, the mortality rates continue to stay high around 24-50%, even following 
treatment with appropriate antibiotics (Lefort et al. 2000).  
In a prospective international, observational study only eight of 844 patients 
hospitalised with Streptococcus pneumoniae bacteraemia developed endocarditis or 
pericarditis. Patients were geographically dispersed, coming from four of the six 
continents represented in the original study (Yu et al. 2003): South Africa (1 ⁄ 248); 
Spain (2 ⁄ 87); Sweden (2 ⁄ 102); Taiwan (2 ⁄ 46); and the USA (1 ⁄ 114). The 
corresponding incidence of pneumococcal endocarditis was about 1–3 ⁄ 1 million 
inhabitants per year, highlighting one of the problems in studying pneumococcal 
endocarditis. However, there was a lack of a significant number of cases, making the 
establishment for incidence and factors predisposing pneumococcal endocarditis 
difficult. 
We could not observe a common pattern in the medical history of the eight patients 
with an infectious cardiac complication. The severity of illness upon admission to the 
hospital was comparable with that for patients without infectious cardiac complications, 
as was the 14-day mortality rate (25% and 17%, respectively). Five of the patients had 
endocarditic vegetations: two on the aortic, two on the mitral, and one on both the 
aortic and the mitral valves. Three patients suffered from pericarditis and drainage was 
performed in two of these three patients, with isolation of pneumococci directly from 
the pericardial fluid.  
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The mean duration of illness before admission was 3.4 (range 2–20) days. An 
associated condition, as seems to be the prerequisite for most endocarditis and 
pericarditis cases (Klacsmann et al. 1977; Aronin et al. 1998), was present in all eight 
patients: pneumonia (five patients); sinusitis (one patient); sinusitis plus meningitis 
(one patient); and septic arthritis plus meningitis (one patient). Valvular heart disease 
and alcoholism have been reported to be the most frequent predisposing risk-factors 
(Musher et al. 2000), but were only present in one of the eight patients. All eight 
patients had a more marked leukocytosis (white blood cell count 25.5 · 109 ⁄ L vs. 15.5 · 
109 ⁄ L; p 0.0168) and were more likely to require treatment in an intensive care unit 
(75% vs. 19.5%; p 0.0013) and mechanical ventilation (62.5% vs. 17.2%; p 0.006) than 
patients without such complications. However, when using the Pitt bacteraemia score 
(Yu et al. 2003), the proportion of patients who were critically-ill upon admission was 
similar among patients with cardiac complications (25%) as compared to patients with 
bacteraemia (19.3%). We observed a tendency for concomitant purulent meningitis to 
be more common in patients with infectious cardiac complications (25% vs. 0.6%; p 
0.09), but the 14-day mortality rate was similar for both groups (25% vs. 17%), 
although one of the endocarditis patients died on day 34, thereby increasing the total 
death rate to 38%  (Table 1 in paper I). 
 
Since bacterial endocarditis is commonly associated with the formation of plaques and 
biofilm, we wanted to know if specific adherence capabilities of pneumococcal strains 
have an effect on pneumococcal endocarditis. For each of the eight patients with an 
infectious cardiac complication, one control patient was chosen randomly from all 
bacteraemic patients, matched for age (± 5 years) and gender, but not for geographical 
location or serotype. 
We could not observe a significant difference in hydrophobicity (1–7%) between 
encapsulated endocarditis and pericarditis isolates and the control strains. However, the 
non-encapsulated clinical bacteraemia strain R8 and the non-encapsulated laboratory 
strains R6, T4R and I95R, as well as the oral streptococci tested, showed a significant 
increase in hydrophobic interaction (30–50%) with hexadecane (Figure 3). The 
pneumococcal capsule is hydrophilic, thereby preventing adherence to abiotic surfaces. 
This difference could be especially observed when the, except for capsule expression, 
isogenic non-encapsulated strains R6, T4R and I95R were compared with their 
encapsulated counterparts D39, T4 and I95. 
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Figure 3: Adherence of pneumococcal strains to hexadecane. 
The data shows total number of adhering bacteria (broad grey bars) to n-hexadecane 
after four hours and the percentage of bacteria adhering to cells in comparison to total 
number of bacteria, normal growth (narrow black bars). Numbers beginning with T 
refer to capsule type, whereas R8, R6, T4R and I95R are non-encapsulated variants. I95 
is of type 9V and D39 of type 2.There was no significant difference concerning 
adherence to hexadecane between encapsulated endocarditis isolates and control 
strains. 
 
 
 
In a similar way, no significant differences were observed between endocarditis and 
pericarditis isolates in adherence assays compared with control strains. S. sanguis, S. 
mitis and the non-encapsulated pneumococcal strains R8, R6, T4R and I95R showed 
significantly increased adherence in comparison with the encapsulated strains. Addition 
of soluble collagen I to the medium prevented adherence to polyvinylchloride (PVC)- 
or collagen I-coated abiotic surfaces. Only the non-encapsulated strains showed a three 
to 14-fold increase in adherence in this biofilm model compared with the encapsulated 
isolates (Figure 4). We did not perform any further studies on potential formation of 
extracellular matrix in the pneumococcal strains, although S. mitis and S.sanguis have 
been shown to express biofilm under similar conditions. Recent observations suggest 
that indeed biofilms are formed by pneumococcal strains (Oggioni et al. 2006), as was 
observed in these experiments. This finding was also true for adherence to PVC and 
fibronectin.  
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Adhesion to PAE porcine endothelial cells (Figure 5) and A49 lung epithelial cells 
showed the same pattern. Only non-encapsulated strains adhered well, especially the 
control strain R8 and the laboratory strain R6, and no significant differences between 
endocarditis and pericarditis isolates and control strains could be observed. Since then, 
we have improved the method for adherence assays in paper II and III to detect smaller 
varieties of adherence levels.  
In conclusion, streptococci seem to require pre-existing endothelial lesions in order to 
adhere to cardiac valves and initiate endocarditis (Martin et al. 2003), and it is highly 
possible that no cardiac specific, but more general adherence factors are important in 
establishing disease. The exact pathogenesis of pneumococcal endocarditis and 
pericarditis is still unclear and a direct extension from a pleural empyema may also 
explain some cases of pneumococcal pericarditis. In our studies we could not find any 
specific virulence attributes, such as capsular types and adhesive properties, that 
determine whether bacteraemia will lead to an infectious cardiac complication, or 
whether host factors are more important. The only strong correlation observed was that 
a loss or maybe down regulation of capsular expression improved adherence and 
possible biofilm formation. 
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Figure 4: Biofilm formation of S.pneumoniae strains, S.sanguis and S.mitis. 
Adhesion of bacterial strains to PVC well plates. The data are average results for 4, 8 
and 24 hours of incubation respectively. Adherence was indicated by staining 
withcrystal violet and measuring the absorbance at 590 nm. The data was adjusted to a 
theoretical OD620 absorption of 0.5 for each strain. No difference was observed between 
endocarditis or pericarditis strains and control strains in adherence assays with 
collagen-coated wells. 
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Figure 5: Pneumococcal adhesion to PAE porcine endothelial cells 
Adhesion after 4 hours incubation with 107 bacteria at 37°C. The data shows the 
percentage of bacteria adhering to cells in comparison to total number of bacteria, 
normal growth. Only non-encapsulated strains adhered and no difference in adherence 
between endocarditis or pericarditis causing strains and control strains was observed. 
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4.2 PILI AND ADHERENCE (PAPER II & PAPER III) 

Paper II and paper II both deal with our recently found pneumococcal pilus structure 
encoded by the rlrA islet. While paper II shows our finding of a novel pilus like 
structure in pneumococci and characterizes the pilus and its influence on virulence and 
adhesion, paper III looks further into its role in adhesion with regard to the single 
subunits. The rlrA pathogenicity island, its genes and its transcriptional regulation was 
first described by Hava (Hava et al. 2002; Hava et al. 2003). It is similar to the 
adhesion islet 1 found in group B streptococci (Lauer et al. 2005) and the spaABC 
operon of C. diphtheriae (Ton-That et al. 2004). The islet is composed of the rlrA 
regulator, three structural genes rrgA, rrgB, rrgC and three genes coding for sortases 
important for the assembly of pili, srtB, srtC, srtD flanked by two IS1167 elements. 
The laboratory strain R6 and its parental D39 lack the islet and this is probably one of 
the reasons why pili have not been discovered before (Figure 6). RlrA stands for rofA-
like regulator and positively regulates both sets of pilus genes. An additional negative 
regulator mgrA has been found outside the islet. Knockout mutants in mgrA 
overexpress pili, and in our studies we have used these mutants to get better 
visualization for electron microscopy (Hemsley et al. 2003). FACS analysis with anti-
RrgB antibodies revealed that 84% and 90% of the cells of T4 (type 4 encapsulated 
pneumococci, that has been sequenced) and ST16219F (a clinical isolate of type 19F), 
respectively, expressed pili-like structures, whereas in mgrA mutant derivatives, almost 
all bacteria were piliated. The structural genes rrgA, rgB, rrgC contain LPXTG motives 
and are predicted to encode microbial surface components recognizing adhesive matrix 
molecules (MSCRAMMs) that bind to components of the extracellular matrix of host 
cells(Schwarz-Linek et al. 2004).  
 
