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ABSTRACT 
 

Streptococcus pneumoniae, also known as the pneumococcus, is a human specific bacterium and 
causes infections like otitis media, sinusitis, pneumonia, sepsis and meningitis. However, these 
bacteria are also frequent colonizers of the nasopharynx of healthy individuals, especially 
children. The major virulence factor in pneumococci is the polysaccharide capsule, which 
protects against phagocytosis. The death of pneumococci releases high amounts of potent 
mediators of inflammation. The innate immune system constitutes the first line of host defense 
against microbial infections. Pattern recognition receptors such as the Toll-Like Receptors 
(TLRs) mediate innate immune responses upon recognition of bacterial components through 
adaptor molecules such as MyD88.  
The overarching goal of the present work was to understand underlying mechanisms in the 
microbe as well as in the host that contribute to the transition from a local commensal 
microbe- host interaction to a systemic infection, and the innate immune responses associated 
with both local microbial control and development of invasive disease.  
Clinical isolates from patients with invasive disease and from healthy children attending day-
care centers were collected in the Stockholm area during 1997. The isolates were characterized 
using molecular fingerprinting methods such as Pulsed Field Gel Electrophoresis and Multi 
Locus Sequence Typing. Further, we characterized the virulence of these isolates in mouse 
infection models. By using wild type mice and mice deficient in the different TLRs and MyD88 
we investigated the role of these molecules for resistance against pneumococcal infection. A 
novel technique using biophotonic real-time in vivo imaging has been applied to understand the 
infection process within living animals.  
We found that 40 % of the children attending day-care centers harbored pneumococci; 20 % of 
the isolates were non-susceptible to penicillin. We could observe cases of spread between 
children of pneumococcal clones known to be able to cause invasive disease. Further, we 
verified that pneumococci can be divided into three major groups: the first group mainly found 
in patients with invasive disease, the second group mainly found among carriers and a third 
group found both among carriers and in patients with invasive disease. Not only serotype but 
also properties associated with particular clones (genetically related isolates) are important for 
the potential to cause disease in humans. Clonal properties in addition to the capsular serotype 
may be important factors in the ability of pneumococci to cause invasive disease also in mice. 
Further, we demonstrate the biological importance of innate immune activation and the central 
role of MyD88 in the host protection during pneumococcal infections. We report that wild type 
but not MyD88-/- mice inhibit bacterial growth by IL-6-mediated induction of the iron-
regulatory antimicrobial protein hepcidin and subsequent iron deprivation. TLR9-/- but not 
TLR2-/-, TLR4-/-or ICE-/- (IL-1/IL-18 deficient) mice were shown to be more susceptible 
than wild type mice. The role of MyD88 cannot be attributed to a single TLR; instead, the most 
probable situation is a combination and cooperation between different TLRs and/or other 
recognition receptors. However, TLR9 plays a non-redundant role in the protection against 
invasive pneumococcal disease.  
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SAMMANFATTNING PÅ SVENSKA  
 
Arbetet som presenteras i den här avhandlingen handlar om bakterien Streptococcus 
pneumoniae, även känd som pneumokock. Pneumokocker orsakar sjukdomar så som 
bihåleinflammation, öroninflammation, lunginflammation, blodförgiftning (sepsis) och 
hjärnhinneinflammation (de två senare refereras till som invasiva eller systemiska 
sjukdomar). Dessa sjukdomar orsakar miljontals dödsfall per år i världen varav 1-2 miljoner 
barn. Ett ökande problem är att pneumokocker utvecklar resistens mot antibiotika, vilket är 
den viktigaste behandlingen mot dessa infektioner. Speciellt känsliga för 
pneumokockinfektioner är små barn, åldringar och individer med nedsatt immunförsvar. 
Dessa grupper har svårt att producera antikroppar riktade mot pneumokockernas kapsel, 
som skyddar mot allvarliga infektioner. Kapseln som utgör det yttersta lagret kring 
pneumokocker är uppbyggd av olika sockermolekyler. Totalt finns över 90 olika typer av 
kapslar och dessa används för att dela in pneumokocker i olika undergrupper, s.k. 
serotyper. Det har i tidigare studier visat sig att olika serotyper skiljer sig åt på flera sätt. 
Bland annat är vissa serotyper mer benägna att orsaka sjukdom än vad andra är och 
sjukdomens svårighet kan skilja sig åt mellan serotyper. Förutom i serotyper kan 
pneumokocker delas in i ytterligare undergrupper, s.k. kloner (eng. clones), med hjälp av 
molekylärgenetiska metoder. Med uttrycket klon menas isolat som är genetiskt 
närbesläktade. Trots att pneumokocker orsakar många sjukdomsfall, bär de flesta barn runt 
dessa bakterier i näsan utan några som helst symptom. I en studie som är en del av den här 
avhandlingen provtogs daghemsbarn och 40 % av dessa var bärare av pneumokocker varav 
20% hade nedsatt känslighet för penicillin (eng. carrier).  
 
Mitt arbete syftar till att ge en djupare förståelse för hur pneumokocker sprids i samhället 
och vad som avgör varför vissa individer utvecklar sjukdom medan de flesta inte gör det. 
Arbetet handlar dessutom om att kartlägga mekanismer, dels i pneumokockerna dels hos 
värden, för att förstå vad som bidrar till processerna bakom övergången från bärarskap till 
sjukdom. Studierna av värdfaktorer har fokuserats på betydelsen av det medfödda (innata) 
immunförsvarets mekanismer för igenkänning av bakterier, särskilt de Toll-liknande 
receptorernas (TLRs) roll vid pneumokockinfektioner. För att kunna svara på dessa frågor 
har två huvudsakliga metoder används: (i) molekylärepidemiologiska studier av 
pneumokocker bland friska bärare och patienter med invasiv sjukdom, och (ii) djurmodeller 
av bärarskap, lunginflammation och invasiv sjukdom, där ett viktigt redskap har varit möss 
som saknar specifika TLR, för att betydelsen av dessa receptorer vid 
pneumokockinfektioner skall kunna bestämmas. 
 
Jag har med dessa studier kunnat visa att pneumokocker kan delas in i tre huvudgrupper 
beroende på hur de sprids mellan bärare och patienter med invasiv sjukdom. Vissa 
serotyper (1, 4, 7F och 9V) hittas nästan undantagsvis hos dem med invasiv sjukdom. Den 
andra gruppen utgörs av serotyper som endast eller oftast hittas hos bärare (6A och 19F). 
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Sedan finns de serotyper som hittas både hos patienter och bärare (6B och 14). Bland barn 
på daghem hittade vi vissa kloner som spreds effektivt mellan barn. Vi hittade dessutom en 
för Sverige ny klon som har orsakat flera fall av invasiv sjukdom i USA. Det här är exempel 
på en klon tillhörande en serotyp som inte omfattas av dagens vacciner. Det finns därför en 
potentiell risk att kloner som dessa, etablerar sig i vaccinerade populationer och där leder till 
många fall av sjukdom orsakat av serotyper som vaccinet inte har någon effekt mot . Detta 
eftersom dagens vacciner endast ger skydd mot ett begränsat antal serotyper. Vidare, våra 
resultat pekar på att faktorer förutom serotypen, har betydelse för risken att utveckla 
sjukdom. Vi valde ut flera kloner från samma eller olika serotyper baserat på deras förmåga 
etablera sig bland bärare jämfört med att orsaka invasiv sjukdom. Dessa isolat användes 
sedan för att infektera möss med. Från de experimenten kom vi fram till att det inom en 
serotyp finns påtagliga skillnader mellan kloners förmåga att kolonisera, orsaka sepsis och 
inducera inflammation också i möss. 
 
För det innata immunförsvaret roll har vi kunnat konstatera att MyD88, en molekyl som 
förmedlar signalerna från TLR, är av kritisk betydelse för induktionen av en inflammatorisk 
process. Detta svar involverar signalmolekyler så som cytokiner, vilka är viktiga för att 
dirigera immunförsvaret som oskadliggör inkräktande mikroorganismer, men är också en 
bidragande faktor till sjukdomssymptom i flera sjukdomar. Vi fann en korrelation mellan 
MyD88 defekta mössens ökade känslighet, en okontrollerad bakterietillväxt och ett lågt svar 
av IL-6. Detta korrelerade i sin tur med en minskad halt av hepcidin, ett protein som är 
viktigt för distributionen av järn i celler och blodet. Järn är livsviktigt för alla levande 
organismer och kontroll av tillgången på järn kan vara en viktig mekanism för värden att 
begränsa bakterietillväxten. MyD88 defekta mössen hade ökade serum järn nivåer vid 
infektion, vilket kan förklara den ökade bakterietillväxten vi fann i blodet hos dessa möss. 
Vi har också visat att TLR9 spelar en viktig roll för immunförsvaret mot pneumokocker 
och att möss som saknar TLR9 är mer känsliga för pneumokockinfektioner. Till skillnad 
från vad andra forskare tidigare har konstaterat fann vi ingen avgörande roll av TLR2 eller 
TLR4, för varken kontroll av kolonisering, lunginflammation eller sepsis. 
 
Resultaten från detta arbete har bidragit till en ökad förståelse för vissa aspekter av 
pneumokocker och deras förmåga att orsaka sjukdom. I förlängningen kan dessa kunskaper 
användas för att utveckla bättre och effektivare behandlingsstrategier och preventiva 
åtgärder mot pneumokocker. 
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CHAPTER 1  

INTRODUCTION 
 
 

 
This chapter presents Streptococcus pneumoniae, the 
bacterium in focus of the work presented in this thesis. It 
includes the diseases this important bacterium causes 
and the epidemiology of these. The chapter also 
contains a brief summary of some major virulence 
factors of the bacterium; critical for disease and 
colonization. Further a summary of the immune 
responses that are of importance, focusing on the innate 
responses. Followed by a section about infection models 
that are used to study this bacterium and finally a section 
about prevention and treatment. 
 
 

 
 



 
 

Chapter 1 Introduction – Streptococcus pneumoniae 
 

   1 

 

STREPTOCOCCUS PNEUMONIAE 
 
The Streptococcus pneumoniae, also known as pneumococcus or Diplococcus pneumoniae (as it 
originally was denoted), was first isolated by Louis Pasteur and George Miller Sternberg 
independently in 1880. In 1886 Albert Frankel showed definitively that the organism 
caused pneumonia (148). Since many people suffered and died from the disease during the 
19th and early 20th Centuries, an intense research effort was initiated to gain an 
understanding of this bacterium. The discovery of penicillin was a breakthrough in the 
treatment of pneumonia and the death rates decreased rapidly. The thrive for knowledge in 
this field of research has not slowed down- on the contrary- with the emerging problem of 
antibiotic resistance; large efforts are put into studying virulence factors and ultimately the 
developing of vaccines and new treatment regimens against pneumococcal disease. 
Pneumococcal research has contributed to specific knowledge about the bacterium and its 
role in pneumococcal diseases, which has had major implications on improvements of the 
treatment against it. It has also had major spin-off effects for the understanding of bacterial 
infections, bacterial pathogenesis and cell biology in general. Indeed, the basic 
understanding of genetic transformation first described in pneumococci by Griffith in 
1928, led to the discovery in 1944 by Avery, MacLeod and McCarthy that DNA was the 
carrier of the genetic information. A non-encapsulated strain, R6, proven to be avirulent, 
was transformed with DNA from an encapsulated virulent strain, which led to the recovery 
of capsule expression and virulence in mice (4). 
 
 
The pneumococcus is a gram positive, alpha-hemolytic, facultative anaerobic bacterium. 
The bacteria grow as single cells, diplococci or in longer chains. The chain formation differs 
between different serotypes, and the mechanisms and relevance of such a growth remains 
unclear. As with all gram-positive bacteria the pneumococcus has a cell wall, which is built 
up mainly by peptidoglycan and teichoic acid rich in galactosamine, phosphate and choline. 
The presence of choline is a unique feature to the pneumococcal cell wall; to which a wide 
range of choline binding proteins (CBP’s) are anchored, protruding out on the surface of 
the pneumococcus. CBP’s will be discussed further in the section about virulence factors. 
The pneumococcus is also surrounded by a polysaccharide capsule that is a very important 
virulence factor. Based on the chemical structure of the capsule, pneumococci can be 
divided into more than 90 distinct serotypes and more about this is described later in the 
section about virulence factors. 
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In 2001 the whole genome sequences of two strains of pneumococci were published, 
TIGR4 (163) and R6 (64). TIGR4 is an isolate collected from a patient in Norway and has 
been shown to be highly virulent in mouse models. R6 is a laboratory strain derived from 
the strain R36A, a noncapsulated mutant of the serotype 2 strain D39. Currently the 
genomes of other serotypes are being sequenced; for example serotype 1, 3, 6B, 14 and 23F 
strains. A high degree of genetic flexibility between pneumococcal strains has been 
concluded from different comparisons of these sequenced genomes, for instance, large 
differences in the genome size of different strains have been found. For example, while R6 
has 2,038,614 bp, TIGR4 has 2,160,837 bp, a difference of 122,223 bp or roughly 5%. One 
explanation for this large difference in genome size is the abundance of insertion sequences 
(IS), transposable elements, phages, repetitive elements and other types of genetic material 
picked up by the efficient natural transformation that is an important feature of 
pneumococci. Intra- and inter- species exchange of various DNA elements and genes, like 
antibiotic resistance genes, can occur frequently from the large reservoir of commensal 
bacteria in the human nasopharynx, which is also the natural niche of pneumococci. The 
findings of genetically similar strains with different polysaccharide capsules, a phenomenon 
known as serotype switch, reflects the possibility for fragments as large as parts of the 
capsular operon (around 21 kb), to be transferred from one strain to another. This could be 
the result of the presence of several serotypes residing in the nasopharynx at the same time, 
a state commonly detected. The genes responsible for antibiotic resistance show complex 
sequential acquisition events of parts of the penicillin-binding protein-encoding genes from 
different sources, giving rise to a mosaic structure of the genes (18). This further depicts the 
complexity in genome structure of the pneumococci. Another type of large genetic element 
that can be found in some but not other isolates are the pathogenicity islands (PAI’s), these 
will be discussed further in the section about virulence factors.(56, 115, 146, 149, 154, 164, 
167) 
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PNEUMOCOCCAL CARRIAGE 
 
Pneumococci are frequently found in the nasopharynx and oropharynx of healthy 
individuals especially small children. These locations are the ecological niche for many 
bacterial species that establish very early in life. Apart from pneumococci, H. influenzae, M. 
catarrhalis, S. aureus, N. meningitidis and α-haemolytic streptococci also colonize the 
nasopharynx. Of the more than 90 serotypes that exist, only a minority are frequently 
found to colonize the nasopharynx, such as 6B, 9V, 11, 14, 18, 19F and 23F. The serotype 
distribution among carriage isolates varies by country, age and type of cohort. In a carriage 
study performed in the USA, duration and prevalence of colonization in children was 
studied (47). It was found that, during the first two years of life 95% of the children were 
colonized at some time point and 73% of them acquired at least two serotypes, 
simultaneously or as separate events. Two or three serotypes were present at the same time 
in 4% and 0.3% of the children, respectively. The duration of carriage was serotype-
dependent and commonly lasted between 2.5- 4.5 months (range 1-17 months) (47). In an 
intervention project performed in Sweden, studying penicillin-resistant pneumococci, the 
median duration of carriage in the children was found to be 19 days (range 3-267 days). The 
duration of carriage was longest in children < 1 year old (median 30 days) and shortest in 
adults (median 14 days) (34). There is an inverse correlation between age and frequency of 
being colonized by the pneumococcus. The very young have the highest prevalence of 
carriage, with a steady decline with age. This is believed to correlate to the maturation of 
the immune system and development of antibodies against the carried serotypes, especially 
related to mucosal immunity, that generally develops earlier than the systemic immunity 
(44).  
 
