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ABSTRACT
Streptococcus pneumoniae (the pneumococcus) mainly gives rise to diseases of the respiratory tract, such as
pneumonia, acute otitis media and sinusitis, but it also causes severe invasive diseases, such as meningitis and
sepsis. The pneumococcus accounts for approximately two million deaths world-wide every year, the majority
of which are children in developing countries. However, the most common form of pneumococcus-host
interaction is asymptomatic colonization of the nasopharynx. The factors determining why the pneumococcus
is sometimes a harmless colonizer, while other times a detrimental pathogen are incompletely understood, and
both bacterial and host factors are likely to contribute. The aim of the work presented in this thesis was, thus,
to study the interplay between the pneumococcus and the host in adherence, clearance, and systemic spread of
pneumococci.
Several host receptors, such as Toll-like receptors (TLRs), complement receptors (CRs) and scavenger
receptors, are involved in recognition and clearance of microorganisms. The TLRs recognize dangerassociated molecular patterns, and TLR9 signaling is induced by CpG motifs in bacterial DNA. Many of the
TLRs signal through the adaptor protein MyD88, which is crucial for the innate immune defense against
pneumococci. CR3 is another receptor expressed on phagocytes, such as macrophages and neutrophils. It has
been shown to mediate phagocytosis of several different bacterial species.
The recently discovered pneumococcal pilus is encoded by the rlrA pathogenicity islet. RrgA, RrgB and RrgC
are the subunits building up the pilus fiber. RrgB constitutes the backbone while the other two are ancillary
subunits decorating the pilus shaft. We identified RrgA as the main pilus adhesin, and found that this protein
was able to mediate adherence to epithelial cells in vitro, even in the absence of a pilus polymer. In a mouse
model of colonization, RrgA expression led to higher numbers of bacteria in the nasopharynx. Additionally,
we identified RrgA as the main player in the interaction with murine primary macrophages. Here, expression
of RrgA enhanced both phagocytosis of bacteria and motility of macrophages. The increased uptake of RrgApositive bacteria also resulted in longer intracellular survival in macrophages. CR3 was identified as the
macrophage receptor interacting with RrgA. In vivo, murine expression of CR3 and bacterial expression of
RrgA led to faster appearance of bacteria in the bloodstream and a more rapid onset of disease. Taken
together, these data led us to hypothesize that a CR3-RrgA interaction promotes translocation of bacteria from
the peritoneal cavity to the bloodstream, possibly by employing phagocytes.
The role of TLRs in the innate immune defense against pneumococci was also investigated. We found that
TLR9, but not TLR1, TLR2, TLR4, TLR6 or IL-1R/IL-18R, played a non-redundant role in defense against
pneumococcal infection. TLR9-deficient mice showed an impaired clearance of the bacteria in the lungs
within the first hours of infection. In vitro, murine primary macrophages were also impaired in their ability to
phagocytose pneumococci, and the intracellular killing was delayed in the absence of TLR9. Therefore, we
hypothesize that TLR9 mediates efficient clearance of pneumococci in the lungs by upregulating phagocytic
receptors on alveolar macrophages.
The work presented in this thesis provides deeper knowledge of certain factors that affect the transition from
colonization to disease. The pilus-associated proteins are putative vaccine candidates, and it is therefore
important to characterize their contribution to pneumococcal pathogenesis. By further increasing the
understanding of effector mechanisms involved in the immune defense, treatment regimens may be improved.
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PREFACE
Pneumococci often reside asymptomatically in the human nasopharynx, but occasionally
cause disease. However, the infections caused by pneumococci are of major clinical
importance, and the emergence of antibiotic resistant isolates is threatening conventional
therapy. Also, in the light of the current pandemic of the Novel influenza virus A (H1N1), it
is of great importance to study these bacteria as pneumococcal post-influenza pneumonia
historically accounted for much of the mortality associated with influenza outbreaks. The
immune system has an enormous capacity to cope with everyday challenges, such as
constant exposure to microbes, and I find it astonishing that we most of the time are
healthy. For these reasons, I have enjoyed diving into the world of pneumococcus-host
interactions, and I hope to convey my enthusiasm to everyone reading this thesis.

Introduction

1 INTRODUCTION
1.1

STREPTOCOCCUS PNEUMONIAE

1.1.1 Epidemiology
Streptococcus pneumoniae, also called the pneumococcus, was first isolated and described
in 1881 by two different researchers, George Sternberg and Louis Pasteur [1, 2]. The
discovery of penicillin, the antibacterial substance produced by the mold Penicillium
notatum, by Alexander Fleming in 1928 led to a rapid decrease in the pneumococcal
disease burden and mortality, and therefore, many people thought that the era of lifethreatening pneumococcal infections were over. However, the pneumococcus is still a
major contributor to morbidity and mortality world-wide. Approximately 1.6 million people
died from infections with this human-specific pathogen in 2002 according to the World
Health Organization (WHO) [3]. It is estimated that pneumococci caused 11% of all deaths
in children less than five years old in 2000 [4]. The morbidity is higher, since the
pneumococcus is the main causative agent of common infections such as communityacquired pneumonia, sinusitis and acute otitis media (AOM). Furthermore, together with
Neisseria meningitidis and Haemophilus influenzae, the pneumococcus is the leading cause
of meningitis, especially in children below the age of two. Since 2004, all cases of invasive
pneumococcal disease are reported to the Swedish Institute for Infectious Disease Control,
and almost 1800 cases were identified in 2008. Of these, 11% died within 30 days of the
diagnosis [5]. The incidence of pneumococcal diseases in Sweden shows seasonal variation
and most cases occur during the winter months.
Despite their ability to cause disease, pneumococci are often found as commensals,
colonizing the nasopharynx of healthy pre-school age children. These children constitute a
reservoir of the bacteria in the community, and can transmit both antibiotic susceptible and
antibiotic resistant strains. Hence, the pneumococcus can be regarded both as a pathogen
and as a commensal. Both bacterial and host factors determine the outcome of a
pneumococcal encounter, and the interplay between these two is the topic of the current
thesis.
1.1.1.1 Risk factors for acquiring pneumococcal diseases
As with most infectious agents, certain individuals are prone to acquire pneumococcal
diseases. The risk groups include children below the age of two, the elderly, and patients
1
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with underlying diseases such as heart and lung disease, diabetes, and immunosuppression
due to conditions such as asplenia, transplantation, malignancies or acquired
immunodeficiency syndrome (AIDS) [6-10]. A higher incidence of pneumococcal
infections has also been described in indigenous populations in the United States, including
Alaska, and Australia [11-13]. Other factors, such as smoking, drug abuse, crowding, recent
antibiotic consumption and socio-economic status have also been shown to influence
susceptibility to pneumococcal infections [10, 14]. Additionally, pneumococcal pneumonia
often occurs after a primary infection with influenza, parainfluenza or respiratory syncytical
virus [10]. In fact, the high death rates in influenza pandemics, such as the Spanish flu in
1918, may in part be attributed to superinfections with bacteria, mainly the pneumococcus
[15, 16]. The molecular mechanisms behind the synergism between influenza virus and
pneumococci are poorly understood, but several studies point to alveolar macrophages
(AMs) as important mediators. The expression of the macrophage receptor with
collagenous structure (MARCO) is suppressed by interferon (IFN)-γ produced by T cells
during influenza virus infection, leading to impaired clearance of bacteria [17]. Another
explanation could be that influenza virus desensitizes the AMs for Toll-like receptor (TLR)
signals, leading to attenuated recruitment of inflammatory cells and impaired clearance of
the bacterial infection [18].
1.1.2 Possible outcomes of a pneumococcal encounter
1.1.2.1 Colonization of the nasopharynx
When an individual encounters the pneumococcus, the first step is colonization of the
nasopharynx, the natural niche for this human-specific bacterium. Asymptomatic carriers
constitute a reservoir of pneumococci in the community, and are, therefore, important
vehicles for transmission of the bacteria. A study performed by Gray et al. showed that
95% of the children had been colonized at least once by the time they were two years old
[19]. In this study, the duration of carriage lasted from 2.5 to 4.5 months, and the children
sometimes carried more than one strain simultaneously. Another study demonstrated that
40% of the children in day care centers were carriers of pneumococci, and that 20% of
these carried pneumococci non-susceptible to penicillin (PNSP) [20]. In a Swedish study
investigating the duration of carriage of penicillin-resistant pneumococci, it was found that
the median carriage time was 19 days [21]. The longest duration of carriage was found in
children less than one year old, with a median of 30 days. The shortest duration of carriage
was attributed to adults above 18 years old, where the median was 14 days. Co-colonization
2
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with several strains of pneumococci as well as with other bacteria, such as H. influenzae,
Moraxella catarrhalis, and Staphylococcus aureus, is likely to influence the course of
pneumococcal carriage and disease. For example, co-colonization of H. influenzae and
pneumococci was shown to stimulate opsonophagocytic killing of pneumococci, leading to
clearance of the latter in a murine model of colonization [22]. Pneumococci express
bacteriocins, which are antimicrobial peptides that have been shown to inhibit the growth of
other pneumococcal strains [23]. Thus, bacteriocin-producing strains may have an
advantage during competition in the nasopharynx.
1.1.2.2 Acute otitis media
Acute otitis media, or middle ear infection, is the most common pneumococcal disease in
children, and it is estimated that approximately seven million children acquire AOM
annually in the USA [24]. It is one of the major conditions eliciting prescription of
antibiotics, and this may influence the development of antibiotic resistance. Apart from
pneumococci, H. influenzae and M. catarrhalis are frequently isolated from AOM patients.
Bacteria entering the Eustachian tubes are in most cases cleared by ciliary action. Allergy,
trauma, toxins and viral infections can lead to edema and subsequently to less efficient
clearance of bacteria and progression to AOM [25]. Complications, such as chronic otitis
media, meningitis and hearing loss, can occur, but AOM is generally not associated with
mortality.
1.1.2.3 Sinusitis
An inflammation of the paranasal sinuses is referred to as sinusitis. As with AOM, the
pneumococcus is one of the most common etiological agents of sinusitis [25]. H. influenzae
and M. catarrhalis are two other pathogens that often cause this infection. Allergy and viral
infections of the respiratory tract predispose to sinusitis.
1.1.2.4 Pneumonia
The pneumococcus is the most common cause of community-acquired pneumonia, an
inflammation of the lungs occurring in non-hospitalized individuals. The first stage of
pneumococcal pneumonia is characterized by growth of bacteria in the alveoli. This triggers
cytokine production, activation of the complement system, upregulation of endothelial cell
surface receptors and induction of a procoagulant state [25, 26]. The increased permeability
of the endothelium leads to accumulation of exudative fluid. Erythrocytes leak from the
3
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circulation into the alveoli during the second phase of pneumonia. Fibrin deposition also
occurs, and thereby, the perfusion of the area is reduced. In the last stage of pneumonia,
leukocytes infiltrate the infected tissue. Phagocytosis of pneumococci is crucial for
resolution of the infection. Before the introduction of antibiotics, pneumococcal pneumonia
was life-threatening and resulted in a significant number of deaths. Today, pneumonia is
still associated with significant mortality, especially in patients belonging to the risk groups
mentioned previously, and in developing countries. The mortality due to pneumococcal
pneumonia is 10-30% [27], and it may lead to complications, such as pleural empyema and
sepsis.
1.1.2.5 Meningitis
In Africa, as well as in other areas of the developing world, the pneumococcus is the
leading cause of non-epidemic meningitis [24]. It is a severe infection that has a high casefatality rate, ranging from 20-50%, and it is associated with complications, such as hearing
loss, mental impairment or paralysis, in approximately 25-50% of the surviving patients
[24, 28]. Meningitis is defined as an inflammation of the meninges surrounding the brain
and spinal cord. The central nervous system (CNS) is protected by the blood-brain barrier
(BBB). Exactly how the pneumococcus crosses the BBB is not clear, but three different
sites of entry have been proposed [29]: At the choroid plexus or subarachnoid space or
through the cerebral vessels. Leukocytes, complement and immunoglobulins (Igs) are
normally absent in the CNS, and therefore, the bacteria can initially multiply freely.
However, activated leukocytes soon infiltrate the infected area. The host inflammatory
response has been shown to induce caspase-dependent apoptosis, and pneumococcal
virulence factors, such as pneumolysin and hydrogen peroxide, may promote mitochondrial
damage and release of apoptosis-inducing factor, leading to caspase-independent apoptosis
[29]. Both have been suggested to cause neuronal injury, and may therefore contribute to
the long-term sequelae associated with meningitis.
1.1.2.6 Bacteremia and sepsis
Bacteremia is defined as a state where bacteria can be found in the bloodstream, without
giving rise to symptoms. If the bacteremia is associated with symptoms, the term sepsis is
used. Sepsis is a systemic inflammation that can be classified from sepsis to severe sepsis,
septic shock and multiple organ dysfunction syndrome, depending on the severity of the
symptoms [30]. The effector mechanisms that are necessary for controlling a local infection
4
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can be detrimental during systemic dissemination. For instance, tumor necrosis factor
(TNF)-α released by macrophages causes hypotension and increased vascular permeability,
resulting in loss of plasma volume, and eventually septic shock [31]. Disseminated
intravascular coagulation can occur, leading to organ failure due to reduced perfusion of the
tissues. It is estimated that the case-fatality rate is 15-20% for pneumococcal bacteremia,
but it may exceed 50% in people belonging to the risk groups described previously [27].
1.1.2.7 Other diseases occasionally caused by the pneumococcus
In addition to the diseases described above, pneumococci can also give rise to other
diseases, such as conjunctivitis, tracheobronchitis, endocarditis, pericarditis, peritonitis,
endometritis and salpingitis [25]. These diseases may also have other etiologies and are
only rarely caused by pneumococci.
1.1.3 Laboratory identification of S. pneumoniae
Pneumococci can be identified in the laboratory by growth characteristics, optochin and
bile solubility tests as well as immunological reactions (Quellung test). Under the
microscope, Gram-positive pneumococci appear as lancet-shaped bacteria. They often grow
in pairs, and were, therefore, originally called Diplococcus pneumoniae, but they can also
be found as single cells or in chains. Pneumococci are facultative anaerobic bacteria, and
they can readily be cultured on blood agar plates where they display α-hemolytic activity.
They are distinguished from other α-hemolytic bacteria by their optochin sensitivity and
bile solubility [32]. Occasionally, pneumococci react atypically in the tests, and display
optochin resistance or ability to solubilize bile [33, 34]. A thick polysaccharide capsule
surrounds the majority of pneumococcal strains. Based upon the structure of the capsule,
pneumococci can be divided into different serotypes. To date, over 90 different serotypes
have been described [35]. The Quellung reaction, already discovered in 1902 [36], is used
to identify different serotypes of pneumococci: anticapsular antibodies bind to the
polysaccharide capsule of the pneumococcus, and, due to swelling of the capsule, the
bacteria appear more visible under a phase-contrast microscope. There are also non-typable
pneumococci that do not react with anti-capsular antibodies [37], due to absence of capsule
or to an unidentified capsular composition.