 
 

 
 
 
                  Figure 6: The rlrA islet in S. pneumoniae TIGR4 
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We performed protein analysis of pneumococcal cell wall extracts for wild-type and 
respective (rrg-srtD) knockout mutants in T4 and ST16219F via western blot analysis 
with antibodies for RrgB. We observed a high molecular weight (HMW) ladder 
polymers ranging from ca 100 to 1,000 kDa, similar to the already characterized pili 
structures in C. diphtheriae (Ton-That et al. 2003; Ton-That et al. 2004). T4 and 
ST16219F deletion mutants in rrgA–srtD showed no visible ladder. As a control we 
reintroduced the islet in the T4∆(rrgA-srtD) strain and were able to restore the pilus as 
detected by Western blot experiments. By transmission electron microscopy and 
negative staining we found pilus-like structures on pneumococci and were able to 
further characterize them with the respective antibodies for RrgA, RrgB and RrgC. This 
was true for pneumococci grown in C+Y medium or THY medium and after 16 hours 
on blood agar plates or in C+Y. Detection of pili via electron microscopy was not 
always possible in comparison with detection via western blotting. This could be due to 
environmental conditions and expressed amounts of pili structures, and may be one of 
the reasons why pili have not been seen and characterized before. Electronmicroscopy 
with immunogold-labelling showed that RrgB antibodies decorated the entire pilus 
shaft, indicating that RrgB is the major structural subunit in the assembly of the pilus. 
In contrast RrgC could only be found at the tip of the pilus, and presents possibly the 
starting subunit. RrgA antibodies localized to the cell surface, but were also distributed 
along the RrgB polymer in regular intervals (LeMieux et al. 2006). Adherence data 
discussed below also show that RrgA can localize on the pilus and the pneumococcal 
surface in general. 
We also investigated the role of the pilus in pneumococcal colonization and in invasive 
disease. T4 and its isogenic pilus deficient mutant T4∆(rrgA–srtD) were used in a 
murine model and infected intranasally to mimic the natural route of disease. C57BL/6 
mice were inoculated intranasally with high (5x106 cfu), and medium (5x105 cfu) doses 
of pneumococci. Colonization was estimated by performing nasopharyngeal–tracheal 
lavages of sacrificed animals. The non-piliated mutant was less virulent than the wild-
type strain as revealed by a higher survival rate of mice infected by the mutant, a defect 
that could be restored by reintroducing the rlrA islet. In competition experiments, when 
equal amounts (1:1) of wild-type and mutant pneumococci were administered i.n., the 
pilus-deficient mutant was out-competed by the wild-type in the upper airways, lungs, 
and blood. We were also able to repeat this finding for the type 2 strain D39 and its 
respective mutant D39∇(rlrA–srtD). 
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In an intraperitoneal mice model (i.p.) mice were challenged with pneumococci of high 
infection doses of the piliated wild-type or the rrgA–srtD deletion mutants lacking pili. 
The pilus deletion mutants in T4 as well as in ST16219F backgrounds showed a 
significantly lower TNF and IL-6 response compared with their respective wild-type 
strains. Since the pilus-deletion mutants showed lower infection doses in the blood, we 
raised the administered dose of pneumococci. Plotting TNF values against CFU 
showed that the TNF response to piliated pneumococci was significantly higher than to 
the equivalent number of non-piliated pneumococci. When comparing different 
serotypes and clones, rlrA islet-positive pneumococcal strains (ST2054 and ST16219F 
of type 4 and 19F, respectively) elicited a high cytokine response, whereas rlrA islet-
negative strains (ST1917F, ST2281, and ST3061 of type 7F and 1, respectively) induced 
a low TNF response (Sandgren et al. 2005). The presence of pili may therefore explain 
the difference in TNF response and also decide partially the outcome of pneumococcal 
disease, since TNF is one of the major indicators and culprits in inflammation during 
pneumonia and septic shock.  
 
To study adherence we used A549 lung epithelial cells. The pneumococcal wild-type 
strain T4 harbouring the rlrA-islet and the serotype 2 strain D39 with an introduced 
rlrA-islet (magelan 5 transposon insertion) where both compared to their non-
encapsulated counterparts. Non-piliated mutants were only able to adhere in low to 
non-detectable numbers to epithelial cells while T4 and D39∇(rlrA-srtD) exhibited a 
2.5 and 40 fold higher adherence rate, respectively. 
 
In paper II we investigated the role of the different components of the pilus in 
adherence. As mentioned above all three pili subunits RrgA, RrgB and RrgC contain 
adhesion-associated MSCRAMM motifs (Patti et al. 1994). Additionally 
bioinformatical analysis of RrgA also indicates the presence of an adhesive von 
Willebrand factor type A (vWA) domain (Colombatti et al. 1991). Construction of T4 
mutants in rrgA and rrgBC showed that T4∆rrgA is able to produce pili-like structures 
as witnessed by a HMW pilus ladder on western blot and staining in IEM. In contrast 
T4∆rrgBC produced RrgA monomers attached to the surface, but no pili in IEM or pili 
ladder in western blot could be observed. This is in agreement with findings of 
LeMieux et al. (LeMieux et al. 2006). Adhesion studies to A549 lung epithelial cells 
revealed that the T4∆rrgBC mutant, having RrgA, was as adherent as the wild-type 
strain. The mutant lacking RrgA, T4∆rrgA, on the other hand showed similar low 
adherence levels as the non-piliated T4∆(rrgA-srtD) mutant. This indicates that RrgA is 
the major adhesion subunit of the pneumococcus pilus, and surprisingly that the pilus 
structure as such seems to be of no major importance for adherence to lung epithelium 
in vitro. These results were confirmed with purified his-tagged recombinant RrgA, 
RrgB and RrgC proteins. FACS analysis showed that increasing doses of purified RrgA 
led to a shift in the fluorescence intensity, and as little as 5µg/ml could be detected. 
RrgB and somewhat more RrgC were also able to shift to some extent the fluorescence 
intensity, but at much lower concentrations up to 100µg/ml. Adhesion studies of 
purified proteins to A549 lung epithelial cells with subsequent antibody staining 
confirmed the results.  
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We tested the influence of RrgA on virulence in a murine infection model.  Mice were 
challenged i.p. and emergence of disease and survival was followed. The non-piliated 
mutant T4∆(rrgA-srtD) showed similar survival curves as T4∆rrgA, both causing 
disease in the mice approximately 2 hours later than the wild-type T4. The rrgB mutant 
on the other side was not negatively affected when compared to T4. In addition 
T4∆rrgA also showed similar lower levels of bacteria in the blood after 6 hours, 
comparable to T4∆(rrgA-srtD) in the i.p. studies of paper II. This suggests that RrgA 
also plays an essential role in pathogenicity and virulence in this model.  
Essentially, we have a first model of the structure and assembly of the pneumococcal 
pilus. The pilus shaft consists of RrgB monomers linked to a polymer by sortases via 
the LPXTG motif, as discussed in chapter 1.5. RrgC is most likely the tip subunit with 
unknown function, since its involvement in adhesion is not entirely clear. The adhesive 
properties to epithelium are mainly conferred by RrgA, which is located in intervals 
along the shat or as monomers directly on the pneumococcal surface. It is not clear if 
RrgB or RrgC is the starting point of pili assembly, but RrgB is the most likely 
candidate for direct linkage to PG of the mature pili (Figure 7).  
 