The mechanisms for establishment, persistence, clearance and protection against carriage 
are complex and dynamic but poorly understood. It is thought that the stage of 
colonization is a prerequisite for development of pneumococcal disease (47). The two sides 
in the process of carriage are: (i) the bacterial adherence to epithelial cells promoting 
colonization and (ii) host immune mechanisms preventing colonization. The processes of 
adherence to, and possibly also invasion of, epithelial cells are complex, but some of the 
major factors described are: the polysaccharide capsule and its non-specific surface charge 
binding; PsaA and the association with N-acetyl-glycosamine receptors; CbpA binding to 
sialic acid lacto-N-neotetreose  (SALN) and/or polymeric IgR; neuroaminidase with its 
effects on the mucus or exposure of surface receptors; cell-wall phosphocholine (PC) and 
binding to platelet-activating factor receptors (PAFR); and IgA proteases cleaving IgA and 
a change of surface charge. See also Figure 1 (8). For host immune defense mechanisms; 
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the roles of complement, other innate mechanisms, cellular responses and antibodies have 
all been suggested to be important for the clearance mechanisms. However, the importance 
of these factors for susceptibility to, duration, density and clearance of colonization remains 
unclear. The role of T-cells in protection against pneumococcal colonization is described 
briefly in the section about immune responses. 
 
 
 
 
 
Figure 1. A summary of  virulence factors important for the interaction between 
pneumococci and host cells in the URT. For abbreviations, see the text above. © Andreas 
Sandgren, 2005. 
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PNEUMOCOCCAL DISEASES 
 
Pneumococci cause a variety of diseases, ranging from, in most cases, harmless disorders 
such as sinusitis associated with the common cold, to the most severe scenario of acute 
purulent meningitis. The diseases can be divided into two groups, mucosal (or non-
invasive), and invasive diseases. Apart from the diseases described below, pneumococci can 
also cause tracheobronchitis, conjunctivitis, endometritis, salpingitis, peritonitis, 
endocaditis, pericardatis and septic arthritis, see Figure 2 (167).  
 
Sinusitis 
 
Sinusitis is a group of disorders characterized by inflammation of the mucosa of the nose 
and the paranasal sinuses (109). In children, acute bacterial sinusitis is a very common 
infection and one of the most frequent indications for antibiotic therapy. In Sweden, 
around 200,000 cases (63) and in USA around 31 million cases (109) each year are 
estimated to be affected. Up to half of the cases are caused by pneumococci; other 
important pathogens include H. influenzae and M. catarrhalis but mixed infections are also 
frequently found. Major symptoms of sinusitis include purulent nasal drainage, nasal 
obstruction, facial congestion, facial pain-pressure and minor symptoms are headache, 
dental pain and cough (109). 
 
Acute otitis media 
 
Otitis media is defined as the presence of effusion behind the tympanic membrane within 
the middle ears, acute otitis media (AOM) is an infection with rapid onset of symptom. The 
bacteria most often responsible for otitis belong to the commensal flora of the naso- and 
oropharynx. Pneumococci, H. influenzae, M. catarrhalis and rarely S. pyogenes are the most 
commonly isolated bacteria from the middle ear during a period of AOM. Symptoms can 
be fever, otalgia, hearing impairment, nausea, balance problems, inflammation or bulging of 
the tympanic membrane and purulent effusion in the middle ear (28). In Sweden, 
approximately 50% of all children will contract AOM by the age of 2 years and together 
with middle ear catarrhs more than one million children consult physicians for AOM every 
year. The corresponding numbers in the US are approximately 80% by the age of 3, giving 
a total of seven million cases per year (1, 161). Otitis media has a low mortality, 
contributing to 6000 deaths per year in the world (116). However, there are several 
complications that can affect children, for example chronic otitis media, meningitis, acute 
mastoiditis, reduction in hearing or total hearing loss.  
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Pneumonia 
 
Pneumonia is defined as an acute respiratory inflammation, associated with a radiological 
finding in the lungs, seen as an opacification of the part of the lungs suffering from the 
infection. Pneumonia is a diverse disease, with many agents contributing to its etiology and 
with different ways of spreading within the lungs. The pneumonia can be either primary to 
the colonization and infection of the pathogens or secondary to a decreased function of the 
lung. Community-acquired pneumonia (CAP) remains to be an important disease and 
severe CAP is associated with considerable morbidity and mortality, particularly amongst 
the elderly and those with underlying diseases. The most prevalent causes of CAP are 
pneumococci, S.aureus, H. influenzae, some Chlamydia species, Mycoplasma species, L. pneumophila, 
and K. pneumoniae as well as respiratory viruses (92). The genesis of pneumonia differs 
between children and adults but the most common etiological agent for both groups is the 
pneumococcus. The clinical features of pneumonia include cough, fever, malaise and in 
some cases pain over the chest. Other physical signs can be tachypnoea, tachycardia, 
hypoxemia, pyrexia and also hypotension and confusion. Pneumonia can be divided based 
on pattern of anatomical involvement; lobar pneumonia and bronchopneumonia.  
Lobar pneumonia is usually focused to one lobe of the lungs, and four stages have 
classically been described: An early stage characterized by consolidation of the lungs and 

findings of serous exudates. As the 
infection then progress, intense ses in humans
Figure 2. Pneumococcal disea

© Andreas Sandgren, 2005. 
inflammation of the parenchyma with 
dense infiltrates of neutrophils and 
extravasation of erythrocytes is seen, the 
tissue macroscopically resembles liver 
tissue being intensively dark red, congested 
and consolidated; a state called red 
hepatinization. When the inflammatory 
processes subside and hemoglobin 
degrades in the areas of bleeding causing 
gray color to develop; this state is called 
gray hepatinization. As the infection is 
cleared, fibrin is resolved and exudates are 
reabsorbed, followed by recovery of the 
patient. In bronchopneumonia the same 
stages occur, but concentrated around the 
bronchi and in a more patchy distribution 
involving one or more lobes (154). 
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Bacteremia and sepsis 
 
Whilst bacteremia describes the presence of bacteria in the blood without any symptoms, 
septicemia is defined as a bacteremia associated with clinical symptoms. Septicemia can 
range in severity and a thorough classification system has been established (sepsis, severe 
sepsis, septic shock and multiple organ dysfunction syndrome [88]). Typical clinical 
symptoms include high fever, hypotension, shivering, tachycardia, tachypnoea, and skin 
rashes. In general, the symptoms of sepsis are, to a large extent, due to an immunologic 
hyperreaction. The control mechanisms of a local infection in tissue involve a proper 
activation of innate and adaptive immune responses. The first effector mechanisms in a 
bacterial infection are the tissue macrophages, complement and pre-existing antibodies. 
Macrophages release proinflammatory cytokines and chemokines to recruit other immune 
cells, including neutrophils. In massive infection or spread to the bloodstream, production 
of cytokines and chemokines reach uncontrollable and detrimentally high levels 
systemically. The high levels of these proinflammatory substances induce the systemic 
effects of sepsis. The major effects include increased vasopermeability and vasodilatation 
that causes hypotension and multiple organ failure. Furthermore, complement activation 
cascades may induce disseminating intravascular coagulation.  
 
Meningitis 
 
Meningitis is an inflammation of the meninges surrounding the brain and spinal cord. In 
acute purulent meningitis the main causative organisms are pneumococci, S. aureus, E. coli, 
N. meningitidis and H. influenzae. The symptoms of acute purulent meningitis are neck 
stiffness, fever, headache, altered mental status, photophobia, tachypnoea, and general signs 
of illness. Additional findings are increased intracranial pressure and a turbid cerebrospinal 
fluid (CSF) with large amounts of neutrophils and proteins, and a low sugar concentration. 
For pneumococcal meningitis, it is mainly believed to spread from the nasopharynx to give 
a low-grade bacteremia followed by invasion of the CNS through the blood-brain barrier 
(BBB). Virulence factors suggested to be important for the transition over the BBB are: 
pneumolysin, that damage endothelial cells compromising the BBB; and hyaluronidase that 
degrades extracellular matrix promoting spread in tissues. The rapid development of 
symptoms may be explained by the relative ineffective host defenses in the CNS to 
encapsulated bacteria like pneumococci. The inflammatory host reactions come from the 
induction of cytokines, chemokines, metalloproteinases and the influx of leukocytes into 
the subarachnoid space, giving rise to the clinical symptoms of the disease (84). 
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EPIDEMIOLOGY 
 
Infections of the respiratory system are one of the most common causes of morbidity and 
are a major reason to seek help from the primary healthcare system. By general means the 
upper respiratory infections (URI) are most frequently caused by viruses and the lower 
respiratory infections (LRI) by bacteria. This generalization only describes the number of 
patients, not the type or seriousness of infection. Since the viral common cold is so widely 
spread, most cases of URI are therefore harmless infections caused by viruses such as 
adenoviruses, rhinoviruses, enteroviruses and parainfluenza viruses. Other viruses 
responsible for the more severe but less prevalent forms of viral infections are: Influenza A 
& B, Epstein-Barr virus and respiratory syncytial virus.  
Many bacteria cause respiratory tract infections and these infections are most often more 
serious than the viral infections and there is often a need for special treatment against these 
pathogens. The organisms most commonly responsible for the bacterial respiratory tract 
infections are: pneumococci, Chlamydia species, S. pyogenes, H. influenzae, S. aureus, M. 
pneumoniae, K. pneumoniae M. catarrhalis, B. pertussis, L. pneumophila, N. species, P. aeruginosa and 
M. tuberculosis. Respiratory tract infections do not only contribute to morbidity but do also 
contribute to a high level of mortality throughout the world, killing more people than any 
other infectious disease. Most of these deaths are due to LRI, with pneumonia being the 
most frequent killer (116). Pneumonia is one of the world’s most common diseases with a 
high mortality. It ranks third among all diseases that cause death and is in the magnitude of 
causing approximately 10 cases per 1000 inhabitants and year (63). Worldwide, this means 
over 60 million cases of pneumonia each year and of these infected people about 4 million 
die (116). The mortality is dependent on which pathogen gives raise to the pneumonia and 
the pneumococcus is the most common agent with deadly outcome. 
 
Incidence  
 
Based on available epidemiological data, acute respiratory infections kill an estimated 1.9-
2.6 million children less than five years of age annually. Pneumonia is by far the most 
common cause of pneumococcal related deaths worldwide. Pneumococci contribute to 
about half of these deaths (0.8 to more than 1 million children deaths annually), most of 
which occur in developing countries. In the developed world, the elderly carry the major 
disease burden. Compared to invasive disease, the mucosal diseases are usually less severe, 
but considerably more common. In Europe and the United States, pneumococcal 
pneumonia is the most common community-acquired bacterial pneumonia, estimated to 
affect approximately 100 per 100,000 adults and year. The corresponding figures for 
bacteremia and meningitis are 15–19 per 100,000 and 1–2 per 100,000, respectively. Even 
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in economically developed regions invasive pneumococcal disease carries high mortality; 
for adults with pneumococcal pneumonia the mortality rate averages 10%–20%, whilst it 
may exceed 50% in the high-risk groups (2). The incidence of invasive pneumococcal 
disease in Sweden is around 7-8 cases per 100,000 inhabitants and year (150). The incidence 
of pneumococcal disease shows seasonal fluctuations with the highest incidence during the 
winter months; in Sweden the period from November to March contains the majority of 
the cases.  
 
Risk factors for carriage and disease 
 
A
 

ge 

The risk to acquire pneumococcal disease is the highest for the very young (0-7 years) and 
the elderly (over 65 years). The main reason may be the poor protection by antibodies 
during these stages of life. The risk for colonization of children is inversely correltated with 
increasing age. Young children are constantly exposed to different serotypes and gradually 
develop an adaptive immunity. There is a high concordance between the level of exposure 
and the risk of developing disease. In adults with an intact immune system the previously 
acquired antibodies efficiently protect against serious disease development. Among the 
elderly, where again the immune system is failing to keep a sufficient amount of protective 
antibody production and the general physiological status of the individual might be 
declining, an increased susceptibility is observed. 
 
G
 

eography, ethnicity and socio-economic status 

The carriage rates in children in developing countries are higher than those of children in 
developed countries. High carriage rates have been described in Gambia, Pakistan and the 
Philippines. Also variations in carriage rates and invasive disease between different ethnic 
groups have been studied in the USA, were it was found that the African American, native 
American (Apache and Navajo) and Alaskan native populations were at higher risk for 
infection. Socio-economic- and environmental status like family size, income, smoking, 
recent antibiotic usage and especially crowding (like in DCCs, prisons and military camps) 
are factors that influence the risk for colonization and disease (8, 125). 
 
I
 
mmunocompetence 

Pneumococcal disease is common in patients with several primary immunodeficiencies, 
including: most B-cells defects, deficiencies of components in the classical pathway of 
complement; congenital asplenia, and interleukin-1 receptor associated kinase-4 (IRAK-4) 
deficiency (136). Also acquired immunodeficiencies are risk factors for pneumococcal 
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disease, including: splenectomy (3, 169), malignancies (168) and coinfection by human 
immunodeficiency virus (HIV) (108, 123). In studies of risk factors for recurrent 
pneumococcal disease, HIV infection was, together with, cancer the greatest risk factor 
(168). 
 
A
 

ntecedent viral infection 

Pneumococcal disease is one of the major infections among patients with HIV infection. 
Among these patients there is not only an increased incidence of pneumococcal disease but 
also more frequent recurrences, higher incidence of pneumonia-associated bacteremia, and 
infections at atypical sites (39, 68, 145). Other more common and directly related viral 
infections are the respiratory tract infections, like influenza, parainfluenza and respiratory 
syncytial virus. After the influenza pandemic of 1918 that killed 20-40 million people (160) 
it was found that many of the patients died, not only due to the influenza infection per se 
but also by secondary bacterial infections (134). Ecological studies have also shown 
temporal associations between peaks of influenza and peaks of bacterial pneumonia (50). 
Specific investigations of pneumococcus as the causative agent have shown a role of 
preceding influenza infection (124). Lethal synergisms between influenza and 
pneumococcal co-infection have also been demonstrated in mouse models, with 
neuroaminidase (NA) but also upregulation of platelet-activating factor receptor (PAFr) 
suggested to play roles in this interplay (105). Indeed, recently it was demonstrated that NA 
contributes to secondary pneumococcal pneumonia. The level of NA activity of influenza 
strains correlated with the ability to predispose for secondary bacterial pneumonia in man, 
and high NA activity led to higher mortality from secondary bacterial pneumonia in mice 
(135). 
 
 
Molecular epidemiology 
 
Increasing rates of antibiotic resistance and the changing epidemiology of pneumococcal 
strains dictate the need to develop new methods to study, control, and prevent these 
important infections. Investigation of the molecular epidemiology of the pneumococci will 
provide deeper insights into patterns of spread, and provide an important tool in the 
establishment of strategies to prevent the diseases. Studies of the epidemiology of 
pneumococci often involve the description of strains using phenotypic methods. For a long 
time serotyping and antibiotic resistance profiles were the only methods for discrimination 
between different pneumococcal strains. These methods are invaluable for the 
understanding of the epidemiology, but may have poor discriminatory power in certain 
settings. Modern molecular methods involve the analysis of the restriction-enzyme sites or 
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gene sequence of the strains. Pulsed-field gel electrophoresis (PFGE) is one of the most 
reliable methods to type pneumococcal strains. Fragment length polymorphism (RFLP), 
BOX-fingerprinting, PCR fingerprinting of the penicillin-binding protein genes and 
arbitrary primed PCR (AP-PCR) have also been used. The most recently developed 
technique is the multi-locus sequence typing (MLST) that compares the nucleotide 
sequence of ~450 bp fragments of seven housekeeping genes (36).  
 