5
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1.1.4 The genome of S. pneumoniae
In 1944, Avery et al. identified DNA as the material harboring the genetic information [38],
and the experiments were performed using pneumococci. In 2001, the complete sequences
of the first three pneumococcal genomes were published [39-41], and since then, the
number of sequenced pneumococcal strains has steadily increased. The genome consists of
a single circular chromosome that has a GC- content of approximately 40%. The TIGR4
genome originates from a serotype 4 strain and contains more than two million base pairs
encoding 2236 genes [41]. Sixty-four per cent of the predicted proteins were assigned a
biological function. There are many repeated sequences, such as insertion sequences,
present in the genome, contributing to the genetic diversity of the bacterium. Another
feature influencing the heterogeneity is the natural transformability of the pneumococcus,
i.e. the ability to pick up DNA from the surroundings and incorporate it into its genome.
This was discovered in 1928 by Griffith [42], and has since then been widely used in
molecular biology applications of pneumococcal research.
1.2

TREATMENT OF PNEUMOCOCCAL DISEASES

1.2.1 Antibiotic therapy
Penicillin is the drug of choice for treating pneumococcal diseases, but the increasing
number of PNSP has made it necessary to use other antibiotics, such as erythromycin and
tetracycline. Vancomycin is the last resort for resistant pneumococcal isolates, and so far,
no vancomycin-resistant isolates have been described. Uncomplicated AOM in children
above two years old resolves spontaneously in the majority of cases, and antibiotic
treatment only has a moderate effect on these infections [43]. Therefore, antibiotic therapy
is not always recommended for these children. When treating pneumococcal meningitis, it
is important to consider the ability of the antibiotic to cross the BBB. Also, lytic antibiotics
generate proinflammatory microbial products. In the brain, inflammation can damage the
tissue, leading to aggravation of symptoms and long-term sequelae. Therefore, several
studies have looked at the effect of co-administration of antibiotics and anti-inflammatory
drugs to meningitis patients. It is, however, not clear whether this combination is beneficial
since different studies point to different conclusions [44, 45].
1.2.2 Tolerance and antibiotic resistance in S. pneumoniae
In the context of bacterial infections and antibiotic treatment, tolerance refers to a state
where the antibiotic is unable to kill the bacteria, although the bacteria cannot replicate in
6
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the presence of the antibiotic. Once the antibiotic pressure is gone, the bacterial growth is
resumed. Tolerance to lytic antibiotics, such as penicillin, has been described in
pneumococci [46, 47]. It is of clinical importance since it may result in treatment failure,
and it is believed to facilitate the development of antibiotic resistance [48, 49].
In 2008, 564 cases of PNSP were reported to the Swedish Institute for Infectious Disease
Control, and in the last years, the prevalence of PNSP in Sweden has been around 5% [50,
51]. The majority of resistant isolates came from nasopharyngeal samples. Consumption of
antibiotics predisposed to carriage of PNSP, and these isolates were often spread at day care
centers. However, Sweden has low levels of resistance compared to other countries in the
world, such as Hong Kong, Israel, Spain and France, where the prevalence of PNSP range
from 25-50% [51, 52] .
1.2.3 Pneumococcal vaccines
There are several advantages associated with vaccination compared to conventional therapy
when treating pneumococcal diseases: risk groups can be targeted and vaccinated
prophylactically, antibiotic resistance may be reduced, and herd immunity in nonvaccinated individuals can be induced [53, 54]. Herd immunity refers to a state where
person-to-person spread of the bacterium is difficult to achieve since a majority of the
individuals in the population is immune. Thus, non-vaccinated individuals are indirectly
protected against disease.
Table 1. Serotypes included in the pneumococcal vaccines
Vaccine

Serotypes included

PPV-23

1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F

PCV-7

4, 6B, 9V, 14, 18C, 19F and 23F

PCV-10

1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F and 23F

PCV-13

1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F

There are currently four pneumococcal vaccines available, and Table 1 outlines the
serotypes included in these vaccines [27]. The oldest is a 23-valent pneumococcal
polysaccharide vaccine (PPV). It is currently used for vaccination of the elderly and other
risk groups. This vaccine covers 90% of the serotypes that cause invasive disease in the
elderly in industrialized countries, but it only covers 55-60% in adults [27]. Pneumococcal
polysaccharide vaccines elicit a T cell-independent immune response in which B cells are
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activated to produce IgM without help from T cells [55]. This response is generally not
associated with immunological memory, and children younger than two years of age cannot
produce sufficient antibodies when a T cell-independent vaccine is administered to them.
On the contrary, polysaccharides conjugated to a protein carrier are suitable for vaccination
of young children. These vaccines induce a T cell-dependent immune response, associated
with isotype switching and generation of memory B cells [55]. The seven-valent
pneumococcal conjugate vaccine (PCV) was incorporated in the childhood vaccination
program in Sweden in January 2009. In PCV-7, non-toxic diphtheria toxoid is conjugated
to the polysaccharides. The vaccine covers 65-80% of the serotypes causing invasive
disease in children in the United States and Western Europe according to the WHO, and
includes serotypes frequently associated with antibiotic resistance in these geographical
areas [27]. PCV-10 is a new conjugated vaccine that was approved in the EU in 2009. This
vaccine contains polysaccharides from ten different serotypes, eight of which are
conjugated to protein D of non-typable H. influenzae, and two that are conjugated to either
tetanus or diphtheria toxoid [56]. A 13-valent conjugated vaccine is currently under
consideration by the Food and Drug Administration in the United States, and the European
Medicines Agency recommended approval of the vaccine in the beginning of October
2009.
Although there has been a decline in diseases caused by vaccine-types in the countries
where PCV-7 is introduced, both PPVs and PCVs have important limitations. Protection is
only conferred against the serotypes included in the vaccines, and the serotype distribution
varies between geographical areas and over time [57, 58]. One major drawback associated
with PCV-7 is serotype replacement. Several recent reports have shown that new serotypes,
not included in the vaccine, emerge when the vaccine-types decrease [59-61]. Therefore,
there is a quest for a protein-based vaccine, since proteins generally are more conserved
among strains than polysaccharides. Several pneumococcal virulence factors, such as
pneumococcal surface protein (Psp) A and C, pneumococcal surface adhesin (Psa) A,
pneumolysin, and pilus proteins have been shown to elicit protective immune responses in
mice [62-67], and may therefore be components of a novel protein-based vaccine. There are
also ways to improve vaccination strategies in general. For example, mucosal instead of
parenteral administration is appealing since it induces both IgA and IgG, is easy to perform
and is not associated with a risk of spreading diseases through contaminated needles.
However, potent adjuvants are necessary in order to enhance the transport of antigens over
8
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the mucosal barrier. LTK63 and LTR72 are non-toxic derivatives of Escherichia coli
enterotoxin that may be well suited for this purpose [68].
1.3

THE IMMUNE SYSTEM

1.3.1 General overview of the immune system
The immune system is a complex network made up of natural barriers, soluble and
membrane-bound proteins and cells that interact in order to keep the individual healthy and
disease-free. It is generally divided into innate and adaptive immunity. The innate immune
system is turned on rapidly and recognizes a broad repertoire of structures while the
adaptive immune system takes longer to be initiated, but then presents a potent long-term
response tailored to the specific pathogen. Inflammation is the hallmark of pneumococcal
diseases, and this response is absolutely necessary for clearing infections. However,
excessive inflammation destroys host tissues and, therefore, many of the symptoms
attributed to pneumococcal diseases are caused by effectors of the innate immune system.
1.3.1.1 Initiation of the innate immune responses results in inflammation
The first line of defense against microorganisms is the innate immune system. It consists of
natural barriers, antimicrobial peptides (AMPs), phagocytes, antigen presenting cells
(APCs), natural killer (NK) cells, soluble proteins and receptors. The innate immune
responses are rapidly turned on, leading to an inflammatory response and the induction of
adaptive immunity. The skin and the mucosal linings of the body are physical barriers that
prevent invasion of pathogens. Secretions, such as tears and saliva containing AMPs,
further protect these barriers. Sebum in the skin and gastric acid in the stomach also have
antimicrobial functions. There are several cell types, such as neutrophils and macrophages,
that efficiently phagocytose microbes and foreign material in the body. Opsonization,
which refers to coating of microbial surfaces with antibodies, acute phase proteins or
complement proteins, enhances ingestion and destruction by phagocytes. In order to
identify potential hazards in the host, phagocytes express numerous receptors recognizing
common danger-associated molecular patterns (DAMPs) [69]. These cells also secrete
soluble effectors, i.e. cytokines and chemokines, which amplify the host responses and
facilitate recruitment of immune cells. Altogether, these responses result in inflammation,
which is characterized by four classical signs; rubor, calor, tumor, dolor [31]. Rubor
(redness) and calor (heat) are due to vasodilation and increased blood flow around the
infected area. Tumor (swelling, edema) is caused by increased permeability of the vascular
9
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endothelium and subsequent leakage of fluid into the tissue. The edema exerts pressure on
the nerve endings and this, together with production of chemical substances such as
bradykinin, gives rise to dolor (pain). Typically, the inflammation resolves when the
inflammatory stimulus is gone, which usually takes a few days. Pathogens that cannot be
eliminated, foreign objects or autoimmune reactions can induce chronic inflammation. This
state is characterized by a shift in the cells involved, where infiltration of lymphocytes,
macrophages and plasma cells occurs, and it is associated with tissue destruction and
fibrosis.