 
 

RrgA 

RrgB 
RrgC

 
 
               Figure 7: Proposed structural model of the pneumococcal pilus 
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4.3 PNEUMOCOCCAL LYSIS & PENICILLIN (PAPER IV) 

In the fourth study we wanted to examine potential contributions of cell wall charge 
and pH alterations in antibiotic induced lysis and pneumococcal autolysis at stationary 
phase stationary phase, when carbon sources are exhausted. Both lytic processes 
depend primarily on the activity of LytA, an N-acetylmuramyl-L-alanine amidase, 
encoded by the lytA gene (Mosser et al. 1970). We observed that supplementing 
growth medium with 1% glucose abolished stationary phase autolysis completely in all 
pneumococcal strains tested. Medium pH measurements during bacterial growth 
showed that pH in non-supplemented cultures dropped slowly to pH 6 at the end of the 
stationary phase. Fermentation of glucose to lactate on the other hand, led to a rapid pH 
drop in the medium (pH 5 to 6) already at late exponential phase and reached pH 4 at 
the end of the stationary phase, thereby effectively not only preventing lysis but also 
killing all bacteria. Manual adjustments of exogenous pH in C+Y growth medium to a 
constant pH 6 versus a normal pH 7.5 with addition of hydrochloric acid or sodium 
hydroxide, as has been reported before (Goodell et al. 1976), was able to prevent 
autolysis completely in the pneumococcal strains T4 and R6. It also significantly 
delayed the onset and degree of lysis in non-encapsulated T4R. Although several 
factors affecting pneumococcal lysis have been reported (Tomasz et al. 1975), 
regulation and activation of LytA dependent lysis is still largely unknown.  Since the 
enzymatic activity of LytA has a pH optimum of 6.9 (Holtje et al. 1976) we speculated 
that a local cell wall pH may be one of the active inhibitors of pneumococcal lysis 
during exponential growth. Potentially similar in a way to Bacillus subtilis, where an 
active proton-motive force (pmf) has been shown to acidify the cell wall, thereby 
preventing autolytic activity (Calamita et al. 2001), 
Addition of valinomycin, a K(+) ionophore that dissipates the pmf (Setty et al. 1983), 
at 0.1µM at the end of the exponential phase resulted in significantly increased lytic 
behaviour in T4 and T4R, similar to treatment with penicillin G at 10 x MIC. Addition 
of valinomycin and penicillin together had a synergistic effect, and we could observe an 
enhanced shift to early lysis. This effect was LytA dependent since respective lytA 
mutants (encapsulated T4∆lytA and non-encapsulated T4R∆lytA) where not affected by 
either penicillin or valinomycin.  
We recently demonstrated that non-encapsulated pneumococci lyse considerably faster 
as compared to their isogenic encapsulated wild type strains (Fernebro et al. 2004). 
This is consistent with our results in paper IV and a medium pH 6.0 could prevent 
stationary phase autolysis completely for the encapsulated T4, but not for its isogenic 
non-encapsulated counterpart T4R. The mechanism for this is not known, but the 
capsular polysaccharide (CPS) could act as a buffer especially with regard to the charge 
contributed by CPS. Deletion of dltA, responsible for D-alanylation of LTA (Kovacs et 
al. 2006; Wartha et al. 2007), led to that LytA dependent stationary state autolysis 
started two hours earlier in non-encapsulated T4R∆dltA as compared to T4R. However, 
we did not observe an effect on lysis in the encapsulated T4∆dltA, suggesting that the 
charge effect caused by a loss of D-alanylated LTA can be compensated for by the 
charge mediated by the type 4 CPS. 
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Measurement of cell wall pH can be based on low pH quenching of FITC emissions, 
whereas FITC was tagged directly to the pneumococcal cell wall and capsule. We 
could not detect any significant differences in FITC emissions in liquid cultures. Non-
encapsulated T4R and T4R∆lytA attached as monolayers to glass slides resulted in 
surprising results. One possibility for this is faster diffusion leading to non-detectable 
effects in liquid culture. On the other hand, this model resembles more pneumococcal 
biofilm, and it is possible that interaction with penicillin is quite different from liquid 
cultures. We found that addition of penicillin G (10 x MIC) or valinomycin (0.1µM) 
resulted in an instant (within eight seconds) and significant reduction in the FITC 
emission, suggesting a major change in pneumococcal cell wall pH as a consequence of 
both penicillin and valinomycin treatment. This was true for all non-encapsulated 
strains tested T4, T4R, R6, but not for their respective lytA mutant counterparts.  
Addition of the lytic antibiotic vancomycin, but not the protein synthesis affecting 
erythromycin, caused a similar decrease in FITC emission.  
Pneumococci lack catalase but produce enormous amounts of hydrogen peroxide, 
resulting in the formation of hydroxyl radicals and hydroxyl ions through the Fenton 
reaction. We could observe a significant drop on FITC emission, when exogenous H202 
was added to T4R∆lytA, suggesting that the release of the freely diffusible H202 or 
enzymes containing Fe2+ and subsequent Fenton reaction contributes directly to the 
observed pH changes in the pneumococcal cell wall. Addition of catalase before 
treatment with penicillin or valinomycin was able to prevent the observed pH change. 
Furthermore, a pneumococcal mutant in the pyruvate oxidase encoded by spxB in R6, 
having a markedly reduced production of H2O2, showed also a pronounced lesser effect 
on FITC emission when treated by valinomycin or penicillin. 
We could also observe an effect on stationary phase autolysis and addition of catalase, 
and a knockout in spxB, resulted in a three hour delay before spontaneous LytA 
dependent lysis was initiated.  
In conclusion, our experiments suggest that cell wall alkalisation and an increased 
electronegativity of the wall indeed influence and promote LytA mediated lysis. Cell 
wall pH has a pronounced effect on LytA mediated lysis, and pmf as well as H202 may 
affect protonation of pneumococcal cell wall. Lytic antibiotics, like penicillin and 
vancomycin, produce or release endogeneous hydrogen peroxide, thus directly 
affecting cell wall pH in a pneumococcal biofilm model. 
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5 CONCLUDING REMARKS 
 
We could not find any significant differences for adherence to lung epithelial or aorta 
endothelial cells between pneumococcal strains isolated from patients with endocarditis 
or pericarditis, and controls strains isolated from patients with bacteraemia. Most likely, 
pneumococcal endocarditis originates from bacteraemia encountering already damaged 
heart valves epithelial cells. Since the material was small and six of the eight isolates 
belonged to different serotypes, no conclusion can be drawn in regard to serotype 
preference. 
 
We found for the first time that pneumococci have pilus-like structures protruding from 
the surface and that pili are encoded by the recently described pathogenicity islet called 
rlrA. The rlrA islet encodes three subunits RrgA, RrgB and RrgC of the pneumococcal 
pilus and the necessary sorting and assembly enzymes SrtB, SrtC, SrtD together with 
its global regulator RlrA. RrgB composes the main shaft of the elongated pili, while 
RrgC constitutes the tip-protein and RrgA is dispersed along the RrgB shaft. 
  
The pneumococcal pilus constitutes an important factor for adherence to epithelial 
cells. A knockout mutant T4∆(rrgA-srtD) adheres 2.5 to 40 fold less to human lung 
epithelial cells than the respective wild-type strain expressing pili. RrgA, and not RrgC, 
was found to be the major adhesive component. And interestingly the RrgB shaft 
seemed not to be important for in vitro adherence. This suggests an important but 
unknown function for the existence of the pilus as a whole, during colonization and 
spread of the bacteria in the human host. 
 
Although the pili-knockout mutant T4∆(rrgA-srtD) is able to colonize the nasopharynx 
up to a week in a murine infection model, the wild-type T4 expressing pili out-
competes the mutant during intranasal competition, suggesting an important role in 
colonization and pneumonia. 
 
The presence of the rlrA islet enhances the inflammatory response after an 
intraperitoneal challenge, as measured by TNF and IL-6 expression. In addition, the 
murine host was able to clear the non-piliated mutant at a faster rate. This suggests that 
pneumococcal strains harboring pili are capable of inducing more local and systemic 
damage, thereby evoking more severe disease.   
 
Pneumococcal autolysis depends on a favorable exogeneous pH, around the optimum 
of pH 6.9. LytA mediated lysis could be induced by adding the proton-motive force 
inhibitor valinomycin in a similar way to treatment with penicillin.  
 
Increasing the net negative surface charge by inactivating dltA (required for D-
alanylation of teichoic acid), enhanced lysis, thereby suggesting an important role of 
the cell surface charge for penicillin activity. 
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In a pneumococcal biofilm model, penicillin elicited an instant endogenous hydrogen 
peroxide production and change in cell wall pH, indicating a possible mechanism for 
penicillin activity. 



 

  33 

6 ACKNOWLEDGEMENTS 
 
A lot of people have contributed to this work and the papers presented here in different 
ways, and without them this thesis wouldn’t have been possible. I want to give my 
sincere gratitude to: 
 
My supervisor Birgitta Henriques-Normark for giving me the opportunity to work with 
a truly interesting bug and the possibility to do a PhD “way up in the north”. I really 
appreciate your helpfulness, energy and organizational talent and ideas. You are one of 
the main factors in creating a friendly atmosphere in the lab with a growing group. 
Special thanks for being so supportive. 
 
My co-supervisor Staffan Normark for the enormous amount of welcomed food for 
thoughts and helpful discussions. With an enthusiasm that could fill books. For all the 
help in writing my papers and planning my experiments, your input has been most 
valuable. 
 
Eva Morfeldt for being my second co-supervisor. For all the talks and the help in 
writing this thesis. 
 
David Holden, for being so hospitable and giving me the opportunity to visit you and 
work in your lab in London. A thanks to all the fellow researchers that I met there, 
especially Anne for all her help. 
 
All the co-authors on my papers. Especially Åke Örtqvist and the crew from the 
sjukhuset! 
 