Studies combining the serotyping, antibiotic resistance profiles and molecular methods with 
epidemiological data, can provide important information for pneumococcal carriage and 
disease. These studies can be used in outbreak investigation and surveillance. Further, the 
studies can be of assistance for identification of determinants of pathogenesis and 
information regarding the importance of clonal properties affecting colonization and 
invasive disease. Molecular epidemiological studies can provide answers to these questions 
but also play a role in studying vaccine coverage rates, serotype replacement and to monitor 
the spread of antibiotic resistant clones. Molecular epidemiological studies have the 
potential to provide understanding for the diversity of pneumococcal strains and 
determinants important for pneumococcal pathogenesis. To gain understanding of the 
pneumococcal population; it is critical to perform studies in different study bases at 
different locations in the world to get a more comprehensive view of these complex 
processes. 
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VIRULENCE FACTORS/PATHOGENESIS 
 
Among the large numbers of carriers only a small fraction develop pneumococcal disease. 
Therefore, pneumococci can be referred to as an opportunistic or facultative pathogen that 
only occasionally causes disease. The factors, normally called virulence factors, could on 
many occasions be considered to primarily be colonization factors since they promote 
colonization, growth and transmission. Many of the virulence/colonization factors found 
and described for pneumococci are mostly involved in the adherence step of infection. 
However, growth and control of the growth rate may also be crucial factors for facultative 
pathogens like pneumococci due to the lack of many of the virulence factors of strict 
pathogens, like highly toxic tissue-damaging substances. Many of the in vivo studies on 
virulence factors rely on murine infection models of pneumonia. Several large-scale 
identifications of virulence factors using signature-tagged mutagenesis, microarray analysis 
of pneumococcal gene expression, and differential fluorescence induction analysis have 
been performed (57, 85, 99, 129). A large proportion of the genome has been found to be 
essential for virulence in mice. The reason for this could be the close relationship between 
colonization and disease; thus the factors important for the virulence in disease may also 
play a role in the colonization (58). 
 
Polysaccharide capsule 
 
The capsule is the outer-most part of the pneumococcal cell. The capsule is composed of 
repeating units of oligosaccharides. The presence of a polysaccharide capsule is an 
important feature and is essential for the virulence of pneumococci. Pneumococci without 
a capsule are considered avirulent. The main role of the capsule is to protect against 
phagocytosis by macrophages and neutrophils. The mechanism behind this is thought to be 
direct steric hindrance of the host immune cells’ access to underlying adherence structures 
of the bacterial cell wall. The capsule elicits a T-cell independent immune response. 90 
different polysaccharide capsular types of the pneumococcus have been described (59, 72). 
Types that are antigenically related to each other are assembled into serogroups, and types 
without any close relationships are defined as a single serotype. Serotype 1 is a single type 
while serotypes 7A, 7B, 7C and 7F belong to a group. Today, the most widely used 
classification system is the Danish system, with the World Health Organization 
Collaborating Center for Reference and Research on Pneumococci, Statens Seruminstitut, 
Copenhagen, Denmark as the worldwide resource used for classification and for 
distribution of antisera.  
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Cell wall fragments 
 
The other main component that surrounds the pneumococcal cell is the cell wall, as with all 
other gram-positive bacteria. The cell wall is a thick multi-layer built up mainly by 
peptidoglycan (PG), but also teichoic acid (TA) and lipoteichoic acid (LTA). Peptidoglycan 
consists of a glycan backbone with repeated units of the disaccharide N-acetyl-D-
glucosamine- (β-1, 4)-N-acetyl-muramic acid (GlcNAc-MurNAc or NAG-NAM), cross-
linked by tetrapeptides to the lactyl groups of the muramic acid moieties. Peptidoglycan of 
various organisms has been demonstrated to possess a broad range of biological activities 
including cytokine production, activation of macrophages, induction of antimicrobial 
peptide production, nitric oxide production, cytotoxicity, activation of complement and 
adjuvanticity. The response is to, in most cases, small PG fragments called muropeptides 
that are derived from the activity of peptidases and hydrolases (10). Lipoteichoic acid has 
also been shown to efficiently stimulate inflammatory responses in a number of model 
systems. It has been debated whether the LTA dependent cell activation is due to 
contaminated LTA preparations (41). Further, investigations of the effect of LTA derived 
from different bacterial species has revealed that LTA of S.aureus is much more 
immunostimulatory than LTA from pneumococci (53). However, a group of intracellular 
recognition receptors called NOD-receptors have been discovered and reported to be 
responsible for the recognition of peptidoglycan (165).  
 
Choline-binding proteins 
 
Binding of proteins to the cell surface of gram-positive bacteria utilizes mainly two 
mechanisms. Certain surface exposed proteins have a common C-terminal motif consisting 
of a proline-rich region; the amino acid sequence motif LPXTG that directs the proteins to 
be transported out of the cell and anchored in the cell membrane by the highly 
hydrophobic membrane-spanning region of the protein. Other proteins use CBP’s; a group 
of molecules using choline, covalently bound to the cell walls, as a way of attaching proteins 
to the surface of the bacterium. The pneumococcus, as well as other pathogenic bacteria, 
requires this choline or closely related analogs for growth (172, 173). An example of a CBP 
is pneumococcal surface protein A (PspA) (106). PspA has three domains binding to 
choline covalently bound to teichoic and lipoteichoic acid found in the cell wall of 
pneumococci (178). The roles of the CBP’s are not fully known, most studied is the role of 
PspA as a virulence factor and that it can be a protective immunogen. PspA mutant strains 
showed higher rate of clearance of pneumococci from the blood in CBA/N mice and the 
mice survived for a longer time compared to the parental strain (107). PspA has anti-
complement properties, demonstrated by PspA- mutants that fixed more complement than 
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the PspA+ isogenic strain (13, 166). Another known example of CBP is CbpA, which has 
been suggested to function as a pneumococcal adhesin. CbpA- mutants showed reduced 
adherence to human cells, and nasopharyngeal colonization in rats was also decreased 
(147). Binding of proteins of the extracellular matrix and serum has been shown to be 
involved in pneumococcal pathogenesis. PspA, but not CbpA, can bind lactoferrin (51), 
and inhibits deposition of C3b onto cells thereby inhibiting complement activation (166). 
 
Autolysins 
 
Autolysins, or more correctly bacterial cell wall hydrolases, are enzymes that specifically 
cleave bonds of the cell wall. Cleavage in the cell wall makes the bacterial cell unstable and 
sensitive to osmotic pressure that causes the lysis and death of the bacteria, hence the name 
autolysin. The different enzymes are specific against certain substrates and type of bonds. 
They can be classified into four main groups depending on bond specificity: glycosidases; 
amidases, endopeptidases; and phosphoryl esterases. The major autolysin of pneumococci 
is an amidase and is called LytA. Since LytA is a CBP, it is dependent on the presence of 
choline in the cell wall (69). Mutants lacking LytA lyse to a lower extent when exposed to 
penicillin that acts by inhibition of the transpeptidation of cell wall residues (93). Two other 
autolysins, LytB and LytC, are also described but their functions are less well understood. 
LytB has been suggested to be essential for pneumococcal cell separation (42). 
 
Pneumolysin 
 
In 1905, Emanuel Libman first reported a peculiar form of hemolysis produced by the 
pneumococcus (132). Later it was appreciated to be due to a protein, denoted pneumolysin 
(Ply); a toxin with cytotoxic and proinflammatory properties that is likely to contribute to 
the virulence of pneumococci. Pneumolysin belongs to a family of related thiol-activated 
toxins synthesized by various gram-positive bacteria. The finding that Ply is located 
intracellularly, was strengthened with the structural characterization that unraveled that 
unlike other thiol-activated toxins it lacks a N-terminal signal sequence for translocation to 
the cytoplasmic membrane (170). Some of the in vitro effects of Ply are; lysis of 
erythrocytes; toxic to pulmonary alveolar epithelial cells; stimulation of cytokines from 
monocytes, neutrophils and splenocytes; activation of complement; reduces ciliary 
movement; separation of epithelial cell tight junctions (62). In vivo experiments have shown 
that immunization with inactivated Ply produce a moderate protection from virulent 
pneumococci. Pneumolysin have been shown to be essential for successful colonization in 
mice (71). Further, it has been demonstrated that both the cytotoxic activity and 
complement-activating activity of Ply contribute to the pathology of pneumonia in mice 



 
 

Chapter 1 Introduction - Virulence factors/pathogenesis 

   15 

(70). In bacteremia, Ply is suggested to increase the ability of pneumococci to grow. While a 
Ply deficient strain resulted in chronic bacteremia the parental strain grew exponential and 
to a higher level, it was also shown that the effect of Ply is dependent of the genetic 
background of the mouse (6). The induction of cytokines like TNF and IL-6 by Ply has 
been suggested to be mediated through TLR4 (97). 
 
Adhesion  
 
Adherence of microorganisms to mucosal host cells is a general mechanism used to 
colonize, persist and cause disease. The molecular mechanisms for adhesion of 
pneumococci have focused on the role of different surface displayed CBP’s of the cell wall, 
where CbpA has been suggested to act as a major adhesin. It has been suggested that CbpA 
mediates adherence to and invasion of human nasopharyngeal cells in vitro via binding to 
the polymeric immunoglobulin receptor (pIgR) of epithelial cells (179). However, these 
findings have been debated and a later study showed that pIgR-mediated invasion of 
epithelial cells occurs in a pneumococcal strain-specific and cell type specific manner and 
the model cannot be generalized (14). The normal function of pIgR is to transport 
secretory IgA (sIgA) from the basolateral to the apical surface of epithelial cells into 
mucosal secretions (49). CbpA exhibits a specific interaction with sIgA and the secretory 
component of sIgA (52) and pIgR (35, 94). Phosphorylcholine on the TA has been 
implicated in direct adherence to cytokine-stimulated human lung epithelial cells and 
human vascular endothelial cells via the receptor for the PAF (25). PAF receptor deficient 
mice have been shown to be relatively resistant to pneumococcal pneumonia, have less 
pulmonary inflammation and reduced dissemination of the infection (142). The α-enolase 
of pneumococci has been shown to bind plasmin and plasminogen to the surface of the 
bacterium (7). Binding of the enzymes is suggested to provide proteolytic activity that can 
be utilized to migrate faster through the human extracellular matrix and basement 
membranes (32). PavA is a pneumococcal surface protein functionally and structurally 
related to the fibronectin-binding protein of S. pyogenes. PavA- mutants showed reduced 
adherence to and internalization of epithelial lung cells and brain-derived endothelial cells. 
The PavA- mutant had also a decreased virulence in a mouse meningitis model (137). The 
enzyme neuroaminidase (NA) improves colonization by cleaving N-acetyl-neuraminic acid 
from mucin, decreasing the viscosity of the mucus or by cleaving glycolipids, glycoproteins 
and oligosaccharides and exposing cell surface receptors on the epithelial cells. The 
neuroaminidases from viruses like the influenza and parainfluenza viruses have therefore 
been suggested to play a role in the increased adherence of pneumococci observed during 
viral infections (104). More about adhesion can be found in the section about 
pneumococcal carriage. 
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Phase variation 
 
Pneumococci grown in vitro on agar plates can exist in two morphologically different colony 
variants: opaque and transparent. It has been described that the bacteria growing in opaque 
colonies are associated with bacteremia and the transparent with colonization (171). The 
effect on virulence has been explained by an enhanced adhesion of the transparent 
phenotype to epithelial cells when compared to the opaque phenotype. Adherence of the 
transparent phenotype to cytokine-stimulated human lung cells and vascular endothelial 
cells is also increased (26). The opaque phenotype is instead more virulent in models of 
invasive disease after intraperitoneal challenge (78). The opaque phenotype has higher 
amounts of the polysaccharide capsule while the transparent phenotype has lower levels of 
capsule but higher amounts of adhesion molecules like teichoic acid. Changes in the 
capsule and especially the cell wall components can influence the differences seen in cell 
adherence since the two variants have different expressions of CBP’s like PspA and CbpA 
(78, 147). Several attempts to understand the phase variation have been conducted, but 
there are still no proven mechanisms for the effects on virulence between the phenotypic 
variants. Protein expression patterns of the two variants by two-dimensional protein 
electrophoresis showed a reduced expression of two proteins and over-expression of one 
protein in the opaque phenotype (130). The over-expressed protein was a homologue of 
the elongation factor Ts of H. pylori. The proteins under-expressed were PpmA, a 
homologue to proteinase maturation protein PrtM of L. paracasei and SpxB, a pyruvate 
oxidase. SpxB was suggested to be responsible for the reduced production of hydrogen 
peroxide of the opaque phenotype. SpxB- mutant has been demonstrated to have a 
decreased ability to colonize the nasopharynx (151). Therefore, SpxB has been suggested to 
play an important role in enhancing the ability of transparent phenotypes to colonize the 
nasopharynx (130). Pyruvate oxidase has also been proposed to be responsible for the 
rough morphology of colonies observed in the studies of DNA as the hereditary material 
by Avery and an increased pyruvate oxidase activity was shown to alter colony shape by 
mediating cell death (5). The analysis of phenotypes and genotypes of the opacity variants 
have been complicated by the fact that the bacterial components vary between the colony 
variants and differ from isolate to isolate (79). Opacity variants of serotype 6A and 6B have 
been analyzed by microarray studies. Out of 2129 open reading frames, 24 demonstrated a 
difference between the opaque and transparent variants of both serotypes. Twenty-one of 
these were upregulated in the transparent variants, with 11 predicted to be involved in sugar 
metabolism. Neuroaminidase (NanA) was also expressed in higher levels in transparent 
variants, and it was found that NanA did not contribute to adherence to epithelial cells, as 
previously reported. However, it was observed a NanA-dependent desialylation of human 
airway components that bind to the pneumococcus and mediate bacterial clearance (79). 
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Pathogenicity Islands 
 
Pathogenicity Islands (PAI’s) are large mobile segments of the genome carrying virulence 
factors with surrounding sequences like insertion sequence (IS) elements. PAI’s have a 
different G+C content compared to the rest of the genome and lack of similarity to genes 
within closely related species. Therefore, these genes are thought to be derived from other 
less related species. PAI’s have for a long time been thought to exclusively be a part of the 
genome of gram-negative organisms but just recently were found in the genome of 
pneumococci.  Four genetic loci were found, two of them piuBCDA (previously called 
pit1BCDA) and piaABCD (previously called pit2ABCD) have been described in more 
detail. The piaABCD locus was found to be contained within a 27 kB region that had 
several features of a gram-negative pathogenicity islands and was the first probable 
pathogenicity island (PPI-1) described for pneumococci (16). The fully sequenced TIGR4 
strain contains around 28 genes within the PPI-1 (163), some of which have a role in 
pathogenesis. The piaABCD operon encodes an iron uptake ABC transporter required for 
iron acquisition and in vivo growth of pneumococci (16). Another operon phgABC found in 
PPI-1, has an unknown function and has sequence similarities with diacylglycerol kinases of 
eukaryotes. It was found to be required for full virulence of pneumococci in mouse models 
of intranasal and intraperitoneal infections, possibly due to impaired growth at 
physiological osmolality (15). The gene Sp1051 within PPI-1 was shown not to have any 
effect on growth in broth, blood or serum but had an impaired virulence in mouse models 
of intranasal and intraperitoneal infections. Sp1051 was not present in 33% of the 25 
isolates representing 12 serotypes tested, it was therefore suggested that Sp1051 is not 
essential for virulence but rather modulates the virulence of the strains harboring it (17). 
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POPULATION BIOLOGY 
 
Population structure 
 
Understanding the population biology of pneumococci as well as the relative contributions 
of the polysaccharide capsule and other molecules to the virulence is crucial when 
launching new vaccines. There have been several attempts to determine the population 
structure of pneumococci; whether (i) it is an epidemic population structure, that is the 
population as a whole appears to be freely recombining, with the occasional clonal 
expansion of a few particular genotypes; or, (ii) a clonal population structure, with separate 
clones that evolve by mutations, while recombination is not frequent enough to break the 
pattern of clonal population structure. Most of the studies suggest an epidemic population, 
deduced from the finding that the populations studied were at linkage equilibrium for all 
isolates (a random association of alleles within the population, implying an epidemic 
population structure) but in linkage disequilibrium at the level of individual clonal types (a 
non-random association of alleles, implying a clonal population structure) (36, 48, 114).  
     