Fig 1. Overview of the immune system. Physical barriers and secretions protect the body from invasion of microorganisms.
Cellular effectors of the innate immune system rapidly ingest and destroy invading microbes and secrete cytokines that
amplify the immune responses. Antigen presenting cells link the innate and adaptive branches of the immune system.
Adaptive immunity is mediated by B and T cells. It involves production of antibodies directed towards specific antigens and
generation of memory cells.

1.3.1.2 Induction of adaptive immunity by the innate immune system
Dendritic cells (DCs), and to some extent macrophages, are APCs. These cells internalize
microbes, degrade them and travel to lymph nodes where they present antigens to T cells.
Therefore, DCs link the innate and adaptive immune system. The antigens can be presented
on major histocompatibility complex (MHC) I or II. Antigens presented on MHC I are
derived from intracellular pathogens proliferating in the cytoplasm. These are presented to
10
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cytotoxic CD8+ T cells, which destroy the infected cells. MHC I is expressed on most cell
types in the body, while MHC II is expressed exclusively on APCs. Antigens presented on
MHC II are derived from internalized extracellular material or from pathogens multiplying
in intracellular vesicles. These are presented to CD4+ T cells, which differentiate into TH1
or TH2 effectors. The TH1 response is associated with production of interferon (IFN)-γ and
other macrophage-activating substances, leading to a cellular response with enhanced
macrophage killing and production of the opsonizing antibody IgG by B cells [31]. Both
TH1 and TH2 responses trigger naïve B cells to produce IgM. The TH2 response, which is
characterized by production of IL-4 and other factors essential for B cell activation,
enhances production of other antibody isotypes and is thus mediating a humoral response
[31].
1.3.1.3 Adaptive immunity generates specific antibodies and immunological memory
The adaptive immune system includes B and T lymphocytes as well as antibodies. It differs
from the innate immune system in several aspects: it takes about a week for this system to
be activated, the response is directed against specific antigens, and long-lasting memory
against reinfection is generally induced. In response to infection, lymphocytes are activated
and proliferate clonally. B cells differentiate into plasma cells that synthesize antibodies
with increasing in affinity to the antigen during the course of the immune response.
Furthermore, a fraction of B and T cells differentiate into memory cells [31].
The pneumococcal capsule induces production of the isotypes IgM, IgG2, and IgG1 in
humans, and IgM and IgG3 in mice, in a T cell-independent manner [70]. Studies in mice
and humans showed that the role of anticapsular antibodies in clearance of intranasally
administered pneumococci was restricted [71, 72]. However, systemic immunization with
polysaccharide-based vaccines induced serum antibodies that protected against
pneumococcal acquisition and disease [73, 74].
The contribution of T cells to pneumococcal clearance has also been investigated. CD4+ T
cells conferred antibody-independent protection against colonization in mice immunized
intranasally with whole bacteria or with preparations from an unencapsulated strain [75].
One mechanism behind the clearance mediated by CD4+ T cells may be production of IL17, which enhanced the recruitment of phagocytes to the nasopharynx [76]. In addition,
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CD4+ T cells were necessary for protection against disease in mice mucosally immunized
with protein antigens [67]. On the contrary, depletion of CD8+ T cells did not affect
clearance in any of these models [67, 75, 76].
There are also lymphocytes with “innate” properties, such as γ:δ T cells and B1-cells. These
cells respond rapidly upon infection and their activation does not generate immunological
memory [31]. B1-cells can be found in the peritoneal cavity and pleural spaces and
recognize pneumococcal polysaccharides and choline. γ:δ T cells have been shown to
promote neutrophil recruitment to the lungs, and mice lacking these cells were more
susceptible to pneumococcal challenge [77]. Additionally, γ:δ T cells may contribute to the
resolution of inflammation in the lungs after pneumococcal infection by acting on DCs and
AMs [78].
1.3.2 Innate defense mechanisms specific for the respiratory tract
The natural niche for the pneumococcus is the respiratory tract. Since this compartment
constantly is exposed to inhaled particles and microorganisms, there are several defense
mechanisms in action to keep infections at bay. Particles greater than 5 μm are normally
trapped in the mucus of the upper airways and are subsequently removed by ciliary
movement [79]. The saliva contains antimicrobial substances, such as lysozyme and
lactoferrin [31]. The cells in the respiratory tract also produce AMPs, such as defensins and
cathelicidins. Defensins affect the permeability of microbial membranes, leading to death of
microorganisms [80, 81]. They further have immunomodulatory effects; they increase
neutrophil adhesion, activate complement and induce cytokine and chemokine production
[79, 82]. LL-37, the only human cathelicidin described so far, has both microbicidal and
proinflammatory action [83-85]. Additionally, its ability to neutralize endotoxin and
suppress TLR-mediated LPS signaling suggests that it also has anti-inflammatory
properties [86, 87]. IgA is abundant in the mucosal linings of the body [31], where it mainly
functions as a neutralizing antibody. Type II pneumocytes in the lungs produce surfactants,
which is a mixture of lipids, proteins and surfactant protein (SP). Surfactants make it easier
to inflate the lungs upon inhalation and prevent them from collapse upon expiration, by
reducing the surface tension of the alveoli. The SPs are members of the collectin family and
protect the lungs from microorganisms by acting on phagocytes. SP-A and SP-D enhance
phagocytosis, act as chemoattractants and stimulate the oxidative burst [79]. SP-D, and to a
lesser extent SP-A, have been shown to bind to DNA [88, 89]. SP-D was also involved in
12
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clearance of DNA [90]. SP-A has been shown to upregulate the expression of CR3 on
AMs, which facilitates phagocytosis of H. influenzae [91]. Furthermore, SP-A has been
shown to increase phagocytosis of S. pneumoniae by AMs by enhancing cell surface
expression of scavenger receptor (SR)-A [92]. Alveolar macrophages efficiently clear the
lungs from inhaled microorganisms and other particles. These cells express several
receptors involved in recognition and clearance, such as TLRs and SRs, and have been
shown to be critical for elimination of bacteria in the lungs [17, 31, 93]. Recently, it was
demonstrated that AMs transport antigens to the lung draining lymph nodes in the early
stages of pneumococcal infection, indicating that these cells also take part in antigen
presentation [94]. Furthermore, apoptosis of alveolar macrophages is an important feature
of the innate immune defense against S. pneumoniae [95-97]. It may be associated with
ingestion of bacteria promoted by complement and Fc receptors [95] or activation through
pneumolysin-TLR4 signaling [98].
1.3.3 Soluble proteins of the innate immune system
1.3.3.1 Cytokines and chemokines are involved in cell-to-cell communication
During infection, macrophages and many other cells secrete proinflammatory cytokines,
such as interleukin-1 (IL-1), IL-6 and TNF-α. These molecules are involved in cell-to-cell
communication, and they affect the expression of adhesion molecules that facilitate
chemotaxis, induce fever and the acute phase response [31]. The liver synthesizes acute
phase proteins, such as C-reactive protein (CRP) and mannose-binding lectin (MBL),
during the acute phase response. These proteins function as opsonins and activate the
complement cascade. Hence, the acute phase response rapidly generates opsonins that,
similar to antibodies, bind to microbial surfaces and mark them for destruction. The IL1R/IL-18R signaling pathway involves the adaptor protein myeloid differentiation factor 88
(MyD88). Both IL-1 and IL-18 have been shown to confer protection in models of murine
pneumococcal pneumonia, although protection of the latter was dependent on the route of
infection as well as the pneumococcal or mouse strain used [99-101]. IL-17 is a cytokine
that currently attracts a lot of attention. It is released by CD4+ T cells in response to
pneumococcal infection and promotes bacterial clearance in the nasopharynx [76, 102].
Chemokines are involved in chemotaxis of immune cells to the site of infection. IL-8 and
its murine homologue keratinocyte chemoattractant (KC) belong to this family.
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1.3.3.2 The complement system kills opsonized microorganisms
The complement system is a set of proteins important for the innate immune responses. It
was originally believed to be a complement to antibodies, but is today recognized as a
separate part of the innate immune system. Activation of this system leads to opsonization
and killing of pathogens. The complement cascade can be initiated in three different ways,
through the classical, alternative or MBL pathway, leading to cleavage of C3 and ultimately
to formation of a membrane attack complex (MAC) [103]. The MAC forms a pore in the
cell wall of the bacterium, which results in osmotic lysis of the cell. The classical pathway
is induced by cleavage of the C1-complex after opsonization of pathogens by IgM or IgG.
The alternative pathway is initiated through spontaneous hydrolysis of C3 on microbial
surfaces, and the MBL pathway through opsonization of bacteria by MBL. The
complement system is important for the immune defense against pneumococci and patients
with complement deficiencies are more susceptible to pneumococcal infections [104].
1.3.3.3 Endothelial damage activates the coagulation system
The coagulation system involves two pathways, the contact activation (intrinsic) pathway
and the tissue factor (extrinsic) pathway. Activation of the coagulation system leads to
cleavage of pro-thrombin to thrombin, which catalyzes the formation of fibrin from
fibrinogen, resulting in a fibrin clot that protects against severe blood loss from damaged
vessels. The contact activation system includes the coagulation factors FXI and FXII,
plasma kallikrein and high-molecular weight kininogen. Activation of the this system
leads to release of the proinflammatory peptide bradykinin, induction of the intrinsic
pathway of coagulation, and generation of AMPs [105]. Bradykinin causes vasodilation
and hypotension, which is important for the inflammatory response but also can lead to
septic shock. It has been shown that endocarditis-causing bacteria activate the contact
system [106, 107]. Fibrinolysis of blood clots is initiated by the conversion of
plasminogen to plasmin, which breaks down the fibrin mesh and thereby prevents
thrombosis. It has been reported that pneumococci interact with plasminogen through
choline-binding protein (Cbp) E and α-enolase [108-110], which may enhance migration
over the extracellular matrix. Interactions between pneumococcal lipoteichoic acid (LTA)
and TLR2 and possibly also TLR4 have been shown to affect the coagulation and
fibrinolysis systems [111].
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1.3.4 Cellular effectors of the innate immune system
1.3.4.1 Macrophages are potent phagocytic cells
Macrophages belong to the myeloid lineage of cells, which originates in the bone marrow.
They circulate in the bloodstream as monocytes and terminally differentiate to macrophages
in the tissues. There are several different macrophage populations in the body, such as
alveolar, peritoneal and splenic macrophages, as well as microglia in the brain and Kupffer
cells in the liver. Macrophages are professional phagocytes that internalize microbes
through invagination of the cell membrane, leading to formation of phagosomes. The
phagosomes gradually become acidified and fuse with lysosomes, which contain
antimicrobial substances, thus generating phagolysosomes [31]. Nitric oxide is also
released, and the respiratory burst generates hydrogen peroxide and superoxide, which all
contribute to the bactericidal activities of macrophages [31].
1.3.4.2 Neutrophils are short-lived phagocytic cells recruited upon infection
Neutrophils are short-lived cells that also belong to the myeloid lineage. These cells are
normally not present in tissues, but are rapidly recruited upon infection. Neutrophils are
potent phagocytes and they contain cytoplasmic granules with antimicrobial action.
Activation of neutrophils generates an oxidative burst, where large amounts of reactive
oxygen species are produced, which kill microorganisms but also can be toxic to host cells.
Recently, it was shown that neutrophils form neutrophil extracellular traps (NETs) [112],
which is associated with a type of cell death distinct from apoptosis and necrosis.
Neutrophil extracellular traps consist of neutrophil DNA and granule proteins and they can
kill several bacterial species. However, pneumococci evade NETs through the action of
DNase, which degrades these structures [113].
1.3.4.3 Dendritic cells are antigen presenting cells
Dendritic cells internalize bacteria and particles and migrate to lymph nodes where they
present antigens to T and B cells. There are two different kinds of DCs, myeloid and
plasmacytoid, and these can be distinguished by differential cytokine secretion and receptor
expression. TLR9 is, for example, not expressed by myeloid but by plasmacytoid DCs in
human blood [114]. Pneumococcal challenge has been shown to induce DC maturation in
vitro, and transfer of these cells into mice led to production of specific antibodies towards
pneumococcal virulence factors [115], indicating that DCs are important initiators of the
adaptive immune responses during pneumococcal infection.
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1.3.4.4 Activation of NK cells results in rapid killing of infected cells
Natural killer cells are lymphocytes that induce apoptosis of the target cell by secreting
cytoplasmic granules, such as perforin and granzyme. These cells have mainly been
associated with killing of tumor or virus-infected cells, but they also play a role in bacterial
infections. One study showed that activation of NK cells during pneumococcal pneumonia
was associated with an enhanced inflammation in the lungs in a murine model [116].
Another group showed that a subset of NK cells, Valma (14+) cells, were necessary for the
recruitment of neutrophils to the lungs of mice infected with pneumococci and, thus,
indirectly for clearance of the bacteria [117].
1.4