My Group at “luftvägs invasiva”! 
A big thanks to all the persons who made this a special group, with a friendly 
atmosphere and sometimes wine and cheese! A big thanks to Karin, Jessica Darenberg, 
Jenny F, Sofia D, Samuli, Aaron, Christel, Sarah , Laura, Sofia Y, Jessica Dagerham, 
Peter and Anna S. and last but not least my fellow german intruders Kathi, Florian, 
Stefan and Sandra. 
And lets not forget all the persons who have already left us for sunnier pastures in the 
south: Ulf, Andreas, Barbara, Matthias and our Swedes who went not so far: Johan, 
Erik and Anna K. 
And the elemental parts of the lab: Ingrid, Gunnel and Christina. Thanks for all the help 
searching the things I couldn’t find.  
Anita for all the help with the administrative stuff and the registrations that I missed!  
 
Vilhelm and Sophie for all the good times, and we will make it to this fika one day! 
Alright Ville make that a red one, after you finished your thesis too! 



 

34 

And all the other persons in the SMI, especially Öjar Melefors and his group, Christina 
and Henrik.  
 
Xhavit Zogaj for sharing my excursions into the mouse world and all the other 
members of my old “german” group in the MTC. 
 
The MTC side of my life, Mikael Rhen and his group, Katrin, Mats and Jenny K. Anna 
L for all the administrative guiding. 
  
The “EM” people Anne and Kjell, for nice pictures of small things. 
 
To all my friends in Sweden outside and inside the ivory towers, especially to my 
international credo group! Claudi, you will make it! 
 
To all my friends in the rest of this world. It seems that diffusion happens in real life 
too, and every year we seem to get more evenly distributed on this round ball hanging 
in nothingness. 
 
My family in far-away Tyskland: meiner Mutter und meinem Vater! For all the 
endurance of having your kids so far away, for the love, and the support and help, that I 
know I can always count on you. 
And a big hug and kiss for my siblings David, Priscilla and Philipp, auf die wahre 
Geschwisterliebe. Stay cool and don’t get too “lawyerisch” …  
 
Finally to all the people that I have forgotten, believe me, it was not intentional, just the 
lack of brain and time ☺ 
 
 
A big thanks to all of you!! 
 



 

  35 

7 REFERENCES 
 
Aniansson, G., Alm, B., Andersson, B., Larsson, P., Nylen, O., Peterson, H., 
Rigner, P., Svanborg, M. and Svanborg, C. (1992). "Nasopharyngeal colonization 
during the first year of life." J Infect Dis 165 Suppl 1: S38-42. 
Aronin, S. I., Mukherjee, S. K., West, J. C. and Cooney, E. L. (1998). "Review of 
pneumococcal endocarditis in adults in the penicillin era." Clin Infect Dis 26(1): 165-
71. 
Avery, O. T., MacLeod, C. M. and McCarty, M. (1979). "Studies on the chemical 
nature of the substance inducing transformation of pneumococcal types. Inductions of 
transformation by a desoxyribonucleic acid fraction isolated from pneumococcus type 
III." J Exp Med 149(2): 297-326. 
Bergmann, S., Rohde, M., Chhatwal, G. S. and Hammerschmidt, S. (2001). "alpha-
Enolase of Streptococcus pneumoniae is a plasmin(ogen)-binding protein displayed on 
the bacterial cell surface." Mol Microbiol 40(6): 1273-87. 
Berry, A. M., Lock, R. A., Hansman, D. and Paton, J. C. (1989). "Contribution of 
autolysin to virulence of Streptococcus pneumoniae." Infect Immun 57(8): 2324-30. 
Bitter, W., Koster, M., Latijnhouwers, M., de Cock, H. and Tommassen, J. (1998). 
"Formation of oligomeric rings by XcpQ and PilQ, which are involved in protein 
transport across the outer membrane of Pseudomonas aeruginosa." Mol Microbiol 
27(1): 209-19. 
Borres, M. P., Alestig, K., Krantz, I., Larsson, P., Norvenius, G. and Stenqvist, K. 
(2000). "Carriage of penicillin-susceptible and non-susceptible pneumococci in healthy 
young children in Goteborg, Sweden." J Infect 40(2): 141-4. 
Briese, T. and Hakenbeck, R. (1985). "Interaction of the pneumococcal amidase with 
lipoteichoic acid and choline." Eur J Biochem 146(2): 417-27. 
Brueggemann, A. B., Griffiths, D. T., Meats, E., Peto, T., Crook, D. W. and Spratt, 
B. G. (2003). "Clonal relationships between invasive and carriage Streptococcus 
pneumoniae and serotype- and clone-specific differences in invasive disease potential." 
J Infect Dis 187(9): 1424-32. 
Calamita, H. G., Ehringer, W. D., Koch, A. L. and Doyle, R. J. (2001). "Evidence 
that the cell wall of Bacillus subtilis is protonated during respiration." Proc Natl Acad 
Sci U S A 98(26): 15260-3. 
Camara, M., Boulnois, G. J., Andrew, P. W. and Mitchell, T. J. (1994). "A 
neuraminidase from Streptococcus pneumoniae has the features of a surface protein." 
Infect Immun 62(9): 3688-95. 
Colombatti, A. and Bonaldo, P. (1991). "The superfamily of proteins with von 
Willebrand factor type A-like domains: one theme common to components of 
extracellular matrix, hemostasis, cellular adhesion, and defense mechanisms." Blood 
77(11): 2305-15. 
Costerton, J. W., Stewart, P. S. and Greenberg, E. P. (1999). "Bacterial biofilms: a 
common cause of persistent infections." Science 284(5418): 1318-22. 
Cundell, D. R., Gerard, N. P., Gerard, C., Idanpaan-Heikkila, I. and Tuomanen, 
E. I. (1995). "Streptococcus pneumoniae anchor to activated human cells by the 
receptor for platelet-activating factor." Nature 377(6548): 435-8. 
Dagan, R., Melamed, R., Muallem, M., Piglansky, L. and Yagupsky, P. (1996). 
"Nasopharyngeal colonization in southern Israel with antibiotic-resistant pneumococci 
during the first 2 years of life: relation to serotypes likely to be included in 
pneumococcal conjugate vaccines." J Infect Dis 174(6): 1352-5. 
Darrow, D. H., Dash, N. and Derkay, C. S. (2003). "Otitis media: concepts and 
controversies." Curr Opin Otolaryngol Head Neck Surg 11(6): 416-23. 
Di Martino, P., Cafferini, N., Joly, B. and Darfeuille-Michaud, A. (2003). 
"Klebsiella pneumoniae type 3 pili facilitate adherence and biofilm formation on 
abiotic surfaces." Res Microbiol 154(1): 9-16. 



 