Capsular type versus clonal type 
 
The capsular polysaccharide is an important virulence factor, and it has been described that 
certain serotypes are more frequently associated with disease in man. Also, several reports 
have shown that some strains of pneumococci are relatively avirulent in mice (serotypes 14, 
19 and 23), while other are virulent to different degrees (serotypes 3, 4 and 6) (12). Previous 
studies have shown unadjusted differences in severity of illness and case-fatality rate 
depending on the serotype, where invasive disease caused by serotypes 3, 4, 6B, 9V and 
19F were shown to be especially severe (60). A recent study confirmed the finding that 
serotype independently influenced the outcome from invasive pneumococcal disease (100). 
Although the capsule is very important, other gene products also contribute to the 
virulence of the pneumococcus. Until the work presented in this thesis was initiated, only a 
few attempts were conducted to understand the relationship between serotypes and clones 
spreading amongst carriers and patients with invasive disease (114, 144, 157). A study 
performed independently during the same time as the Paper II in this thesis, aimed to study 
the serotype- and clone- specific differences in disease potential in man. They found a lack 
of heterogeneity between the ORs of different clones belonging to the same serotype and 
analysis of isolates of the same clone with different serotypes, concluding that serotype was 
more important than genotype in the ability of pneumococci to cause invasive disease (19). 
In a study of different serotypes and clones to cause AOM no difference in ORs between 
different clones belonging to the same serotype were found (54). Recently, a study- similar 
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to that of Paper II and that of Brueggemann and colleagues- estimated the ORs for 
invasiveness of serotype and clones among children in Finland between 1995 and 1999. 
They reported that serotypes 14, 18C, 19A and 6B were associated with invasive disease 
while serotype 6A, 11A were associated with carriage. Significant associations with invasive 
disease were also detected for STs 482, 191, 124 and 138, and associations with carriage 
were detected for STs 485 and 62 (55).   
 
Some studies have also been performed experimentally in mice. One study, using a 
pneumococcal mutant with a capsular type 3 in a serotype 2 genetic background, showed 
that a combination of capsule and genetic background were both important, and the 
influence of the combination varied with site of infection (71). In another study, infection 
of mice by intraperitoneal (i.p.) injection with a mutant of capsular type 3 in a serotype 2 
genetic background, did not alter the virulence compared to the serotype 2 strain. However, 
mutants of serotype 5 or 6B background with a capsular type 3 were attenuated in virulence 
compared to the parental serotype 5 and 6B strains (73). In a study comparing virulence of 
multidrug-resistant strains belonging to the same clone but expressing either capsular type 
23F or capsular type 3, the serotype 3 strain was much more virulent than the serotype 23F 
isolate (121). Further, a study was performed using two clinical isolates of serotype 14 
belonging to two different clones and one clinical isolate of serotype 9 belonging to the 
same clone as one of the serotype 14 isolate. It was shown that the two isolates of separate 
serotypes belonging to the same clone gave similar survival proportions after intranasal 
(i.n.) challenge of mice, whilst the separate clone of serotype 14 did not kill any of the mice 
(111). Two reports have studied and found differences in virulence in mice of different 
isolates or clones belonging to the same serotype (112, 143). 
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IMMUNE RESPONSES 
 
All pneumococcal diseases are characterized by an intense inflammatory process, involving 
the recruitment of neutrophils to the infected area. The process is controlled by a complex 
network between different cytokines, chemokines and other cellular responses. These host 
responses to the pneumococcus are probably emitted from the epithelial cells and tissue 
residing macrophages that first encounter the presence of bacteria on the mucosal linings. 
It is an immediate response to an infection and is called the innate immune response. The 
innate response does not need to encounter the intruding organism earlier to give a 
response. On the other hand, the adaptive immune response requires a priming event that 
triggers production of antibodies and also an immunological memory of both B- and T-
cells, that when gained, can last for a lifetime but with a reduction in efficiency and 
protection at older ages.  
 
Innate immunity 
 
In the normal niche of the pneumococcus; nasopharynx and closely positioned anatomical 
sites of the respiratory tract, there is a tight interplay at the mucosal surfaces. The two 
players are on one side the human host promoting clearance and on the other side 
colonizing pneumococci promoting persistence. The nasopharynx is an easily accessible 
area and also a protected place to reside in. Still, pneumococci have to compete for 
nutrients, space and its survival with other colonizing bacteria, but also with the host, 
creating a constant strive to balance the local host- commensal relationship by various 
mechanisms of clearance.  
 
B
 

arrier functions 

The first protective barrier that the bacteria encounter is the mucus layer. It is produced by 
airway epithelial cells, goblet cells and submucosal glands (serous and mucous glands) and 
constitutes the first line of defense of the airway epithelium. It traps microorganisms and 
particles that are cleared by mucociliary transport. The mucus composition varies 
depending on location and source of production, the gel-like characteristics are provided by 
mucoglycoproteins, proteoglycans, glycocalyx and several other large molecules. Water, 
ions, lipids, plasma proteins like sIgA and albumin and also antimicrobial substances such 
as lysozyme, lactoferrin, proteases and antimicrobial peptides are important components of 
the mucus (175). Furthermore, the epithelial cells adhere together with tight junctions, 
desmosomes and other connective proteins forming a continuous protective lining. More 
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about the interactions between pneumococci and epithelial cells can be found in the 
sections pneumococcal carriage and virulence factora.  
 
C
 

omplement system 

The complement system plays an essential role in host defense against microbes. It consists 
of several plasma proteins that function either as enzymes or as binding proteins. The 
complement system also includes cell-surface receptors, which exhibit specificity for 
complement proteins, and appear on cells of the immune system. Three different pathways 
can activate the complement system: (i) the classical complement pathway (immune 
complexes), (ii) the alternative complement pathway (surface binding of C3b) and (iii) the 
lectin pathway (binding to carbohydrates). The classical pathway of complement activation 
is a mediator of the specific antibody response. All three pathways merge at the level of the 
central complement protein C3 and an enzymatic cascade terminates in the formation of 
membrane attack complex that lyses the target cell (117). Humans with deficiencies in the 
complement pathways have been shown to have an increased susceptibility to 
pneumococcal infections. Pneumococci can prevent the deposition of C3b onto the surface 
and resist the bactericidal and lytic activities of the complement. C3 deficient (C3-/-) mice 
are more susceptible after both i.n. and i.p. challenge, shown as a reduction in the survival 
rate and time associated with higher bacterial burden in the lungs and the blood. C3-/- mice 
had no reduction in recruitment of leukocytes but the cytokine response was significantly 
increased (76).  
 
R
 

ecognition 

Once the microorganisms overcome the physical and chemical barriers, components in 
cellular functions of the innate immunity, called pattern recognition receptors (PRR’s), 
recognize and are triggered by conserved structures, called pathogen-associated molecular 
patterns (PAMP’s), of the microbials. Although it might be more accurate to call them 
microorganism-associated molecular patterns, as it is not clear how the host distinguishes 
between signals from pathogens and commensals. Two of the families of recognition 
receptors rather recently described are the Toll like receptors (TLRs) and the nucleotide-
binding oligomerization domain (NOD) receptors. Other recognition receptors described 
are peptidoglycan-recognition proteins, scavenger receptors etc. The Toll receptors were 
initially identified in the studies of the fly Drosophila melanogaster and their immune system. 
The Toll protein was found to be required for the resistance of flies to fungal infections. 
Drosophila, carrying a loss-of-function mutation in the toll gene, succumbs to fungal 
infections due to impaired induction of the antifungal peptide drosomycin. Comparisons 
between Toll and IL-1R, revealed the structural homologues of certain intracellular 
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domains, thereafter called Toll-IL1 receptor- domain (TIR-domain). Several TIR-domain- 
containing protein-coding genes were found in the human genome; the TLRs were 
discovered. Later studies revealed that TLR4 was responsible for the recognition and 
responses to lipopolysaccharide (LPS) (also known as endotoxin). LPS is sensed via an 
LPS-binding protein–LPS complex and then signals through the Toll-like receptor 4 
(TLR4)–MD-2 complex. For Gram-positive bacteria LTA, TA, lipoproteins and PG of the 
cell wall are believed to be the major PAMPs and are believed to signal through mainly 
TLR2 alone or in heterodimers with TLR1 and TLR6. Most TLRs are believed to be 
located in lipid rafts of the cell membrane of the host cell, but TLR3, TLR7 and TLR9 have 
been found in membranes of intracellular endosomes. Two main pathways mediate the 
signaling cascade: (i) myeloid differentiation factor 88 (MyD88) dependent pathway and (ii) 
TIR domain containing adaptors inducing IFN-β (TRIF) dependent pathway. MyD88 is an 
adaptor protein that alone or together with another TIR domain-containing adapter protein 
(TIRAP) recruits interleukin-1 receptor-associated kinase (IRAK) to the receptor. IRAK 
activates TNF receptor-associated factor 6 (TRAF6) leading to the activation of the IκB 
kinase complex. This complex phosphorylates IκB resulting in nuclear translocation of 
NFκB, which induces expression of inflammatory cytokines. The TIRAP pathway can 
both activate the TRAF6 and NFκb translocation but also IRF-3 activation, which 
translocates to the nucleus to initiate transcription of IFN-β. A summary of the different 
TLRs, their ligands and the signaling pathway can be found in Table 1 (67, 158, 159). 
 
Little is known so far about the importance of TLR signaling in resistance against 
infections. A human genetic study revealed the importance of the signaling pathways 
downstream of the TLR, namely IRAK-4. Three unrelated patients with inherited IRAK-4 
deficiency did not respond to IL-1β, IL-18, or any of the TLR1-6 and TLR9 ligands tested. 
These patients were also shown to be highly susceptible to infections of extracellular 
pyogenic bacteria like pneumococci and staphylococci (136). Patients with severe inherited 
disorders in males caused by hypomorphic mutations of the NFκB essential modulator 
(NEMO) gene, have increased susceptibility to a range of viral and bacterial infections 
including pneumococcal infections. Patients with mutations in NEMO have impaired 
signaling through several key receptors that depend on NF-kB activation and the mutations 
affect both innate and adaptive immunity (31, 122, 128). A study of a child with a primary 
immunodeficiency with recurrent pneumococcal infections, out ruled a defect of IRAK-4 
and NEMO but the patient showed deficiency in cytokine production in response to 
several TLRs agonists (27). All these studies indicate the importance of the TLR signaling 
for susceptibility to pyogenic infections including pneumococcal infections.    
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In experimental work, MyD88 has been shown to be required for induction of host 
responses to pneumococcal meningitis in C57BL/6 mice after intracisternal injections. 
MyD88 deficient (MyD88-/-) mice infected with a serotype 3 isolate had more severe 
disease associated with reduced survival compared to the wild type (wt) mice. The bacterial 
titers in brain and blood were significantly higher and the recruitment of leukocytes into the 
CSF was decreased associated with reduced levels of KC, MIP-2, IL-1β, TNF and IL-6 
mRNA in the brain. However, they found also an increase of bacteria in the lungs and 
more cells in the broncheo-alveolar lavage fluid (BALF), the level of cytokine mRNA was 
slightly higher or at the same level as the wt mice depending on time point studied (83). 
MyD88 have also been shown to be important for the release of cytokines in a systemic 
disease model by i.p injection of a serotype 14 isolate. MyD88-/- mice infected with heat-
killed pneumococci had decreased production of IL-1, IL-12, IFN-γ, TNF, MIP-1 and 
MCP-1from spleen cells both in vivo and in vitro. The release of IL-6 differed significantly in 
the in vitro model but not in the in vivo model. The MyD88-/- mice were more susceptible 
after injection of live pneumococci compared to the wt mice. It was also shown that 
MyD88-/- mice were protected from i.p. infection after immunization with the heat-killed 
whole pneumococci, with an increase in survival from 10% in naïve mice to 100% survival 
in immunized mice. However, the MyD88-/- mice were impaired in their production of 
antibodies of type 1 IgG isotypes (IgG2a, IgG2b and IgG3) but not type 2 isotypes (IgG1), 
targeting the polysaccharide, phosphorylcholine and PspA. The role of TLR2 was also 
evaluated in this system and was shown not to be important for the innate cytokine release. 
However, both MyD88 and TLR2 were important for eliciting type 1 IgG isotypes (77). 
 
Studies previous to the research presented in this thesis have focused on the role of TLR2 
and TLR4 for recognition of pneumococcal PAMPs and the role it has for disease 
resistance. TLR2 deficient (TLR2-/-) C57BL/6 mice infected intracerebrally or 
intracisternally with a serotype 3 isolate have been reported to be highly susceptible to 
pneumococcal meningitis.  TLR2-/- mice had a reduced bacterial clearing with lower influx 
of leukocytes into the brain but higher levels of TNF in CSF and increased BBB 
permeability. However, the TLR2-/- mice did not have elevated levels of IL-6 or bacteria in 
the blood. The level of TNF reflected the intensity of the clinical signs of disease. The 
finding that TLR2-/- mice had higher levels of TNF in CSF imply that TLR2 may be 
important for downregulation of TNF (33). Another independent study of the role of 
TLR2, showed an induction of TLR2 mRNA in brain tissue, but their investigation of 
TLR2-/- mice gave only a moderate increased disease severity associated with higher 
bacterial burden in cerebellum and blood. The levels of IL1-β, TNF, IL-6, MIP-2, iNOS 
and C3 in these mice was similar to the wt mice (C57BL/6) at 24 hours, but a slight 
decrease of TNF and MIP-2 was seen 4 hours after intracisternal inoculation of a serotype 
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3 isolate. This study also found a slight increase in BBB permeability and intracranial 
pressure, two important indicators for severity of meningitis in humans (81). In vitro 
experiments have shown that penicillin treatment of pneumococci leads to the release of 
proinflammatory cell-wall components, which in turn activates TLR2 and stimulates IL-8 
expression. This activity is dependent on the autolysin LytA and the growth phase of the 
bacterium. Other antibiotics such as erythromycin and moxifloxacin have no effect on 
TLR2 mediated IL-8 expression. 

Table 1.. A summary of  the Toll-like receptors and their ligands. 