HOST AND MICROBE INTERACTIONS

1.4.1 Host receptors involved in recognition and clearance
1.4.1.1 Toll-like receptors are important inducers of the proinflammatory response
Toll-like receptors are important pattern recognition receptors (PRRs) that mediate an
inflammatory response upon infection and thus are important for containing an infection.
Many different cells, such as monocytes and macrophages, B cells and epithelial cells,
express TLRs, but the expression pattern can vary between different cell populations. Most
TLRs are present in the cell membrane, but TLR3, TLR7, TLR8 and TLR9 are found in
endosomes. To date, there are ten TLRs described in humans and twelve in mice, each
recognizing different microbial structures. Table 2 summarizes the different TLR-ligand
interactions [118, 119].
The TLRs consist of an extracellular domain with leucine-rich repeats and an intracellular
Toll/IL-1 receptor (TIR) domain. The TLRs must dimerize in order to be functional and
TLR2 can heterodimerize with TLR1 or TLR6, promoting binding of tri- or di-acetyl
lipopeptides, respectively. For signaling to take place, adaptor proteins must associate with
the TIR-domain of the receptors. MyD88 and the TIR domain-containing adaptor
protein/MyD88 adaptor-like (TIRAP/Mal) mediate signaling events that lead to production
of proinflammatory cytokines. The TIR domain-containing adaptor protein inducing IFN-β
(TRIF) and TRIF-related adaptor molecules (TRAM) activate pathways resulting in the
production of IFNs. All TLRs except TLR3 can induce MyD88-dependent signaling
pathways. Association of MyD88 with the TIR-domain activates members of the IL-1
receptor-associated kinase (IRAK) family, leading to phosphorylation of a number of
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proteins, including the TNF-α receptor-associated factor (TRAF) 6 and the TGFβ-activated
kinase 1 (TAK1). This results in degradation of IκB and subsequently to translocation of
nuclear factor kappa B (NFκB) to the nucleus and expression of proinflammatory genes
[119]. In addition, mitogen-activated protein kinases, such as p38 and JNK, are activated
upon MyD88-dependent signaling. TLR3, and also TLR4, can signal independently of
MyD88 [119]. The use of different adaptor proteins and the signals induced by them may
contribute to the wide array of biological responses leading to eradication of pathogens.
Figure 2 outlines the MyD88-dependent signaling pathway involving the receptors
important for the work presented in this thesis.
Table 2. TLR-ligand interactions
Receptor

Location

Ligands

Microorganisms

TLR1/TLR2

Cell surface

Tri-acyl lipopeptides

Bacteria

TLR2

Cell surface

Lipoproteins

Various pathogens

Lipoteichoic acid

Gram-positive bacteria

Zymosan

Fungi

Di-acyl lipopeptides

Mycoplasma

TLR2/TLR6

Cell surface

TLR3

Endosome

Double-stranded RNA

Virus

TLR4

Cell surface

LPS

Gram-negative bacteria

TLR5

Cell surface

Flagellin

Flagellated bacteria

TLR7

Endosome

ssRNA

Virus

Imidazoquinolones

Synthetic compounds

TLR8

Endosome

ssRNA

Virus

TLR9

Endosome

Hypomethylated CpG motifs

Bacteria, viruses

Hemozoin

Plasmodium falciparum

+

TLR10

Cell surface

Unknown

Unknown

TLR11ϒ

Cell surface

Profilin-like proteins

Uropathogenic bacteria
Toxoplasma gondii

ϒ

TLR12

Cell surface

Unknown

Unknown

TLR13ϒ

Cell surface

Unknown

Unknown

ϒ

+

Have only been described in mice. Has only been described in humans.

Humans deficient in central proteins of TLR signal transduction pathways display increased
susceptibility to pneumococcal infections, thereby highlighting the importance of this
system for an accurate host defense. For example, children with IRAK-4 deficiencies were
reported to suffer from recurrent infections caused by pneumococci and other pyogenic
bacteria [120-122]. These children were unable to activate NFκB and could not mount an
efficient antibody response towards pneumococcal polysaccharides. A large, international
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case-control genetic association study showed that individuals with single nucleotide
polymorphisms (SNPs) in the adaptor protein TIRAP/Mal were more susceptible to
pneumococcal disease [123]. Heterozygosity for the SNP was associated with protection
against invasive pneumococcal disease and was correlated to attenuated TLR2 signaling,
suggesting that an exaggerated immune response also can aggravate disease.
Most of the TLRs signal via the adaptor protein MyD88, which is crucial for protection
against pneumococcal infection in murine models of colonization, pneumonia, septicemia
and meningitis [124, 125]. A study performed by Albiger et al. showed that MyD88deficiency in mice resulted in increased bacterial numbers in the nasopharynx, lungs and
blood, as well as attenuated release of proinflammatory cytokines and chemokines, and
subsequently in decreased infiltration of neutrophils into the lungs of mice [124]. The
impaired IL-6 production induced by the MyD88-deficiency led to a diminished production
of the iron-regulating protein hepcidin which, in turn, resulted in higher levels of free serum
iron. This could explain the higher numbers of bacteria in the bloodstream of the MyD88deficient mice. The phenotype associated with MyD88-deficiency implies that receptors
upstream of MyD88 are important for protection against pneumococcal infection. So far,
pneumococcal research has mainly focused on the role of TLR2 and TLR4. In a meningitis
model, TLR2-deficiency led to earlier time of death and more severe symptoms as well as
higher bacterial numbers in the brain [126, 127]. Enhanced meningeal inflammation and
increased BBB permeability were other features of the TLR2-deficient mice [126].
Alveolar macrophages have been shown to respond to heat-killed pneumococci in a TLR2dependent way [128]. The TLR2-deficiency did not alter the bacterial numbers or survival
of the mice after intranasal challenge of pneumococci [111, 128], although TLR2-deficient
mice displayed slightly less inflammation in the lungs. They produced less KC and
macrophage-inflammatory protein (MIP)-2 and, therefore, had fewer neutrophils in the
lungs. In conclusion, TLR2 may contribute to host defense during pneumococcal
meningitis but it only seems to have a modest effect on pneumococcal pneumonia. The
most studied TLR is TLR4, and its interaction with lipopolysaccharide (LPS) of Gramnegative bacteria has been investigated in detail. There are, however, also reports on
interactions between TLR4 and the pneumococcus. The pneumococcal cytotoxin
pneumolysin has been shown to induce an inflammatory response in macrophages, which
was dependent on TLR4-MyD88 signaling [129]. Mice with nonfunctional TLR4
(C3H/HeJ mice) were more susceptible to intranasal inoculation of pneumococci, which
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was correlated to a higher level of colonizing bacteria in the nasopharynx. In another study,
mice with nonfunctional TLR4 had slightly higher bacterial numbers in the lungs two days
post infection and the survival of these mice was mildly affected. However, the cytokine
and chemokine responses and the amount of leukocytes in the lungs were similar to wt mice
[130]. Judging from these studies, TLR4 only seems to play a modest role in the innate
immune response to pneumococci in the lungs, but may affect colonization. It is likely that
there is a redundancy in the TLR system. For example, it has been suggested that the
interaction between TLR4 and pneumolysin compensates for a TLR2 deficiency, leading
only to small alterations of the innate immune response in TLR2-deficient mice [111].
TLR9 recognizes hypomethylated CpG motifs, which are frequently found in bacterial and
viral but not mammalian DNA [131]. These motifs are highly immunogenic and are
therefore regarded as potential adjuvants. TLR9 is an intracellular receptor, and ligand
binding and subsequent signal transduction is thought to occur in endosomes [132].
Different bacterial species have been shown to activate TLR9 to varying degree, which was
correlated to the GC-content of the bacteria [133]. Pseudomonas aeruginosa and
Mycobacterium tuberculosis were the most potent activators, while pneumococcal DNA
was less stimulatory, indicating that a high inoculum and co-signaling with other receptors
likely is necessary for an efficient host response. On the other hand, both live bacteria and
genomic DNA from pneumococci were shown to stimulate HEK293-TLR9 cells [134]. In a
mouse model of meningococcal sepsis, TLR9 was needed to control the infection [135]. It
has further been shown that activation of TLR9 with CpG motifs promotes phagocytosis by
macrophages and induces upregulation of SRs, such as MARCO and SR-A [136, 137]. Cosignaling between TLR9 and TLR2 has been demonstrated to occur during infection with
M. tuberculosis [138]. Furthermore, TLR2, together with TLR9 and TLR4, has been shown
to induce cykokines and chemokines in the spleen in response to pneumococci [139]. A
study investigating the effects of morphine-induced immunosuppression on susceptibility to
pneumococcal disease found that morphine treatment inhibited TLR9-NFκB signaling in
AMs [140, 141]. This led to an impaired clearance of pneumococci by AMs as well as to
decreased levels of MIP-2 produced by these cells. The role of TLR9 in pneumococcal
infection remains to be further explored, and this is undertaken in paper III.
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Figure 2. MyD88-dependent signaling. Upon ligand binding, MyD88 is recruited to the TIR domains of the receptors, which
triggers a cascade of phosphorylation events, resulting in translocation of NFκB to the nucleus and transcription of
proinflammatory genes. In addition to MyD88, TLR2 and TLR4 also employ the adaptor protein TIRAP/Mal.