36 

Dintilhac, A. and Claverys, J. P. (1997). "The adc locus, which affects competence 
for genetic transformation in Streptococcus pneumoniae, encodes an ABC transporter 
with a putative lipoprotein homologous to a family of streptococcal adhesins." Res 
Microbiol 148(2): 119-31. 
Dodson, K. W., Jacob-Dubuisson, F., Striker, R. T. and Hultgren, S. J. (1993). 
"Outer-membrane PapC molecular usher discriminately recognizes periplasmic 
chaperone-pilus subunit complexes." Proc Natl Acad Sci U S A 90(8): 3670-4. 
Duane, P. G., Rubins, J. B., Weisel, H. R. and Janoff, E. N. (1993). "Identification 
of hydrogen peroxide as a Streptococcus pneumoniae toxin for rat alveolar epithelial 
cells." Infect Immun 61(10): 4392-7. 
Durack, D. T., Lukes, A. S. and Bright, D. K. (1994). "New criteria for diagnosis of 
infective endocarditis: utilization of specific echocardiographic findings. Duke 
Endocarditis Service." Am J Med 96(3): 200-9. 
Elkins, J. G., Hassett, D. J., Stewart, P. S., Schweizer, H. P. and McDermott, T. R. 
(1999). "Protective role of catalase in Pseudomonas aeruginosa biofilm resistance to 
hydrogen peroxide." Appl Environ Microbiol 65(10): 4594-600. 
Evans, K. L. (1998). "Recognition and management of sinusitis." Drugs 56(1): 59-71. 
Faden, H., Duffy, L., Wasielewski, R., Wolf, J., Krystofik, D. and Tung, Y. (1997). 
"Relationship between nasopharyngeal colonization and the development of otitis 
media in children. Tonawanda/Williamsville Pediatrics." J Infect Dis 175(6): 1440-5. 
Fernebro, J., Andersson, I., Sublett, J., Morfeldt, E., Novak, R., Tuomanen, E., 
Normark, S. and Normark, B. H. (2004). "Capsular expression in Streptococcus 
pneumoniae negatively affects spontaneous and antibiotic-induced lysis and contributes 
to antibiotic tolerance." J Infect Dis 189(2): 328-38. 
Garcia-Castillo, M., Morosini, M. I., Valverde, A., Almaraz, F., Baquero, F., 
Canton, R. and del Campo, R. (2007). "Differences in biofilm development and 
antibiotic susceptibility among Streptococcus pneumoniae isolates from cystic fibrosis 
samples and blood cultures." J Antimicrob Chemother 59(2): 301-4. 
Garcia, E., Garcia, J. L., Ronda, C., Garcia, P. and Lopez, R. (1985). "Cloning and 
expression of the pneumococcal autolysin gene in Escherichia coli." Mol Gen Genet 
201(2): 225-30. 
Garcia, J. L., Garcia, E. and Lopez, R. (1987). "Overproduction and rapid 
purification of the amidase of Streptococcus pneumoniae." Arch Microbiol 149(1): 52-
6. 
Garcia, P., Gonzalez, M. P., Garcia, E., Lopez, R. and Garcia, J. L. (1999). "LytB, 
a novel pneumococcal murein hydrolase essential for cell separation." Mol Microbiol 
31(4): 1275-81. 
Giammarinaro, P., Sicard, M. and Gasc, A. M. (1999). "Genetic and physiological 
studies of the CiaH-CiaR two-component signal-transducing system involved in 
cefotaxime resistance and competence of Streptococcus pneumoniae." Microbiology 
145 ( Pt 8): 1859-69. 
Givon-Lavi, N., Fraser, D., Porat, N. and Dagan, R. (2002). "Spread of 
Streptococcus pneumoniae and antibiotic-resistant S. pneumoniae from day-care center 
attendees to their younger siblings." J Infect Dis 186(11): 1608-14. 
Goodell, E. W., Lopez, R. and Tomasz, A. (1976). "Suppression of lytic effect of beta 
lactams on Escherichia coli and other bacteria." Proc Natl Acad Sci U S A 73(9): 3293-
7. 
Gosink, K. K., Mann, E. R., Guglielmo, C., Tuomanen, E. I. and Masure, H. R. 
(2000). "Role of novel choline binding proteins in virulence of Streptococcus 
pneumoniae." Infect Immun 68(10): 5690-5. 
Gray, B. M., Converse, G. M., 3rd and Dillon, H. C., Jr. (1980). "Epidemiologic 
studies of Streptococcus pneumoniae in infants: acquisition, carriage, and infection 
during the first 24 months of life." J Infect Dis 142(6): 923-33. 
Griffith, F. (1928). "The significance of pneumococcal types." J. Hyg.(27): 113-159. 
Hakenbeck, R., Martin, C. and Morelli, G. (1983). "Streptococcus pneumoniae 
proteins released into medium upon inhibition of cell wall biosynthesis." J Bacteriol 
155(3): 1372-81. 
Hammerschmidt, S., Bethe, G., Remane, P. H. and Chhatwal, G. S. (1999). 
"Identification of pneumococcal surface protein A as a lactoferrin-binding protein of 
Streptococcus pneumoniae." Infect Immun 67(4): 1683-7. 



 

  37 

Hammerschmidt, S., Tillig, M. P., Wolff, S., Vaerman, J. P. and Chhatwal, G. S. 
(2000). "Species-specific binding of human secretory component to SpsA protein of 
Streptococcus pneumoniae via a hexapeptide motif." Mol Microbiol 36(3): 726-36. 
Han, S. H., Kim, J. H., Martin, M., Michalek, S. M. and Nahm, M. H. (2003). 
"Pneumococcal lipoteichoic acid (LTA) is not as potent as staphylococcal LTA in 
stimulating Toll-like receptor 2." Infect Immun 71(10): 5541-8. 
Hansman, D., Morris, S., Gregory, M. and McDonald, B. (1985). "Pneumococcal 
carriage amongst Australian aborigines in Alice Springs, Northern Territory." J Hyg 
(Lond) 95(3): 677-84. 
Hastbacka, J., Kolho, E. and Pettila, V. (2002). "Purulent pneumococcal pericarditis: 
a rarity in the antibiotic era." J Crit Care 17(4): 251-4. 
Hava, D. L. and Camilli, A. (2002). "Large-scale identification of serotype 4 
Streptococcus pneumoniae virulence factors." Mol Microbiol 45(5): 1389-406. 
Hava, D. L., LeMieux, J. and Camilli, A. (2003). "From nose to lung: the regulation 
behind Streptococcus pneumoniae virulence factors." Mol Microbiol 50(4): 1103-10. 
Heffron, R. (1939). Pneumonia, with special reference to pneumococcus lobar 
pneumonia., Harvard University Press, Cambridge, Mass. (reprint 1979). 
Heilmann, C., Hussain, M., Peters, G. and Gotz, F. (1997). "Evidence for autolysin-
mediated primary attachment of Staphylococcus epidermidis to a polystyrene surface." 
Mol Microbiol 24(5): 1013-24. 
Hemsley, C., Joyce, E., Hava, D. L., Kawale, A. and Camilli, A. (2003). "MgrA, an 
orthologue of Mga, Acts as a transcriptional repressor of the genes within the rlrA 
pathogenicity islet in Streptococcus pneumoniae." J Bacteriol 185(22): 6640-7. 
Hendley, J. O., Hayden, F. G. and Winther, B. (2005). "Weekly point prevalence of 
Streptococcus pneumoniae, Hemophilus influenzae and Moraxella catarrhalis in the 
upper airways of normal young children: effect of respiratory illness and season." 
Apmis 113(3): 213-20. 
Henrichsen, J. (1983). "Twitching motility." Annu Rev Microbiol 37: 81-93. 
Henrichsen, J. (1995). "Six newly recognized types of Streptococcus pneumoniae." J 
Clin Microbiol 33(10): 2759-62. 
Henriques Normark, B., Kalin, M., Ortqvist, A., Akerlund, T., Liljequist, B. O., 
Hedlund, J., Svenson, S. B., Zhou, J., Spratt, B. G., Normark, S. and Kallenius, G. 
(2001). "Dynamics of penicillin-susceptible clones in invasive pneumococcal disease." 
J Infect Dis 184(7): 861-9. 
Holtje, J. V. and Tomasz, A. (1975). "Lipoteichoic acid: a specific inhibitor of 
autolysin activity in Pneumococcus." Proc Natl Acad Sci U S A 72(5): 1690-4. 
Holtje, J. V. and Tomasz, A. (1976). "Purification of the pneumococcal N-
acetylmuramyl-L-alanine amidase to biochemical homogeneity." J Biol Chem 251(14): 
4199-207. 
Hoskins, J., Alborn, W. E., Jr., Arnold, J., Blaszczak, L. C., Burgett, S., DeHoff, B. 
S., Estrem, S. T., Fritz, L., Fu, D. J., Fuller, W., Geringer, C., Gilmour, R., Glass, 
J. S., Khoja, H., Kraft, A. R., Lagace, R. E., LeBlanc, D. J., Lee, L. N., Lefkowitz, 
E. J., Lu, J., Matsushima, P., McAhren, S. M., McHenney, M., McLeaster, K., 
Mundy, C. W., Nicas, T. I., Norris, F. H., O'Gara, M., Peery, R. B., Robertson, G. 
T., Rockey, P., Sun, P. M., Winkler, M. E., Yang, Y., Young-Bellido, M., Zhao, G., 
Zook, C. A., Baltz, R. H., Jaskunas, S. R., Rosteck, P. R., Jr., Skatrud, P. L. and 
Glass, J. I. (2001). "Genome of the bacterium Streptococcus pneumoniae strain R6." J 
Bacteriol 183(19): 5709-17. 
Irwin, C. R., Schor, S. L. and Ferguson, M. W. (1994). "Effects of cytokines on 
gingival fibroblasts in vitro are modulated by the extracellular matrix." J Periodontal 
Res 29(5): 309-17. 
Jedrzejas, M. J. (2001). "Pneumococcal virulence factors: structure and function." 
Microbiol Mol Biol Rev 65(2): 187-207 ; first page, table of contents. 
Johnston, J. W., Myers, L. E., Ochs, M. M., Benjamin, W. H., Jr., Briles, D. E. and 
Hollingshead, S. K. (2004). "Lipoprotein PsaA in virulence of Streptococcus 
pneumoniae: surface accessibility and role in protection from superoxide." Infect 
Immun 72(10): 5858-67. 