Receptor Signaling 
pathway 

Ligand  Organisms/ Origin 

TLR1 TIRAP/MyD88 Tri-acyl lipopeptides  
Soluble factors  

Bacteria, mycobacteria 
N. meningitidis 

TLR2 TIRAP/MyD88 Lipoprotein/lipopeptides  
Peptidoglycan  
Lipoteichoic acid  
Lipoarabinomannan  
A phenol-soluble modulin  
Glycoinositolphospholipids 
Glycolipids  
Porins  
Zymosan  
Atypical LPS  
HSP70 

A variety of pathogens 
Gram-positive bacteria 
Gram-positive bacteria 
Mycobacteria 
S. epidermidis 
T. cruzi 
T. maltophilum 
Neisseria spp 
Fungi 
L. interrogans, P. gingivalis 
Host 

TLR3 TRIF Double-stranded RNA  Virus 
TLR4 TIRAP/MyD88 and 

TRAM/TRIF 
LPS 
Taxol 
Fusion protein 
Envelope proteins 
HSP60 
HSP60 
HSP70 
Fibronectin  
Hyaluronic acid  
Heparan sulfate  
Fibrinogen  

Gram-negative bacteria 
Plant 
RSV 
MMTV 
C. pneumoniae 
Host 
Host 
Host 
Host 
Host 
Host 

TLR5 MyD88 Flagellin Bacteria with flagella 
TLR6 TIRAP/MyD88 Di-acyl lipopeptides  Mycoplasma 
TLR7 MyD88 Imidazoquinoline  

Loxoribine  
Bropirimine 

Synthetic compound 
Synthetic compound 
Synthetic compound 

TLR8 - Single-stranded RNA Virus 
TLR9 MyD88 Unmethylated CpG DNA 

DNA immune complexes 
Bacteria 
Host 

TLR10 - Unknown - 
TLR11 (mice) - Unknown Uropathogenic bacteria 
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 The activity was also shown to depend on the growth phase of pneumococci and the dose 
of penicillin used (113). Another study reports that TLR2 plays only a minor role in the 
innate host responses to pneumococci. It was shown that TLR2 was essential for 
responsiveness of alveolar macrophages to heat-killed pneumococci in vitro. However, 
TLR2 does not contribute to bacterial clearance in the lungs of infected mice measured as 
bacterial burden in the lung tissue of the mice 48 hours after challenge. TLR2 deficient 
mice had reduced levels of MIP-2 and KC but not TNF, or IL-10 in the lung homogenate 
compared to the wt mice (C57BL/6) after i.n. inoculation of a serotype 3 isolate. However, 
when studying the initiation phase of the host response more closely (6 hours after 
challenge), TLR2-/- mice were shown to have reduced concentrations of IL-1β, IL-6 and 
KC, but not MIP-2, TNF or IL-10 (80). 
 
TLR4 deficient mice have also been reported to be slightly more susceptible to 
pneumococcal infections. It has been shown that TLR4 mutant mice (C3H/HeJ) infected 
i.n. with a high dose without anesthetizing the mice, with a strain of serotype 3 had higher 
bacterial burden in the nasopharynx compared to the corresponding wt (C3H/HeOuJ). 
This was associated with a higher susceptibility to pneumococcal invasive disease with 
higher fatality rate compared to the wt mice. Further, it was reported that Ply interacted 
with TLR4, and Ply-deficient pneumococci were unable to cause invasive disease in TLR4-
mutant or wt mice. Ethanol-killed pneumococci but not heat-killed pneumococci were able 
to induce an IL-8 response in HEK cells transfected with TLR4, suggesting that a 
pneumococcal protein is a ligand for TLR4. They could also show that while peritoneal 
macrophages derived from wt mice but not TLR4-mutant mice were responsive (measured 
by TNF production) to purified Ply, whole pneumococci or a combination of Ply and 
pneumococci (97). Another study showed that when the same type of TLR4-mutant mice 
were infected i.n. with different doses of a serotype 3 isolate, only mice infected the lower 
doses showed reduced survival rates. TLR4-mutant mice had similar (24 hours after 
challenge) or increased (48 hours after challenge) bacterial burden in the lungs compared to 
wt mice. However, no differences in cytokine response or recruitment of leukocytes were 
found and only slightly more pronounced histopathological findings (11). In essence, these 
studies conclude that TLR4 may play a role in the innate responses against pneumococci in 
the upper respiratory tract (URT) but a limited role in the lower respiratory tract (LRT). 
Another study reported no significant differences in outcomes between TLR4-mutant and 
wt mice (C3H/HeOuJ) infected i.p. with the strain D39 (6). In a model of polymicrobial 
colonization by H. influenzae and pneumococci (D39 or a serotype 23F isolate), a synergistic 
effect of the proinflammatory responses was found both in vitro and in vivo. HEK, A549 
and D562 cells all showed a synergistic release of IL-8 after challenge with a mixture of the 
two bacterial species, compared with single challenges. In a nasal colonization model in 
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C3H/HeOuJ mice, a synergistic effect on the MIP-2 release in BALF and influx of 
polymorphonuclear cells (PMN) was shown. The synergistic responses were TLR2 and 
TLR4 independent and Ply-deficient pneumococci did not give the synergistic effects in 
either of the models (140).   
 
C
 

ytokines and chemokines 

Cytokines, originally called lymphokines and monokines, are small glycoproteins (8-80 kDa) 
produced by most types of cells, both immune cells and non-immune cells. The cytokines 
have no common structural features but can be divided into functional classes such as 
proinflammatory or anti-inflammatory cytokines, based on whether they are involved in the 
host response or homeostatic mechanisms (30, 139). Cytokines act on all of the cells that 
produce them (autocrine signaling) and nearby cells (paracrine signaling) to orchestrate the 
cellular responses to infection or immunological homeostatic functions. However, 
cytokines have also endocrine functions on hypothalamic-, liver- and other cells to induce 
responses like fever (29) and release of so-called acute phase proteins, like C-reactive 
protein (CRP) (155). Cytokines bind to cell membrane receptors and trigger intracellular 
signaling pathways that induce, enhance or inhibit cytokine-regulated genes. Some 
examples of cytokines in humans are interleukins (IL), interferons (IFN), tumor necrosis 
factors (TNF), macrophage inflammatory proteins (MIP) and transforming growth factors 
(TGF). The largest group is the interleukins with around 18 members; and as the names 
implicates they have an important role in the communication between leukocytes. The 
production of TNF- by cells like CD4+ T-cells, natural killer cells, macrophages and 
neutrophils- leads to the activation of macrophages, neutrophils, and cytotoxic cells (46). 
IL-1 has similar sources of production and cellular effects as TNF. IL-6-produced by 
fibroblasts, PMNs, monocytes, alveolar macrophages, B- and T-cells- correlate with the 
induction of acute phase proteins like CRP and hepcidin but also proliferation of B- and T 
cells (75, 119, 127, 139). 
 
Chemokines are a certain group of cytokines; the name comes from the term chemotactic 
cytokines. Chemotactic substances drive the chemotaxis, which is an active process where a 
cell migrates along a chemoattractant gradient. Chemotaxis is composed of two processes, 
motility and directionality; both of which are regulated by extracellular stimuli, 
chemoattractants. Leukocyte chemotaxis is regulated by a number of chemoattractants, 
including the bacterial by-product formyl-methionin-leucine-phenylalanine, complement 
proteolytic fragment C5a and chemokines, like IL-8, RANTES and MIP’s. These 
chemoattractants act as mediators of the inflammatory responses by regulating leukocyte 
recruitment, infiltration, homing, and trafficking as well as their development and function 
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(176). Upon triggering of the PRRs by stimuli such as infections at mucosal surfaces, a 
regulated cascade of inducible chemical defenses like nitrogen oxide (NO), arachidonic acid 
metabolites, antimicrobial peptides, cytokines and chemokines are released (22). The 
chemokines are secreted at sites of inflammation and infection by the resident tissue cells, 
residing and recruited leukocytes, and cytokine-activated endothelial cells. Chemokine 
signaling activates leukocyte integrins, leading to firm adherence and extravasation of these 
cells into the infected area. The recruited leukocytes are activated by locally produced 
proinflammatory cytokines like TNF, IL-1, IL-6 and IFN-γ, and respond to the infection 
by cell specific mechanisms (see further later in this section) (95). 
 
A tightly controlled response, regulated by the balance between pro-inflammatory and anti-
inflammatory cytokines, is of great importance for orchestrating the rapid responses in anti-
infectious processes. However, in the event of a systemic infection, where bacteria or 
bacterial components like LPS and cell wall fragments reach the blood stream, an 
exacerbated production of all types of cytokines may occur. High levels of TNF, IL-1, IL-6, 
IL-8, IL-10, IL-1ra, IL-12 and MIP-1 among others can be detected in the bloodstream of 
patients with sepsis of various causes. This overwhelming production leads to the 
dangerous responses seen in sepsis, with increased vascular permeability, hypotension, 
multiple organ failure and ultimately death. IL-1 and IL-6 are also powerful inducers of 
coagulation, leading to micro-vascular occlusions, important for the multiple organ failure 
and disseminating intravascular coagulation in sepsis (24). IL-18 has been shown to be 
protective in a pneumonia model (86) but detrimental in a meningitis model (180). Further, 
IL-18 is important in pneumococcal infections in a pneumococcal strain, infection type and 
host dependent manner (131). IL-1 and IL-18 signals through IL1/18R that mediates it 
signals through MyD88, linking the response to the TLR pathway. 
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Figure 3. Illustrate recognition, activation, cytokine response and recruitment of cells.  
© Andreas Sandgren, 2005. 
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C
 

ellular responses 

Upon the events of recognition of bacteria, release of chemoattractants, cytokines and 
other mediators of inflammation, phagocytic cells are recruited to the site of infection. The 
most important cell types involved in the host response against extracellular bacteria are 
neutrophils and macrophages. Macrophages derive from the precursors of circulating blood 
monocytes. The monocytes are functionally quite inert and lack phagocytic capacity.  
Tissue-resident macrophages have functions of local surveillance for infections, and to 
phagocytose foreign material, debris and cells, especially apoptotic cells. In inflammation, 
monocytes and PMNs cross the endothelial barriers in the processes of chemotaxis and cell 
migration. The multi-step paradigm for this is the model of tethering, rolling, tight adhesion 
and diapedesis (153). The lungs are sensitive organs with a thin barrier between outside and 
inside and as such constitute a possible main port of entry for many microorganisms. Even 
in the absence of infectious agents or inflammation large amounts of resident macrophages 
can be found in the interstitium and the epithelial linings of the alveoli. Also, neutrophils 
are concentrated in the pulmonary capillaries compared to the systemic blood, and due to 
the tight passages trap the large sized cells, a favorable situation for rapid recruitment into 
the lung tissue (110).   
 
I
 
ron control 

Iron is an essential mineral for most organisms, including bacteria. It is a cofactor for 
different enzymes, including cytochromes involved in electron transport, and hemoproteins 
involved in oxygen metabolism. In vitro restriction of iron in culture media diminishes 
growth of multiple species of bacteria and growth in vivo is also believed to be highly 
dependent on iron availability. Iron in its oxidized form is insoluble and the reduced form 
is highly toxic in its free form, and hence is mainly found bound to iron- carrier proteins 
like lactoferrin, transferrin, ferritin and heme containing proteins like hemoglobin, 
haptoglobin and hemopexin. The metabolism of iron is under tight control in the host. 
Hepcidin is a recently described peptide that is synthesized by the liver and has potent 
antimicrobial properties. Hepcidin mRNA is induced in response to iron loading, 
lipopolysaccharide and other immune stimuli and is suppressed by anemia and hypoxia 
(40). New evidence suggests that hepcidin is the principle negative regulator of iron 
absorption in the gut as well as iron transport across the placenta and out of macrophages. 
In human hepatocyte cultures hepcidin mRNA is induced by IL-6 but not IL-1 or TNF, 
suggesting that IL-6 may be responsible for increased hepcidin synthesis during 
inflammation and part of the acute phase response (119, 120). Since iron is crucial to 
bacterial growth, a reduction of it may be a effective way for the immune system to control 
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a bacterial infection. Inducing IL-6 and subsequently hepcidin that lowers serum iron will 
favor a reduced bacterial growth and increased chance for clearance of the infection.  
 
Due to the scarcity of free soluble iron, bacteria have developed several strategies of iron 
acquisition. Iron/heme acquisition, but also storage and utilization, are under tight genetic 
control in many bacteria.  There are also systems for direct bacterial uptake of exogenous 
iron/heme sources. More is known about how Gram-negative bacteria obtain iron. Iron 
acquisition in Gram-negative bacteria is mediated by a complex system involving a variety 
of specialized soluble iron chelators including siderophores and hemophores, which 
scavenge iron from the host iron-binding proteins or from heme. Gram-negative bacteria 
also have a wide range of receptors for iron- and heme-containing proteins on the outer 
membrane and ABC-permeases for transport across the inner membrane. Gram-positive 
bacteria have iron-binding proteins on the surface and ABC-permeases that take care of the 
transport over the cell membrane. Pneumococci do not utilize iron chelators and the gene 
for an ABC transporter has been found in the piaABCD (pit2) locus of PPI-1 (16). It has 
been shown that in vitro growth of pneumococci can be supplemented with hemin, 
hemoglobin and FeSO4 but not lactoferrin or transferrin (156). A recent report showed that 
siderocalin (Scn) expression was upregulated in the murine nasal mucosa after colonization 
with pneumococci but also with H. influenzae. Siderocalins belong to the lipocalins 
superfamily of carrier proteins, found to bind iron indirectly via the bacterial siderophores, 
a possible explanation why siderophore-dependent organisms do not commonly colonize 
the URT. However, as mentioned, pneumococci are not known to utilize siderophores for 
their acquisition of iron and may therefore be able to evade the bacteriostatic effects of Scn, 
but also use this innate defense to limit the proliferation of competitive species that require 
siderophores (118). How pneumococci induce Scn is not clear, one observation reports 
that Scn induction in the nasal mucosal is TLR4-independent (118), while another study, 
using a different mouse strain and i.p. challenge, reports it to be TLR4-dependent (37). 
 
Adaptive immunity 
 
The intense inflammatory reactions in pneumococcal infections are attributed to the role of 
innate responses such as the acute-phase response and leukocytosis of mainly neutrophils. 
The differentiation between the innate and adaptive immune functions, and the cell types 
involved can be questioned, and the links between these systems are becoming more 
apparent, where the TLRs seems to play an important role. Pneumococci are rapidly 
cleared from the bloodstream in the presence of anti-capsular antibodies that opsonize the 
bacteria to increase the phagocytosis. Pneumococcal capsular polysaccharides are classified 
as T-cell-independent type 2 antigens. These antigens have a high molecular weight, 



 
 

Andreas Sandgren  

 30 

multiple repeat epitopes and fail to stimulate major histocompatibility complex type II-
mediated T-cell help. Therefore, capsular polysaccharides yield no anamnestic response and 
are weakly immunogenic in children less than 18 months of age, who constitute one of the 
main risk groups. However, T-cell receptor non-specific T-cells as well as other cells can 
regulate the Ig responses. It has been suggested that dendritic cells, macrophages and 
natural killer cells can provide help through their release of cytokines or expression of B-
cell activating ligands; that would regulate Ig isotype switching. The capsular 
polysaccharides elicit antibodies of mainly isotypes IgM, IgA and IgG2 in humans and IgM, 
IgA and IgG3 in mice (21, 177). As described earlier in this section, MyD88 has been shown 
to mediate not only innate immunity but also humoral immunity to pneumococci (77). 
However, the protective role of antibodies seen in invasive diseases is not believed to be 
essential for clearance of colonization by pneumococci. Two experimental studies of 
colonization have been performed, one in humans and one in mice. The first study showed 
that serum antibodies to PspA but not to polysaccharide capsule correlated with 
susceptibility to carriage (101). In mice, it was found that the density of colonization did not 
correlate with the titers of serum or mucosal antibodies in the same mouse. Further, xid 
mice, with a deficient response to polysaccharide antigens, cleared the colonization with the 
same efficiency as the wt mice. Also, mice lacking mature B-cells and antibodies showed no 
differences in clearance of colonization. Therefore, it was concluded that antibodies only 
play a limited role in clearance of colonization of pneumococci in mice (103). 
 