1.4.1.2 Scavenger receptors contribute to clearance of pneumococci in the lungs
The family of SRs consists of eight different classes [142]. These receptors recognize
polyanionic ligands leading to adhesion, endocytosis, phagocytosis and antigen
presentation. They were originally shown to internalize modified low-density lipoproteins
and, therefore, to play a role in atherosclerosis. Scavenger receptor-A and MARCO belong
to the class A SRs, and they promote clearance of pneumococci and environmental particles
in the lungs. SR-A is expressed by most macrophage populations, and mice deficient in this
receptor were more susceptible to pneumococcal pneumonia [143]. That was associated
with a defective clearance of the bacteria in the lungs, leading to higher bacterial numbers
and enhanced inflammation. In vitro, the AMs were impaired in the uptake of
pneumococci. SR-A has been shown to bind to CpG oligodeoxynucelotides (ODNs), but
does not mediate their uptake [144]. MARCO is expressed by macrophages in the
peritoneal cavity, marginal zone of the spleen and medullary cord of lymph nodes, but its
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expression can be induced in other macrophage populations upon stimulation. After
intranasal pneumococcal challenge, MARCO-deficient mice were unable to efficiently
clear bacteria from the lungs, and similar to the SR-A-deficient mice, this led to
uncontrolled growth of bacteria in the lungs and enhanced inflammation [145]. In vitro,
MARCO-deficient AMs were attenuated in the ability to phagocytose pneumococci.
Similar to SR-A, MARCO has been shown to bind to CpG ODNs [146]. It has been
demonstrated that TLR signaling upregulates the expression of SRs through a pathway
involving MyD88/IRAK4/p38 [136]. The TLRs differed in their potency to induce this
phagocytic gene program, TLR9 was shown to be the strongest inducer and TLR3 the
weakest. Another study showed that differential activation of TLR2 or TLR4 regulated SRA-dependent phagocytosis of Gram-positive and Gram-negative bacteria, respectively
[147].
1.4.1.3 Integrins mediate both opsonic and non-opsonic phagocytosis
Integrins are heterodimeric receptors, consisting of an α- and a β-chain. Upon ligand
binding, signaling events that affect the growth, shape and survival of the cell take place
[148]. There are several integrins identified, such as the laminin receptor and complement
receptor 3 (CR3, also called CD11b/CD18, αMβ2 or Mac-1). Complement receptor 3
recognizes endogenous ligands such as C3b, the intracellular adhesion molecule-1 and the
coagulation factor fibrinogen, and many CR3-ligands contain Arg-Gly-Asp (RGD)-motifs
[149, 150]. Complement receptor 3 is involved in both opsonic and non-opsonic
phagocytosis of bacteria [151-154], and it promotes adhesion and migration of immune
cells during infection [155, 156]. Specifically, CR3 has been shown to regulate the efflux of
macrophages from the peritoneal cavity to the lymph nodes and blood [157]. The
filamentous hemagglutinin (FHA) of B. pertussis upregulates CR3 by binding to a signal
transduction complex consisting of a leukocyte response integrin and an integrin-associated
protein [158-160]. That interaction was suggested to promote intracellular persistence of the
bacterium. In an experimental animal model of systemic disease, CR3 played a role in the
defense against pneumococci [161]. After intranasal pneumococcal challenge, CD11bexpressing AMs were significantly increased [162], and CD11b-deficient mice exhibited a
more pronounced inflammation as well as higher bacterial numbers in the lungs [163].
Additionally, in an assay performed with whole blood from human donors, challenge with
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heat-inactivated pneumococci induced CR3-expression in neutrophils [164], which is
possibly due to pneumolysin-induced activation of the cells [165].
1.4.1.4 DC-SIGN binds to the capsular polysaccharide of S. pneumoniae
The dendritic cell-specific intracellular adhesion molecule-grabbing non-integrin (DCSIGN, CD209) and its murine homologue SIGN-R1 are C-type lectins that bind to the
capsule of pneumococci. SIGN-R1 is expressed on marginal zone macrophages in the
spleen and microglia in the brain [166, 167], and mice deficient in this receptor were more
susceptible to a lethal intraperitoneal infection with pneumococci [168]. The protective
effects of this receptor may be mediated by activation of the complement cascade [169].
SIGN-R1-deficient mice infected intranasally were more susceptible to pneumococcal
challenge, possibly due to impaired antigen presentation in the spleen and subsequently to
diminished production of IgM in these mice [170]. However, in immunization studies
where mice were inoculated intraperitoneally, SIGN-R1 did not play a role in the induction
of antibodies towards the pneumococcal capsule [171].
1.4.1.5 PAFr mediates invasion during pneumococcal meningitis
The platelet-activating factor receptor (PAFr) binds to choline in PAF, which is a proinflammatory phospholipid, as well as to choline in the pneumococcal cell wall.
Interactions between PAFr and the pneumococcus led to invasion of endothelial and
epithelial cells [172-174]. This was suggested to be one mechanism for pneumococcal
spread across the BBB. The role of the PAFr has also been investigated in a murine model
of pneumonia. Mice deficient in this receptor were more resistant to pneumococcal
infection, associated with fewer bacteria in the lungs and blood, and less inflammation in
the lungs [175].
1.4.1.6 Nod proteins recognize peptidoglycan from intracellular bacteria
The nucleotide-binding oligomerization domain (Nod) proteins are intracellular PRRs,
which, upon activation, promote production of proinflammatory genes. Nod1 is expressed
in many tissues and play a role in recognition of peptidoglycan (PG) from Gram-negative
species, while Nod2 is expressed by monocytes, macrophages, DCs and intestinal epithelial
cells and recognizes PG from almost all bacteria. The role of Nod proteins in recognition of
S. pneumoniae PG has been investigated [176]. Invasion of pneumococci into HEK293
cells led to increased expression of Nod2. Both Nod1 and Nod2 were upregulated in vitro
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in bronchial epithelial cells as well as in vivo in mice after pneumococcal challenge,
suggesting that Nod proteins recognize pneumococci.
1.4.2 Pneumococcal virulence factors
1.4.2.1 The polysaccharide capsule protects against phagocytosis
The polysaccharide capsule is believed to be the major virulence factor of S. pneumoniae
since unencapsulated pneumococci generally are avirulent [42]. The capsule is a shield that
surrounds the bacterial cell and protects it against opsonization and subsequent
phagocytosis by immune cells [93] and against capture by neutrophil extracellular traps
(NETs) [177]. The negative charge of the capsule has also been suggested to limit
aggregation of bacteria in the mucus in the respiratory tract, and may therefore indirectly
promote colonization [178]. Since the capsule is highly immunogenic, it may be beneficial
for the bacterium to alter the production of capsule. It has been demonstrated that capsule
expression is reduced upon contact with epithelial cells [179]. Pneumococci can also switch
between opaque and transparent phase variants. The transparent variants express less
capsule and more teichoic acid and pyruvate oxidase (SpxB) than opaque variants [180,
181]. The former has been associated with colonization of the nasopharynx [182, 183], and
the latter with invasive disease [180]. Even though the capsule is the major virulence factor,
several studies have suggested that the clonal type also has an impact on the ability of the
pneumococcus to cause invasive disease [184-187]. Clonal types are isolates that are highly
genetically related, and they can be distinguished using methods such as multi-locus
sequence typing or pulsed-field gel electrophoresis.
1.4.2.2 Pneumococcal cell wall fragments are proinflammatory
As with other Gram-positive bacteria, a thick PG layer surrounds the pneumococcus. It
consists of N-acetyl-muramic acid and N-acetyl-glucosamine, gives structure to the
bacterial cell and helps it to withstand osmotic pressure. Teichoic (TA) and lipoteichoic
acid (LTA) are other components of the pneumococcal cell wall. A unique feature of the
pneumococcus is that several CBPs are attached to choline in the cell wall [188]. It has
been demonstrated that cell wall components of S. pneumoniae are proinflammatory [189].
For example, LTA has been shown to induce signaling through TLR2, possibly in
conjunction with other receptors, such as CD14 [111, 190, 191].
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1.4.2.3 Surface proteins mediate adherence and invasion
Several surface proteins have been shown to play a role in pneumococcal colonization and
disease. The adhesin PspA is expressed by all pneumococcal strains, and it interferes with
the immune system in different ways. It hampers proper activation of the complement
cascade by interfering with C3b deposition on the pneumococcal surface [192], and it binds
to the iron-transporting protein lactoferrin [193, 194]. In addition, PspA has been shown to
promote virulence in vivo in mice, although the opposite also has been reported [192, 195,
196]. These contradictory results may reflect differences in serotypes as well as mouse
strains used in the studies.
Pneumococcal surface protein C (also known as CbpA, SpsA and Hic) is another adhesin
present in most pneumococcal strains. It binds factor H and C3 [197-199], which interferes
with the complement cascade. Recently, it was demonstrated that PspC interacts with the
C4b binding protein (C4BP), thus preventing activation of the classical pathway of the
complement system [200]. This results in evasion of the complement system and may
contribute to reduced clearance of the bacterium. Secretory IgA is another component of
the innate immune defense that is targeted by PspC [201]. The polymeric immunoglobulin
receptor (pIgR) binds to PspC [201, 202], leading to translocation of pneumococci across
the respiratory epithelium [203].
The pneumococcal adherence and virulence factor A (PavA) is expressed by most
pneumococci. A study that investigated the presence of the pavA gene in different
pneumococcal strains found the gene in all 64 isolates tested [204]. PavA binds to
fibronectin and the virulence of mutants deficient in PavA are attenuated in models of
meningitis and sepsis [204, 205]. A recent study demonstrated that PavA prevents
phagocytosis of pneumococci by DCs, and that it affects production of cytokines and
proliferation of T cells [206]. However, the adhesive capacity of PavA is thought to depend
on the ability of this protein to modulate other pneumococcal adhesins, rather than to
directly interact with a host cell receptor [205].
The role of PsaA has been investigated in animal models of colonization, pneumonia,
systemic infection and otitis media [195, 207]. This protein is expressed by most
pneumococci. However, it has been debated whether PsaA directly interacts with the host
or generally affects the fitness of the bacterium. It is a component of a manganese
24

Introduction

transporter system [208]. This system affects the oxidative stress response, leading to
increased susceptibility to hydrogen peroxide and superoxide. It is therefore possible that
the altered virulence of PsaA-deficient bacteria is due to alterations in the oxidative stress
response or to reduced growth of the bacteria in a manganese-limited environment in vivo
[209]. On the other hand, PsaA has been shown to bind to human E-cadherin, suggesting
that PsaA may be a true pneumococcal adhesin [210].
Pneumococci express three surface anchored neuraminidases, NanA, NanB and NanC.
These proteins cleave sialic acid residues from glycolipids, lipoproteins and
oligosaccharides on host cells and soluble proteins in body fluids, thereby facilitating
attachment or evasion of clearance mechanisms [211]. In a study investigating over 300
pneumococcal isolates, all strains contained nanA, while nanB and nanC were present in
96% and 51% of the isolates, respectively [212]. NanA and NanB have been implicated in
colonization and sepsis [213], and NanA-deficiency was associated with earlier clearance
of pneumococci in a chinchilla model of otitis media [214]. Furthermore, it has been
suggested that NanA plays a role in translocation across the BBB. NanA increased
adherence to and invasion of human brain microvascular endothelial cells (BMECs). This
was enhanced by, but not dependent on, the sialidase activity of NanA [215].
1.4.2.4 The pneumococcal pilus has adhesive and immunogenic properties
Until recently, pili were regarded exclusively as features of Gram-negative bacteria. The
first Gram-positive bacterium that was reported to express pili was Corynebacterium renale
[216, 217]. Pili in Corynebacterium have been shown to confer adherence to epithelial cells
[218-220]. As opposed to Gram-negative organisms, the pilus subunits in Gram-positive
bacteria are covalently linked to each other. Enzymes called sortases recognize and cleave
LPXTG motifs present in the pilin subunits, leading to polymerization of the pilus polymer
and anchoring to the cell wall [221]. Different isolates of the same species can contain
genes encoding different pilus types, indicating an important function for these structures.
Both GAS and group B streptococci (GBS, S. agalactiae) express pili, and these structures
have been shown to promote adherence and biofilm formation [222-226]. Pili in GAS are
Lancefield T antigens, which are used in the laboratory to characterize the bacteria [227].
The scavenger receptor gp340 binds to GAS pili in saliva, which results in bacterial
aggregation and subsequently to less efficient adherence of the bacteria to epithelial cells
[228]. The GBS pili have been demonstrated to enhance invasion of BMECs, which may be
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important for progression to meningitis [226]. Pili have further been found in Enterococcus
faecalis, where they play a role in biofilm formation and development of endocarditis and
urinary tract infection in animal models [229-231]. Pilus subunits are potential components
of a protein-based vaccine, and immunization studies with recombinant pilus subunits from
GAS and GBS have demonstrated that these proteins confer protection against lethal
infections in mice [227, 232-235].

Figure 3. The rlrA pathogenicity islet and the structure of the pilus polymer. The islet consists of seven genes, three
encoding structural subunits, three encoding sortases, and one encoding a positive regulator. The backbone of the pilus
polymer is made up of RrgB, and RrgA and RrgC decorate the pilus fiber, sometimes in clusters. Additionally, RrgA can be
found in monomeric form in the cell wall.