 

38 

Jones, E. E., Alford, P. L., Reingold, A. L., Russell, H., Keeling, M. E. and 
Broome, C. V. (1984). "Predisposition to invasive pneumococcal illness following 
parainfluenza type 3 virus infection in chimpanzees." J Am Vet Med Assoc 185(11): 
1351-3. 
Klacsmann, P. G., Bulkley, B. H. and Hutchins, G. M. (1977). "The changed 
spectrum of purulent pericarditis: an 86 year autopsy experience in 200 patients." Am J 
Med 63(5): 666-73. 
Klein, J. O. (1994). Clin Infect Dis(19): 823. 
Klein, J. O. (2000). "The burden of otitis media." Vaccine 19 Suppl 1: S2-8. 
Kovacs, M., Halfmann, A., Fedtke, I., Heintz, M., Peschel, A., Vollmer, W., 
Hakenbeck, R. and Bruckner, R. (2006). "A functional dlt operon, encoding proteins 
required for incorporation of d-alanine in teichoic acids in gram-positive bacteria, 
confers resistance to cationic antimicrobial peptides in Streptococcus pneumoniae." J 
Bacteriol 188(16): 5797-805. 
Kreil, G. (1995). "Hyaluronidases--a group of neglected enzymes." Protein Sci 4(9): 
1666-9. 
Kuehn, M. J., Jacob-Dubuisson, F., Dodson, K., Slonim, L., Striker, R. and 
Hultgren, S. J. (1994). "Genetic, biochemical, and structural studies of biogenesis of 
adhesive pili in bacteria." Methods Enzymol 236: 282-306. 
Kutsukake, K., Ohya, Y., Yamaguchi, S. and Iino, T. (1988). "Operon structure of 
flagellar genes in Salmonella typhimurium." Mol Gen Genet 214(1): 11-5. 
Laible, G., Hakenbeck, R., Sicard, M. A., Joris, B. and Ghuysen, J. M. (1989). 
"Nucleotide sequences of the pbpX genes encoding the penicillin-binding proteins 2x 
from Streptococcus pneumoniae R6 and a cefotaxime-resistant mutant, C506." Mol 
Microbiol 3(10): 1337-48. 
Lanie, J. A., Ng, W. L., Kazmierczak, K. M., Andrzejewski, T. M., Davidsen, T. 
M., Wayne, K. J., Tettelin, H., Glass, J. I. and Winkler, M. E. (2007). "Genome 
sequence of Avery's virulent serotype 2 strain D39 of Streptococcus pneumoniae and 
comparison with that of unencapsulated laboratory strain R6." J Bacteriol 189(1): 38-
51. 
Lasa, I. (2006). "Towards the identification of the common features of bacterial 
biofilm development." Int Microbiol 9(1): 21-8. 
Lau, P. C., Sung, C. K., Lee, J. H., Morrison, D. A. and Cvitkovitch, D. G. (2002). 
"PCR ligation mutagenesis in transformable streptococci: application and efficiency." J 
Microbiol Methods 49(2): 193-205. 
Lauer, P., Rinaudo, C. D., Soriani, M., Margarit, I., Maione, D., Rosini, R., 
Taddei, A. R., Mora, M., Rappuoli, R., Grandi, G. and Telford, J. L. (2005). 
"Genome analysis reveals pili in Group B Streptococcus." Science 309(5731): 105. 
Lefort, A., Mainardi, J. L., Selton-Suty, C., Casassus, P., Guillevin, L. and 
Lortholary, O. (2000). "Streptococcus pneumoniae endocarditis in adults. A 
multicenter study in France in the era of penicillin resistance (1991-1998). The 
Pneumococcal Endocarditis Study Group." Medicine (Baltimore) 79(5): 327-37. 
Leid, J. G., Costerton, J. W., Shirtliff, M. E., Gilmore, M. S. and Engelbert, M. 
(2002). "Immunology of Staphylococcal biofilm infections in the eye: new tools to 
study biofilm endophthalmitis." DNA Cell Biol 21(5-6): 405-13. 
LeMieux, J., Hava, D. L., Basset, A. and Camilli, A. (2006). "RrgA and RrgB are 
components of a multisubunit pilus encoded by the Streptococcus pneumoniae rlrA 
pathogenicity islet." Infect Immun 74(4): 2453-6. 
Levy, M. M., Fink, M. P., Marshall, J. C., Abraham, E., Angus, D., Cook, D., 
Cohen, J., Opal, S. M., Vincent, J. L. and Ramsay, G. (2003). "2001 
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference." Crit 
Care Med 31(4): 1250-6. 
Lipsky, B. A., Boyko, E. J., Inui, T. S. and Koepsell, T. D. (1986). "Risk factors for 
acquiring pneumococcal infections." Arch Intern Med 146(11): 2179-85. 
Lloyd-Evans, N., O'Dempsey, T. J., Baldeh, I., Secka, O., Demba, E., Todd, J. E., 
McArdle, T. F., Banya, W. S. and Greenwood, B. M. (1996). "Nasopharyngeal 
carriage of pneumococci in Gambian children and in their families." Pediatr Infect Dis 
J 15(10): 866-71. 



 

  39 

Lund, B., Lindberg, F., Marklund, B. I. and Normark, S. (1987). "The PapG protein 
is the alpha-D-galactopyranosyl-(1----4)-beta-D-galactopyranose-binding adhesin of 
uropathogenic Escherichia coli." Proc Natl Acad Sci U S A 84(16): 5898-902. 
Mann, B., Orihuela, C., Antikainen, J., Gao, G., Sublett, J., Korhonen, T. K. and 
Tuomanen, E. (2006). "Multifunctional role of choline binding protein G in 
pneumococcal pathogenesis." Infect Immun 74(2): 821-9. 
Marchisio, P., Gironi, S., Esposito, S., Schito, G. C., Mannelli, S. and Principi, N. 
(2001). "Seasonal variations in nasopharyngeal carriage of respiratory pathogens in 
healthy Italian children attending day-care centres or schools." J Med Microbiol 50(12): 
1095-9. 
Martin, M. (2003). "Is there a link between tooth brushing and infective endocarditis?" 
Int Dent J 53 Suppl 3: 187-90. 
Mascher, T., Heintz, M., Zahner, D., Merai, M. and Hakenbeck, R. (2006). "The 
CiaRH system of Streptococcus pneumoniae prevents lysis during stress induced by 
treatment with cell wall inhibitors and by mutations in pbp2x involved in beta-lactam 
resistance." J Bacteriol 188(5): 1959-68. 
Mato, R., Sanches, I. S., Simas, C., Nunes, S., Carrico, J. A., Sousa, N. G., Frazao, 
N., Saldanha, J., Brito-Avo, A., Almeida, J. S. and Lencastre, H. D. (2005). 
"Natural history of drug-resistant clones of Streptococcus pneumoniae colonizing 
healthy children in Portugal." Microb Drug Resist 11(4): 309-22. 
McCullers, J. A. and Bartmess, K. C. (2003). "Role of neuraminidase in lethal 
synergism between influenza virus and Streptococcus pneumoniae." J Infect Dis 
187(6): 1000-9. 
McDaniel, L. S., Yother, J., Vijayakumar, M., McGarry, L., Guild, W. R. and 
Briles, D. E. (1987). "Use of insertional inactivation to facilitate studies of biological 
properties of pneumococcal surface protein A (PspA)." J Exp Med 165(2): 381-94. 
Meltzer, E. O., Hamilos, D. L., Hadley, J. A., Lanza, D. C., Marple, B. F., Nicklas, 
R. A., Bachert, C., Baraniuk, J., Baroody, F. M., Benninger, M. S., Brook, I., 
Chowdhury, B. A., Druce, H. M., Durham, S., Ferguson, B., Gwaltney, J. M., 
Kaliner, M., Kennedy, D. W., Lund, V., Naclerio, R., Pawankar, R., Piccirillo, J. 
F., Rohane, P., Simon, R., Slavin, R. G., Togias, A., Wald, E. R. and Zinreich, S. J. 
(2004). "Rhinosinusitis: establishing definitions for clinical research and patient care." J 
Allergy Clin Immunol 114(6 Suppl): 155-212. 
Messner, P. and Sleytr, U. B. (1992). "Crystalline bacterial cell-surface layers." Adv 
Microb Physiol 33: 213-75. 
Moreillon, P., Markiewicz, Z., Nachman, S. and Tomasz, A. (1990). "Two 
bactericidal targets for penicillin in pneumococci: autolysis-dependent and autolysis-
independent killing mechanisms." Antimicrob Agents Chemother 34(1): 33-9. 
Moscoso, M., Garcia, E. and Lopez, R. (2006). "Biofilm formation by Streptococcus 
pneumoniae: role of choline, extracellular DNA, and capsular polysaccharide in 
microbial accretion." J Bacteriol 188(22): 7785-95. 
Mosser, J. L. and Tomasz, A. (1970). "Choline-containing teichoic acid as a structural 
component of pneumococcal cell wall and its role in sensitivity to lysis by an autolytic 
enzyme." J Biol Chem 245(2): 287-98. 
Mulholland, E. (1997). A report prepared for the scientific advisory group of experts, 
global programme for vaccines and immunization. Geneva, Switzerland: World Health 
Organization. 
Musher, D. M., Alexandraki, I., Graviss, E. A., Yanbeiy, N., Eid, A., Inderias, L. 
A., Phan, H. M. and Solomon, E. (2000). "Bacteremic and nonbacteremic 
pneumococcal pneumonia. A prospective study." Medicine (Baltimore) 79(4): 210-21. 
N. C. Office of Statistics and Programming (1999). Deaths and death rates for the 10 
leading causes of death in specified age groups, by race and sex: United States, 1997. 
National Vital Statistics Reports, N. C. Office of Statistics and Programming: 27-37. 
Nelson, A. L., Roche, A. M., Gould, J. M., Chim, K., Ratner, A. J. and Weiser, J. 
N. (2007). "Capsule enhances pneumococcal colonization by limiting mucus-mediated 
clearance." Infect Immun 75(1): 83-90. 
Norwood, D. E. and Gilmour, A. (2000). "The growth and resistance to sodium 
hypochlorite of Listeria monocytogenes in a steady-state multispecies biofilm." J Appl 
Microbiol 88(3): 512-20. 