Only recently has the role of T-lymphocytes as key-players in the cellular response against 
pneumococci been elucidated. The levels of subpopulations of activated CD4+ T- cells with 
a type 1 cytokine profile have been shown to decrease early in the acute phase of the 
pneumococcal infection. Possible reasons for this are increased apoptosis or extravasation 
of these cells into the site of infection (74). T-cells help to orchestrate the response of other 
cells through cytokine release. However, the exact mechanisms for the involvement of T- 
cells in pneumococcal infection are presently not clear. A recent report argues in favor of 
the importance of CD4+ T-cells in antibody-independent acquired immunity to 
pneumococcal colonization. It was found that colonization in mice with serotypes 6B, 7F 
and 14 protected against re-colonization by any of the serotypes, independent on capsular 
antibodies. Further, antibody-deficient mice were protected against colonization after 
immunization with whole-cell vaccines. CD8+ T-cell deficient but not CD4+ T-cell 
deficient mice nor mice totally lacking T-cells were protected after whole-cell vaccine 
immunization, thus CD4+ T-cells seem to be crucial for the acquired immunity against 
colonization, independently of antibodies (98). In another recent report, the CD4+ CD25+ 
regulatory T-cells were shown not to have any apparent role in the acute humoral response 
to pneumococci (87).  
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INFECTION MODELS 
 
Several models have been used for in vivo experiments. The advantages with human models 
are obvious but the ethical perspectives limit the possible applications of these models. 
There are a few reports using healthy human volunteers in infection experiment aimed to 
study the colonization and clearance of some non-pathogenic strains of pneumococci 
(101). From colonization studies both in human and mice, using the same strains it can be 
concluded that the necessary inoculum doses and time frames of the duration of 
colonization seem to be similar in the two models (103).  
 
The rodent chinchilla have been used in experimental studies of otitis media (45). The 
chinchilla is a favorable animal model for otitis, where it is possible to directly inject the 
inoculum into the middle ear to maintain a localized infection. This model has been used 
for studies of pathogenesis, the kinetics and efficacy of antimicrobial drugs and 
immunogenicity and measure efficacy of pneumococcal capsular polysaccharide vaccine 
antigens. The models for pneumonia are variants of i.n., aerosol (65) and intratracheal 
inoculations of live, dead or parts of bacteria. Different administration regimens have been 
developed to increase the success of provoking an active pneumonia without progress to 
fatal sepsis (138). The animals used are mice, rats and rabbits, and the earliest studies of 
pneumococcal disease were performed on dogs. In the present study, we have used the i.n. 
route of inoculation in mice to mimic the natural route of infection and colonization, and 
development of pneumonia and eventually sepsis. For systemic infection models the i.n. 
and intratracheal routes of inoculation can be used as a more natural route of infection. 
Intraperitoneal (i.p.) and intravenous (i.v.) administration are also possibilities but constitute 
a more, but not totally, artificial model as origin of infection. Most models of meningitis is 
based on injecting substances of interest, like live pneumococci or purified virulence 
factors, directly intracerebral. The intensity of inflammation can be measured by invasion of 
leukocytes, bacterial titers and cytokine production, but neuronal damage and behavioral 
abnormalities have also been evaluated in these models. Rats, rabbits, and mice have been 
used with variations in the injection procedure: intracisternal injections through cisterna 
magna (82), intracranial subarachnoid injections (23) and intracranial parenchymal injection 
into the forebrain (43). Also, models that more closely resemble the natural route of 
invasion through the BBB have been used, by i.p. or i.n. inoculation. 
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PREVENTION AND TREATMENT 
 
A
 

ntibiotic therapy and resistance 

The discovery of penicillin revolutionized the handling of patients with pneumococcal 
pneumonia and other infections, leading to dramatically reduced morbidity and mortality. 
The revolution was dampened when the first penicillin resistant isolates of pneumococci 
were isolated from patients. Today penicillin-resistant pneumococci (PRP) and 
pneumococci non-susceptible to penicillin (PNSP) have been identified worldwide. 
Resistance to other antibiotics also occurs among pneumococci, often in combination with 
resistance to penicillin. The prevalence of multi-drug resistant (resistant to three or more 
antibiotics) pneumococci is increasing; more than 25% of the pneumococcal isolates 
collected are multi-resistant in some countries including the United States, Spain, France, 
Israel, Japan and South Africa (66). The multi-drug resistance includes resistance to β-
lactams, trimethoprim/sulphamethoxazole, tetracyclines, macrolides and fluoroquinolones. 
A dominant factor for the emergence of drug resistance has been found to be the spread of 
a few multi-resistant clones (141). The situation in Sweden is so far under control in most 
areas. Around 3-6% of all the strains reported during the last five years in Sweden have 
been PNSP. The regions around the bigger cities such as Stockholm, Gothenburg and 
Malmö/Lund suffer from higher prevalence of up to 10% PNSP. Most PNSP strains are 
isolated from children under 5 years of age, and the predominating combinations are 
resistance against penicillin and tetracyline or multiresistance. Individuals consuming or 
who have had a pre-consumption of antibiotics are more often carriers of PNSP and the 
spread is promoted at DCCs and in areas with high consumption of antibiotics (8, 125). 
 
V
 

accines 

The first vaccine against pneumococci was the 23-valent pneumococcal capsular 
polysaccharide vaccine. It is effective in the majority of adults but is poorly immunogenic in 
children under 2 years of age and in patients with immunodeficiencies. A reason for the 
weak immunicity in these groups is that the young children fail to generate a T-cell-
dependent response to polysaccharide antigens. To overcome the lack of efficacy, a T-cell-
dependent protein carrier consisting of a non-toxic mutant variant of diphtheria toxin 
(CRM197), belonging to the type I antigens, have been coupled to capsular polysaccharides 
and incorporated into newer pneumococcal conjugate-vaccines. Use of a recently licensed 
7-valent pneumococcal conjugate vaccine (PCV) has resulted in a decline in the rate of 
invasive pneumococcal infections in both children and adults in the USA (174). The 
serotypes included in the 23-valent vaccine are: 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 10A, 11A, 12F, 
14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F (9). The 7-valent conjugate vaccine 
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(PCV7) protects against serotypes: 4, 6B, 9V, 14, 18C, 19F and 23F. The compositions of 
the vaccines were based on the serotype prevalence mainly in the USA. This can cause 
problems with coverage rates of the vaccine in certain settings and countries. By the 
inclusion of serotypes 1 and 5, a 9-valent; by adding serotypes 3 and 7 an 11-
valentconjugate vaccines have also been developed and currently being evaluated in clinical 
studies. A 13-valent PCV is also being developed. PCV7 covers only about 50% of 
clinically important pneumococcal disease worldwide whilst the 9-valent vaccine would 
cover approximately 75% of pneumococcal disease worldwide. (133). To have a large 
coverage rate is essential for a vaccine to be effective. There are certain problems associated 
with the introduction of vaccines into a wide community against a common commensal 
that potentially can be a detrimental pathogen and a major one is the risk of serotype 
replacement. This was first elucidated for the vaccine against H. influenzae type B, another 
common encapsulated bacterium frequently found in both carriers and patients with 
pneumonia and invasive diseases (90, 126). Serotype replacement denotes the possibility of 
emergence of otherwise rare serotypes not covered by the vaccines. This is a potential risk 
for a non-controllable situation with new serotypes and clones that can spread and of 
special concern is the selection of multiresistant or highly virulent clones in the process. An 
important tool is mathematical modeling of the processes; to predict and outline the 
consequences of serotype replacement and to separate between true replacement and the 
artifact of unmasking (89-91). So far, the evidence for the occurrence of serotype 
replacement in pneumococci is weak and inconclusive. There is some evidence of increased 
prevalence of serotypes not covered by the vaccines found in studies performed in vaccine 
trials in the USA (20). A recent report found that use of PCV7 in the USA was 
accompanied by a significant increase in the proportion of invasive disease due to non-
PCV7 serogroups, and an increased incidence of severe forms of invasive disease (20). 
There is a need for development of new types of protein-based vaccines that are not 
serotype-specific due to this potential problem, as well as for other reasons. Probably 
combinations of protein plus polysaccharide or combinations of several proteins are 
needed to increase the efficacy of the vaccine. The advantages of this would include higher 
coverage rates, lower production costs, higher immunogenicity in the risk groups and no 
risk of serotype replacement. An optimal antigen would be expressed in most or preferably 
all pneumococcal strains, and low antigenic variability. Potential candidate proteins that 
have been suggested are PspA and CbpA (102). To achieve the advantages of herd 
immunity, the vaccine most probably also needs to protect not only against development of 
invasive disease but also carriage. 
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CHAPTER 2  

AIMS OF PRESENT INVESTIGATION 
 
 

 
This chapter explains the general and specific aims of 
the investigations that are presented in this thesis. The 
specific aims are given in order of the papers, referred to 
by their roman numerals. 
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GENERAL AIMS 
 
The general aims were to understand underlying mechanisms in the microbe as well as in 
the host that contribute to the transition from a local commensal microbe- host 
interaction to a systemic infection, and the innate immune responses associated with both 
local microbial control and development of invasive disease. 
 

SPECIFIC AIMS 
 
Paper I 

To study carriage, spread and clonality of pneumococci susceptible and non-
susceptible to penicillin among children attending DCCs. To investigate genetic 
relationships between carriage isolates and isolates causing invasive disease 
internationally. 

 
Paper II 

To investigate the genetic relationship between serotypes and clones that cause 
invasive disease versus serotypes and clones that circulate in the community 
among healthy carriers during the same time period. 

 
Paper III 

To characterize in murine models the role of clonal properties among clones 
with known invasive disease potential in humans, focusing on the capacity of 
different clones from paper II to evoke inflammatory host responses. 

 
Paper IV 

To elucidate the mechanism of pneumococcal invasion and penetration of the 
respiratory epithelium to cause invasive disease. To investigate the role of the 
adaptor molecule MyD88, essential in the TLR pathway, in pneumococcal 
invasive disease and carriage in mice. 

 
Paper V 

To investigate the role of receptors upstream of MyD88 in protection against 
invasive pneumococcal disease using wt, IL-1/IL-18, TLR2-, TLR4- and TLR9-
deficient mice. 
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CHAPTER 3  
METHODS 

 
 

 
This chapter describes the principles of the methods that 
are central to the work presented in this thesis; 
molecular typing and animal models. For more 
information about these, the other methods used and the 
statistical analysis, refer to the specific papers. 
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MOLECULAR TYPING 
 
The field of molecular epidemiology has evolved during the decades with many different 
methods to type and characterize bacteria. Several molecular typing methods have been 
developed to be able to identify and discriminate between different strains of bacteria. The 
most commonly used methods for pneumococci are RFLP, BOX-fingerprinting, and 
PFGE. All the methods rely on comparisons of DNA fragment patterns on gels. The 
restriction enzymes or PCR primers are chosen to give maximal variation within the 
population. This to yield a high level of discrimination, which is central for the field of 
molecular epidemiology. The genetic variation indexed by these methods appears to 
accumulate relatively rapidly. The diversification of DNA patterns is useful for short-term 
epidemiology, for example when studying local outbreaks in hospitals or in the community. 
Other methods are more appropriate for investigating global epidemiology and evolutional 
aspects of microbiology. When the possibility to easily and rapidly sequence DNA 
fragments was available, a new method called multi locus sequence typing (MLST) was 
developed, where seven house keeping genes are sequenced, it uses variation that is 
accumulating very slowly and is likely to be selectively neutral.(96).  
 
Pulsed field gel electrophoresis 
 
The PFGE technique was developed by Schwartz and Cantor in 1984. It is a fingerprinting 
method where restriction fragments from the entire bacterial genome are separated on an 
agarose gel. A conventional agarose gel electrophoresis has the limitation that it can only 
separate short DNA fragments. To overcome this problem and making it possible to 
separate, for example, whole genomes one can use PFGE. The PFGE is based on the 
principle of a multidirectional electric field that switches its polarity over time. Larger 
fragments have more difficulty to reorient than smaller fragments and they are therefore 
separated on the gel. The bacterial cells are molded into a plug of agarose and the DNA 
extraction, purification, cleavage by restriction enzymes and separation is performed in the 
agarose plug to prevent mechanical DNA breakage. The most commonly used restriction
 enzymes for PFGE of pneumococci are Sma I and Apa I. In this work Apa I has been 
used. The software Bionumerics was used to make comparisons of the banding patterns. 
 
Multi-locus sequence typing 
 
Multi-Locus Sequence Typing is a method based on the sequencing of ~450 bp internal 
fragments of seven house keeping genes, resulting in a higher level of discrimination even 
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by using a few number of loci. The housekeeping genes should be under neutral selection 
and the chosen fragment should contain a high variability between different unrelated 
strains to achieve sufficient discriminatory power. Another advantage is that it is an 
objective method; the sequence data can be easily compared between laboratories by the 
on-line database (152). The sequences of the internal fragments of the seven housekeeping 
loci are assigned an allele number for each locus, using the MLST Web database. The 
combination of the seven allele numbers (in the order: aroE, gdh, gki, recP, spi, xpt and ddl) 
defines the allelic profile, which is summarized in the sequence type (ST). 
 
Discriminatory power and clones 
 
The discriminatory power of typing methods is the strength of a method to tell the 
difference between two unrelated strains. This differs depending on the approach of the 
method and the possible variability of the feature studied. For PFGE the discriminatory 
power can vary depending on the restriction enzyme used. For MLST the discriminatory 
power depends on the length of the sequenced fragment, the number of loci and the 
features of the loci. PFGE is very useful for regional outbreaks of infections because of a 
high discriminatory power due to the rapid changes that accumulate and can affect the 
restriction sites. So even within the same outbreak different minor variants can evolve. Due 
to this, criteria for interpreting PFGE pattern has been developed (162). From this we have 
adopted that not more than three fragments may differ to be genetically related isolates i.e. 
belonging to the same clone (~85% similarity in Bionumerics). A problem with an 
increased discrimination between clones is the low number of isolates that end up in each 
clone, making statistical analysis difficult. 
 

ANIMAL MODELS 
 
In trying to mimic the natural route of infection an i.n. mouse model was set up. 
Adolescent mice (5-8 weeks old) matched for gender, were anaesthetized with isoflurane 
and infected with different doses in 10 µl of bacterial suspension. Blood samples of 5 µl 
were taken daily, giving a threshold for detection of bacteremia of 200 CFU/ml. The 
infected mice were monitored for seven days or longer to assess the health status using a 
clinical scoring system that was specially developed to be sensitive to the conditions 
studied. We used a mouse i.p. challenge model to study systemic disease. Mice were 
infected i.p. with different doses in 200µl of bacterial suspension. The rest of the procedure 
is identical to the intranasal model, but the mice were followed and scored more frequently, 
since the progress of the infection is more rapid. 
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In vivo biophotonic imaging 
 
In vivo biophotonic imaging is a novel technique developed by the Xenogen Corporation, 
USA. This technique makes it possible to track the transmission and propagation of 
microorganisms within the living host. It utilizes luciferase, an enzyme that during the 
processing of the substrate luciferin emits visible light of a wide range of wavelengths. In 
our application of this technique isolates of pneumococci have been tagged with luciferase 
by incorporating a stable construct, containing the luciferase enzyme with all its subunits 
and also its specific substrate luciferin, into the chromosome of the bacteria. Luciferase has 
a peak emission around blue to yellow-green wavelengths but the spectrum is broad 
enough that there is also significant emission at red wavelengths, which penetrate quite 
deeply into tissue. By using a cooled charge-coupled device (CCD) camera sensitive in the 
red range, a photographic image is acquired of the mice with the emitted light from 
pneumococci shown in pseudocolors according to the intensity of light. Bioluminescent 
derivatives of the clinical isolates were created using chromosomal DNA from a highly 
bioluminescent pneumococcal strain carrying the Tn4001 luxABCDE KmR cassette that 
encodes for luciferase and the enzymes that produce its substrate, transformation was 
performed as previously described (38). Transformants were screened for bioluminescence 
using the IVIS™ CCD camera (Xenogen Corporation). To give a more objective 
description of the images and to be able to do statistical analyzes it is possible to measure 
the intensity of light at the specific region of interest. The level of detection is dependent 
on the anatomic location studied; deeper lying organs need a higher bacterial burden to 
emit enough light for the passage through the surrounding tissues. It can therefore be 
difficult to compare absolute intensities of light from one anatomical location to another. 
 