The first sortase-assembled pneumococcal pilus described, which in this thesis will be
referred to as the pilus, is encoded by the rlrA pathogenicity islet [236-238]. Three genes
encode the LPXTG-containing pilus subunits, where RrgB constitutes the backbone of the
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polymer and RrgA and RrgC decorate the pilus shaft, sometimes in clusters [239]. In
addition, RrgA can be found in monomeric form in the cell wall. Three other genes encode
the sortases, SrtB, SrtC and SrtD. These catalyze the assembly of the subunits and are also
involved in localization of pili on the bacterial surface [240-242]. Contradictory results
have been presented regarding the ability of the sortases to incorporate pilus subunits into
polymers. This could be due to differences in the experimental setup: one study investigated
the pilus polymerization in pneumococci in whole bacterial cells, while the other employed
methods to study the assembly of purified RrgB monomers. The seventh gene encodes the
positive transcriptional regulator RlrA [243]. There is also a transcriptional repressor,
MgrA, acting on the genes in the islet, but it is located elsewhere in the genome [244].
Figure 3 illustrates the organization of the rlrA pathogenicity islet and the pilus polymers.
The pilus is expressed by approximately 30% of all clinical isolates [245, 246] and is
predominantly found in isolates associated with carriage [247]. The pilus islet was
identified as a factor contributing to successful spread of isolates belonging to the clonal
cluster ST156. In that study, all ST156 isolates and at least 70% of the PNSP analyzed
carried the islet [247]. Furthermore, it has been suggested that pilus expression is one
mechanism that confers an advantage for the pneumococcus during co-colonization with S.
aureus [248]. Also, vaccination studies have revealed that immunization with pilus subunits
protects against invasive pneumococcal disease in mice [66]. Data from our group
demonstrated that the pilus promotes adherence to lung epithelial cells, induces production
of proinflammatory cytokines after intraperitoneal challenge, and affects virulence after
intranasal challenge in mice [236]. The contribution of the individual pilus subunits in
pneumococcal pathogenesis is largely unknown, although RrgA may be involved in biofilm
formation of S. pneumoniae [249]. The role of the pilus subunits in the interaction with
epithelial cells and macrophages is presented in papers I and II in this thesis.
A second pilus islet, which will be referred to as pilus islet (PI)-2, was recently described in
S. pneumoniae [250]. In a collection of 305 clinical isolates, 16.4% contained PI-2,
compared to 31.5% for the rlrA pathogenicity islet, but the two pilus islets were generally
not present in the same isolates. The backbone protein of PI-2, PitB, promoted adherence of
the bacterium to lung epithelial cells.
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1.4.2.5 Pneumolysin is cytotoxic to host cells
Pneumococci express a toxin called pneumolysin, which recognizes cholesterol in the cell
wall of eukaryotic cells, leading to formation of pores and subsequently to lysis of the
targeted cell. Pneumolysin is a homologue to streptolysin and listeriolysin, two hemolysins
found in GAS and Listeria monocytogenes, respectively. Pneumolysin is expressed by the
majority of clinical isolates from patients with pneumococcal pneumonia [251], although
recent reports have shown that there are pathogenic isolates expressing non-hemolytic
pneumolysin [252, 253]. Initially it was believed that pneumolysin is released solely during
autolysis of pneumococci, but Balachandran et al. showed in 2001 that the release was not
dependent on LytA, the primary autolysin of S. pneumoniae [254]. Much of the tissue
destruction associated with pneumococcal disease has been attributed to the action of
pneumolysin. Indeed, instillation of purified pneumolysin into rat lungs induced pathology
similar to that seen after pneumococcal challenge [255]. The toxin has also been shown to
induce cell death in host cells in the brain and lungs [256-259]. Several different studies
have shown that pneumolysin-deficient strains are attenuated in virulence in mouse models
[196, 260, 261]. Pneumolysin is a potent activator of the classical complement pathway, a
feature that has been proposed to be due to its homology to CRP and the Fc portion of IgG
[262, 263]. Furthermore, pneumolysin induces production of proinflammatory cytokines,
possibly by interacting with TLR4 [98, 129]. A recent publication from our group
suggested that pneumolysin produced by unencapsulated pneumococci residing
intracellularly in DCs promotes caspase-dependent apoptosis of these cells [264]. In that
study, pneumolysin further decreased the production of cytokines, such as IL-12p70 and
IL-8, and diminished inflammasome and DC activation. It was suggested that this may
impair activation of adaptive immunity. Finally, pneumolysin has been shown to enhance
migration of neutrophils [265, 266] by upregulating CR3 expression on these cells [165].
1.4.2.6 SpxB regulates the production of the cytotoxic substance hydrogen peroxide
The pyruvate oxidase of pneumococci, SpxB, is an enzyme that is involved in the
production of hydrogen peroxide and it plays a role in adherence and virulence [267].
Hydrogen peroxide is cytotoxic to host cells, such as respiratory epithelial cells and
microglia [257, 259, 268]. Furthermore, hydrogen peroxide may aid the pneumococcus
during competition in the nasopharynx, since it can be bactericidal for S. aureus and H.
influenzae [269, 270].
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1.4.2.7 Zinc metalloproteases contribute to pneumococcal virulence
Different zinc metalloproteases have been described in the pneumocococcus, including
ZmpB, ZmpC and IgA1 protease. A study has shown that ZmpB and IgA1 protease,
expressed by all strains of S. pneumoniae, contribute to virulence in mice [271]. Another
study reported that ZmpC affects pneumococcal virulence, possibly by cleaving human
matrix metalloproteinase-9 and thereby promoting tissue invasion [272]. ZmpB has also
been shown to contribute to the development of pneumonia and sepsis in murine infection
models by inducing TNF-α production in the lungs [273]. The IgA1 protease cleaves the
hinge region of human IgA1 present in mucosal secretions, leading to coating of
pneumococci with IgA lacking the Fc domain. As such, clearance by complement and Fc
receptors may be avoided. The IgA1 protease has also been suggested to neutralize the
negative charge of the capsule, thus facilitating adhesion to host cells [274].
1.4.2.8 Autolysins are involved in pneumococcal virulence and colonization
S. pneumoniae expresses three hydrolases called LytA, LytB and LytC. LytA causes lysis
of the bacterial cell during the stationary phase by breaking down PG [275, 276]. During
treatment with penicillin and other lytic antibiotics, LytA-dependent lysis is triggered.
Different murine infection models have shown that LytA affectes virulence [196, 260, 277].
One recent study demonstrated that fragments from autolysed pneumococci inhibit
production of macrophage-activating cytokines and decrease phagocytosis of bacteria in
vitro [278]. Furthermore, since pneumococci are naturally transformable, autolysis may
lead to the exchange of DNA between different strains. Lastly, the bile solubility test used
to identify pneumococci is based on the activity of LytA, which is activated by the
deoxycholic acid present in bile. LytB facilitates daughter cell separation during bacterial
replication [279, 280]. LytC is active in stationary phase at 30oC [280], indicating that it
could play a role during colonization, since the temperature is somewhat lower in the
nasopharynx than in the rest of the body.
1.4.3 Bacterial strategies to cause systemic disease
1.4.3.1 Dissemination through the paracellular route
In order to disseminate in the body, pathogens must be able to cross biological membranes.
Dissemination of pathogens through a paracellular pathway is dependent on destruction of
junctions between epithelial or endothelial cells, creating a free passage between the cells.
Inflammation leads to release of substances such as TNF-α, IL-1, bradykinin and reactive
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oxygen species that promote dissociation of intercellular junctions. This is necessary for the
infiltration of immune cells into infected tissues but can also help microbes to access the
bloodstream. Certain bacteria such as Bacillus anthracis and Corynebacterium diphtheriae
secrete toxins and other factors that increase vascular permeability and damage epithelial
cells [31]. Both GAS and GBS are thought to disseminate through the paracellular pathway.
GAS binds to CD44 through its hyaluronic acid capsule, which leads to disruption of
intercellular junctions and translocation of the bacteria through keratinocyte monolayers in
vitro [281]. GBS implement the paracellular route by transiently disrupting intercellular
junctions in the epithelial cell lines Caco2 and ME180 [282]. The respiratory pathogen H.
influenzae has also been suggested to cross lung epithelial cell layers in a paracellular
manner [283]. Finally, it has been shown that pneumococci interact with plasmin, which
may lead to disruption of intercellular junctions and translocation of bacteria across
epithelial and endothelial cells [108].
1.4.3.2 Dissemination through the transcellular pathway
Dissemination in a transcellular manner refers to migration of bacteria through epithelial or
endothelial cell layers intracellularly. Invasion of and translocation across the BBB is
believed to be the first step in meningitis. It has been demonstrated that GBS invade and
migrate transcellularly across monolayers of BMECs in vitro [284]. Pneumococci have also
been shown to invade and translocate across BMECs in this manner by interacting with the
PAFr. The pneumococcal capsule was shown to have a negative effect on invasion, perhaps
because this structure inhibited adherence to the cells [173]. NanA has been reported to
enhance adherence and invasion of the bacteria by BMECs [215]. PspC has been shown to
facilitate the initial adherence to endothelial cells through the laminin receptor, and
adhesins of N. meningitidis and H. influenzae also bind to this receptor, suggesting that this
may be a common strategy of meningitis-causing bacteria [285]. In addition, the interaction
between PspC and the PAFr on epithelial and endothelial cells results in internalization and
translocation of pneumococci in vitro [172, 173].
1.4.3.3 Dissemination using host cells as vehicles
Instead of using trans- or paracellular routes for dissemination, some microorganisms have
adapted to survive intracellularly in phagocytes. Bacteria persisting inside such cells may
constitute a reservoir of infection and can avoid recognition and elimination by cellular and
humoral immune defenses or by antibiotics. Furthermore, they can use host cells as vehicles
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for dissemination in the body. The parasite T. gondii has been shown to enhance migration
of DCs, leading to translocation across monolayers of endothelial cells in vitro and
dissemination of parasites in vivo in mice [286]. The respiratory pathogens M. tuberculosis
and B. anthracis can reside inside AMs and have been proposed to spread in the body this
way [287, 288]. One report investigated the interaction between the macrophage cell line
J774 and H. influenzae and demonstrated that the bacteria can survive inside macrophages
[289]. Internalization of B. pertussis through CR3 has been suggested to promote
intracellular persistence of this bacterium [160]. It has been shown that phagocytosis
mediated by CR3 activates Rho, but not Cdc43 or Rac, leading to a weaker induction of the
inflammatory response, which could favor the bacteria [155]. Group B streptococci are
internalized by macrophages in a CR3-dependent manner in a non-opsonic environment,
leading to intracellular persistence [151, 290, 291]. Group A streptococci can also survive
in macrophages [292], which is mediated by the bacterial cysteine protease SpeB.
Additionally, GAS has been shown to persist inside neutrophils, which promotes
dissemination of the bacteria in mice [293]. Finally, it has been demonstrated that the fish
pathogen Streptococcus iniae can survive intracellularly in macrophages [294]. Thus,
several extracellular bacteria, including members of the genus Streptococcus, have the
ability to persist inside phagocytic cells, which has been proposed to enhance dissemination
of these bacteria. This suggests that phagocytosis may be a double-edged sword: it is
crucial for clearance, but it may also contribute to disease progression.
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2 AIMS
The overall aim of the investigations presented in this thesis was to explore the complex
interplay between pneumococci and the innate immune system, taking both host and
bacterial factors into account, and the effects these interactions may have on adherence,
clearance and systemic spread of S. pneumoniae.
2.1

SPECIFIC AIMS

Paper I
The purpose of the studies undertaken in paper I was to identify which pilus subunit(s)
adhere(s) to epithelial cells.
Paper II
The aim of paper II was to explore the interaction between individual pilus subunits and
macrophages and the functional outcomes of these interactions.
Paper III
In paper III, the objective was to investigate the role of different MyD88-dependent TLRs
in the innate immune defense against S. pneumoniae.
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3 METHODOLOGICAL CONSIDERATIONS
3.1

BACTERIA

T4 (TIGR4, ATCC BAA-334), is an encapsulated clinical isolate of serotype 4 belonging to
ST205, a clone with a high invasive disease potential in Sweden [20, 187]. Studies
performed by Sandgren et al. established that T4 also gives rise to invasive disease in mice
[185]. T4 was originally isolated from the blood of a Norwegian patient, and its genome
was sequenced in 2001 [41]. It is used as the wt strain in all papers included in this thesis.
In paper I and II, T4 mutants lacking one or several pilus islet genes were created by
insertion-deletion mutagenesis [295]. The targeted gene was replaced by an erythromycin
cassette (ErmR Genebank accession AB057644), and successful replacement was confirmed
by polymerase chain reaction (PCR), sequencing and immunogenicity. The complemented
strain (T4ΔrrgA∇(lacE::rrgA)) and the strain overexpressing RrgA (T4∇(lacE::rrgA)),
were created by inserting a second copy of RrgA in trans in the lacE lactose utilization
operon [296], and these mutants were selected by spectinomycin resistance (SpectR
Genebank accession AY334020). The pilus mutants used in paper I and II are depicted in
Table 3.
Table 3. T4 mutants used in paper I and II.
Strain

Genes deleted

T4ΔrrgA

rrgA

Yes

T4ΔrrgBC

rrgB, rrgC

No

T4Δ(rrgA-srtD)

rrgA, rrgB, rrgC, srtB, srtC, srtD

No

T4∇(lacE::rrgA)