 

40 

O'Toole, G., Kaplan, H. B. and Kolter, R. (2000). "Biofilm formation as microbial 
development." Annu Rev Microbiol 54: 49-79. 
Oggioni, M. R., Iannelli, F., Ricci, S., Chiavolini, D., Parigi, R., Trappetti, C., 
Claverys, J. P. and Pozzi, G. (2004). "Antibacterial activity of a competence-
stimulating peptide in experimental sepsis caused by Streptococcus pneumoniae." 
Antimicrob Agents Chemother 48(12): 4725-32. 
Oggioni, M. R., Trappetti, C., Kadioglu, A., Cassone, M., Iannelli, F., Ricci, S., 
Andrew, P. W. and Pozzi, G. (2006). "Switch from planktonic to sessile life: a major 
event in pneumococcal pathogenesis." Mol Microbiol 61(5): 1196-210. 
Parsek, M. R. and Greenberg, E. P. (1999). "Quorum sensing signals in development 
of Pseudomonas aeruginosa biofilms." Methods Enzymol 310: 43-55. 
Pasteur (1881). "Note sur la maladie nouvelle provoquee par la salive d'un enfant mort 
de la rage." Bull. Acad. Med. (Paris)(10): 94-103. 
Patti, J. M., Allen, B. L., McGavin, M. J. and Hook, M. (1994). "MSCRAMM-
mediated adherence of microorganisms to host tissues." Annu Rev Microbiol 48: 585-
617. 
Pericone, C. D., Overweg, K., Hermans, P. W. and Weiser, J. N. (2000). "Inhibitory 
and bactericidal effects of hydrogen peroxide production by Streptococcus pneumoniae 
on other inhabitants of the upper respiratory tract." Infect Immun 68(7): 3990-7. 
Pesakhov, S., Benisty, R., Sikron, N., Cohen, Z., Gomelsky, P., Khozin-Goldberg, 
I., Dagan, R. and Porat, N. (2007). "Effect of hydrogen peroxide production and the 
Fenton reaction on membrane composition of Streptococcus pneumoniae." Biochim 
Biophys Acta 1768(3): 590-7. 
Peterson, S. N., Sung, C. K., Cline, R., Desai, B. V., Snesrud, E. C., Luo, P., 
Walling, J., Li, H., Mintz, M., Tsegaye, G., Burr, P. C., Do, Y., Ahn, S., Gilbert, J., 
Fleischmann, R. D. and Morrison, D. A. (2004). "Identification of competence 
pheromone responsive genes in Streptococcus pneumoniae by use of DNA 
microarrays." Mol Microbiol 51(4): 1051-70. 
Pracht, D., Elm, C., Gerber, J., Bergmann, S., Rohde, M., Seiler, M., Kim, K. S., 
Jenkinson, H. F., Nau, R. and Hammerschmidt, S. (2005). "PavA of Streptococcus 
pneumoniae modulates adherence, invasion, and meningeal inflammation." Infect 
Immun 73(5): 2680-9. 
Pratt, L. A. and Kolter, R. (1998). "Genetic analysis of Escherichia coli biofilm 
formation: roles of flagella, motility, chemotaxis and type I pili." Mol Microbiol 30(2): 
285-93. 
Prigent-Combaret, C., Prensier, G., Le Thi, T. T., Vidal, O., Lejeune, P. and 
Dorel, C. (2000). "Developmental pathway for biofilm formation in curli-producing 
Escherichia coli strains: role of flagella, curli and colanic acid." Environ Microbiol 
2(4): 450-64. 
Pugsley, A. P. (1993). "The complete general secretory pathway in gram-negative 
bacteria." Microbiol Rev 57(1): 50-108. 
Quagliarello, V. J. and Scheld, W. M. (1997). "Treatment of bacterial meningitis." N 
Engl J Med 336(10): 708-16. 
Regev-Yochay, G., Raz, M., Dagan, R., Porat, N., Shainberg, B., Pinco, E., Keller, 
N. and Rubinstein, E. (2004). "Nasopharyngeal carriage of Streptococcus pneumoniae 
by adults and children in community and family settings." Clin Infect Dis 38(5): 632-9. 
Regev-Yochay, G., Trzcinski, K., Thompson, C. M., Malley, R. and Lipsitch, M. 
(2006). "Interference between Streptococcus pneumoniae and Staphylococcus aureus: 
In vitro hydrogen peroxide-mediated killing by Streptococcus pneumoniae." J Bacteriol 
188(13): 4996-5001. 
Rijneveld, A. W., Weijer, S., Florquin, S., Speelman, P., Shimizu, T., Ishii, S. and 
van der Poll, T. (2004). "Improved host defense against pneumococcal pneumonia in 
platelet-activating factor receptor-deficient mice." J Infect Dis 189(4): 711-6. 
Ring, G. H. and Lakkis, F. G. (1998). "T lymphocyte-derived cytokines in 
experimental glomerulonephritis: testing the Th1/Th2 hypothesis." Nephrol Dial 
Transplant 13(5): 1101-3. 
Roberts, A. P., Pratten, J., Wilson, M. and Mullany, P. (1999). "Transfer of a 
conjugative transposon, Tn5397 in a model oral biofilm." FEMS Microbiol Lett 177(1): 
63-6. 



 

  41 

Robinson, K. A., Baughman, W., Rothrock, G., Barrett, N. L., Pass, M., Lexau, C., 
Damaske, B., Stefonek, K., Barnes, B., Patterson, J., Zell, E. R., Schuchat, A. and 
Whitney, C. G. (2001). "Epidemiology of invasive Streptococcus pneumoniae 
infections in the United States, 1995-1998: Opportunities for prevention in the 
conjugate vaccine era." Jama 285(13): 1729-35. 
Rosenow, C., Ryan, P., Weiser, J. N., Johnson, S., Fontan, P., Ortqvist, A. and 
Masure, H. R. (1997). "Contribution of novel choline-binding proteins to adherence, 
colonization and immunogenicity of Streptococcus pneumoniae." Mol Microbiol 25(5): 
819-29. 
Sanchez-Puelles, J. M., Ronda, C., Garcia, J. L., Garcia, P., Lopez, R. and Garcia, 
E. (1986). "Searching for autolysin functions. Characterization of a pneumococcal 
mutant deleted in the lytA gene." Eur J Biochem 158(2): 289-93. 
Sandgren, A., Albiger, B., Orihuela, C. J., Tuomanen, E., Normark, S. and 
Henriques-Normark, B. (2005). "Virulence in mice of pneumococcal clonal types 
with known invasive disease potential in humans." J Infect Dis 192(5): 791-800. 
Sandgren, A., Sjostrom, K., Olsson-Liljequist, B., Christensson, B., Samuelsson, 
A., Kronvall, G. and Henriques Normark, B. (2004). "Effect of clonal and serotype-
specific properties on the invasive capacity of Streptococcus pneumoniae." J Infect Dis 
189(5): 785-96. 
Schneewind, O., Mihaylova-Petkov, D. and Model, P. (1993). "Cell wall sorting 
signals in surface proteins of gram-positive bacteria." Embo J 12(12): 4803-11. 
Schwartz, L. E. and Brown, R. B. (1992). "Purulent otitis media in adults." Arch 
Intern Med 152(11): 2301-4. 
Schwarz-Linek, U., Hook, M. and Potts, J. R. (2004). "The molecular basis of 
fibronectin-mediated bacterial adherence to host cells." Mol Microbiol 52(3): 631-41. 
Scott, J. R. and Zahner, D. (2006). "Pili with strong attachments: Gram-positive 
bacteria do it differently." Mol Microbiol 62(2): 320-30. 
Seto, H., Lopez, R. and Tomasz, A. (1975). "Cell surface-located deoxyribonucleic 
acid receptors in transformable pneumococci." J Bacteriol 122(3): 1339-50. 
Setty, O. H., Hendler, R. W. and Shrager, R. I. (1983). "Simultaneous measurements 
of proton motive force, delta pH, membrane potential, and H+/O ratios in intact 
Escherichia coli." Biophys J 43(3): 371-81. 
Sleeman, K. L., Griffiths, D., Shackley, F., Diggle, L., Gupta, S., Maiden, M. C., 
Moxon, E. R., Crook, D. W. and Peto, T. E. (2006). "Capsular serotype-specific 
attack rates and duration of carriage of Streptococcus pneumoniae in a population of 
children." J Infect Dis 194(5): 682-8. 
Spellerberg, B., Cundell, D. R., Sandros, J., Pearce, B. J., Idanpaan-Heikkila, I., 
Rosenow, C. and Masure, H. R. (1996). "Pyruvate oxidase, as a determinant of 
virulence in Streptococcus pneumoniae." Mol Microbiol 19(4): 803-13. 
Sternberg, G. M. (1881). "A fatal form of sepicaemia in the rabbit, produced by 
subcutaneous injection of human saliva. An experimental research." Natl. Board 
Heatlth Bull.(2): 781-783. 
Stevens, A. L., J. (2000). "Pathology (2nd Edition)." 
Stoodley, P., Jacobsen, A., Dunsmore, B. C., Purevdorj, B., Wilson, S., Lappin-
Scott, H. M. and Costerton, J. W. (2001). "The influence of fluid shear and AICI3 on 
the material properties of Pseudomonas aeruginosa PAO1 and Desulfovibrio sp. EX265 
biofilms." Water Sci Technol 43(6): 113-20. 
Sung, C. K., Li, H., Claverys, J. P. and Morrison, D. A. (2001). "An rpsL cassette, 
janus, for gene replacement through negative selection in Streptococcus pneumoniae." 
Appl Environ Microbiol 67(11): 5190-6. 
Tapiainen, T., Sormunen, R., Kaijalainen, T., Kontiokari, T., Ikaheimo, I. and 
Uhari, M. (2004). "Ultrastructure of Streptococcus pneumoniae after exposure to 
xylitol." J Antimicrob Chemother 54(1): 225-8. 
Taylor, L., Corey, M., Matlow, A., Sweezey, N. B. and Ratjen, F. (2006). 
"Comparison of throat swabs and nasopharyngeal suction specimens in non-sputum-
producing patients with cystic fibrosis." Pediatr Pulmonol 41(9): 839-43. 
Teele, D. W., Klein, J. O. and Rosner, B. (1989). "Epidemiology of otitis media 
during the first seven years of life in children in greater Boston: a prospective, cohort 
study." J Infect Dis 160(1): 83-94. 