Figure 4. Examples of  bioluminescence images illustrating the various manifestations caused 
by pneumococcal infection in mice. © Andreas Sandgren 2005. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

 
 

 
This chapter summarizes the individual papers, focusing 
on the results and discussion. For detailed 
methodological descriptions, refer to chapter 3 about 
methods and the specific papers. For the tables and 
graphs presenting the data, also refer to the specific 
papers. 
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PAPER I  
 
This study was part of an intervention project where children and personnel at DCCs were 
sampled for nasopharyngeal colonization of various respiratory tract bacteria. The aim of 
Paper I was to study carriage, spread and clonality of pneumococci susceptible and non-
susceptible to penicillin (PNSP) among children attending DCCs. Further, to investigate 
genetic relationships between isolates spread among carriers attending DCCs and isolates 
causing invasive disease internationally. The defined study base was: all children attending 
the DCCs or kept at private day-care at home in Stockholm County from which an index 
case of PNSP was found.  Included were also adult personnel in the public DCCs. The 
study was conducted from November 1997 to April 1998. Questionnaires were given to 
the parents of all the children regarding prior use of antibiotics and current clinical 
symptoms of the children. All isolates were serotyped and antibiotic susceptibility tested, 
and certain serogroups were further characterized using PFGE and MLST to study the 
clonality. 
 
Out of the 36 index cases found (35 children and 1 adult), 17 index cases (16 children and 1 
adult) attended 16 different public DCCs. From these 16 centers, 595 healthy children and 
123 personnel were sampled with nasopharyngeal swabbing. In contrast to the low carriage 
rate found among the adult contacts (2%), 40% (246 isolates) of the children harbored 
pneumococci, of which 20% (49 isolates) were PNSP. As seen in previous studies the 
prevalence of carriage in children declined with increasing age.  
 
The serogroups most commonly found among PNSP were in descending order: 19, 35, 14 
and 6. The order differed slightly from that of pneumococci susceptible to penicillin (PSP), 
where the order was serogroups 6, 23, 19 and 14. We could observe some cases of spread 
between children and a novel PNSP clone of 35B, recently responsible for causing invasive 
disease in the United States, was found to emerge among several carriers at two DCCs. 
Together with other internationally known invasive clones being spread at the DCCs, this 
suggests that one reason for the occurrence of invasive PNSP clones may be their ability to 
colonize and spread among healthy carriers. Multiresistance (resistance to three or more 
antibiotics) was found in a high proportion of PNSP isolates (34%), whereas no 
multiresistance was found among PSP isolates. The most common combination was 
resistance to benzylpenicillin, erythromycin, trimetroprim/sulfamethoxazole and 
tetracycline. The findings: (i) PNSP and not PSP were multiresistant, and (ii) PNSP and 
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PSP did not belong to the same clones defined by PFGE; imply that most PNSP clones 
found in carriers probably have been imported. 
 
A major finding in this study was that we could confirm the presence of clones that are 
related to cause invasive disease internationally. These include clones belonging to 
serotypes 9V, 19F, 23F and 35B.  The largest clone belonging to serotype 35B, with ST451, 
was found to emerge among carriers attending the DCCs. The clone harbored all the 
serotype 35B isolates and constituted the single largest clone with 11 isolates (23%) among 
the PNSP. It was found to spread between children within the same DCC but also between 
two different DCCs. Repeated sampling of these children showed that the clone could 
persist for at least two months in the nasopharynx, and additional children became 
colonized during that time. All isolates belonging to this clone had a reduced susceptibility 
to penicillin and cefotaxime, but were sensitive to all other antibiotics tested. A highly 
related clone with the same ST has been described to cause invasive disease in several states 
of the USA. Clones like this are important to follow in the surveillance of clones spreading 
in the community. A major concern is clones highly efficient to spread, belonging to 
serotypes not included in the vaccines. 
 

PAPER II 
 
Based on a comparison between the materials that were used in Paper I, and 273 isolates 
collected from a cohort of invasive pneumococcal disease in Stockholm during the same 
time period as in Paper I we wanted to investigate the relationship between serotypes and 
clones that cause invasive disease versus serotypes and clones that circulates in the 
community among healthy carriers during the same time period. An empirical odds ratio 
(OR) was calculated to compare the probability of invasive disease versus asymptomatic 
carriage, for different serotypes or clones. An OR of >1 indicated an increased probability 
to cause invasive disease for the serotype or the clone.  
 
The isolates formed three major classes: The first class of isolates was found mainly among 
invasive isolates and was clonally highly related. The second class did cause invasive disease 
but was also common in carriers suggesting that they had a high capacity to transmit but 
also to colonize the nasopharynx; these isolates were genetically more diverse. To the third 
class belonged those isolates exclusively found among carriers and seldom or never in 
patients with invasive disease. Some clones belonged to the same serotype but had different 
abilities to cause invasive disease. Also, isolates belonging to the same clone but with 
different capsules due to serotype switch were found to have similar disease potential.  
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Figure 5. Flowchart of the objectives and design for Paper I, Paper II and Paper III.  
© Andreas Sandgren, 2005. 
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Hence, properties associated with a particular clonal type, in addition to capsular serotype, 
are likely to be important for the potential of pneumococci to cause invasive disease.  
 
We have identified two major clones causing invasive disease that are rarely or never found 
among carriers. The clonal cluster ST228/306 belonging to serotype 1 and the other, 
ST191, to serotype 7F. The serotype 1 clone has emerged in Sweden during the last couple 
of years, and is now spreading to other countries. In two large studies comprising 21 DCCs 
in Stockholm this clone has so far only been found in the nasopharynx of two children( 
living in the same household), despite the fact that this clone is responsible for about 5-
10% of all invasive pneumococcal disease in the Stockholm area. Thus, this clone seems to 
be a highly virulent clone with a high attack rate, but it is unlike another prominent clone of 
serotype 14 (see below). The invasive serotype 7F clone is like the serotype 1 clone also 
highly virulent but a poor colonizer.  The pneumococcal clones belonging to the second 
class of invasive clones readily found among healthy carriers are clones such as the cluster 
of ST124/129 belonging to serotype 14. This clonal cluster has been responsible for over 
10% of all invasive pneumococcal disease in Sweden (61). This clone has been prevalent in 
invasive disease for over 10 years but can also been found in the nasopharynx of healthy 
children attending DCCs. While serotype 14 is represented in the 7-valent conjugate 
vaccine, serotypes 1 and 7F are not. The abundance of the serotype 1 and the serotype 7F 
clones is a major reason why the 7-valent vaccine is expected to have a relatively low 
coverage in Sweden as compared to, for example, in the USA where serotypes 1 and 7F are 
relatively uncommon causes of invasive disease (61). The third group most commonly 
found among carriers, such as serotypes 6A and 19F, were genetically highly diverse. The 
clone ST42519F belonging to serotype 19F have also been found only among carriers in 
another study (19) 
 
In Paper I we identified a number of PNSP clones belonging to non-vaccine serotypes 
that were able to spread between children both within the same and between different 
DCCs. These clones however, were not found among the invasive isolates. Hence, these 
pneumococcal clones seem to represent carrier clones that showed a high ability to transmit 
and/or colonize but an apparently low ability to cause invasive disease. The reasons why 
these clones are not associated with invasive disease are not known. The most likely 
explanation is that they may lack certain virulence attributes present in the invasive clones. 
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PAPER III 
 
Paper III aims to gain a deeper understanding of the role of serotype and clonal specific 
properties important for disease potential, severity of invasive disease and colonization. 
Furthermore, this paper aims to get information on colonization ability, invasion capacity, 
ability to spread, and the ability to evoke innate host responses, for different clones of 
pneumococci. To bring additional evidence for a difference between clones of the same 
serotype we selected isolates from a set of clones belonging to different serotypes (from the 
strains characterized in Paper II). The clones ranged in their invasive disease capacity in 
humans, with OR from much lower than 1, through 1 to the clones with OR much larger 
than 1 were selected. We made careful comparisons of virulence of our selected clones and 
the sequenced strain TIGR4, both in a murine i.n. model mimicking the natural route of 
infection and in a murine i.p. model. For the i.n. model two strains of mice were used; 
C57BL/6 and BALB/c. Mice were sacrificed at different time points after inoculation and 
the numbers of bacteria were measured by viable count of nasopharyngeal-tracheal lavages, 
lung homogenate, and blood. All bacterial isolates were transformed with a gene construct 
containing the light expressing enzyme luciferase and its substrate luciferin. The enzymatic 
process made the living bacteria emit visible red light; which have the advantage not to be 
absorbed by tissues. A highly sensitive CCD-camera (Xenogen Corp, CA, USA) was used 
to detect the light emitted from the bacteria that projected to the surface of the mice. The 
capacity of different clones to evoke inflammatory host responses was investigated by 
measurement of serum TNF in the i.p. model. 
 
Most strains were able to colonize both mouse strains with variable rates of clearance 
depending on serotype, but also clonal type. We found a certain clone of serotype 19F, 
ST16219F, with a special hyper-colonizing feature. ST16219F remained in the URT of the 
mice in high numbers over an extended period of time. Compared to another clone 
belonging to the same serotype, ST42519F that was not able to reach the same high density 
of colonization. The hyper-colonizing clone could persist for more than 28 days, based on 
nasopharyngeal-tracheal lavages. These findings are true for both mouse strains, but were 
more apparent in the BALB/c mice due to lower light absorbance of the white fur. 
 
Only a few isolates were capable of causing fatal septicemia in mice. These were mainly of 
serotype 4 but 6B isolates also caused some deaths. However, several isolates caused 
bacteremia, either with a fatal outcome or followed by clearance. A major finding was that 
the density of bacteria residing in the URT and subsequently the LRT correlated with the 
likelihood to develop invasive disease. Examples are the clonal differences found between 
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the two 19F clones. The hyper-colonizing isolate caused a higher frequency of pneumonia 
(defined as presence of bacteria in the lungs) and was also capable of causing a transient 
bacteremia for more than 48 hours after infection. The other 19F clone, with a much lower 
bacterial density in the upper respiratory tract and lower frequency of pneumonia did not 
cause any detectable bacteremia. The level of bacteremia determines outcome of the disease 
with the density of bacteria in blood needing to reach above a certain threshold to cause 
death of the mice. The serotype 4 that caused a severe fatal disease in mice had the capacity 
to reach a level of between 106-107 CFU/ml blood. The 6B clone that caused one fatal case 
could reach up to 105 CFU/ml blood. All the other isolates caused a transient bacteremia, 
with not more than 5x104 CFU/ml of blood. These findings indicate that the bacterial 
growth rate is a major determinant for the likelihood of fatal outcome of an infection. The 
growth rate needs to overcome the rate of clearance so the bacterial density reaches above 
the threshold. However, the growth rate is not the only factor influencing disease severity. 
The capacity to evoke a proinflammatory immune response is dependent not only on 
serotype but also on the clonal type. The isolates that caused fatal invasive disease had the 
capacity to evoke a high TNF response already 6 hours after i.p. challenge. The hyper-
colonizing clone ST16219F also evoked a high TNF response compared to the other 
serotype 19F clone that evoked only a low response. In the i.p. model we found that the 
level of bacteremia is important also for the disease severity, in the form of induction of a 
TNF response. However, certain clones, like the clones ST2281 and ST3061 belonging to 
serotype 1, and ST1917F belonging to serotype 7F, had all an intermediate level of 
bacteremia after i.p. infection but they evoked only a weak TNF response. For some 
reason, these serotypes or clones have certain features that do not make them 
immunostimulatory as many other serotypes and clones. Serotype 1 and 7F, are not 
included in the 7-valent conjugate vaccine and they have been associated with mild disease 
in humans. A study related to the work presented in this thesis, suggests that serotype 1 and 
7F may act as primary pathogens in previously healthy individuals (Sjöström K et al 
submitted to CID).  
 
Bacterial factors are not the only determinants for outcome of the disease; our results 
highlight the importance of host factors for disease likelihood, type and severity. We found 
that the BALB/c mice were significantly more prone to develop meningitis, compared to 
the C57BL/6 mice. BALB/c mice had a slower progression of invasive disease and a 
prolonged period of bacteremia, as seen in the bioluminescence pictures of the two mouse 
strains. The slow progression of systemic disease might increase the probability of bacteria 
to cross the BBB before the host succumbs to septic shock, or allow time for a direct 
transmission from the nasopharynx to the meninges.   
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We conclude that clonal properties in addition to the capsular serotype may be important 
factors influencing the ability of pneumococci to cause invasive disease. There are 
differences in the capacity to colonize and to cause bacteremia between clones of the same 
serotype. We also found differences in susceptibility to pneumococcal infection between 
different hosts of the same specie. 
 

PAPER IV 
 
Paper IV and Paper V both deal with mechanisms of the innate immune responses 
against pneumococci. We aimed to elucidate the importance of host innate immune factors 
for transition from a commensal status to pneumococcal invasion and penetration of the 
respiratory epithelium to cause invasive disease. In Paper IV we investigated the role of the 
adaptor molecule MyD88 in pneumococcal invasive disease and carriage in mice. 
We used MyD88 deficient (MyD88-/-) (gene knock-out) mice backcrossed in the C57BL/6 
background and used wt C57BL/6 as controls. Two different isolates of pneumococci were 
used, (i) the highly virulent TIGR4 causing invasive disease in humans and experimentally 
in mice, and (ii) the serotype 19F isolate ST16219F described and characterized in Paper II 
and Paper III, associated with carriage in both humans and mice (in a hypercolonizing 
fashion). For the bioluminescence experiments we infected the mice with luciferase tagged 
bacteria. We used the i.n. model to mimic the natural route of infection to follow the 
processes of colonization, pneumonia and systemic invasive disease. Two different doses, a 
high dose of and a low were employed for the TIGR4 isolate, and only a high dose for 
ST16219F in the i.n. model. The i.p. model was used to follow the immune responses in the 
establishment of a systemic disease.  
 
The MyD88-/- mice were significantly more susceptible to pneumococcal infection and 
could not maintain the state of colonization. This was observed for both pneumococcal 
isolates after i.n. inoculation. Mice infected with TIGR4 had a higher bacterial burden in 
the URT and enhanced bacterial proliferation in the lungs, leading to increased spread of 
bacteria to the blood stream and a higher fatality rate of the mice. The carrier strain 
ST16219F did not kill the wt mice but the mice remained colonized or cleared the colonizing 
pneumococci. In contrast the MyD88-/- could not control the colonization and bacterial 
progressed to the LRT with subsequent spread to the blood stream resulting in systemic 
infection and death of the mice. The bioluminescence technique made it possible to follow 
the progression of colonization over several days in the same mice. We found that one 
important reason for the higher susceptibility of MyD88-/- mice to pneumococci may be a 
consequence of uncontrolled bacterial growth in both the URT and the LRT.  
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Pathohistological examinations of the lungs revealed that wt mice had an intense 
inflammatory reaction with recruitment of leukocytes, local bleeding, alveolar exudates and 
evidence of severe tissue destruction. In contrast, the lungs of MyD88-/- mice in several 
cases resembled the lungs of non-infected controls without signs of inflammatory 
processes. To investigate the extent of the inflammatory processes in the lungs, we 
determined the levels of cytokines in BALF and lung homogenate, and infiltration of PMN 
cells in BALF and tissue of infected mice at day 1 to day 3 after inoculation. We found that 
MyD88-/- mice had significantly lower numbers of neutrophils but not macrophages in the 
BALF and tissue compared to wt mice. Further, MyD88-/- mice were impaired in the 
induction of the pro-inflammatory cytokines IL-6 and KC at the site of infection. In 
summary, the innate responses of cytokine production and neutrophil infiltration aiming to 
control pneumococcal growth are dependent on MyD88. We found that the impaired local 
inflammatory response in the lungs of MyD88-/- mice might allow uncontrolled bacterial 
growth increasing the systemic spread. This could explain the higher susceptibility of 
MyD88-/- mice to pneumococcal infection.   
 
To study the importance of MyD88 dependent signaling for the control of systemic 
infections we used a model of systemic disease by i.p. injections, quickly spreading and 
giving rise to bacteremia. The severity of disease estimated by the clinical scoring system, 
and levels of bacteremia were measured. In low dose experiments the bacterial numbers 
increased at similar rates during the first 6 hours in both mice strains. After that time point, 
the wt mice were able to stabilize the bacterial growth whereas the MyD88-/- mice could 
not, with steadily increasing numbers of bacteria found in the blood stream. Despite the 
higher bacterial burden the MyD88-/-mice did not show as severe clinical signs of systemic 
disease as did the wt mice. However, the median survival times were significantly shorter 
for the MyD88-/- mice compared to the wt mice. A possible reason for the delay/lack of 
clinical symptoms might be absence of cytokine response causing the symptoms of septic 
shock. Indeed, we showed that the MyD88-/- mice were severely impaired in the 
production of systemic cytokines. MyD88-/- mice had no detectable amounts of TNF and a 
blunted IL-6 response compared to wt mice.  
 
Since iron is known to be an important growth factor for several bacterial species including 
pneumococci a restriction of it might be an important effector mechanism of the innate 
host defense to control pneumococcal proliferation. We hypothesized that a lowering 
serum iron will reduce growth of pneumococci and could be a possible way for the wt mice 
to control the infection. IL-6 is known to be an important inducer of several acute phase 
factors one of these factors is hepcidin controlling iron metabolism in the host; more about 
hepcidin can be found in the section about immune responses. Indeed, we showed that the 
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serum iron level in wt mice decreased to the level of non-infected controls, while the 
MyD88-/- mice were unable to lower the serum iron level; corresponding temporally to the 
arrest in bacterial growth. We determined the levels of hepcidin in the mice and found that 
in accordance with the observed elevation of IL-6 the wt mice had elevated levels of 
hepcidin. In contrast, the MyD88-/- mice did not show elevated levels of hepcidin, 
correlating to the blunted IL-6 response observed. The kinetics of the hepcidin induction 
and serum iron restriction correlate with the control of bacterial growth observed (see 
Figure 7).  
  
In summary, MyD88 plays a crucial role in the innate immune response against 
pneumococcal invasive disease. There was a clear difference in the survival of wt and 
MyD88-/- mice after i.n. inoculation This could be explained by a massive growth of 
bacteria in the bloodstream of MyD88-/- due to impaired host responses and an impaired 
bacterial clearance in the respiratory tract. Further, MyD88-/- mice were deficient in 
mounting cytokine responses after i.p. infection, with an exceptional growth of bacteria in 
the blood. We correlated the impaired host response to lower levels of IL-6 and serum 
hepcidin, thereby leading to higher levels of serum iron, promoting bacterial growth. 
 

PAPER V 
 
In Paper IV we concluded that the MyD88 signaling pathway was crucial for the control of 
pneumococcal carriage and invasive disease. To further identify the components of the up-
stream molecules involved in the recognition of pneumococci we in Paper V investigated 
the role of TLR2, TLR4, TLR9 and IL-1R/IL-18R signaling. We used knock-out mice of 
the different molecules of interest: TLR2-, TLR4-, TLR9-, and caspase-1/interleukin 
converting enzyme (ICE)- deficient mice in the C57BL/6 background. To obtain more 
insights into the role of TLRs in the penetration of pneumococci into the lung tissue and 
the subsequent development of invasive disease we challenged the mice i.n. with low or 
high doses of TIGR4 and monitored the kinetics of disease. Blood-, nasopharyngeal-
tracheal-, BALF- and lung tissue- samples were collected for further analysis. We also 
evaluated the macrophage stimulation and phagocytosis by in vitro cell culture experiments 
on macrophages derived from wt, MyD88-/- and TLR9-/- mice.  
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Figure 6. A simplified summary of the conclusions and hypotheses from Paper IV;
illustrating a possible scenario for the systemic response to the presence of
pneumococci in the blood. The suggested role for iron as a factor for control of
bacterial growth. © Andreas Sandgren, 2005. 
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Neither TLR2-/- nor TLR4-/- mice showed any differences in susceptibility to 
pneumococcal infection since the survival rate 7days p.i. were similar to the wt mice. In 
agreement with our data, a study showed only a modest reduced inflammatory response in 
TLR2-/- mice after intranasal challenge (80). To investigate the other receptors upstream of 
MyD88 separate of the TLR’s we used ICE-/- mice that are deficient in production of IL-1 
and IL-18. These mice were slightly more susceptible compared to the wt mice after high 
dose challenge but similarly susceptible to pneumococci after low dose challenge. After 
high dose challenge we observed a slight difference in survival between the wt and TLR9-/- 
mice 7 days after the high dose challenge. While they were significantly more susceptible 
compared to the wt mice after a low dose challenge. At the end of the experiment (day 7 
for high dose and day 15 for low dose) we found that both TLR9-/- and wt mice had the 
same bacterial burden in the nasopharynx. This finding suggests that clearance of 
pneumococci in the URT is not affected by TLR9 deficiency. Further, the effects we 
observed occurred during the first 48-72 hours post infection (p.i.) suggested that TLR9 
most probably plays its role in the innate response and not the adaptive response, which 
much of the concepts of TLR9 research have been focused on before. To our knowledge, 
this is the first report that finds a phenotype for TLR9 in relation to an infection. 
 
To investigate the mechanisms behind the increased susceptibility of the TLR9-/- mice, we 
followed the disease kinetics during the first 48 hours by measuring bacterial load, cytokine 
response, and presence of macrophages and neutrophils in the LRT. In low dose 
experiments, we found that TLR9-/- mice had higher numbers of bacteria in BALF and 
lung tissue at 4 and 8 hours p.i. and pneumococci had not enter the blood at 8 (but before 
24) hours p.i. We also found that both wt and TLR9-/- mice had the same levels of resident 
alveolar macrophages, neutrophil influx started first at 8 hour p.i. in only a small proportion 
of the mice. In high dose experiments we observed that cytokine response and neutrophil 
infiltration was similar or even higher in TLR9-/- mice compared to wt mice, suggesting that 
pneumococci are still able to trigger an immune response in TLR9-/- mice and arguing 
against a recognition deficiency in TLR9-/- mice. Since neither neutrophils nor macrophages 
seemed to be able to clear the pneumococci in the LRT of TLR9-/- mice we investigated 
the efficacy of phagocytosis in vitro using primary macrophage cultures. From these 
experiments we observed that macrophages derived from TLR9-/- mice had reduced uptake 
of pneumococci. However, the rate of killing for the engulfed pneumococci was the same 
for macrophages derived from wt and TLR9-/- mice. This observation is strengthen by the 
recent finding that MyD88 dependent mechanisms regulated phagocytosis at multiple steps 
including internalization and phagosome maturation and that phagocytosis of bacteria was 
impaired in the absence of MyD88 signaling. Thus, the leading hypothesis so far is that 
macrophages in the lungs of TLR9-/- mice are able to recognize the pneumococci but have 
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a reduced capacity to engulf and clear them, pushing the fine balance between growth of 
pneumococci and clearance by the immune system, in favor to pneumococcal growth. As 
we saw in Paper III, when the bacterial burden in the respiratory tract reached a certain 
threshold; the likelihood to cause invasive disease increased and once sufficient numbers of 
pneumococci reach the blood stream it will lead to death of the mouse. However, the other 
possible hypothesis that TLR9-/- pneumococci truly are deficient in recognition needs to be 
studied in greater details before any definite conclusions can be made. 
 
In summary, TLR9 showed to play a significant role for the development of pneumococcal 
invasive disease. TLR9-/- mice infected with low challenge doses i.n. were more susceptible 
to the infection with increased bacterial burden in LRT and blood. This could not be 
explained by an impaired induction of inflammatory responses since similar levels of 
cytokines and influx of leukocytes was found in lungs and BALF of wt and TLR9-/- mice. 
Instead, we addressed the increased susceptibility to a reduced phagocytosis by 
macrophages of pneumococci in TLR9-/- mice. 
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CHAPTER 5  
CONCLUDING REMARKS 

 
 

 
This chapter concludes the findings of the work 
presented in this thesis, highlighting the major findings 
and concepts. The chapter continues with a general 
description of the work and its contributions to the large 
field of research about pneumococci. Finally, it brings up 
future prospects of the project. 
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THE MAJOR FINDINGS 
 

 Pneumococci can be divided into three major groups, based on their invasive 
disease potential. Certain serotypes and clones are found to be more abundant in 
causing invasive disease, whereas other are only found among carriers. To the 
third group belongs those serotypes and clones found both among carriers and 
patients with invasive disease.  

 Clones previously found to cause invasive disease internationally have been found 
to emerge among children attending DCCs in Sweden. These highly efficiently 
spread clones not included in the vaccines constitute a possible threat for an 
increase in incidence of severe invasive disease.  

 There are differences between serotypes but also between clones of the same 
serotype in the ability to maintain colonization and to cause invasive disease in 
murine hosts. The capacity to evoke a proinflammatory immune response in mice 
is dependent not only to serotype but also clonal type. 

 The likelihood to cause invasive disease correlates with the bacterial burden in the 
respiratory tracts. Thus, factors important for colonization might also be 
important for progression to invasive disease. The pneumococcal growth rate is a 
major determinant for the likelihood of fatal outcome of an infection. The growth 
rate needs to overcome the rate of clearance so the bacterial density reaches a 
certain threshold to cause invasive disease. 

 Not only bacterial factors determine the outcome of pneumococcal disease. Our 
results also highlight the importance of host factors for disease likelihood, type 
and severity. 

 Signaling through the adaptor molecule MyD88 is crucial for the response to 
pneumococcal infection, both for managing the colonization state and for 
susceptibility to cause invasive disease. MyD88-/- mice were severely impaired in 
the production of systemic cytokines, with no detectable amounts of TNF and a 
blunted IL-6 response compared to the wt mice.  

 The blunted IL-6 response in MyD88-/- mice correlated to decreased levels of 
hepcidin, and a consequent rise in serum iron and extensive growth of 
pneumococci in the blood. Therefore, we suggest that restriction of iron might be 
an important effector mechanism of the innate host defense to control 
pneumococcal proliferation. 

 Recognition of pneumococci to control colonization and regulate the response in 
pneumonia and invasive disease involves the TLR9 receptor but not TLR2, TLR4 
or IL-1R/IL-18R. TLR9-/- mice are more susceptible to pneumococcal 
pneumonia and invasive disease compared to wt mice. This was not explained by 
an impaired induction of inflammatory responses, but may be due to reduced 
phagocytosis by macrophages of pneumococci in TLR9-/- mice.   
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GENERAL COMMENTS 
 
Streptococcus pneumoniae constitute a major field of medical and basic research. Despite the 
awareness about this bacterium for over a century, millions of people still suffer from 
diseases caused by it. The present work has been multi-disciplinary, covering aspects of 
molecular epidemiology, spread of antibiotic resistance, bacterial pathogenesis and innate 
immune mechanisms for the important pathogen, the pneumococcus. The methods to 
achieve insight into these fields have consisted of epidemiological studies, molecular typing, 
and an extensive use of mouse infection models. The general ideas confined in the present 
thesis are intended to challenge the assumptions of current knowledge about the 
pneumococcus and the early host defenses targeted against this pathogen. One of the basic, 
but essential questions for commensal like pneumococci are the mechanisms behind the 
transition from colonization of the URT to the spread, induction of inflammation and 
penetration of tissues to cause invasive disease. In order to develop new strategies for 
treatment in the era of emerging antibiotic resistance, we need to increase our specific 
knowledge to gain deeper understanding of these processes. It is important to study both 
microbial factors as well as host responses to find factors that determines when and how 
pneumococci have a chance to cause serious disease. First when we have gained knowledge 
about these factors, can directed research to develop new efficient therapeutic strategies be 
approached. One of the aims of this work was to highlight the importance of both 
pneumococcal strain variation and host factors for the likelihood to acquire disease but also 
the outcome of pneumococcal infection. The likelihood to develop disease but also the 
severity of the disease are important concerns in understanding the relative contribution of 
serotype and genotype. A concrete example where this might be important is in the 
development of vaccines. The potential emergence of non-vaccine covered serotypes 
belonging to highly invasive serotypes or clones is a potential hazard. Further, serotype 
switching in combination with a selective pressure from antibiotics can force emergence of 
efficiently spreading multi-drug resistant clones. To keep the antibiotic resistance under 
control it is important to have a working surveillance for the spread of resistant clones. 
Molecular epidemiological studies and molecular typing are of great assistance in the 
mapping of this spread, but can also be helpful in the search for patterns in various features 
of the pneumococci and for the detection of important virulence/colonization factors. 
 
Due to all the questions and problems that remain to be solved, it is of great importance to 
sustain the research about this important pathogen that keeps on killing millions of people 
worldwide. 
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FUTURE PROSPECTS 
 
Of course, the present work has generated several additional questions that are undertaken 
as further investigation in the group of B Henriques Normark. My work has to a large 
extent been descriptive. The careful characterization of a large clinical collection of 
pneumococcal isolates make it possible for further investigations to gain deeper 
understanding into particular mechanisms of pneumococcal transition from carriage to 
invasive disease, both on the bacteria as well as on the host side. Several features of these 
isolates are scrutinized in animal models, microarray analysis, screening for the presence of 
the different PPI’s, and phenotypic features like transformation- and mutation frequencies. 
Two papers related to the work in this thesis describe certain features of different serotypes 
that makes it possible to categorize pneumococci into those being primary pathogens and 
others behaving like opportunists (Sjöström K, Spindler C, Örtqvist Å, Kalin M, Sandgren 
A, Henriques Normark B. In revision for Clin Infect Dis). The second paper describes two 
related clones (ST156 and ST162) belonging to three different serotypes (9V, 14 and 19F 
due to serotype switching) that have been found to efficiently spread in Sweden 
(Unpublished work of B Henriques Normark). From the discovery that TLR9 recognition 
and signaling is involved in the host defenses against pneumococci emanated a new project 
aiming to in detail describe the interaction between TLR9 and the pneumococcus. At 
present, we perform experiments investigating if and how the systemic host responses are 
affected in TLR9 deficient mice. We need also further data on the processes in the lung 
where we think TLR9 have its most crucial role in protection against pneumonia and 
transition to the blood stream. Another interesting approach is the interaction between 
NOD and TLRs. In relation to that is one target for investigation the mechanism for 
phagocytosis and its role for the increased susceptibility of TLR9 deficient mice. Finally, the 
role of hepcidin and restriction of iron as an important effector mechanism will also be 
investigated further. This last area of research is something that I will pursue for the 
coming years but in relation to also other bacterial species.  
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