No genes missing, rrgA inserted in trans in the lacE locus

Yes

T4ΔrrgA∇(lacE::rrgA)

rrga; rrgA inserted in trans in the lacE locus

Yes

3.2

Pilus polymer

CELLS

A549 (ATCC CCL-185), an epithelial cell line derived from a lung carcinoma, was used for
the adherence studies (paper I). It is advantageous to use cell lines, since it is possible to
perform several experiments with cells of the same origin, although there may be concerns
about the biological relevance of using immortalized cells, since receptor expression and
signal transduction pathways may be different.
In paper II and III, murine primary cells were isolated from the lungs (AMs) or bone
marrow (BMDMs). Experiments were performed with the former cells the day of the
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isolation. The latter were differentiated for 7 days in the presence of macrophage-colony
stimulating factor (M-CSF) before the experiments were conducted. This yielded a high
percentage of mature macrophages (ca 90%). M-CSF differentiates the cells into
macrophages and enhances the phagocytic capacity of the cells. Primary cells are closer
resembling the ones found in tissues in vivo than immortalized cell lines, but as with all in
vitro assays, the cells are isolated from surrounding factors and both solutions and
concentrations may differ dramatically from the in vivo setting.
3.3

IN VITRO STUDIES

Adherence assays (paper I), were performed by incubating bacteria with monolayers of
BMDMs at a MOI of 100:1 for 30 minutes. In order to achieve optimal contact between the
bacteria and cells, the samples were centrifuged directly after the bacteria were added. The
results were analyzed by fluorescence microscopy, where 100 cells and the associated
bacteria were counted manually.
Phagocytosis assays were performed using two different methods. The amount of
internalized cells was analyzed by fluorescence-activated cell sorting (FACS, paper II and
III) or fluorescence microscopy (paper III). In both assays, the bacteria were fluorescein
isothiocyanate (FITC)-labeled and incubated with monolayers of macrophages. In paper III,
the optimal time point was determined to be one hour, which was used in both paper II and
III. In all macrophage assays, addition of bacteria to cells was performed on ice, followed
by centrifugation, in order to create a common starting point of the challenge and achieve
optimal contact between cells and bacteria. Before data acquisition by FACS, trypan blue
was added to quench extracellular fluorescence. Additionally, some cells were pre-treated
with the actin cytoskeleton inhibitor Cytochalasin D and compared to untreated cells to
distinguish bound from internalized bacteria. In order to study intracellular survival of
bacteria inside macrophages, gentamicin protection assays were performed. Following
phagocytosis, gentamicin was added to the medium in order to kill the extracellular
bacteria, and throughout the rest of the experiments, a low concentration of gentamicin was
present in the medium. At various time points, cells were lysed and viable bacteria were
determined by serial dilutions and plating. Motility of BMDMs was determined using a
Transwell system and time-lapse video microscopy. In the former, cells and ingested
bacteria were added to inserts and allowed to migrate through a filter to another chamber.
The viable cells that had migrated across the filter were counted. In the latter assay, cells
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and FITC-labeled bacteria were mixed in tracking chambers, and fluorescence and cell
movements were recorded simultaneously with 90 seconds intervals using an Olympus
BX61 microscope. Cell movements were analyzed by single cell tracking, and two
positions, with 50 cells in each, were examined per sample.
3.4

INFECTION MODELS

Animal models are an absolute necessity to study host immunity in its whole, in a manner
that cell culture-based models cannot recreate. They highlight the complexity but also the
interactions between the different players of the immune system. In vivo studies were
undertaken in all papers included in the current thesis, and C57Bl/6 mice (wt) and different
mouse strains lacking receptors important for the innate immune system were used. In
paper I and III, mice were inoculated intranasally with a low dose of approximately 1x105
CFU/mouse. In this system, approximately 10% of the wt mice progressed to disease, while
the rest remained healthy throughout the experiments. The mice developed a non-lethal
resolving pneumonia, and this model is suitable for studies of colonization. We also found
it useful when investigating differences in susceptibility between wt mice and mice lacking
innate immunity genes. Intranasal inoculations of pneumococci are thought to resemble the
natural route of infection in humans, since the bacteria first are introduced in the
nasopharynx and then progress to the lungs and blood in susceptible individuals. In paper II
and III, intraperitoneal inoculations were performed. The mice were infected with low and
high doses of S. pneumoniae (5x104 and 5x106 CFU/mouse, respectively). In paper II, an
intravenous model was also employed, where 5x105 CFU/mouse were injected. In both
models, the mice progressed to disease within a day. The relevance of intraperitoneal and
intravenous inoculations of pneumococci can be questioned. Pneumococci are primarily
respiratory pathogens, but they can also spread from the respiratory tract to the
bloodstream. Intraperitoneal and intravenous infection models are widely used to study the
systemic phase of pneumococcal disease.
Mice are commonly used as models in infection studies, but they are not natural hosts for
pneumococci. Receptor expression and cellular composition can vary between mice and
humans. One example is the expression of TLR9: this receptor is found on both myeloid
and plasmacytoid DCs in mice, but only on plasmacytoid DCs in humans [114]. Another
example is that human blood is neutrophil rich, while lymphocytes are predominating in
mouse blood [297]. Due to these differences, caution has to be taken when inferring
35

Sofia Dahlberg 2009

conclusions from experiments obtained in mice to the human system. Despite these
limitations, the diseases caused by the pneumococcus in the mouse resemble those in
humans. Hence, the mouse can be used as screening system when studying biological
processes.
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4 RESULTS AND DISCUSSION
4.1

THE PILUS ADHESIN (PAPER I)

In this paper, the contribution of the individual pilus subunits RrgA, RrgB and RrgC to
adherence was investigated. This study was initiated as a continuation of the paper
published by Barocchi et al. [236]. In paper I, CFU-based adherence assays performed with
A549 cells, T4 and various mutants lacking the pilus genes showed that RrgA is the major
adhesin. The strain lacking only RrgA displayed similar adherence as a non-piliated control
strain, in which all pilus subunits and sortases were deleted. Surprisingly, RrgA promoted
adherence even in the absence of a pilus polymer, as a mutant lacking RrgB and RrgC but
expressing RrgA exhibited wt adherence. Furthermore, recombinant His-tagged RrgA
bound to A549 cells, and pre-incubation of the cells with recombinant RrgA prior to
challenge with wt pneumococci decreased the adherence. Additionally, when using a
FACS-based assay to detect adherence, recombinant RrgA and to a lower extent RrgC were
shown to bind to A549 cells in suspension in a dose-dependent manner. Western blot
analysis and immunoelectron microscopy demonstrated that RrgB and RrgC assemble in
pilus polymers in the absence of RrgA, and that RrgA is found in monomeric form in the
cell wall in the absence of RrgB and RrgC. Finally, in vivo data showed that mice infected
with bacteria lacking RrgA had significantly less bacteria in the nasopharynx one week post
infection, while the mutant lacking both RrgB and RrgC displayed wt levels of
colonization. Thus, RrgA mediates adherence to epithelial cells in vitro and in vivo, both
when it is associated with a pilus fiber and when it is anchored to the cell wall in
monomeric form.
Adherence to the respiratory mucosa is crucial for establishment of pneumococcal
infections. A potential strategy to prevent invasive disease is to reduce nasopharyngeal
colonization and thereby transmission of bacteria in the community. Therefore,
pneumococcal adhesins are putative vaccine candidates and it is important to characterize
their interactions with the host. The pneumococcus is surrounded by a thick polysaccharide
capsule, limiting the accessibility of pneumococcal adhesins. However, phase variation
leads to up- or down-regulation of this structure [180, 182, 183] and different capsular
variants may promote more or less accessibility to pneumococcal surface proteins [298].
RrgA mediated adherence in the absence of a pilus polymer, but it is plausible that this
structure has a biological function, since it requires energy to produce a pilus fiber. In other
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Gram-positive bacteria, such as GAS and C. diphtheriae, RrgA and RrgC homologues have
been identified as adhesins [218, 222, 223, 226]. RrgA, RrgB and RrgC belong to the group
of microbial surface components recognizing adhesive matrix molecules (MSCRAMMs)
[238, 299], which have been shown to bind to integrins [299]. RrgA has two additional
motifs implicated in adhesion: RGD sequences and the von Willebrand factor [300, 301].
RGD sequences of B. pertussis have been shown to interact with CR3 [158, 159].
Therefore, one can speculate that the receptor for RrgA on epithelial cells is an integrin. An
interesting follow-up to this paper would be to identify that receptor, as well as to pin-point
the interacting RrgA domain.
4.2

PILUS-MACROPHAGE INTERACTIONS (PAPER II)

In order to further characterize host responses to the pneumococcal pilus, interactions
between the pilus and macrophages were investigated. Phagocytosis assays revealed that
RrgA enhanced the uptake of pneumococci by BMDMs. Once the bacteria were
internalized, the rate of intracellular killing was unaffected by presence of RrgA. However,
due to increased uptake, a greater amount of pneumococci expressing RrgA survived
intracellularly for at least 10 hours. Moreover, RrgA was shown to bind to CR3 in a farwestern dot blot assay. This was further confirmed by phagocytosis assays where wt
BMDMs pre-treated with anti-CD11b antibodies displayed lower uptake of RrgA-positive
bacteria than untreated BMDMs. Additionally, CR3-deficient (CD11b-/-) BMDMs were
impaired in their uptake of RrgA-positive bacteria. The motility of macrophages was
assessed using two different methods: a Transwell system and time-lapse video
microscopy. This revealed that expression of RrgA enhanced macrophage motility. Finally,
wt mice inoculated intraperitoneally with RrgA-positive pneumococci displayed faster
onset of disease and more rapid appearance of bacteria in the bloodstream than mice
inoculated with RrgA-negative bacteria. There were no differences in time to onset of
disease and bacterial counts in blood when mice were inoculated intravenously with RrgApositive and –negative bacteria. This indicated that the bacterial growth in blood is
unaffected by RrgA expression. Finally, CR3-deficient (CD11b-/-) mice infected
intraperitoneally with RrgA-positive bacteria displayed later onset of symptoms than wt
mice. There were no differences in the numbers of RrgA-positive and –negative bacteria in
the bloodstream of these mice. Taken together, these data suggest that the interaction
between CR3 and RrgA augments macrophage phagocytosis and motility, which may lead
to translocation of bacteria from the peritoneal cavity to the bloodstream.
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RrgA alone was capable of enhancing macrophage phagocytosis and motility in paper II.
As discussed in the previous section, it would be surprising if the pilus fiber did not have a
biological function. In the motility assays performed using time-lapse video microscopy
RrgB or RrgC were needed to enhance the velocity of BMDMs. However, it remains to be
shown if this is important for pneumococcal pathogenesis in vivo. Another question that
needs to be addressed is whether internalization of RrgA-positive pneumococci induces
macrophage motility or secreted factors from bacteria and macrophages promote this
behaviour.
The pneumococcus is regarded as an extracellular pathogen, but the data presented herein
suggest that it can survive intracellularly. Intracellular persistence has been demonstrated
for GAS, GBS and S. iniae [290-294], which are closely related to the pneumococcus.
Additionally, in the case of GBS, CR3 was shown to be the receptor mediating the
internalization [151]. If bacteria manage to resist the killing machinery of phagocytes, it is
probably conferring an advantage to reside intracellularly since they are hidden from other
clearance mechanisms and may be transported to distant sites of the body. Pneumococci
secrete substances, such as pneumolysin and hydrogen peroxide, which damage host cells
and thus may promote escape of bacteria from phagocytes.
We have used primary murine BMDMs in our in vitro assays, but we cannot exclude that
other phagocytes are involved in the in vivo setting. Although macrophages are the most
abundant cells in the peritoneal cavity, neutrophils and DCs are also present there.
Furthermore, infections lead to influx of phagocytes, mainly neutrophils, into the peritoneal
cavity, which could influence the results obtained using the in vivo model. Another
possibility is that bacteria are translocated from the peritoneal cavity to the bloodstream
through a paracellular route. The inflammation induced by the infection may damage
intercellular junctions, resulting in diffusion of bacteria into the bloodstream.
In the future, it would be interesting to further explore this Trojan horse hypothesis. One
way to go about this is to perform adoptive transfer experiments. An alternative approach is
to use chlodronate-containing liposomes to deplete specific macrophage populations prior
to pneumococcal challenge. Additionally, mice can be treated with diphtheria toxin,
followed by pneumococcal infection, in order to study how disruption of intercellular
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junctions affects translocation of bacteria from the peritoneal cavity to the bloodstream.
Finally, we would like to investigate if CR3 and RrgA affect translocation of pneumococci
from the lungs to the bloodstream in mice infected intranasally with pneumococci.
4.3

TLR9 IN PNEUMOCOCCAL DISEASE (PAPER III)

In paper III, we studied the interaction between another well-known family of innate
immune receptors, the TLRs, and the piliated pneumococcal strain T4, also used in paper I
and II. This paper was the direct continuation of the work published by Albiger et al. [124],
which showed that MyD88 is essential for protection against pneumococcal disease in
mice. In paper III, we investigated the TLRs upstream of MyD88 suggested to play a role in
the immune response to Gram-positive bacteria. We found that mice deficient in TLR9, but
not TLR1, TLR2, TLR4, TLR6 nor interleukin converting enzyme (ICE), were more
susceptible to pneumococcal infection. The TLR9-deficient mice did not display any
differences in colonization of the nasopharynx at various time points as compared to wt.
These mice did also not have altered cytokine and chemokine responses and they were able
to recruit neutrophils and macrophages to the lungs. This suggested that the local immune
responses were unaffected by the TLR9-deficiency. However, thorough analysis of early
time points revealed that TLR9-deficient mice had higher numbers of bacteria in the
bronchoalveolar lavage and lungs, indicating that these mice were unable to clear
pneumococci from the lower respiratory tract. Persistence of bacteria in the lungs correlated
with development of invasive disease. In wt mice, early clearance of bacteria in the lungs
took place before the influx of neutrophils and macrophages, arguing that resident
phagocytic cells were responsible for this activity. Therefore, in vitro assays were
performed to assess whether TLR9-deficient macrophages were impaired in their cellular
functions. Primary BMDMs and AMs from both wt and TLR9-deficient mice were isolated
and tested for their ability to phagocytose T4. Indeed, we found that TLR9-deficient
macrophages displayed lower levels of bacterial uptake compared to wt, and intracellular
killing of T4 was delayed. These functions were even more impaired in MyD88-deficient
macrophages. Taken together, TLR9 signaling is important for the innate immune defense
against pneumococci since it promotes clearance of bacteria in the lower respiratory tract.
When comparing TLR9- and MyD88-deficient mice infected with S. pneumoniae, it is
obvious that MyD88-deficiency leads to a more pronounced immune defect [124]. The
immune response in TLR9-deficient mice was adequate, apart from early clearance of
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bacteria in the lungs. Although TLR9 seems to be the only receptor that plays a nonredundant role in our infection model, it is quite likely that other MyD88-dependent
receptors act in concert with TLR9, as it was shown in M. tuberculosis infections [138]. It
would therefore be interesting to perform follow-up studies with mice lacking several
TLRs.
To demonstrate that cells of the myeloid lineage are responsible for the phenotype of the
TLR9-deficient mice, bone marrow chimeras could be generated: wt and TLR9-deficient
mice are irradiated and subsequently reconstituted with bone marrow from TLR9-deficient
and wt mice, respectively. Toll-like receptors are primarily involved in recognition of
pathogens, and are not regarded as phagocytic receptors. However, activation of
macrophages by TLR ligands has been shown to upregulate expression of SRs, and CpG
motifs were especially potent inducers [136, 137]. It has been reported that MARCO- and
SR-A-deficient mice are more susceptible to pneumococcal disease, which was correlated
to an impaired clearance of bacteria in the lungs [143, 145]. Further experiments
investigating the connection between TLR9 signaling and SR expression after T4 challenge
would indicate if the phenotype of the TLR9-deficient mice is due to impaired activation of
SRs. Another possibility is that TLR9 acts in concert with SP-A or SP-D. These proteins
promote clearance of pneumococci by binding to DNA and upregulating expression of SRs
and CR3 on macrophages [88-92].

41

Sofia Dahlberg 2009

5 CONCLUSIONS
5.1

MAJOR FINDINGS

5.1.1 The pneumococcal pilus and the host (paper I and II)
RrgA is the major pilus adhesin and it promotes adherence both when it is incorporated
into a pilus polymer and anchored to the cell wall in monomeric form.
RrgA binds to CR3 on murine macrophages, which enhances the uptake of pneumococci.
The interaction between CR3 and RrgA induces the motility of macrophages in vitro, and
leads to earlier onset of disease and faster appearance of bacteria in the bloodstream in
vivo in mice. Therefore, we hypothesize that the CR3-RrgA interaction promotes
dissemination of pneumococci from the peritoneal cavity to the bloodstream.
5.1.2 TLR9 in the immune response towards pneumococci (paper III)
Toll-like receptor 9 is necessary for the innate immune defense against S. pneumoniae since
it promotes clearance of pneumococci from the lungs during the first hours of infection. In
vitro, TLR9-deficient macrophages are impaired in uptake and intracellular killing of
pneumococci. We hypothesize that TLR9 signaling enhances bacterial clearance by
upregulating receptors on AMs, thereby increasing the phagocytic capacity of these cells.
5.2

CONCLUDING REMARKS

Some of the results presented in this thesis may seem contradictory; in paper II,
phagocytosis of pneumococci is suggested to lead to intracellular persistence in host cells
and dissemination in the body. In paper III, phagocytosis is instead regarded as an essential
mechanism for bacterial clearance in the lungs and survival of the host. I believe that
phagocytosis, as well as other microbicidal activities of the immune system, is beneficial
for the host most of the time. However, both mammals and microbes evolve in order to
cope with the external environment. Thus, in certain settings, it is possible that microbes
can take control of the mechanisms employed by the immune system and turn them to their
advantage. The outcome of an interaction between the pneumococcus and the host is likely
depending on the host cells and receptors involved as well as the pneumococcal virulence
factors that associate with them.
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The work presented in this thesis has also dealt with the pneumococcal pilus, which is a
putative component of a novel protein-based vaccine. One commonly raised concern
regarding this structure is the importance of piliated isolates for pneumococcal disease in
humans. It is likely that piliation confers a fitness advantage for certain pneumococcal
isolates, such as those belonging to the ST156 clonal cluster, which spread particularly
efficiently in the community and in the world [247]. Within that specific cluster, all of the
isolates were piliated, and it was also demonstrated that 70% of the Swedish PNSP
collected in 2003 carried the islet. It was further shown that a second type of pilus, PI-2, is
expressed by pneumococci [250] and that the two pilus islets are generally not present in
the same isolates. This suggests that piliation is associated with a selective advantage for
the pneumococcus. The purpose of developing a novel protein-based pneumococcal
vaccine is to circumvent the problems of serotype-dependency, which is associated with the
current vaccines, and to target a larger proportion of pneumococcal isolates. I am, however,
not convinced that complete eradication of the pneumococcus overall would lead to less
morbidity and mortality due to infectious diseases, since there is a probability that other
microbes would take over as major disease-causing agents. In addition, there is also a
chance that colonization of pneumococci in children leads to priming of the immune
system, which even could be favourable for the host.
Generally, it is not beneficial for microbes to harm their hosts, since death of the host often
precedes death of the microbe. Instead, in an ideal world, microbes strive to live in harmony
with their hosts and symbiotic cohabitation is then the preferred way of living. During
pneumococcal colonization, the most common pneumococcus-host interaction and the state
where transmission of the bacterium is most likely to occur, both the pneumococcus and the
host survive. Disease progression occurs only when the balance is disrupted. In this thesis, I
have tried to show that there are several pneumococcal virulence factors and many players
of the immune system that influence the complex interaction between the pneumococcus
and the host. The aim of my work presented in this thesis was to provide a deeper
knowledge of certain factors that affect the transition from colonization to disease, and this
is an area I will continue to explore in the future.
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7 POPULÄRVETENSKAPLIG SAMMANFATTNING
Den forskning som redovisas i denna avhandling syftar till att skapa en bättre förståelse
för samspelet mellan immunförsvaret och den i samhället vanligt förekommande
bakterien Streptococcus pneumoniae. Denna, i dagligt tal kallade pneumokocken, orsakar
årligen världen över ca 1-2 miljoner dödsfall. Pneumokocker kan ge upphov till öron-,
bihåle- och lunginflammation, dessutom även till hjärnhinneinflammation och
blodförgiftning. Till riskgrupperna hör barn och äldre samt personer med nedsatt
immunförsvar. Paradoxalt nog är det vanligt att helt friska barn bär pneumococker i näsan
utan att insjukna. En viktig frågeställning inom pneumokockforskningen är därför: Vad är
det som gör att pneumokocker i vissa fall, men inte i andra, orsakar sjukdom?
Människokroppen är ständigt utsatt för bakterier och virus i omgivningen, och en av
immunförsvarets huvudfunktioner är att förhindra att sjukdom uppstår. Immunförsvaret
består av flera olika komponenter som kan delas in i två undergrupper: Det medfödda
immunförsvaret och det förvärvade. Det medfödda slår till snabbt och brett, medan det
förvärvade har en längre startsträcka men sedan arbetar specifikt och effektivt. Min här
redovisade forskning fokuserar på de mekanismer som tillhör det medfödda
immunförsvaret, varför endast detta i fortsättningen kommer att beskrivas.
För att bakterier ska kunna ta sig in i kroppen och därigenom orsaka sjukdom, måste de
först ta sig igenom de fysiska barriärer som hud och slemhinnor utgör. Dessa barriärer
skyddas av bakteriedödande ämnen som bl. a. finns i saliv och tårvätska. Lyckas
bakterierna ta sig förbi dessa hinder och komma in i kroppen, utlöses flera
försvarsmekanismer. En inflammation uppstår med syfte att oskadliggöra bakterierna. I
kroppen finns många olika typer av celler, som ständigt är sysselsatta med att scanna av
omgivningen i avsikt att slå larm om eventuella faror. En sådan cell är makrofagen, som
är suverän på att äta upp bakterier samt skicka ut varningssignaler till andra celler.
Makrofagen är försedd med sensorer, s.k. receptorer, som känner av och reagerar på de i
kroppen inkomna bakterierna. Exempel på sådana är de Toll-liknande receptorerna (TLR)
samt komplementreceptor 3. Dessa receptorer är oumbärliga i immunförsvarets kamp mot
många olika typer av infektioner.
I artikel I och II har jag studerat de strukturer på pneumocockens yta som kallas pili.
Dessa hårliknande utskott består av tre olika komponenter: RrgA, RrgB och RrgC. RrgA
45

Sofia Dahlberg 2009

har till uppgift att binda till cellerna i luftvägarna för att på så sätt underlätta för
bakterierna att hålla sig kvar där (Artikel I). RrgA interagerar även med
komplementreceptor 3 på makrofagen (Artikel II). Detta bidrar till att makrofagen lättare
äter upp pneumokocken och att makrofagens rörlighet ökar. Eftersom pneumokocken kan
överleva i makrofagen i många timmar skulle detta sammantaget kunna leda till att
bakterierna lättare sprids i kroppen.
För att studera immunförsvaret vid pneumocockinfektioner har jag i mina projekt använt
möss som modellsystem. Vissa av dessa möss saknar en eller flera gener i sina celler.
Genom att jämföra dessa med vanliga möss, som inte saknar några gener, har vi kommit
fram till att TLR9 är nödvändig för att pneumokocker ska kunna oskadliggöras i lungorna
(Artikel III). Detta hänger samman med att de makrofager som saknar TLR9 har nedsatt
förmåga att äta upp och på så sätt oskadliggöra bakterierna.
När antibiotika togs i bruk trodde man att pneumokockinfektioner inte längre kunde
utgöra något större hot mot världshälsan. Uppkomsten av antibiotikaresistenta
pneumokocker har dock förändrat denna bild. Vi står nu inför nödvändigheten att finna
nya effektiva behandlingsmetoder mot dessa infektioner. Pneumokocker inducerar en
kraftig

inflammation

i

kroppen.

Genom

att

studera

immunförsvaret

vid

pneumokockinfektioner kan vi få kunskap om hur behandlingen av dessa infektioner ska
kunna effektiviseras. Idag finns två typer av vaccin på marknaden, men båda har vissa
begränsningar. Önskvärt vore därför att identifiera bakteriestrukturer som skulle kunna
ingå i en ny typ av vaccin. Eftersom pneumokockens pilus skulle kunna vara en sådan
komponent är det viktigt att studera denna struktur. Min förhoppning är att min forskning
ska kunna bidraga till ökad förståelse av pneumokockinfektioner och i förlängningen
medverka till att såväl förebyggande åtgärder som behandlingsmetoder ska kunna
optimeras.
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