 

42 

Teti, G., Mancuso, G. and Tomasello, F. (1993). "Cytokine appearance and effects of 
anti-tumor necrosis factor alpha antibodies in a neonatal rat model of group B 
streptococcal infection." Infect Immun 61(1): 227-35. 
Tettelin, H., Nelson, K. E., Paulsen, I. T., Eisen, J. A., Read, T. D., Peterson, S., 
Heidelberg, J., DeBoy, R. T., Haft, D. H., Dodson, R. J., Durkin, A. S., Gwinn, M., 
Kolonay, J. F., Nelson, W. C., Peterson, J. D., Umayam, L. A., White, O., Salzberg, 
S. L., Lewis, M. R., Radune, D., Holtzapple, E., Khouri, H., Wolf, A. M., 
Utterback, T. R., Hansen, C. L., McDonald, L. A., Feldblyum, T. V., Angiuoli, S., 
Dickinson, T., Hickey, E. K., Holt, I. E., Loftus, B. J., Yang, F., Smith, H. O., 
Venter, J. C., Dougherty, B. A., Morrison, D. A., Hollingshead, S. K. and Fraser, 
C. M. (2001). "Complete genome sequence of a virulent isolate of Streptococcus 
pneumoniae." Science 293(5529): 498-506. 
Tomasz, A. (1968). "Biological consequences of the replacement of choline by 
ethanolamine in the cell wall of Pneumococcus: chanin formation, loss of 
transformability, and loss of autolysis." Proc Natl Acad Sci U S A 59(1): 86-93. 
Tomasz, A. (1981). "Surface components of Streptococcus pneumoniae." Rev Infect 
Dis 3(2): 190-211. 
Tomasz, A. and Waks, S. (1975). "Mechanism of action of penicillin: triggering of the 
pneumococcal autolytic enzyme by inhibitors of cell wall synthesis." Proc Natl Acad 
Sci U S A 72(10): 4162-6. 
Ton-That, H., Marraffini, L. A. and Schneewind, O. (2004). "Sortases and pilin 
elements involved in pilus assembly of Corynebacterium diphtheriae." Mol Microbiol 
53(1): 251-61. 
Ton-That, H. and Schneewind, O. (2003). "Assembly of pili on the surface of 
Corynebacterium diphtheriae." Mol Microbiol 50(4): 1429-38. 
Ton-That, H. and Schneewind, O. (2004). "Assembly of pili in Gram-positive 
bacteria." Trends Microbiol 12(5): 228-34. 
Tong, H. H., Blue, L. E., James, M. A. and DeMaria, T. F. (2000). "Evaluation of 
the virulence of a Streptococcus pneumoniae neuraminidase-deficient mutant in 
nasopharyngeal colonization and development of otitis media in the chinchilla model." 
Infect Immun 68(2): 921-4. 
Tuomanen, E. I. (2000). "Pathogenesis of pneumococcal inflammation: otitis media." 
Vaccine 19 Suppl 1: S38-40. 
Turner, D., Leibovitz, E., Aran, A., Piglansky, L., Raiz, S., Leiberman, A. and 
Dagan, R. (2002). "Acute otitis media in infants younger than two months of age: 
microbiology, clinical presentation and therapeutic approach." Pediatr Infect Dis J 
21(7): 669-74. 
van Dam, J. E., Fleer, A. and Snippe, H. (1990). "Immunogenicity and 
immunochemistry of Streptococcus pneumoniae capsular polysaccharides." Antonie 
Van Leeuwenhoek 58(1): 1-47. 
van de Beek, D., de Gans, J., Spanjaard, L., Weisfelt, M., Reitsma, J. B. and 
Vermeulen, M. (2004). "Clinical features and prognostic factors in adults with 
bacterial meningitis." N Engl J Med 351(18): 1849-59. 
Wartha, F., Beiter, K., Albiger, B., Fernebro, J., Zychlinsky, A., Normark, S. and 
Henriques-Normark, B. (2007). "Capsule and d-alanylated lipoteichoic acids protect 
Streptococcus pneumoniae against neutrophil extracellular traps." Cell Microbiol. 
Whatmore, A. (2000). "Genetic relationship between clinical isolates of streptococcus 
pneumoniae." Infect Immun. 
Yaro, S., Lourd, M., Traore, Y., Njanpop-Lafourcade, B. M., Sawadogo, A., 
Sangare, L., Hien, A., Ouedraogo, M. S., Sanou, O., Parent du Chatelet, I., Koeck, 
J. L. and Gessner, B. D. (2006). "Epidemiological and molecular characteristics of a 
highly lethal pneumococcal meningitis epidemic in Burkina Faso." Clin Infect Dis 
43(6): 693-700. 
Yu, V. L., Chiou, C. C., Feldman, C., Ortqvist, A., Rello, J., Morris, A. J., 
Baddour, L. M., Luna, C. M., Snydman, D. R., Ip, M., Ko, W. C., Chedid, M. B., 
Andremont, A. and Klugman, K. P. (2003). "An international prospective study of 
pneumococcal bacteremia: correlation with in vitro resistance, antibiotics administered, 
and clinical outcome." Clin Infect Dis 37(2): 230-7. 


	INTRODUCTION
	STREPTOCOCCUS PNEUMONIAE
	PNEUMOCOCCAL DISEASES
	PNEUMOCOCCAL CARRIAGE
	THE PNEUMOCOCCAL CELL WALL
	STRUCTURE AND ASSEMBLY OF BACTERIAL PILI
	PNEUMOCOCCAL ADHERENCE PROPERTIES
	BIOFILM FORMATION
	β-LACTAM ANTIBIOTICS AND PNEUMOCOCCAL LYSIS
	PYRUVATE OXIDASE & HYDROGEN PEROXIDE PRODUCTION

	AIMS
	PAPER I
	PAPER II
	PAPER III
	PAPER IV

	MATERIAL & METHODS
	CLINICAL DATA
	CONSTRUCTION OF MUTANTS
	CELL WALL PREPARATIONS & WESTERN BLOT
	ELECTRON MICROSCOPY
	MURINE INFECTION MODELS
	ADHERENCE ASSAYS
	FITC-COUPLING OF THE CELL WALL

	RESULTS & DISCUSSION
	PNEUMOCOCCAL ENDOCARDITIS (PAPER I)
	PILI AND ADHERENCE (PAPER II & PAPER III)
	PNEUMOCOCCAL LYSIS & PENICILLIN (PAPER IV)

	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES

