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Abstract

Pneumolysin-macrophage interactions in Streptococcus pneumoniae infection

Hesham A Malak

Streptococcus pneumoniae is a common human pathogen that accounts for more than
1 million deaths every year. Nasopharyngeal colonisation by S. pneumoniae is a
necessary precursor to pneumonia and invasive disease and, thus, is a promising target
for intervention. Pneumococcal virulence factors that maintain long-term carriage are
of interest to the improvement of pneumococcal vaccines which currently fail to
provide the required protection against >92 known serotypes of S. pneumoniae. The
C-type lectin family member mannose receptor (MR) is expressed by macrophages
and dendritic cells and has been identified as a non-opsonic receptor for S.
pneumoniae in the lung. However, its functional role in pneumococcal infection has
not been revealed, nor has its impact on nasopharyngeal carriage been assessed. I
used MR-deficient mice and bone marrow derived macrophages to study the role of
this receptor in the clearance of S. pneumoniae. Macrophages up regulate MR
expression in response to pneumococcal infection both in vitro and in vivo, via a
process dependent upon pneumococcal capsular polysaccharides and pneumolysin
toxin. Furthermore, MR-expressing macrophages accumulate in the nasopharynx and
draining cervical lymph nodes of mice during pneumococcal carriage. MR™
macrophages are significantly attenuated in their ability to kill S. pneumoniae D39 in
vitro and show reduced production of both inflammatory and immunomodulatory
cytokines and chemokines, as compared to WT macrophages, in response to S.
pneumoniae. MR is required for upregulation of expression of TLR-2 on macrophages
in response to pneumococcal infection in vitro and also contributes to the activation of
the NLRP3 inflammasome and the production of IL-13. Domain four of the
pneumococcal toxin pneumolysin binds MR, demonstrating that MR contributes
directly to host-pathogen interactions. MR mice have a defect in control of
pneumococcal proliferation in the nasopharynx in the first 48 hours post-infection but
accumulation of MR* macrophages in the nasopharynx in wild-type mice takes place
over weeks, suggesting a dual role of MR in control of both innate and adaptive
immunity. The ability of MR" macrophages to induce the differentiation of T
regulatory cells in vitro suggests that they may contribute to the maintenance of
prolonged carriage, in addition to their role in early clearance of colonising bacteria.
Proteomic analysis reveals that pneumococcal infection induces a wide range of
cellular processes in macrophages, with pro-inflammatory and apoptotic pathways
particularly  prominent. Macrophages infected with pneumolysin-deficient
pneumococci produce high levels of proteins associated with healing and repair and
are less geared towards inflammation, demonstrating the ability of pneumolysin to
shape immune responses during infection. Taken together, my data add to our
understanding of the interactions between S. pneumoniae and the host immune
system. MR 1is a key contributor to macrophage responses against the pneumococcus
and pneumolysin is both a crucial virulence factor and an inducer of host immune
responses.
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Chapter 1: Introduction

1.1 Streptococcus pneumoniae

1.1.1 Description

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive bacterium with
distinctive diplococcoid morphology. It is encapsulated, alpha-hemolytic, and a facultative
anaerobe that can be distinguished from other streptococcal species by optochin test, due to
its sensitivity to this antibiotic. Individual cells are between 0.5 - 1.25 micrometers in
diameter. Like other streptococcal species, they are catalase negative and able to ferment

glucose to lactic acid (Struthers et al, 2003, Ryan et al, 2004, Frost et al, 2010).

The pneumococcus is a major human pathogen that was first recognized as a common cause
of pneumonia in the late 19th century and has been the focus of much research since. The
spectrum of pneumococcal disease includes pneumonia, bacteremia, sepsis, peritonitis,
osteomyelitis, acute sinusitis, endocarditis, otitis media, cellulitis, pericarditis, and brain
abscesses (Ryan et al, 2004). Recent work has also revealed a large burden of pneumococcal

meningitis in developed countries and in large parts of Africa (Trivedi et al, 2010).

The pneumococcus is normally present in the nasopharynx of healthy adults (5-10%), and
healthy children (20- 40%) in developed countries (Harboe et al, 2012). Faden et al. has
shown that the nasopharyngeal flora in children usually established during the first weeks of
their lives (Faden et al., 1997). The pathogen is believed to transmit more often in certain
crowded environments (Brooks et al, 2010, Hamborsky and Kroger, 2015). Although
mainly a harmless commensal in the nasopharynx, the pneumococcus can cause a range of
diseases when it reaches other, normally sterile sites. Susceptibility to the pneumococcus is

significantly age-related with the greatest disease burden in children under 5 years of age



and adults over 65 (Trivedi et al, 2010). Whereas the immaturity of the immune system is
mainly responsible for poor protection in the former, the underlying causes of sensitivity in
older adults is more complex including immune senescence and other cofactors (Gongalves

etal., 2016).

1.2 S. pneumoniae as a pathogen

1.2.1 Pneumococcal disease

Streptococcus pneumoniae has been recognized as a significant human pathogen for over
100 years and continues to be a common cause of diseases and mortality worldwide. The
pathogen has been considered to be one of the most common bacterial respiratory
pathogens, as it has been shown to be the main cause of meningitis and community-acquired
pneumonia (CAP) in developed countries, which has greater than 20% mortality rates, with
death usually the result of overwhelming septicemia (Rudan et al., 2008). Worldwide,
mortality rates are unacceptably high; for example, pneumococcal septicemia is responsible
for around 25% of preventable deaths in children under the age of 5 and more than 1.2
million infant deaths per year (Denny et al., 1986). Also, it has been reported that more than
800,000 children die annually in developing countries as a result of pneumococcal disease,
particularly pneumonia (O’Brien et al., 2009). Furthermore, the pneumococcus has been
shown to be the leading cause of acute otitis media (AOM) in developed countries among
children (McEllistrem et al., 2005). Interestingly, in countries with high rates of HIV-1
infections, there are also increased rates of pneumococcal pneumonia and bacteremia cases,
mostly in young adults (Berkley et al., 2005). The pneumococcus inhabits the mucosal
surface of the upper respiratory tract, and can be cultured from the naso—oropharynx of

humans and, infrequently, other large animals that live in close proximity to humans.
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Although colonisation at this site seems to be asymptomatic, if the pathogen gains access to
the lower airway, then a rapid inflammatory response develops which can lead to invasive

disease (Kyaw et al., 2002, Bogaert et al., 2004).

1.2.2 Pneumococcal colonisation

S. pneumoniae has evolved over time to live in the human population, and to colonize the
mucosal surfaces of the upper respiratory tract. The success of pneumococcal survival in the
human population is verified by 1.9 - 5.8 billion individuals thought to be inhabited with
pneumococcus at any given time (Bogaert et al., 2004, Rudan et al., 2008, O’Brien et al.,
2009). Although S. pneumoniae has the ability to cause severe invasive disease, most

pneumococcal-colonized people will not exhibit any clinical symptoms.

Colonisation is usually followed by the distribution of the pneumococcus to other
individuals, leading to transmission within the population (Faden et al, 1990, Bogaert et al.,
2004, Malley et al., 2007). Bacterial acquisition and carriage rates are influenced by many
different factors such as: geographical area, age, genetic background, and socioeconomic
conditions (Bogaert et al., 2001, Adrian et al., 2004). In addition, the rates of carriage are
different among the 90 identified pneumococcal capsular serotypes (Park et al., 2007),
which express antigenically and structurally different capsular polysaccharides (Calix et al.,
2012). Protection against pneumocccal diseases is facilitated by opsonin-dependent
phagocytosis. Antibody and complement-dependent opsonisation that initiates the classic
complement pathway is believed to be the main immune mechanism by which the host
protects itself against infection with the pneumococcus (Paton et al., 1993). Pneumococcal
clearance depends on the interaction of type-specific antibodies (IgG, IgA, IgM),

neutrophils and complement or phagocytic cells from liver and spleen (Bruyn et al., 1992).



The local host immune response has a significant regulatory role in the trafficking of
microbes in the upper part of the respiratory system (Weinberger et al., 2009). A weak
mucosal immune response may lead to persistent and periodic colonisation and
subsequently infection, while a rapid immune response to the pathogen will lead to
abolishment of colonisation and preclude re-colonisation (Harabuchi et al., 1994). As
mucosal immunity develops earlier than systemic immunity, and is thought to be well
developed by 6 months of age (Ghaffar et al., 1999, Bogaert et al., 2004), the early change
in pneumococcal carriage rates is believed to be associated with the maturation of the
immune system, since children at the age of 2 have been shown to generate weak antibody
responses to thymus independent antigens for example; pneumococcal capsule
polysaccharide (CPS) (Douglas et al., 1983, Abdullahi et al., 2008), and generate notably
smaller amounts of anti-capsular IgG than their mother following colonisation with a
particular serotype (Soininen et al., 2001). Some research has also revealed that IgG and
secretory IgA antibodies against pneumococcal capsular polysaccharides and surface
associated proteins have been detected in children’s saliva in response to pneumococcal

colonisation (Simell et al., 2001).

Furthermore, another study by Rodenburg et al. demonstrated salivary immune responses in
children to the 7-valent pneumococcal conjugate vaccine in the first 2 years of life
(Rodenburg et al., 2012). At 12 months, higher serum and saliva IgG-levels were observed
against vaccine serotypes when compared to controls (Non-vaccinated kids), which
continued for most serotypes until 24 months. Salivary IgG-levels were 10-20 fold lower
compared to serum IgG, conversely, the IgG-levels in saliva and serum were greatly
associated. Salivary and serum IgA-levels were greater at 12 months in children compared
with controls. Greater salivary IgA levels stayed present for most serotypes till 24 months.

Salivary IgA increased more than IgG, following carriage of serotypes 19F, 6B and 23F. In



conversion to IgG, salivary IgA-levels were similar to serum levels, suggesting local
production of IgA. Interestingly, it has been suggested that competition for the space in the
nasopharynx could affect the age associated prevalence of S. pneumoniae, since, while the
rate of pneumococcal carriage decreases, colonisation of another nasopharyngeal resident
such as Staphylococcus aureus increases, from about 10% to 50% at the age of 10 years
(Bogaert et al., 2004). Moreover, a report by Faden et al. has proposed that interspecies
competition develops and interfere with the natural composition of the nasopharyngeal flora
during pneumococcal carriage (Faden at al., 1997). The balance between the microbial
invaders and the local flora is significant. For example: a-haemolytic oral Streptococci (part
of the resident flora) prevent colonisation by S pneumoniae, S aureus and H influenzae
(Faden et al., 1997). The importance of this action was also shown by Ghaffar et al. (1999),
when they demonstrated a competitive balance between a-haemolytic Streptococci and S
pneumoniae and H influenzae that could be affected by the usage of antibiotics (Ghaffar et
al., 1999). However, Madhi et al. has shown that the colonisation patterns for
pneumococcus, S. aureus and H. influenzae did not change among HIV-infected and HIV-
uninfected children (Madhi et al., 2005). Furthermore, a negative association has been
reported between viridans streptococci and S pneumoniae, H influenzae, and M catarrhalis,
since typically one pathogen (H. influenza) becomes predominant during upper respiratory
tract infections (Faden et al., 1990, Ghaffar et al., 2002). Another study has showed that
there were no constant variations in the carriage rates of S. pneumoniae, S. aureus, M.

catarrhalis, and H. influenzae were observed over time (Spijkerman et al., 2012).

In addition to the huge shifts in pneumococcal serotypes, persistent high nasopharyngeal
occurrence rates of H. influenzae and S. aureus were identified between young children and
their parents following presentation of 7-valent pneumococcal conjugate vaccine (PCV-7).

Pericone et al, have shown from in-vitro studies that a positive relationship exists between S.



pneumoniae and N. meningitides (Pericone et al., 2000). S pneumoniae growth is increased
in the presence of H. influenzae, the growth rate was mediated by the catalase produced by
H. influenzae. On the other hand, the growth of H. influenzae was reduced in the presence of
the pneumococcal culture supernatant or pneumococci, the growth rate were affected by the
presence of hydrogen peroxide, which known to be produced by pneumococcus as a

mechanism for limiting competitive flora (Pericone et al., 2000).

1.2.3 Mechanisms of colonisation

Experimental colonisation studies in adults have been used to determine the host factors that
could affect sensitivity to the acquisition of S. pneumoniae and its consequent clearance
(McCool et al., 2002). More recently, Ferreira et al. validated that pneumococcal carriage in
humans resulted in systemic and mucosal immunological responses that led to protection
against re-colonisation and invasive pneumococcal infections (Ferreira et al., 2013). These
findings show that carriage stimulates the production of both mucosal and systemic
antibodies, which are generally strain and type specific. Although high levels of serotype-
specific anti-capsular antibodies are generated following administration with the
pneumococcal polysaccharide conjugate vaccine (PCV), it is not fully understood whether
the relatively small amounts that are produced by colonisation are effective at improving
clearance. In this respect, it has been observed that after childhood, carriage rates fall down
among the different pneumococcal serotypes, which suggests that exposure to earlier
colonisation events leads to immunity that is not strictly serotype-specific (Lipsitch et al.,
2005). The pneumococcal external surfaces are protected and covered by a polysaccharide
capsule. Capsular polysaccharides are varied, and about 100 different capsular serotypes

have been defined so far (Malley and Anderson, 2012). The polysaccharide capsule is one of



the most significant virulence factors of pneumococci since it protects the microbe from
phagocytosis by host immune cells (Kadioglu et al., 2008). Recent studies have determined
the structure of capsular polysaccharide for various serotypes using advanced analytical
technologies, providing explanation of genetic basis for the capsular types, and
demonstrating the improvement of highly efficient pneumococcal conjugate vaccines
(Habib et al., 2014, Geno et al., 2015, Park et al., 2015). Low expression levels of capsule
will lead to increased complement and antibody deposition on the pneumococcal surface
and consequently increased clearance by the immune system (Magee et al., 2001).
Polysaccharide capsules are highly immunogenic since host antibodies deliver protection
against homologous serotype infections by the stimulation of opsonophagocytosis. Capsule
antigenicity is type-specific, although cross-reaction can occur due to common shared
polysaccharides (Bruyn et al., 1992). Hyams et al. investigated the effects of capsular
serotype on S. pneumoniae interactions with complement (Hyams et al., 2010). Significant
differences in the deposition of C3b/iC3b were observed on opaque-phase variants of
serotype 4 (TIGR4), 6A and 23F strains although the thicknesses of the capsule layers were
similar. There was increased deposition of C3b/iC3b on TIGR4, 6A and +23F strains, and
these variances remained even in serum depleted of immunoglobulin G, suggesting
pneumoccocal resistance to complement-mediated immunity is dependent on the capsular
serotype rather than capsule thickness. The layer under the capsule is the cell wall. It
consists of a mixture of polysaccharides and teichoic acid that function as an anchor for cell
wall associated surface proteins (Bruyn et al., 1992). The cell wall is the main cause of the
strong inflammatory response that accompanies pneumococcal infections, as it activates the
complement cascade, encourages the influx of inflammatory cells and induces cytokine
production (Bruyn et al., 1991). To support this, a study by Moronal et al. has revealed that
attachment of capsular polysaccharide to the cell wall of Streptococcus pneumoniae type 2

is required for invasive disease (Morona et al., 2006). Nasopharyngeal colonisation by S.
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pneumoniae requires attachment to the epithelial lining of the respiratory tract. Successful
adherence to nasopharynx epithelium has been considered to be the first important step to
initiate the pathogenesis of pneumococcal asymptomatic carriage and diseases (Andersson
et al., 1983). Asymptomatic colonisation initiates on non-inflamed resting epithelium by the
binding of the pneumococcus to cell surface sugars (N-acetyl-glycosamine). Adherence to
these carbohydrates is facilitated by some of the cell-wall-associated surface proteins such
as pneumococcal surface adhesin A (PsaA) (Swiatlo et al., 2002). This surface protein is
thought to be significant since it contributes to the hydrophobic and electrostatic surface
features of the pneumococcus and facilitates partial adherence to host cells through
physicochemical, non-specific interactions (Swiatlo et al., 2002). The identification of PsaA
peptides has also showed to be important in the development of pneumococcal vaccine.
Singh et al. has illustrated spleen and cervical lymph node (CLN) -derived T helper (Th)
lymphocyte cytokine responses to PsaA peptides after challenging mice with S. pneumoniae
strain EF3030 (Singh et al., 2014). Some of these peptides were responsible about the high

responses and proliferation of interferon- y , IL-2, IL-5 and IL-17, and the moderate

responses of IL-10 and IL-4 by ex vivo re-stimulated splenic and CLN CD4+ T cells that

isolated from challenged BALB/c mice with the pneumococcal strain EF3030.

The establishment of long-term pneumococcal colonisation and the transformation of
asymptomatic colonisation to invasive infection require the help from several pneumococcal
virulence factors at different structural sites (Orihuela et al., 2004). For example, the
stimulation of local inflammatory factors during concurrent viral infections such as Tumour
Necrosis Factor (TNF) and Interleukinl (IL-1) are required for the transformation of
asymptomatic colonisation to invasive diseases (Tuomanen et al., 1997). This inflammatory
cascade affects the types and the number of receptors expressed on target epithelial and

endothelial cells, facilitating greater pneumococcal adhesion and invasion.



1.3 Pneumococcal virulence factors

The pathogenicity of S. pneumoniae has been attributed to several virulence factors, the
most significant being the capsule, and the toxin pneumolysin. The polysaccharide capsule
helps the pneumococcus avoid phagocytosis and encourages its escape from host immune
defenses (Chen et al., 2005). Pneumolysin is another significant virulence factor and a key
driver of inflammation during pneumococcal infections. Both capsule and pneumolysin
have been shown to have a wide range of important functions at different sites in the human
or animal host. These include involvement in nasopharyngeal carriage and contributions to
invasive diseases. Several studies in this field have been motivated by the understanding that
the pneumococcal capsule and the multifunctional toxin PLY could be promising
pneumococcal vaccine candidates. Inflammation is believed to be responsible for many of
the symptoms of pneumococcal diseases (Johnston, 1991, Musher, 1992), and so the
inflammatory properties of pneumolysin could be directly responsible for the high morbidity
and mortality associated with pneumococcal infections. More details will be given in the
next sections about these two factors, with a focus on their structures, functions and role in

virulence.

1.3.1 Pneumococcal capsule

The pneumococcal polysaccharide capsule is 200-400 nm thick. It covers the outer layer of
S. pneumoniae, and covalently attaches to the external part of the cell-wall peptidoglycan
(Skov-Sorensen et al., 1988, Sorensen et al., 1990). There are 92 structurally and
serologically described capsular serotypes of S.pneumoniae (Henrichsen, 1995, Kadioglu et
al., 2008, Yother, 2011). Pneumococcal capsule structures vary between linear polymers

composed of two monosaccharaides or more, to branched polysaccharides that have one to
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six monosaccharaides in combination with extra side chains (Sorensen et al., 1990). The
capsules of most serotypes of pneumococci are highly charged at physiological pH, which
could directly influence the interaction with phagocytes (Lee et al., 1991). Another common
feature among these different types of capsules is that none display a net positive charge
(Hammerschmidt et al., 2005). The production of capsule is required for S. pneumoniae
virulence, and is anti-phagocytic in non-immune hosts (Austrian, 1981, Hathaway et al.,
2012). Although, non-encapsulated strains of S. pneumoniae have been associated with
some superficial infections (Martin et al., 2003, Crum et al., 2004), clinical samples from
different sterile sites are encapsulated, and unprompted non-encapsulated products of these

pneumococcal strains are mainly a virulent.

Furthermore, some studies show that the virulence of pneumococci is correlated with the
thickness of the pneumococcal capsule (MacLeod and Krauss, 1950, Kung et al., 2014) and
different serotypes vary significantly in their capacity to cause infections (Austrian, 1981).
Differences in the thickness of the capsule could lead to resistance to phagocytosis, alter
stimulation of humoral immune responses, and confer adaptation to colonisation of different
niches of the human body. Thicker capsules have shown reduction in entrapment within
mucus (Nelson et al., 2007, Kung et al., 2014), and in opsonophagocytosis, leading to
increased survival of the pathogen in the blood stream (Hyams et al., 2010). Whereas,
thinner polysaccharide capsules offer an advantage to pneumococci to adhere to host tissues,
due to the greater exposure of adhesion molecules (Magee & Yother, 2001, Kung et al.,
2014). Exciting data have demonstrated that pneumococcal capsule can block the Fc region
in IgG or complement component iC3b in order to prevent their interaction with the
appropriate receptors on phagocytic cells (Musher, 1992, Hyams et al., 2010). Also, some
data showed that pneumococcal capsule could form a protective shield to inhibit

pneumococcal phagocytosis and killing by macrophages and neutrophils (Mitchell, 2003,
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Wartha et al., 2007, Kadioglu et al., 2008, Levitz et al., 2012) and reduce the amount of
complement (mainly C3b) deposited on the surface of the pathogen (Abeyta et al., 2003,
Mitchell, 2003). This affords S. pneumoniae the advantage of colonizing and infecting
different niches of the host (Ogunniyi et al., 2002, Hathaway et al., 2012). One study
reported that the pneumococcal capsule could provide a noticeable level of resistance to
antibiotic-induced autolysis, resulting in antibiotic tolerance in clinical isolates (Fernebro et
al., 2004). Interestingly, the degree of toleration varied remarkably between the capsular
serotypes. Although S. pneumoniae strains express different capsular types that show
noticeable differences in virulence, non-capsular factors are also clearly significant (Kelly et
al., 1994, Nesin et al., 1998, Hathaway et al., 2012). Recent molecular epidemiological
analysis has determined that features that are mainly associated with a specific clonal type,
as well as capsular serotype, influence the chance of pneumococci to cause serious
infections in humans. A subsequent study demonstrated the contribution of host factors in
which clinical isolates that had great human invasion potential presented significantly
diverse virulence and infection kinetics in BALB/c mice when compared to C57BL/6 mice

(Sandgren et al., 2005, Hathaway et al., 2014).

1.3.2 Pneumolysin

The pneumococcal toxin pneumolysin (PLY) was first described as a hemolysin produced
by pneumococci in 1905 (Libman, 1905). PLY is a 53kDa intracellular soluble protein that
belongs to the cholesterol-dependent cytolysin (CDC) family (Alouf and Geoffroy, 1991,
Boulnois, 1992) It is expressed by virtually all pneumococcal isolates, and its amino acid
sequence is well conserved (Lock et al., 1996, Kirkham et al., 2006). Several early studies
described the biological effects of pneumolysin on polymorphonuclear leukocytes, and these

were determined at the sub-lethal concentrations of the toxin in the absence of cell lysis
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(Johnson et al., 1981). Some experiments demonstrated that PLY was present in the
cytoplasm of the bacteria and was not secreted, a discovery which has essential
consequences to understand the role of pneumolysin in the processes of disease (Johnson,
1977). PLY is released upon lysis of the pathogen, for instance, as a result of autolysis,
impulsive bacterial cell death, due to phagolysosome degradation, or antibiotic treatment.
One recent work suggested that PLY could be attached to the cell wall of the
pneumococcus, however the mechanisms of active export have not been identified and the
finding has not been replicated (Price & Camilli, 2009, Price et al, 2012). Moreover, an
important study in mice showed that purified pneumolysin is a protective immunogen
against pneumococcal infections in pneumonia models (Paton et al., 1983). This work led to
many other investigations in order to develop pneumolysin-based vaccines, which may still
play a significant role in reducing the frequency of pneumococcal infections in humans in

the future.

1.3.2.1 The structure of Pneumolysin

PLY is a mono polypeptide chain that consists of 471 amino acids (Walker et al., 1987).
Pneumolysin oligomerizes in the cellular membrane of target cells leading to formation of a
ring-shaped pore. The transmembrane pore is composed of 40 monomer subunits that are
260 A in diameter. The toxin undergoes sequences of remarkable changes in structure
during its transformation from a soluble monomer to a membrane-inserted oligomer form
(Tilley et al., 2005). It has been thought that the oligomers are responsible for both the
cytolytic activity of pneumolysin and the cell modulatory events induced at sub-lytic
concentrations. A pneumolysin homology model (Figure 1.2) shows that the toxin is long
and rod shaped and composed of four domains (domains 1-3 form the N-terminal fragment

and domain 4 forms the C-terminal part) that have particular functions in the formation of
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membrane pores (Baba et al., 2001). Domain-4 has been identified to be necessary for
cholesterol binding, and for the haemolytic activity of PLY (Gilbert et al., 1999, Tilley et

al., 2005).

Figure 1.1. Structural model of the pneumococcal toxin pneumolysin. PLY has four domains; domain 1
(blue), domain 2 (green), domain 3 (red) with two groups of alpha helices (highlighted in orange) that play a
significant role in the formation of pore in the host transmembrane, and domain 4 (yellow) associated with
membrane binding (picture source; Tilley et al., 2005).

1.3.2.2 The role of pneumolysin in pathogenesis

The cytotoxic and hemolytic activities of PLY have been well defined over the last 70 years
of research (Cohen et al., 1942, Halbert et al., 1946, Kreger & Bernheimer, 1969). The
oligomeric pores formed at high concentration cause cell lysis (Boulnois, 1992). However,
the toxin also has several important functions at lower concentrations, most of which have
been demonstrated both in vitro and in vivo. PLY at sub-lytic concentrations has an ability
to alter the function of immune cells (Mitchell et al., 1993, Alexander et al., 1998),

encourage the production of proinflammatory cytokines such as interleukin-1f3 and tumor
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necrosis factor alpha (TNF-a) by human monocytes (Houldsworth et al., 1994), prevent
ciliary beating on human respiratory epithelial cells (Feldman et al., 1990, Feldman et al.,
1991), damage alveolar epithelial barriers (Rubins et al., 1993) and the upper part of the
respiratory tract (Feldman et al., 1990), and reduce neutrophil respiratory burst but stimulate
their recruitment (Paton et al, 1983). PLY is also known to initiate the classical pathway of
complement (Mitchell, et al., 1991, Paton et al., 1993), prevent the proliferation of
lymphocytes and the synthesis of antibodies (Ferrante et al., 1984), and induce cytokine
synthesis and CD4+ T-cell activation and chemotaxis (Hirst et al., 2004, Kadioglu et al.,
2004). However, it is not clear if any of these features of the pneumococcal protein are
necessary for virulence. The significance of pneumolysin as a key pneumococcal virulence
factor was revealed clearly when PLY-negative pneumococcus was shown to be avirulent in
mice when compared to the wild-type strain (Berry et al., 1989, Canvin et al., 1995). The
PLY-deficient strain grew more slowly in the lungs, and showed reduced induction of
cellular inflammatory responses (Canvin et al., 1995, Kadioglu et al., 2000). Although the
levels and expression of pneumolysin may vary from strain to strain or serotype to serotype,
several studies confirm that PLY is essential for pneumococcal virulence during pneumonia
(Berry et al., 1995, Canvin et al., 1995, Rubin et al., 1996, Alexander et al., 1998, Jounblat
et al., 2003), For instance, Alexander and colleagues (Alexander et al., 1994) discovered
that mice immunized with sub-lethal doses of PLY were protected from nine strains of S.
pneumoniae, although no protection was detected against a tenth strain. Another
immunization study performed by Paton et al. exposed that inactivated PLY toxoid could
provide sufficient protection against invasive pneumococcal infection in toxoid immunized
mice (Paton et al., 1983). Moreover, the immunization of mice with PLY prolongs their
survival after challenge with lethal doses of different serotypes of S. pneumoniae (Paton et
al., 1983, Lock et al., 1988, Alexander et al., 1994). Pneumolysin is important for the spread

of pneumococcus from the lungs to the bloodstream (Berry et al., 1989, Berry et al., 1999,
14



Kadioglu et al., 2002, Orihuela et al., 2004). In addition, some studies reveal that in
bacteraemic infection the expression of pneumolysin is correlated with disease severity and
high numbers of pneumococci in the blood (Berry et al., 1999, Orihuela et al., 2004).
Conversely though, in the absence of the toxin, high numbers of the bacteria were tolerated
in the bloodstream without any visible signs of infection (Kadioglu et al., 2000), suggesting
pneumolysin is a major driver of pathology during tissue infection, but that its role is
diminished once pneumococci reach the blood. It would appear therefore that Ply is a key
virulence factor whose main function is restricted to the mucosal surfaces of the upper and

lower airways.

1.4 Host defense systems

1.4.1 Innate immune response to S. pneumoniae

The term “innate immune system” covers a broad range of host defenses, involving
mucociliary clearance, complement, neutrophils and macrophages. Innate immunity behaves
as a non-specific defense that is able to identify and react rapidly against many pathogens.
On the other hand, the adaptive immune system consists of pathogen antigen specific host
defenses, coordinated by T and B cells. Pathogen recognition by the innate immune system
is commonly achieved throughout a specific set of germline-encoded receptors without
capacity for immunological memory. The arms of the immune system do not, however,
work in isolation, since innate immunity plays important roles in the induction and
development of the adaptive immune system. Therefore, in order to understand how these
two immune systems recognize and respond to the pneumococcus, the next two sections will

discuss these interactions in detail.
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The responses of mucosal immunity in humans are a primary determinant of whether
colonisation is cleared or long-term carriage arises. Immune response to S. pneumoniae is
mediated mainly through the inflammatory response in the nasopharyngeal mucosa
employing phagocytes such as neutrophils and macrophages, which identify and engulf and
kill the pathogen, with the initiation of Th17 cells being necessary to maintain the

recruitment of neutrophils and clear infection (Gongalves et al., 2016).

The significance of neutrophil infiltration into lungs was revealed when a study by
Kadioglu et al. showed that in mouse lungs infected with serotype 2 (D39) a significant
infiltration of neutrophils was seen within 12 h of infection. Lung tissues were greatly
infiltrated with neutrophils within 24 h, however their amounts were significantly
decreased by 48 h post-infection. Interestingly, the number of neutrophils where higher
than macrophages at equivalent time points, suggesting the importance of neutrophils in
response to S. pneumoniae infections (Kadioglu et al., 2000). Furthermore, Van Rossum et
al. has exposed noticeable inflammatory responses in mice during the first three days of
pneumococcal colonisation. The inflammation in upper respiratory tract lavage was
defined by the infiltration of neutrophils into the luminal spaces, however the influx of
these cells did not aid bacterial clearance (Van Rossum et al., 2005). It has been observed
that the accumulation of neutrophils was correlated with the increase of chemokine
macrophage inflammatory protein-2 (MIP-2) production, which was dependent upon
pneumolysin (PLY)-mediated pore formation, and the activation of mitogen-activated
protein kinase p38 signaling pathways (Ratner et al., 2006). A recent study by Wilson et al.
has shown that protection against serotype 19F S. pneumoniae lung infection after
nasopharyngeal colonisation requires the response of neutrophils, since host protection was

absent in neutrophil-deficient mice (Wilson et al., 2015).
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Inflammation is mainly controlled by the recognition of bacteria through Toll-like
receptors (TLR’s), leading to activation of both inflammatory and modulatory signaling
pathways (Van Rossum et al., 2005). These include the activation of TGF-f3 pathways to
modulate epithelial barrier function and IL-6 signaling to recruit inflammatory mediators
such as neutrophils into the luminal surface and thus help in the clearance of the bacteria
(Beisswenger et al., 2009). Pneumococcal colonisation in mice has been shown to be more
severe in the absence of TLR-2 (Van Rossum et al., 2005), TLR-4 and MyD88 (TLR
signaling molecule) (Malley et al., 2003). Stimulation of isolated alveolar macrophages to
generate TNF-a in response to heat-killed pneumococci is TLR-2 dependent (Knapp et al.,
2004). Conversely, the immunohistochemical staining of infected lungs from TLR-2"" mice
has revealed that macrophages were generating high level of TNF-a comparable to that
from wild-type mice. TLR-4 has also been suggested to be significant in pneumolysin-
dependent activation of macrophages since TLR-4 mutant mice were susceptible to lethal
infection after intranasal colonisation with pneumolysin-positive pneumococci than were
control mice (Malley et al., 2003). However, in contrast to this earlier study, a more recent
paper by McNeela and colleagues have showed that PLY has the ability to increase the
production of cytokines independently of TLR4 (McNeela et al., 2010), as PLY and heat-
killed S. pneumoniae stimulated splenocytes were able to generate both IFN-y and IL-17

independently of TLR-4.

1.4.1.1 The role of macrophages in response to pneumococcal infection

In the respiratory tract, resident macrophages (alveolar macrophages) are the main effector
cells in the early stages of host defense against respiratory infections (Janeway et al., 2000),
due to their ability to phagocytose pathogens that may reach the terminal bronchioles and

alveoli (Gordon et al., 2003). Macrophages have been considered as a significant innate
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immune cells that have roles in the initiation and resolution of tissue inflammation (Gordon
et al., 2003). Macrophages regulate the host inflammatory response to infection through
production of antimicrobial molecules, the generation of cytokines and chemokines, and the
presentation of microbial antigens on MHC, thus connecting innate to adaptive immunity
(Martinez-Pomares and Gordon, 2012). However, the particular role for macrophages in

host defence against pneumococcal infections is unclear.

Pneumococcal pneumonia cases have been examined and investigations have been made to
study the mechanisms responsible for the resolution of inflammation and restoration of
tissue homeostasis (Zychilnsky et al., 1997). These have revealed that long-term
inflammation, which leads to organ failure and tissue damage, does not happen because of
the persistent pro-inflammatory incidents alone, but could also as the result of inefficient
resolution processes (Dockrell et al., 2012). Macrophages have been identified as key cells
in this resolution process, in particular through phagocytosing apoptotic polymorphonuclear
cells (PMNs) (Franke-Ullmann et al., 1996). During pneumococcal pneumonia,
macrophages are the first line leukocytes to respond to pathogen encounter, since they have
the ability to phagocytose and kill pneumococci (Kadioglu et al., 2004). Macrophages could
also assist the killing process of phagocytosed pneumococci and keep the invasion of the
pneumococcus into the bloodstream at the minimum (Marriott et al., 2006). The work of
several laboratories has revealed that macrophages play significant roles in the elimination
of pneumococci and the resolution of severe inflammation (Gratz et al., 2011). The killing
and phagocytosis of pneumococci by macrophages in vitro is associated with the induction
of apoptosis, which plays an essential role in host defence against pneumococcal infections
(Cole et al., 2014). Also, phagocytosis of pneumococci has shown to be affected by the
polysaccharide capsule and several pneumococcal proteins including pneumolysin and

pneumococcal surface protein A or C (Preston and Dockrell, 2008). The degree of inhibition
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to macrophage phagocytosis varies by capsule type and the strain that is able to colonize, as
thick capsules (as compared to the thin ones), provide more protection for the
pneumococcus against macrophage phagocytosis (Weinberger et al., 2009). However, when
large numbers of S. pneumoniae attack the lower airways, neutrophils are recruited
immediately and they become the leading phagocytic cells, particularly in the severely
inflamed lung (Knapp et al., 2003). A study by Basran et al. has demonstrated that in human
neutrophils are immediately recruited during inflammation, and could regulate the amount
and outcome of the inflammatory response (Basran et al., 2013), throughout the release of
significant cytokines and chemokines such as IL-13 and CXCLS in patterns that reliant on
the fundamental inflammatory stimulus. M®s are subsequently relegated to the role of
clearance of apoptotic neutrophils. Phagocytosis of neutrophils by macrophages will lead to
reduction in the secretion of pro-inflammatory cytokines and induction of anti-inflammatory
cytokines such as interleukin-10 (IL-10) and transforming growth factor-f (TGF-f3)
(McGrath et al., 2011). The recruitment of neutrophils into infected sites is very important
to clear invading pneumococci (McNamee et al., 2006). This process is initiated by the
production of chemokines, which could be released by macrophages (Standiford et al.,
1996). During pneumococcal pneumonia, the induction of specific chemokines and the
recruitment of neutrophils require upstream signaling from macrophages and, in particular,
production of the early response cytokines such as TNF-a, IL-6 and IL-18 (Jones et al.,
2005). The generation of these cytokines is mediated by several transcription factors, such
as nuclear factor-kappa B (NF-kB). Of the NF-kB proteins, p50 is the only detectable
protein in the nuclear fractions of lung during acute respiratory infection (Mizgerd et al.,
2008). Saccani et al. demonstrated that pneumococcal-infected WT mice show an ability to
control and limit the production of pro-inflammatory cytokines and inhibit inflammatory

lung damage that is absent in p5S0 knockout mice (Saccani et al., 2006).
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Several studies by Knapp et al. have shown the importance of macrophages against
pneumococcal infections and investigated the effect of macrophage depletion on the host
response to pulmonary infections; these studies have shown that macrophages are required
for bacterial clearance and to reduce inflammation in lungs (Knapp et al., 2003) (Knapp et
al., 2006). Furthermore, Harvey et al. demonstrated the impact of the pneumococcal toxin
pneumolysin on the macrophage response to Streptococcus pneumoniae (Harvey et al.,
2014). Strains that expressed cytolytic Ply were found to produce an important increase in
IL-1p release from macrophage-like cells compared to the non-cytolytic PLY, confirming
that pore formation is required for the activation of the NLRP3 inflammasome. The
cytolytic activity of PLY in the D39 background was also found to induce the expression of
GM-CSF, IFNf (IFNB1) and p19 subunit of IL-23 (IL23A) when compared to the non-

hemolytic and Ply-deficient D39 mutants.

The importance of macrophages in the recognition of the pneumococcal polysaccharide
capsule has been revealed by Kang et al. who demonstrated the role of the capsular
polysaccharide of S. pneumoniae (CPS) in the interaction of SIGN-R1 with pneumococci
(Kang et al., 2004). The study has shown that macrophages expressing the C-type lectin
SIGN-R1 in mouse spleen have the ability to bind pneumococci and clear the
pneumococcal capsule from four different serotypes by marginal zone macrophages in vivo
(Kang et al., 2004). Another study by Zamze et al. has shown that macrophage mannose
receptor is able to bind the capsular polysaccharide from S. pneumoniae (Zamze et al.,
2002), suggesting a potential role for the mannose receptor in the recognition of S.
pneumoniae by innate and adaptive immune systems. Another macrophage receptor that
has been suggested to play a key role in pneumococcal infection is the scavenger receptor
MARCO (Arredouani et al., 2004). The genetic deletion of this receptor in mice made

them more susceptible to pneumococcal pneumonia, lack the ability to clear the bacteria
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from lungs, and increased their morbidity (Arredouani et al., 2004). In vitro isolated
alveolar macrophages from the knockout mice had lost their capability to bind and engulf
pneumococci. Another interesting study by Dorrington et al. has revealed that during
pneumococcal colonisation MARCO is required to response and clear S. pneumoniae from
nasopharynx, as MARCO -/- mice significantly lost the ability to clear S. pneumoniae from

the nasopharynx (Dorrington et al., 2013).

Macrophages have also been described as important mediators for the activation of
neutrophils through the release of MIP-1/2, granulocyte macrophage colony-stimulating
factor (GM-CSF), and Keratinocyte chemo-attractant (KC), which are known to be
involved in the activation and recruitment of neutrophils (Cailhier et al., 2006).
Interestingly, it has been found that the response of innate immunity to pneumococcal
infection is weak in the nasopharynx when compared to its response to the pneumococcus
in either the blood or lungs (Mahdi et al., 2008). Bogaert et al. have also evaluated the
immune responses of neonatal and infant mice to S. pneumoniae during colonisation
(Bogaert et al., 2009). Like human infants, infant mice show impaired clearance of
nasopharyngeal colonisation with S. pneumoniae. Macrophages from neonatal and infant
mice treated with killed pneumococci in vitro revealed notably reduced cytokine
production, involving granulocyte colony-stimulating factor, granulocyte-macrophage
colony-stimulating factor (GM-CSF), macrophage chemo-attractant protein 1, IL-6, IL-1a,
TNF- a, and INF-y, while IL-10 expression was considerably increased compared to that in
macrophages from adult mice. The production of IL-17A from adult immune CD4+ T cells
was delayed when neonatal macrophages instead of adult macrophages were used as
antigen-presenting cells. Another study has shown that during nasal infection,
pneumococcal colonisation was correlated with the release of high levels of significant pro-

inflammatory cytokines by macrophages such as tumor necrosis factor-alpha (TNF-a),
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Interleukin 6 (IL-6), monocyte chemo-attractant protein-1 (MCP-1), and macrophage
inflammatory protein-2 (MIP-2), which have been shown previously to be correlated with
the pathogenesis of S. pneumoniae infections (Mahdi et al., 2008). It is known that both
TNF-a (a powerful stimulator of inflammation), and IL-6 (a potent activator of
neutrophils) are required for early responses of macrophages to pneumococcal infections
(Borish et al., 1996, Dallaire et al., 2001). Mahdi et al has shown that both TNF-a and IL-
6 were released in high amount by macrophages stimulated in the nasopharynx with
virulent serotype 2 D39, but were released in smaller amounts when cells stimulated with
PLY-deficient PLN-A (Mahdi et al., 2008). Furthermore, IL-12 has been shown to be
significant since it encourages the production of Th-1 cytokines that boost neutrophil
recruitment and enhance the humoral immune response (Arulanandam et al., 1999)
(Sabirov and Metzger, 2008). Moreover, Das et al. demonstrated that the clearance of
pneumococcal colonisation is promoted by Macrophage migration inhibitory factor (MIF)
(Das et al., 2014). Primary human monocyte-derived macrophages and THP-1
macrophages have shown also that PLY is required for the production of MIF during
pneumococcal infection, as MIF production required its pore-forming activity and
phosphorylation of p38-MAPK in macrophages, with constant p38-MAPK
phosphorylation abolished in the setting of MIF deficiency. Challenge with pneumolysin-
deficient pneumococci showed weak MIF up-regulation, reduced number of macrophages

in the nasopharynx, and poor clearance (Das et al., 2014).
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1.4.2 Adaptive immunity to S. pneumoniae

CD4+ T cells in addition to their independent role in adaptive antigen-specific
responses have an ability to play a significant role in the early response to
pneumococcal infections, whereby numbers of CD4+ T cells were decreased in
MHC-II knockout mice 72hrs after intranasal infection with pneumococcus as
compared to wild type controls, which revealed a significant role for the T cells in
response to pneumococcal pneumonia at early stages of infections (Kadioglu et al.,
2004). The susceptibility of these knockout mice to pneumococcal infection was
enhanced, since the number of pneumococci in blood and lungs was significantly
elevated when compared to their wild type counterparts. Furthermore, the percentage
of mortality in knockout mice after 3 days post-infection were 100%, while wild type
mice survived and resisted the challenge (Kadioglu et al., 2000, Jounblat et al., 2003).
The pneumococcal toxin pneumolysin has been shown to play an important role in the
migration of T cells, since pneumolysin-negative pneumococci stimulate less T cell
migration compared to WT pneumococci, but the mechanism that PLY used to
stimulate these cells is still unclear and requires more investigation. However, one
study has reveled that the expression of TLR-4 by T cells could be of relevance
(Komai- Koma et al., 2004). A study by Malley and colleagues verified an essential
function for T cells in antibody independent acquired immunity to S. prneumoniae
colonisation (Malley et al., 2005). However, the migration and activation of CD4+ T
cells in response to pneumococcal infection during nasopharyngeal colonisation is
still not clear, despite having been described during pneumonia. It has been shown
that CD4+ T-cells play an important role in providing acquired protection against
pneumococcal disease, since mice treated with anti-CD4+ antibodies or MHC-II

knockouts mice were not protected against pneumococcal infection after vaccination
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with whole-cells vaccine (WCV) compared to wild-type mice (Malley et al., 2005).
The significance of CD4+ T cells in response to pneumococcal infections is also
evident in the increased sensitivity of HIV infected patients to pneumococcal
nasopharyngeal colonisation (Low et al., 2008) and invasive infection (Dworkin et al.,
2001). Furthermore, T cells have also shown their capability to deliver the required
co-stimulation to B-cells that in turn encourages class switching to IgG, and the

initiation of long-term memory responses (McHeyzer-Williams et al., 2009).

T-helper-1 (Th-1) cells are host immunity effectors that function against extracellular
bacteria. They produce Interleukin 12 (IL-12) and interferon gamma (IFN- vy ), which
have been shown to provide protection against pneumococcal infections (Kemp et al.,
2002), and carriage (van Rossum et al., 2005). Mice that were lacking IL-12, which
is known to be a powerful stimulator for Th-1 response, lack the ability to clear
colonisation inversely to Th-2 deficient mice (van Rossum et al., 2005). Furthermore,

IL-18 is another common stimulator for Th-1 biased immunity via IFN-+vy and an

interesting study has revealed that mice lacking IL-18 were not able to clear

pneumococcal colonisation (Paterson et al., 2005).

IL-17A is another mechanism the immune system uses to provide protection against
the carriage of pneumococci. IL-17A is produced predominantly by a subset of T-
cells, called Th-17 cells. These cells have been shown to provide effective protection
against a wide range of extracellular bacteria such as Klebsiella pneumoniae and S.
pneumoniae (Happel et al., 2005, Higgins et al., 2006). It has been observed that
during intranasal vaccination with pneumococcal cell-wall polysaccharides the
production of IL-17A cytokine by Th-17 was enhanced, while the deletion of
this cytokine at the time of immunization led to a reduced protective
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response of vaccination (Malley et al., 2006). Interestingly, the production of
IL-17A by splenocytes has been described in vivo to be encouraged by the
pneumococcal toxin pneumolysin (McNeela et al., 2010). Also, another study by
Li et al. has suggested that IL-17 is significant to limit pneumococcal carriage, and
can provide novel insight into the design of pneumococcus vaccine (Li et al., 2012).
The study has showed that the stimulation of type I interferon (IFN) during a first
non-lethal influenza virus infection is necessary to encourage a lethal S. pneumoniae
secondary infection. Furthermore, mice lack type I interferon receptor (IFNAR
knockout mice) successfully cleared the secondary pneumococcal infection from their
lungs, improved the recruitment of neutrophils, and established an enhanced the
expression of interleukin-17 (IL-17) relative to wild-type (WT) mice. Interestingly,
the data has also revealed that lung 0 T cells were responsible for the production of
IL-17, and their role was compromised during secondary pneumococcal infection of
WT but not IFNAR KO mice. Also, the adoptive transfer of Y0 T cells from IFNAR
KO mice reduced the sensitivity to the secondary infection with S. pneumoniae in the
lungs of WT mice. Clearance of S. pneumoniae from the nasopharynx during naive
carriage is mediated by the influx of monocytes or macrophages to the upper
respiratory tract, in particular to the luminal areas, whereas a subsequent encounter of
carriage will lead to infiltrate of neutrophils only to the nasal spaces (Zhang et al.,
2009). Excitingly, it has been shown that the deletion of IL-17A in both instances
leads to abolishment of infiltration of both neutrophils and macrophages, and
consequently reduced clearance of pneumococci from the nasopharynx (Zhang et al.,
2009). In summary, Th-17 cells are required to link the gap between innate and
adaptive immunity, encouraging the production of antimicrobial products, and to

recruit effector immune cells in response to the site of pneumococcal infections.
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Regulatory T (T-reg) cells are another subpopulation of T cells with well-described
roles in regulation of immune responses, maintenance of tolerance, inhibition of
autoimmune disease and prevention of chronic inflammatory diseases. Recent
evidence proposes that T regulatory cells play a significant role in nasopharyngeal
colonisation, since children with pneumococcus positive nasopharyngeal swabs had
larger number of T regulatory cells in their adenoidal tissues when compared to
children with pneumococcus negative cultures (Zhang et al., 2011). A more recent
study has revealed that S. pneumoniae encourages an immuno-regulatory response in
the naso-oropharynx, defined by significant infiltration of T regulatory cells and
production of transforming growth factor beta (TGF-8), leading to long-term
asymptomatic carriage. The study has shown that mice intranasally infected with
PLY-negative mutant of S. pneumoniae D39 (PLN-A), at the same low dose that
establishes persistent carriage when wild-type (WT) D39 are used, fails to encourage
carriage but leads to short-term colonisation (Richard et al., 2010). The study
suggested that the failure to carry high concentrations of D39 or a lower concentration
of PLN-A could be as a result of an altered balance of pro-inflammatory and anti-
inflammatory cytokine production in the upper airways as compared with low-density
WT carriage, which stimulates conditions that favor stable carriage. Furthermore,
Neill et al. demonstrated that pneumococcal colonisation in both mice and humans are
associated with induction of the immunoregulatory cytokine TGFb (Neill et al,
2014). Low-dose nasopharyngeal colonisation in mice induced TGFb production and
an associated accumulation of T regulatory cells in the nasopharynx. By contrast,
high-dose infection or infection with pneumolysin-deficient PLN-A induced a
response dominated by inflammatory cytokines and which lacked T regulatory cell

accumulation. Consequently, carriage was cleared over 7-14 days. Inhibition of
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TGFb during low-dose colonisation similarly resulted in an inflammatory driven
response that cleared colonisation. Significantly however, this clearance was
accompanied by dissemination of bacteria to the lungs, suggesting that TGFb-driven

responses act to limit bacterial dissemination (Neill et al., 2014).

TGF-f3 is an immunosuppressive cytokine that has a key role in innate and adaptive
immunity (Li et al., 2006). The activity of TGF- limits pro-inflammatory responses
and stimulates tissues healing after damage (Li Mo et al., 2006). The importance of
TGF-f3 in invasive pneumococcal infections has been verified, as the inhibition of
TGF-f3 significantly increased the sensitivity of normally disease-resistant mice to
invasive pneumonia (Neill et al., 2012). The correlation of high levels of TGF-f3 and
high regulatory T cell numbers with reduced lung apoptosis indicates that the
regulation of immune system plays a significant role in inhibiting the dissemination
of pneumococci by preventing the inflammatory damage to the lung epithelial barrier

that can be induced by excessive inflammation (Neill et al., 2012).

1.5 Mannose Receptor (MR)

1.5.1 Description

MR is a 175-kDa-endocytic protein that belong to the C-type lectin family, as it has
multiple C-Type Lectin-Like Domains (CTLDs) with a single polypeptide backbone.
It is a type I membrane protein, which has single transmembrane and cytoplasmic
domains that play important roles in facilitating MR internalization and recycling.
MR is expressed mainly by both macrophages, and dendritic cells (DCs) (Janeway et

al., 2006, Martinez-Pomares, 2012). This receptor has numerous important roles in
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host immunity including; clearance of endogenous molecules, modulation of cellular
activation, trafficking and promotion of antigen presentation, promoting T cell
differentiation and cellular stimulation (Pontow et al., 1993, Stahl and Ezekowitz,
1998). Mannose receptor consists of two independent carbohydrate-binding domains,
binding mannosylated and sulfated sugars, respectively (Linehan et al., 1999).
Carbohydrate-binding function can be abolished through proteolyticleavage and
alterations in glycosylation and conformation. Although predominantly expressed on
macrophages and DCs, studies have reported that MR could be detected on the
surfaces of tracheal cells, hepatic cells, kidney cells, retinal pigment epithelium, and

lymphatic endothelia (Sallusto et al., 1995, Engering et al., 1997).

1.5.2 MR Structure

In figure 1.1 MR structure has been showed. MR consists of three extracellular
domains; an N-terminal cysteine-rich (CR) domain, which is required for Ca2+
independent binding to sulphated sugars terminated in SO4-3-galactose (Gal) or SO4-
3/4-N-acetylgalactosamine (GalNAc) (Taylor et al., 2005), a Fibronectin type II
(FNII) domain which able to detect and bind collagen type I, II, III, and IV (Martinez-
Pomares et al., 2006, Janeway et al., 2006), and the third domain is the C-Type
Lectin-Like Domains (CTLDs), consisting of eight organized CTLD motifs that are
responsible for Ca2+ dependent binding to sugars ended with D-mannose and L-
fucose or N-acetylglucosamine (GIcNAc) (East and Isacke, 2002, Taylor et al., 2005,
Janeway et al., 2006). Mannose receptor is the only protein of the MR family that has
a functional N-terminal CR domain and the interaction with galactose or GalNAc

occurs through a neutral-binding pocket in a calcium-independent manner (Leteux et
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al., 2000, Taylor et al., 2005). The responsible region for sugar binding does not exist
in the N-terminal CR domain of the other members of the MR family (Liu et al.,

2000).

Cc

Figure 1.2. MR is a type I membrane molecule that has three extracellular domains: cysteine-rich
domain (CRD) (Navy), which binds sulfated glycan in lymphoid tissues. Fibronectin type II (FNII)
domain (Purple), which binds collagen. The Cytoplasmic tail is another domain that consists of eight
CTLD motifs (green), which bind endogenous and exogenous molecules, involving allergens and
pathogens products such as LPS and capsule (Source
https://www imperial.ac.uk/animallectins/ctld/mammals/Groups/Group VI.html).

1.5.3 Initiation of immune responses

The MR gene has a promoter region with binding sites for two unique transcription
factors: PU.1 and SP.1. Both these factors are involved in initiation of immune
responses and are required for proper development of myeloid progenitors (Egan et
al., 1999). A range of cytokines have been shown to up regulate the expression of MR
including IL-10, IL-4 and IL-13, and have been linked to the alternative activation of

macrophages (Doyle et al., 1994, Martinez-Pomares et al., 2003). Also, the anti-
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inflammatory molecules prostaglandin E (PGE) and dexamethasone stimulate MR
expression on M®, while IFN-y encourages M® classical activation and thus down
regulates the expression of MR (Schreiber et al., 1990). These observations suggest
MR may play a role in alternative activation, determination of inflammation and

prevention of self-damage.

1.5.4 Role in immunity

MR has a wide range of functions in response to infections. For example, MR could
work as a Pattern Recognition Receptor (PRR) through its CTLD motifs, as fucose,
mannose, and N-acetylglucosamine are not wusually present in mammalian
glycoproteins as terminal residues. Also, MR has been shown to identify a wide range
of pathogens including S. pneumoniae and C. albicans (Zamze et al., 2002, Martinez-
Pomares, 2012). However, despite its identified function in the recognition of
pathogens, the importance of this unique receptor in immunity is not fully understood.
In the following sections, the role of MR in phagocytosis, antigen processing and

presentation, and intracellular signaling response to pathogens will be discussed.

1.5.5. Phagocytosis

The role of MR in phagocytosis is not fully understood. Although mannose receptor
has been shown to be involved in the phagocytosis of several microbes, including M.
tuberculosis (Kang et al., 2005), and C. albicans (Marodi et al., 1991), some studies
have shown that despite the occurrence of mannosylated glycoprotein endocytosis,
MR was not able to phagocytose M. kansasii or any mannosylated latex beads (Le

Cabec et al., 2005). Furthermore, several in vivo models have shown that uptake of C.
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albicans is unaffected in MR -/- mice (Akilov et al., 2007), and MR expression was
not observed in the early stages of phagosome formation (Heinsbroek et al., 2008). In
fact, MR can offer pathogens a safe route for entry, as MR engagement leads to the
inhibition of phagosome maturation and phagosome-lysosome fusion following
phagocytosis of Mycobacterium avium (Shimada et al., 2010) and mycobacteria
(Astarie-Dequeker et al., 1999). Many of these studies have confirmed the role of MR
in phagocytosis by using Mannan, since the sugar acts as a specific inhibitor for MR,
although the existence of other Mannan binding receptors (dectin-2 and DC-SIGN)
may influence the efficiency of inhibition. The use of MR-specific antibodies with
J774 macrophages has been shown to be more reliable and effective, and WT cells
display greater efficiency of Francisella tularansis ingestion as compared to MR-

blocked cells (Schulert and Allen, 2006).

1.5.6 Antigen processing and presentation

MR is expressed mainly by macrophages on early Rab5a+ endosomes, which play an
important role in the recruitment of Rab7 and in the process of maturation to late
endosomes. The ability of IL-4 and PGE to induce the expression of MR may
contribute to the recycling of endocytic proteins Rab11+ and Rab7+ from endosomes
(Wainszelbaum et al., 2006). Thus, MR plays a crucial role in the transportation of
bound molecules into late endosomes, and is essential for the presentation of pathogen
antigens. However, the role of MR as an endocytic receptor in the presentation of
microbial antigens is controversial (Napper and Taylor, 2004, Taylor et al., 2005).
Several in vitro studies show that blocking MR with either mAb or mannosylated

ligands enhance both MHC class I, and MHC class II pathways for antigen
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presentation and induction of T-cell responses (Keler et al., 2004). In addition, an in
vivo model using knockout mice revealed that MR functions as a catabolic receptor
for serum glycoproteins (Lee et al., 2003) without showing an important role in
generating protective immune response against a model infection (Lee et al., 2003).

Several co-localisation studies have hypothesized an important role for MR in antigen
presentation as it has been found in association with CD11b and MHC class II
(Sallusto et al., 1995, Engering et al, 1997, Martinez-Pomares, 2012). Another co-
localization study suggested that MR is vital in the presentation of antigen in the
context of CD11b and lipoarabinomannan (LAM) with MHC II molecules (Prigozy et
al, 1997, Engering et al, 1997). The seemingly dichotomous findings of some of these
studies could be explained by differences in the type of MR ligand used, and the
possible effect of other PRRs and endocytic receptors that share ligands with MR,
such as DC-sign and dectin-2. Additionally, a study by Burgdorf ef al. has revealed
that MR in context with MHC class II molecules is able to stimulate release of
exogenous proteins, and to support the cross-presentation of internalized microbial

antigens (Burgdorf et al., 2008).

1.5.7 Intracellular signaling

Several studies have suggested that MR plays important roles in intracellular
signaling that results in the regulation of gene expression (Yamamoto et al., 1997,
Chieppa et al., 2003). However, Mannose receptor requires the assistance of other
receptors in order to initiate cytokine signaling cascades, since the MR cytoplasmic
domain does not contain any signaling motifs (Zhang et al., 2005). TLR2 is thought to

be the candidate receptor for this cross talk with MR. A recent study revealed that
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both TLR2 and MR are required for the secretion of IL-8 in response to Pneumocystis
carinii (Tachado et al., 2007). The two receptors seem to form a functional complex
on the surfaces of cells during the microbial recognition process. Another study using
a different model revealed that MR has a direct role in inducing T cell production of T
helper 2 and T regulatory cell cytokines but not T helper 1 (Chieppa et al., 2003).
Furthermore, a study by Pathak et al. confirmed that MR could deliver negative
signals to inhibit the induction of pro-inflammatory cytokines. The study has shown
that the engagement of MR leads to up-regulation and induction of expression of
IRAK-M, which is a negative regulator for TLRs signaling, preventing the
dissociation of IRAK-1, and IRAK-4 from MyD88 and the formation of IRAK-

TRAF6 complexes (Pathak et al., 2005).

1.5.8 Mannose Receptor in response to S. pneumoniae

The role of the MR in response to S. pneumoniae is not well defined and more studies
are needed to investigate how the pneumococcus and MR interact with each other, in
particular during nasopharyngeal colonisation. Little is known about the role of MR in
activation and recruitment of other immune cells such as neutrophils during
pneumococcal infection. With regard to S. pneumoniae and MR interaction, Zamze et
al. (2002) has shown that MR was able to recognize and bind purified capsular
polysaccharides from Streptococcus pneumoniae but not from Klebsiella pneumoniae.
Surprisingly, the recognition was inhibited with D-mannose and also was Ca*-
dependent. Furthermore, the carbohydrate recognition of Mannose receptor domains
4-7 was shown to provide sufficient binding toward pneumococcal polysaccharides

when compared to other domains suggesting that these particular domains are
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required for the recognition of these capsular polysaccharides. However, no direct
correlation was found between the structure of pneumococcal polysaccharides and the
binding to the mannose receptor, proposing that the conformation of the
polysaccharides may has a significant role in recognition (Zamze et al., 2002).
However, this study did not cover the interaction of MR with other significant
pneumococcal virulence factors including pneumolysin. Therefore, this PhD project
has explored how pneumolysin and MR interact with each other. This has revealed
the importance of MR in response to the pneumococcal toxin pneumolysin during

infection and inflammation.

1.6 Pneumolysin and host immunity

The inflammatory responses to PLY are well defined, and the enhancement of TNF-
o, IL-1f3, IL-6 and IL-8 production has been validated in a range of host immune cells
including macrophages, dendritic cells, endothelial cells, and epithelial cells
(McNeela et al., 2010, Luttge et al., 2012, Neill et al., 2014). This activity is believed
to contribute to the generation of anti-pneumococcal immune responses and to the
enhancement of pathology. For example, pneumolysin stimulates the production of
the potent antimicrobial compound nitric oxide (NO), however this is also a strong
contributor to tissue pathology. NO production by macrophages develops through an
IFN-y dependent pathway, which includes the up-regulation of cox-2 gene expression
(Braun et al., 1999). Several groups have documented that PLY induces production of
IL-6 and CXCLS8 in upper airways cells, and stimulates MAPK, NFxB, and TLR-4
signaling pathways (Dogan et al., 2011). Interestingly, the degree of PLY-induced

cytokine production seems to be limited in the presence of the polysaccharide capsule
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(Kung et al., 2014). Suppression of CXCL8 and MIP-2 production by the
pneumococcal capsule was detected in a murine model of nasopharyngeal carriage,
however this phenomenon was only detectable in the absence of pneumolysin.
Therefore, the polysaccharide capsule may have a role in regulating the pro-
inflammatory response of the toxin in vivo. The mechanisms of S. pneumoniae
recognition by the innate immune system remain to be fully elucidated although some
pattern recognition receptors have been implicated, including Toll-like receptors 2

and 4 (Malley et al., 2003, McNeela et al., 2010).

1.6.1 Recognition by Toll-Like receptors (TLRs)

Although TLR-4 has long been known to be a key part of the innate immune response
to Gram-negative infection by its recognition of bacterial LPS, work by Malley et al.
has also demonstrated an unexpected potential role for this receptor in facilitating
inflammatory responses to the pneumococcal toxin pneumolysin. The study revealed
that the expression of TLR-4 and MyD88 protein are essential for the production of
TNF-a and IL-6 by macrophages, since TLR-4 deficient mice were susceptible to
acute infection after pneumococcal colonisation (Malley et al., 2003, Malley et al.,
2005). The possible explanation for this unique observation was that PLY binding to
TLR-4 induced host-mediated apoptosis and thus led to clearance of the bacteria. The
authors subsequently also showed that PLY interacted directly with TLR-4 during a
solid phase binding assay, and thus mediated signaling in epithelial cells and
macrophages (Srivastava et al., 2005). Also, it has been postulated that the interaction
between pneumolysin and TLR-4 could stimulate the activation of caspase-1, and the

production of significant cytokines, such as IL-1a, IL-1f3 and IL-18 (Shoma et al.,
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2008). The activation of caspase-1 has been revealed recently to be reliant on NOD-
like receptor family, pyrin domain-containing 3 (NLRP3) inflammasomes (Fang et
al., 2011). These inflammatory responses are not dependent on the hemolytic and
complement-activating activities of PLY, as the mutant type of pneumolysin, which
lacks these virulent properties, showed the same effects as wild type PLY. The
significance of this detected interaction was examined during pneumococcal
colonisation of wild type and TLR4 knock out mice in a nasopharyngeal carriage
model (Malley et al., 2003). The study showed that TLR4 knock out mice were
colonized at a greater density and were significantly more likely to develop invasive
disease than were wild type controls. Consequently, through its ability to recognize
pneumococcal toxin, TLR4 was able to limit the proliferation of the pneumococcus in
nasopharynx (Srivastava et al., 2005). Moreover, the importance of TLR4 in the
recognition of pneumococcal infections seems to be limited since an earlier study
found that the absence of TLR4 did not affect survival rates of mice infected with the
pneumococcus, or bacterial counts in blood after intravenous challenge (Benton et al.,
1997). However, the role of TLR4 in pneumococcal infection remains controversial
and several studies with LPS-free purified PLY showed no significant role for TLR4
in pneumolysin-induced maturation of dendritic cells or in the stimulation of cytokine
production (McNeela et al., 2010). Endotoxin-free PLY was able to induce the
expression of co-stimulatory molecules on dendritic cells, and to boost the secretion
of cytokines, including IL-12, IL-6, IL-23, TNF-a, IL-1a, and IL-1f3, but only in the
presence of TLR agonists. The synergistic influence of PLY on the responses to TLR
agonists was completely independent of TLR4. These latest data would suggest that
the stimulation of PLY-dependent cytokines could occur through a mechanism

independent from the stimulation of TLR4.
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1.6.2 Inflammasome activation

PLY induces the production of IL-1b, which is required for NLRP3 activation,
demonstrating the role of pneumolysin in the activation of the inflammasome.
Inflammasome activation is an important step in the maturation process of anti-
pneumococcal immunity, since NLRP3 knockout mice lack the ability to control
bacterial numbers during pneumococcal pneumonia. The signaling of the
inflammasome appears to be necessary for the IL-17 responses that have been
implicated in resistance to pneumococcal pneumonia and carriage (Malley et al.,
2006, Lu et al., 2008), as PLY-deficient S. pneumoniae induce lower production of
IL-17A and INF-g in mice as compared to wild-type pneumococci. Further supportive
evidence for the role of NLRP3 in anti-pneumococcal immunity comes from the
observation that several pneumococcal serotypes, such as serotype 1, 7F and 8
(Brueggemann et al., 2003, Song et al., 2013), that are associated with enhanced
bacterial invasiveness, produce PLY with low hemolytic activity that fails to activate
the inflammasome (Kirkham et al., 2006). The activation of the inflammasome is
clearly correlated with vigorous immune responses, and with the control of
pneumococcal numbers, however a potential outcome of stimulation of every
inflammatory pathway is bystander tissue injury. In a murine model of pneumococcal
pneumonia, the induction of the inflammasome adaptor molecule ASC and the sensor
NLRP3 is correlated with increases in pathology and infection score (Hoegen et al.,
2011). ASC knockout mice showed high level of lethality and pneumococcal
dissemination when compared to NLRP3 knockout mice, despite notably reduced
cytokine production in both mouse strains (Van Lieshout et al., 2014). This
observation may be explained by the theory that the attenuation of IL-17, integrin-

aM, and GM-CSF responses combined to reduce the signaling of the adaptive
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immune response in the ASC knockout mice (Van Lieshout et al., 2014). In contrast
to the effect of PLY on inflammasome activation (as mentioned above), a recent study
has demonstrated that pneumolysin could also prevent the generation of inflammatory
responses in human antigen presenting cells (APCs) such as dendritic cells (Littmann
et al., 2009). Wild type and PLY knockout serotype 4 (TIGR4) pneumococci were
used in this study, which revealed that PLY has the ability to enhance the uptake of
pneumococci by human DCs by 50%. On the other hand, this uptake was correlated
with increased DC caspase-dependent apoptosis, and this activity was dependent on
PLY. Moreover, the expression of the pneumococcal toxin was associated with some
activities including the reduction of cytokine responses by DCs, down-regulation of
inflammasome activation, and reduction of the expression of co-stimulatory
molecules on DCs. These experimental results are in contrast to the current evidence
of the role of the pneumococcal toxin PLY in the activation of the inflammasome, and
it has been argued that the outcomes suggest dissimilarities in the signaling pathways
between human and murine cells. Conversely though, several pneumococcal studies
have described similarities in the inflammatory responses to PLY in human and
murine cells (McNeela at al., 2010, Witzenrath et al., 2011, Hoegen et al., 2011).
Hence, the reasons behind these conflicting observations of the special effects of PLY
on the activity of inflammasome may be due to serotype specific differences although

more detailed investigation is needed to clarify the issue.

1.6.3 T-cell differentiation

T cells are crucial for anti-pneumococcal immune responses, as the depletion of T

cells reduces the clearance of pneumococci in colonisation and pneumonia models
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(Kadioglu et al., 2000, Kadioglu et al., 2004, Van Rossum et al., 2005). The
relationship between PLY and T cell immunity is not fully understood, however the
current data suggests that the toxin is required for the activation of T cells and for
their production of cytokines (Houldsworth et al., 1994, Kadioglu et al., 2004,
Kadioglu and Andrew, 2004). These data also shown that during pneumococcal
pneumonia, T cells respond rapidly to infection and accumulate in the lungs.
Interestingly, the accumulation of these cells was slower and notably reduced when
mice were infected with pneumolysin-deficient pneumococci (Kadioglu et al., 2000).
Furthermore, a recent study has revealed new roles for the pneumococcal toxin PLY
in the initiation of memory T cell responses and in the proliferation of CD4+ T cells
isolated from either human nasal-associated lymphoid tissue or human blood in
response to stimulation with pneumolysin domain 4 (Gray et al., 2014). Moreover,
memory Thl7 responses were prompted in response to PLY, and this is more
noticeable in cells isolated from carriage-negative children when compared to
carriage-positive children, where a more regulatory response dominates. These data
suggest that PLY has a role in the induction of Th17 immunity and thus may provide
children with protection against future pneumococcal colonisation. In contrast though,
earlier work had reported that PLY at high concentrations inhibited the proliferation
of lymphocytes and reduced the production of pro-inflammatory cytokines (Ferrante
et al.,, 1984). In general, it seems clear that pneumolysin produced during
pneumococcal infection has strong influences on the responses of T cells and other
inflammatory responses that could be activating or inhibitory in nature, depending on

toxin concentration.
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1.6.4 Role in pneumococcal carriage

Nasopharyngeal colonisation with S. pneumoniae is a prerequisite for invasive
disease; therefore it is essential that we understand the role of host defenses and
bacterial virulence factors in carriage in order to develop appropriate strategies to
control and eliminate infection. The first demonstration of the role of Ply in
pneumococcal infection of the nasopharynx was revealed by Kadioglu et al.
(Kadioglu et al., 2002). Recent studies in mice have reported that pneumolysin is
required for prolonged nasopharyngeal colonisation (Richards et al., 2010, Neill et al.,
2014). Several studies have shown that wild-type serotype 2 (D39) pneumococci were
able to colonize the nasopharynx for more than four weeks without showing any sign
of clearance or development of severe infection, whereas an isogenic pneumolysin-
negative pneumococcus lacked the ability to establish prolonged colonisation, and
was cleared completely within one to two weeks post-infection (Kadioglu et al., 2002,
Richards et al., 2010, Neill et al., 2014). Conversely, an earlier paper had reported that
a pneumolysin-negative pneumococcus showed low level of adherence to murine
epithelia cells, however no defect was determined in pneumococcal colonisation
(Rubins et al., 1998). A recent study by Neill et al. has revealed that D39
pneumococci and purified PLY induce the production of TGFB1 from nasopharynx
and lung epithelium, while PLN-A induces significantly lower levels of this immune
modulatory cytokine (Neill et al., 2014). This observed activity requires the signaling
of Toll-like receptors, and is dependent on the efflux of potassium, and the rupture of
phagosomes, implicating the NLRP3 inflammasome. Significantly, the host TGFf1
response to PLY revealed a unique dose response, since high concentrations of PLY
or pneumococci led to production of INF-y and reduced the response of TGFf1,

whereas intermediate or low doses of PLY or pneumococci encouraged TGFf1
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production in a dose- dependent manner. This dose response was evident in the
outcomes of pneumococcal colonisation with low or high numbers of bacteria.
Colonisation with high number of pneumococci or PLY-negative bacteria leads to
transient carriage, while colonisation with low number of pneumococci leads to long-
term carriage. These differences are explained by the altered balance in the responses
of pro-inflammatory and anti-inflammatory cytokines following colonisation with
high density of pneumococci or pneumolysin-negative bacteria. Long-term carriage
was associated with induction of TGFf1 and T regulatory cell responses that act to
reduce the production of pro-inflammatory cytokine, and limit the infiltration of
neutrophils, and consequently allow the maintenance of stable numbers of
pneumococci in the nasopharynx. However, pneumolysin-negative pneumococci fail
to induce the production of TGFf1 and the response of T regulatory cells, and so are
eliminated from the upper airways by the resulting inflammatory responses.
Relatedly, colonisation with high-density of bacteria led to induce the response of
pro-inflammatory cytokines in the airway of epithelial cells, interrupting the induction
of TGFP1 production and leading to clearance of the bacteria. When TGFBI1
production was inhibited following colonisation with low numbers of pneumococci in
mice, carriage was cleared totally within 7-14 days. Clearance was associated with
dissemination of bacteria from nasopharynx to lungs, suggesting the presence of a
fine line between inflammatory responses that eliminate colonisation, and those that
cause damage and poor prognosis. This reported phenomenon could explain the
observed differences in the virulence of pneumolysin-negative bacteria in different
experimental models, and would also help to understand why most pneumococcal
serotypes that express PLY with different hemolytic activity are correlated with

severe infections, and found rarely in carriage (Douce et al., 2010). In support of this
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hypothesis, in experimental human pneumococcal carriage (Gritzfeld et al., 2013,
Ferreira et al., 2013), TGFP1 levels in nasal wash at 48 h post-pneumococcal
challenge were associated with the establishment of successful pneumococcal carriage
(Neill et al., 2014). Individuals in whom carriage was established had significantly
higher TGF[1 levels than those in whom carriage failed to establish. In addition, the
number of T regulatory cells in nasal associated lymphoid tissue and the inhibitory
capacity of those cells has been reported to be elevated in pneumococcal carriage in

children (Pido-Lopez et al., 2011, Zhang et al., 2011).

The emerging theory from all these data can be described as follows; invasive
pneumococcal infections could arise from the failure to maintain or stimulate the
proper response of T regulatory cells during nasopharyngeal colonisation. The cell-
driven responses of TGFf1 and T regulatory cells have been shown to have a role in
the induction of immune tolerance to pneumococcal colonisation in the upper
airways. The significance of this immune tolerance is to preserve tissue integrity and
thus prevent the dissemination of pneumococci within the host, however this immune
phenomenon will also inhibit the clearance of pneumococci during colonisation and
allow maintenance of carriage. Colonisation with high density of bacteria or with
pneumolysin-negative pneumococci leads to a failure to induce tolerance and thus
activates the inflammatory pathways, and pneumococci are either cleared or else
disseminate within the host through the damaged tissue causing pneumococcal
pneumonia and invasive infections. Moreover, a recent work has revealed a
comparable role for T regulatory cells during pneumonia, where they limit

inflammation and prevent the spread of pneumococci (Neill et al., 2012).
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1.7 Research aim and vision

The central aim of this project was to understand how pneumolysin activates and
potentially drives different mechanisms of host immunity in the nasopharynx during
colonisation. We have recently demonstrated that the pneumococcal toxin
pneumolysin is a potent activator of both mucosal and systemic immune responses,
directly stimulating macrophages and dendritic cells and dramatically amplifying their
production of pro-inflammatory cytokines independently of TLR-4. We have also
shown for the first time that pneumolysin activates the NLRP3 inflammasome
complex leading to release IL-1[3, which is required for protection against invasive
pneumococcal pneumoniae (McNeela et al., 2010). Our recent data reveal an
interesting dichotomy of PLY; that it is crucial to the pneumococcus for successful
asymptomatic colonisation of the nasopharynx (Kadioglu et al., 2002, Richards et al.,
2010), without generating pro-inflammatory immune responses, unlike its powerful
ability to drive inflammation in the lungs during pneumonia. Based on new
preliminary data, I propose that during nasopharyngeal colonisation, nasal mucosa-
associated macrophages become activated by PLY and subsequently drain to cervical
lymph nodes to initiate immune responses that act to prevent damage to host tissues
and systemic pneumococcal dissemination. In order to determine the mechanistic
detail of these interactions, I will address the following research questions:

(1) How does pneumolysin induce immune tolerance during nasopharyngeal

colonisation?
(2) What is the role of nasal mucosa-associated macrophages in the generation of
immune tolerance during nasopharyngeal colonisation?
(3) What are the host-cell signalling pathways activated by pneumolysin during

colonisation?
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(4) What are the changes in host and bacterial conditions that allow an

asymptomatic carrier state to progress to invasive disease?

My hypothesis is that during colonisation of the nasophrynx a state of immune
tolerance is generated involving pneumolysin and pneumococcal pathogen associated
molecular patterns (PAMPs). Nasal mucosal-associated macrophages are key to
initiating this tolergenic state; T-regulatory cells, TGF-f and IL-10 are key to its long-
term regulation. During pneumonia however, a different mechanism operates where
pneumolysin drives pro-inflammatory responses in alveolar macrophages and
dendritic cells. Interestingly, mice that clear their lung infection are still colonised by
the same pneumococcal strain in their nasopharynx (Richards et al., 2010),
demonstrating that immune responses in the lung have no protective effect in
nasopharyngeal colonisation. This provides evidence of a different immunological
mechanism operating in the nasopharynx. Our confocal studies of nasal mucosa and
cervical lymph nodes during a 14-day pneumococcal nasopharyngeal colonisation
study revealed a mnarked increase in CDI11c/CD68/CD169/MHC-II positive
macrophages in the subscapular sinus regions of cervical lymph nodes over time. We
also showed that these macrophages are present in the nasal mucosa of mice, and
increase in numbers during early stages of colonisation accompanied by increased
expression of mannose receptor, which have been shown to bind to pneumococci

(Zamze et al., 2002).

My hypothesis is that this subset of mannose receptor-expressing, CD68/CD169-
positive macrophages are critical gatekeepers at the nasal mucosal tissue/cervical

lymph node interface and are the first cells to sample bacteria and present antigen to
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B- and T-cells in CLN. There is no increase in CLN size during colonisation and no
change in CLN structure, i.e. B- and T-cells area remain intact and the proportion of
each area is maintained, indicative of absence of inflammation. Furthermore,
CD11c/CD68/CD169/MHC-II-positive macrophages are the only cells that increase
over time, there being no increase in dendritic cells (CD11c/MHC-II-positive but
CD68/CD169 negative), monocytes, B- or T-cells, or neutrophils in either CLN or
nasal mucosa. This is in keeping with our previously published FACS analysis of
leucocyte populations in nasal mucosa and CLN during a 28-day pneumococcal
nasopharyngeal colonisation study, where we showed that macrophages were the only
cell type to show significant increases in numbers over time with no significant

increases in neutrophils, B- or T-cells (Richards et al., 2010).

It is clear that pneumolysin has pro-inflammatory effects in the lungs based on
different modes of action; it can stimulate cells directly by its pore-forming activity
(via NLRP3 activation) but also through non-pore forming NLRP3-independent
mechanisms. It is likely that NFkB activation is responsible for this mechanism. This
research will elucidate the different cell signalling pathways pneumolysin activates
and the pro-inflammatory/protective role of the cells and cytokines induced by
activation of these pathways during colonisation. The knowledge gained from this
research will provide the basis for potential treatments focused on preventing the
transition of colonisation into invasive disease. Furthermore, the knowledge gained of
pneumolysin-host immune cells interaction in the nasopharynx will inform us of

correlates of immunity to aid future vaccine development.
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Chapter 2: Materials and methods

2.1 Growth conditions and media:

S. pneumoniae was grown on Blood agar base (Oxoid) plates supplemented with 5%
v/v horse blood (Oxoid), with the selective antibiotics required for the different
mutants (Table 2.1). Under sterile conditions, a full loop of colonies was streaked
out from the bead stocks or from existing good condition plates, and the new
fresh plates were incubated inverted at 37 °C overnight in a sealed jar. A sweep of
overnight grown pneumococci was transferred from the plate to 10 ml of sterile
Brain Heart Infusion (BHI) broth (Oxoid). Cultures were grown overnight for 16-18
hours at 37 °C, in a strictly closed universal tube (Sterilin). Following overnight
cultures, stock aliquots were grown for five to eight hours; in 80% (v/v) BHI supplied
with 20% (v/v) of sterilized Foetal Bovine Serum (FBS, Sigma). These cultures were
incubated statically at 37°C in a candle jar. Media used in this PhD study were

prepared according to Table 2.1.
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Medium name Recipe Supplier

Blood agar base (BAB) 16g in 400ml dH20 Oxoid, UK
Horse Blood

Brain heart infusion (BHI) 14.8g in 400ml dH20 Oxoid, UK

Luria Broth (LB)

4g NaCl, 2g Yeast extract,

4g Tryptone in 400ml dH20

NaCl - Fisher Scientific
Yeast Extract — Oxoid, UK

Tryptone — Oxoid, UK

Dulbecco’s Modified Eagle’s
Medium (DMEM)

10% foetal bovine serum
(FBYS)

100 mg/ml Streptomycin
100 mg/ml Penicillin

20ng/ml macrophage colony-
stimulating factor (M-CSF)

FBS - Sigma
Streptomycin - Sigma
Penicillin — Sigma

M-CSF - R&D system

Table 2.1. Media used in this PhD study
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2.2 Bacterial strains

Pneumococcus isolates were distinguished from other bacterial species by Gram
stain, hemolytic test on blood agar plates, optochin (Ethylhydrocupreine
hydrochloride) sensitivity and finally by catalase test. Pneumococcal isolates were
stored at -80 °C for long-term storage in brain-heart infusion media (BHI, Oxoid)
supplemented with 15% glycerol (Sigma Aldrich). Wild type (WT) serotype 2 S.
pneumoniae, its mutants and purified proteins were used in this PhD project
listed in Table 2.2 and Table 2.3. The pneumolysin-deficient mutant was used
previously by McNeela et al. (McNeela et al., 2010). The capsule-deficient mutant
was provided kindly by Doctor Kathrin Miihlemann (University of Bern) (Battig and
Muhlemann, 2007). The pneumolysin mutants were a kind gift from Professor Tim
Mitchell (University of Birmingham, UK) (Yuste et al., 2005). The pneumolysin and
capsule mutant DKO D39 was provided kindly by Doctor Lucy Hathaway (University

of Bern) (Engel et al., 2013).

Strain Serotype Strain Strain Source Antibiotic
background designation resistance
D39 (WT) 2 WT 7466 NCTC -
Prof. Tim
APLY 2 D39 - Mitchell
(Pneumolysin (University of -
deletion mutant) Birmingham)
Dr Kathrin
D39-] 2 D39 Miihlemann Penicillin
(Capsule negative - (University of 0.1 ul/ml
mutant) Bern)
DKO D39
(Capsule & Dr Lucy Spectinomycin
pneumolysin 2 D39 Hathaway 0.1 mg/ml
negative - (University of
mutant) Bern)
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Table 2.2. Pneumococcal strains used in this PhD study

Strain Serotype Strain Strain Source Antibiotic
background | designation resistance
Prof. Tim
Pneumolysin 2 D39 - Mitchell -
domain 1-3 (University of
Birmingham)
Prof. Tim
Pneumolysin 2 D39 - Mitchell -
domain 4 (University of
Birmingham)
Prof. Tim
eGFP whole 2 D39 - Mitchell -
pneumolysin (University of
Birmingham)
Prof. Tim
eGFP 2 D39 - Mitchell -
pneumolysin (University of
domain 1-3 Birmingham)
eGFP Prof. Tim
pneumolysin 2 D39 - Mitchell -
domain 4 (University of
Birmingham)

2.3 Pneumococcal viable counting:

Table 2.3. Pneumococcal proteins used in this PhD study

Sterile round-bottomed 96 well plates (Thomas Scientific) were using to determine

the number of bacteria in liquid culture or in homogenised mouse tissue. Serial

dilutions from 10'-10° were performed by adding 20 ul of the liquid culture or

homogenised tissues to 180 ul of sterile phosphate-buffered saline (PBS, Sigma),

in triplicate, according to standard Miles and Misra methodology. 60 ul of each

dilution was spotted on blood agar plates and incubated inverted overnight in a
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closed jar at 37 °C. The next day, grown pneumococcal colonies were examined and
counted from the dilution where between 30 and 100 colonies were visible. The
number of bacteria was determined as colony forming units (CFUs) per ml, using

the following equation:

CFU/ml = (Total number of colonies counted in sector) + 60 (total volume) X 100

2.4 Mice

WT C57BL/6 and MF-1 outbred mice were used in this PhD study (Purchased from
Charles River, UK). MR " mice (genetically deficient in mannose receptor) were
generously provided by the laboratory of Dr. Luisa Martinez-Pomares (University of
Nottingham, Nottingham, U.K.). MR ” mice were bred at the Biomedical Services
Unit of the University of Nottingham. Experimental animals were housed in
individually ventilated cages (IVCs) of up to 5 mice, with ready access to food and
water, in a specific pathogen free facility at the University of Liverpool. Animals
were handled according to institutional and UK Home Office guidelines and were
kept under specific pathogen-free conditions. Females mice were used at 7-10 weeks
of age. Approval before all experimentation was obtained from the University of
Liverpool ethics committee and the UK Home Office; project licence 40/3602 and

personal licence number: (PIL 40/10224).

2.5 Preparation of infectious dose:

Aliquots of frozen pneumococci of known CFU/ml were thawed quickly in the palm

of the hand and centrifuged at 13,000 rpm using a micro-centrifuge (Sigma). The
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supernatant was discarded and the bacteria were re-suspended in 400 ul of PBS. As
required, dilution of this stock was performed in PBS to give a final concentration of
1 x 10" CFU / ml, which provides an infectious dose of 1 x 10° CFU per 10 pl. All
mice in the same experiment were infected using the same aliquot to ensure

consistency.

2.6 Carriage study

Female outbred MF1 (Charles River, UK) mice (7-10 weeks old, 30-35 g) were used
for infection studies. Mice were lightly anaesthetised with 2.5% (v/v) Isofluorane
USP (Isocare) over oxygen (1.4-1.6 litres/min), in an anaesthetic box. 10ul of PBS
containing 1x10° CFUs of S. pneumoniae were administered into the nostrils (equally
between both nostrils) using a Gilson pipette. The mice were left on their backs
to recover from the effect of the anesthesia, and to prevent the inoculum from
discharging from the nose. The dose was confirmed by viable count following
infection. At pre-chosen time intervals following infection, mice were sacrificed and
nasopharynx, nasal mucosa and lymph nodes were collected, manually pushed
through a 30um cell strainer or else homogenized with an Ultra-Turrax T8
homogeniser (IKA, Germany). CFU counts from tissue were determined by viable

count on blood agar plates following Miles and Misra methodology.

2.7 Pneumolysin expression and purification

Pneumolysin (Ply) was expressed in E. coli and purified as previously described
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(Mitchell et al., 1989). Briefly, recombinant Ply was expressed in Escherichia coli (E.
coli) strain MC1061 harboring plasmid pJW208 (which has an IPTG-inducible
promoter and carries resistance to kanamycin and ampicillin). MC1061 was grown
overnight in 8 L of Luria-Bertani (Sigma) broth supplemented with 100pg/ml
ampicillin (Sigma). Bacterial cells were collected by centrifugation (14000xg for 20
minutes at 4 °C) and washed once in Equilibration buffer (Equilibration buffer (PH7);
10 mM NaPO;, 250 mM NaClI). Cells were re-suspended in 30 ml of Equilibration
buffer and disrupted by sonication (Cole-Parmer). The extract supernatants were
clarified by centrifugation and stored at -20 °C until further use. Pneumolysin was
purified from cell extracts supernatants using the high- performance Affinity
chromatography system (GE healthcare). 50 ml of the supernatants were loaded onto
the purification column and the column was washed with 5 column volumes of 10
mM equilibration buffer, 10 mM Imidazole, 20 mM Imidazole and 100mM
Imidazole. Proteins were detected by Bradford assay using the kit supplied (Bio-Rad).
Pneumolysin concentrations were measured using Nanodrop at 280 nm, then the toxin
was passed 3 times through an EndoTrap endotoxin removal column (Profos AG,
Germany) after which LPS was undetectable using the PyroGene Recombinant Factor
C assay (Lonza; detection limit 0.01 EU/ml) and PLY purity was > 97% as
determined by SDS-PAGE gel stained with Coomassie brilliant blue R250 (Sigma).

Purified pneumolysin was filter sterilized and stored at -80°C.

2.8 Pneumolysin quantification

PLY was measured by Nanodrop spectrophotometer (Thermo Scientific), measuring

at a wavelength of A280. Briefly, 2 ul of nano-pure water was dropped on the sensor
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and the system was calibrated. Then the sensor was wiped clean. Following this, 2 ul
of the buffer that the proteins were being stored in, was added to the sensor as a blank
control. The protein elutions were then added to the sensor, separately to determine
the concentrations, and in between each elution measurement the machine was

blanked and wiped. Pneumolysin concentrations were determined in mg/ml.

2.9 SDS-PAGE and Western blot

To confirm the molecular weight (M.W) of the purified pneumolysin, and to verify
that the pneumococcal protein had no other contaminants in the collected elutes, a
12% v/v SDS-PAGE gels was used. Individual SDS-PAGE gel was prepared using
the chemical reagents listed in Table 2.3. Cell extracts and the different elutions
collected from the columns were analyzed for protein content. PLY samples were
prepared with NuPAGE LDS sample buffer 4X (Invitrogen). The samples were then
incubated for 4 minutes at 100°C. Then, 16ul of each sample was loaded into separate
wells in the SDS gel. A 4ul of precision plus protein standard (Bio-rad) was also
added to each SDS gel, as a molecular weight marker. TGS buffer ((10X)- 250mM
Tris, 10% SDS, 2M glycine, 1L dH20) was added to the tank, and the gel was run at

0.4 amps forl hour.

Reagents 12% Separating Gel 5% Stacking Gel

(15 ml) (5 ml)
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Nanopure Water 4.9 ml 3.4 ml
30% acrylamide (protogel, 6 ml 0.83 ml
geneflow)
1.SM Tris HCI pH 8.8 3.8 ml -
(Sigma)
1M Tris HCI pH 6.8 - 0.63 ml
10% SDS (Sigma) 0.15 ml 0.05 ml
10% Ammonium 0.15 ml 0.05 ml
persulphate (Fisher
Scientific)
TEMED (Sigma) 0.006 ml 0.005 ml

Table 2.3. Chemical reagents used for SDS PAGE gel preparation

Following the preparation of SDS PAGE gel, western blot was performed for each

protein sample. To start the assay, each filter paper and sponge was equilibrating with

transfer buffer (0.02M Tris, 0.03M glycine, 20% methanol, 0.03% SDS, 1L dH20).
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Western blot apparatus was assembled as shown in Figure 2.4, and the proteins were
transferred onto a nitrocellulose membrane (G E Healthcare), for 1 hour at 0.25
Amps. The membrane was then blocked overnight with 5% v/v of milk in TBST
(10mM tris, 0.15M NaCl2, 0.05% tween 20, 400ml dH20 pH- 8) buffer, at 4°C. Next
day the membrane was washed 3 times, with TBST buffer. The nitrocellulose
membrane was then incubated for 2 hours with primary anti-pneumolysin monoclonal
antibody (Statens Serum Institute, Denmark), at a 1:1000 dilution. Subsequently, the
membrane was washed three times with TBST, then the membrane was incubated for
two hours, with the secondary antibody, anti-rabbit IgG, (raised in goat) which was
conjugated to alkaline phosphatase (Invitrogen). Following this step, the membrane
was washed again three more times with TBST and 5 ml of BCIP/NBT one-step
solution (Sigma) were added for 10 minutes to develop the bands. Following this step,
5 ml of water were added to the membrane to stop the reaction of BCIP/NBT

solution.
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Figure 2.4. The picture showing the assembly of the Western blot apparatus.
(Picture from https://www thermofisher.com/sa/en/home/brands/thermo-scientific/pierce-protein-
biology.html
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2.10 Hemolytic assays

The pneumolysin activity in fractions collected from chromatography columns was
determined semi-quantitatively. 50 ul of each sample was diluted serially two-fold in
phosphate-buffered saline (PBS, Sigma) along one row of 12 wells in a 96-well
microtiter plate (Thermo scientific). 50 pl of 1% (vol/vol) fresh sheep erythrocyte
(Oxoid) suspension was added to each well, and the plates were incubated at 37°C for
30 min and then centrifuged at 3,000 xg for 5 min to remove unlysed RBCs and the
absorbance of the supernatant at 540 nm was measured. The percentage of
erythrocytes lysed was plotted against dilution for the protein (Figure 2.5), and the
pneumolysin activity of the sample was defined as the reciprocal of the estimated
dilution at which 50% of the erythrocytes would have lysed. The highest dilution of
each sample resulting in at least 50% hemolysis was then estimated visually. This

activity was expressed as hemolytic units (HU) per milliliter.
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Figure 2.5. The hemolytic activity of wild type Ply against 1% (vol/vol) sheep RBCs.
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2.11 Culturing of Bone marrow derived macrophages (BMDMs)

BMDMs were prepared by culturing murine bone marrow cells using protocols
adapted from Lutz et al. (1999) and Davies et al. (2005). Briefly, bone marrow cells
from wild type C57BI6 or knockout mice (Table 2.6) (TLR knockout bone marrows
were provided by the laboratory of Dr. Ed Lavelle, Trinity college Dublin, Dublin,
Ireland) were flushed aseptically from the femurs and tibia of mice. Macrophages
were grown in Dulbecco’s Modified Eagle’s Medium (Sigma) 10% v/v fetal calf
serum (FCS; Sigma), 100 U/ml penicillin, 100 mg/ml streptomycin, and 100 mM L-
glutamine (Sigma) and supplemented with macrophage colony-stimulating factor (M-
CSF; R&D system) (final concentration of 20ng/ml). Cultures were maintained in a
humidified atmosphere (5% CO2) at 37°C, and medium was replaced on days 3 and
6. On day 6 of the culture, mature macrophages were plated (6.25x10° cells per well)
onto 48 well plates (Sigma), and incubated over-night to adhere before adding the
bacteria. Next day, cells were cultured with media or D39, APly, D39-J, DKO D39 (1
M®: 10 bacteria) and PLY alone (4pg/ml). Following 24 h incubation at 37°C,
supernatants were collected and stored at -80°C. Macrophages were removed using
warmed trypsin (5 mg/ml) with 0.02% EDTA and used directly for flow cytometry

staining and marker detection.

Cell Type Mouse background Source
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Mannose receptor knockouts C57BL/6 Dr. Luisa Martinez-Pomares

BMDM (MR 7)
(University of Nottingham)

Toll-like receptor 2 knockouts C57BL/6 Dr. Ed Lavelle

BMDM (TLR-2 7)
(Trinity college Dublin)

Toll-like receptor 4 knockouts C57BL/6 Dr. Ed Lavelle

BMDM (TLR-4 7)
(Trinity college Dublin)

Toll-like receptor 2 and 4 C57BL/6 Dr. Ed Lavelle

knockouts BMDM (DKO)
(Trinity college Dublin)

Table 2.6. The type of knockouts cells used in this PhD research

2.12 MARCO blocking assay

The macrophage receptor with collagenous structure (MARCO) is a class A
scavenger receptor. MARCO is inhibited by the Class A scavenger receptor (SR)
blocker dextran sulfate (DxSO4, Sigma), but not chondroitin sulfate (Control)

(ChSO4, Sigma), which does not block the SR or MARCO (Bowdish et al., 2009).
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Briefly, mature macrophages were incubated with 100 ug/ml of dextran sulfate or
chondroitin sulfate for 30 minutes at 37°C in DMEM media prior to stimulations or
infections. Macrophages were washed gently with 300 ul of dPBS (Sigma), and then

cells were stimulated with pneumococcus for 24 h.

2.13 Macrophage images

Wild type and MR BMDMs were stimulated with D39 and APLY at an MOI of
1:10. Macrophages were photographed by phase-contrast microscopy (20X) at 0, 24

and 72 h post-infections.

2.14 Stimulation of macrophages with pneumococcus and co-culture

with T cells

Naive CD4+ T cells were purified from spleens of C57BL/6 mice (Charles river)
using magnetic separation with a CD4+ T Cell isolation kit (Miltenyi Biotec). Spleen
were washed three times with dPBS (Gibco), manually pushed through a 40pm Cell
strainer (Falcon), and centrifuged for 10 minutes at 300xg. Cell pellets were re-
suspend in 0.5% BSA buffer (Sigma) and counted using a hemocytometer (Thomas
Scientific). Cell suspensions were labeled with a cocktail of Biotin-conjugated
antibodies (biotin-conjugated monoclonal antibodies against CD8a, CD11b, CDl lc,
CD19, CD45R (B220), CD49% (DXS5), CD105, Anti-MHC Class II, Ter-119, and
TCRY/d), and then passed through a magnetic LS MACS column containing anti-

Biotin MicroBeads. Negative selection of CD4 * T cells were obtained using LS
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MACS magnetic columns (Miltenyi Biotec) according to the manufacture's
instructions. The CD4+ T-cells purity was >90% as assessed by flow cytometry. For
in vitro stimulation, 24 hours pneumococcal stimulated macrophages were washed
gently with 200 ul of PBS. Purified T-cells were re-suspended in DMEM and added
gently to the stimulated macrophages at a ratio of 1:15, and incubated for 5 days at
37°C. Supernatants were collected and stored at -80°C for cytokines detection. Cells
were removed using warmed trypsin (5 mg/ml) with 0.02% EDTA and used directly

for surface marker determination by flow cytometry.

2.15 Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants from stimulated cells were collected (approximately 500 ul) and stored
at -80°C until needed. The levels of IL-6, IL-10, IL-12, IL-1f3, INF-y, IL-17, IL-4 and
MIP-2 cytokines in the supernatants were determined by ELISA (Table 2.7). 96-well
plates (NUNC Maxisorp) were coated overnight with 10 pg/ml of IL-6, IL-10, IL-12,
IL-1pB, INF-y, IL-17, IL-4 and MIP-2 capture antibodies in PBS, at 4 °C. The
following day, plates were washed 3 times with PBS + 0.05% v/v Tween 20 (Sigma
Aldrich), allowing the washing buffer to stand for 20 seconds in the wells before
continuing with following washes. All wells then were blocked for 2 h at room
temperature with assay diluent, diluted (4:1) in PBS to prevent non-specific binding.
Wells were then washed again 3 times as previously described. Standards and
samples were added into the wells in duplicate. Supernatants were diluted (1:5) in
assay diluent for IL-6, IL-12 and IL-1f3, diluted (1:10) for MIP-2, and used neat for
IL-10, INF-y, IL-17 and IL-4 and left for 2 hours at room temperature. Wells

were washed before the addition of 10 pg/ml of the detection antibodies and plates
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were incubated at room temperature for 1 hour. Wells were washed again 3 times with
the washing buffer and diluted Avidin-HRP (1:1) in assay diluent was added to all
wells and left at room temperature. After 30 minutes incubation, wells were wash 5
times as described previously. TMB substrate solution were added to all wells and
incubated for 15 minutes in dark at room temperature. Colour development action
was stopped by 0.16M of sulphuric acid (life technologies). Plates were read by
micro-plate reader at 450nm in order to create the standard curve and determine the

level of IL-6, IL-10, IL-12, IL-1f, INF-y, IL-17, IL-4 and MIP-2 in cells

super natants.
Cytokine Name Type Kit Brand
Interleukin 6 Mouse eBioscience (Ready-SET-
Go)
(IL-6)
Interleukin 10 Mouse eBioscience (Ready-SET-
Go)
(IL-10)
Interleukin 12 Mouse eBioscience (Ready-SET-
Go)
(IL-12)
Interleukin 1 beta Mouse eBioscience (Ready-SET-
Go)
(IL-1B)
Interferon gamma Mouse eBioscience (Ready-SET-
Go)
(INF-y)
Interleukin 17 Mouse eBioscience (Ready-SET-
Go)
(IL-17)
Interleukin 4 Mouse eBioscience (Ready-SET-
Go)
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(IL-4)

Macrophage Mouse R&D systems
inflammatory protein 2
(MIP-2)

Table 2.7. ELISA Kits used in this PhD research

2.16 Cell Survival Analysis

For analysis of cell survival, macrophages membrane integrity was determined using
two assays; lactate dehydrogenase (LDH) and PrestoBlue assays. All experiments
were performed in triplicate cultures. LDH assay was used to measure the released
LDH from damaged macrophages, as a biomarker for cellular cytotoxicity and
cytolysis. LDH released into the supernatant was measured using Cytotoxicity
detection kit (Roche). 96 well tissue culture plates (Sigma) were filled with 100 ul of
the assay medium. Cells were washed with 300 ul of the assay medium before adding
them to the 96 wells plate. Cells suspensions were adjusted to a concentration of 2 X
10° cells/ml, and cells were titrated by two-fold serial dilutions across the plate. 200 ul
of the standards were diluted in assay medium (1:2) and added to the plate. Cells were
incubated at 37 °C, 5% CO,, 90% humidity for 30 minutes. Microplates were
centrifuged at 250xg for 10 minutes and supernatants removed carefully and
transferred into a new clear 96- well flat bottom microplate (Sigma). LDH activity in
these supernatants was determined by adding 100 ul of freshly prepared reaction
mixture to each well, and plate were incubated in dark for 30 minutes at 25 °C. The
absorbance of the samples was measured at 490 nm and 600 nm using a microplate

reader.
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PrestoBlue Cell Viability Assay (Life technologies) was performed following the
manufacturer's protocol. PrestoBlue is a ready to use cell permeable resazurin-based
solution that works as an indicator for cell viability. When added to macrophages, the
reagent is changed by the reducing environment of the viable cell and turns red in
color, becoming highly fluorescent. This changed color can be determined using
absorbance measurements. Briefly, pneumococcal treated macrophages were washed
2 times with 400 ul of Dulbecco's phosphate-buffered saline (dPBS, Life
technologies), then 250 1l of PrestoBlue reagent were added to the washed cells and
incubated for 10 minutes at 37°C. samples absorbance were measured at 570 nm using

a micro-plate reader.

2.17 Antibodies and flow cytometry

Flow cytometry was performed on fresh cells suspensions. BMDM® or CD4+ T
cells or Nasal mucosa tissue were incubated for 15 minutes with Fc-block (anti-
CD16/32) and then stained for 20 minutes with the following antibodies in PBS 2%
fetal bovine serum (FBS): Anti-CD206-APC (Mannose receptor), anti-CD69-
PE/CY7 (T lymphocyte), anti-GATA3-APC (T helper 2), isotype Ctrl 1gG2b-APC,
isotype Ctrl IgG2b-PE (BioLegend), anti-CD11-b-PE (Macrophages), anti-FOXP3-
PE (Regulatory T cells), anti-RORyt-APC (T helper 17), anti-CD45-FITC (T
lymphocytes), anti-T-bet-PE (T helper 1) and anti-CD4-PE/CY7 (T helper cells)
(eBioscience), anti- MARCO-FITC (AbD Serotec), Anti-Gr-1 (eBioscience), Anti-

F4/80 (eBioscience), Anti-CD19 (eBioscience), Anti-CD8 (eBioscience), Anti-CD3
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(eBioscience) . After staining, cells were washed in PBS 2% FBS and re-suspended
in 300 gl of PBS and used immediately for data collection using a FACSCalibur
flow cytometer (BD). Results were analyzed by FlowJo software (version 8.8.3,
Tree Star). Reagents for cell fixation and permeabilization for detecting intracellular
cytokines and Foxp3 were obtained from eBioscience, and staining was performed

according to the manufacturer’s instructions.

2.18 Immunohistochemistry

This work was performed at the university of York, York, UK. by Dr. Alun Kirby.
For immunofluorescence, Day 1 and day 7 tissue samples of cervical lymph nodes
(CLN) and nasal mucosal were used and 7 pm sections were cut. Cells were stained
using the following primary antibodies: BMS8 (anti-F4/80), N418 (anti-CDl1l1c),
M5/114 (anti-MHCII) RM4-5 (anti-CD4), 53-67 (anti-CD8), H57-597 (anti-TCRb)
(eBioscience), ED3 (anti-CD169) (AbD Serotec), FAll (anti-CD68) (Acris
Antibodies, Germany), ERTR9 (anti-SIGNR1) (Bachem), (anti-CD31) biotin, (anti-
CD19), (anti-Meca32) biotin 546, (anti-PNAg) biotin 647, (anti-CD206) (biotin) (BD
biosciences). Most of the antibodies were directly conjugated to fluorochromes but
where indicated biotin antibodies were conjugated to secondary antibody Alexa-Fluor
conjugates (Invitrogen). Sections were mounted in ProLong Gold (Invitrogen) and
images were taken using a Zeiss Axioplan LSM 510 confocal microscope as single
optical slices of between 0.8 and 1.0 um. The images were analyzed using Zeiss LSM

image browser software v4.
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2.19 Binding Assay

According to Martinez-Pomares et al. (2006) and Chavele et al. (2010), Nunc
Maxisorp 96 well flat-bottomed plates (Sigma) were coated overnight in the range of
1.25-10 pg/ml (100 pl per well) of: mannose receptor (MR) construct antibody
(CTLD4-7-Fc), negative control construct (CR-FNII-CTLDI1-Fc) (Both constructs
provided generously by Dr. Luisa Martinez-Pomares, University of Nottingham),
Mannan-BSA, Galactose (Sigma), Mannose (Sigma) in coating buffer (15 mM
Na2CO3, 35mM NaHCO3, pH 9.6). Wells were blocked with 200 ul of 20% (v/v)
FBS in PBS buffer, and then washed three times with 250 ul of PBS with 0.05% (v/v)
Tween 20 (Sigma). 10 pg/ml of PLY or PdB, or domain 1-3 or domain 4 were added,
and incubated on shaker at 37°C for 1 h. Wells were washed again with PBS and
bound proteins were detected using PLY polyclonal antibody (abcam) in blocking
buffer. Plates were covered with anti-rabbit IgG alkaline phosphatase (abcam) in
blocking buffer. Bound antibodies were detected in dark using the chromogenic
substrate pnitrophenylphosphate (pNPP) for 30 mins. 1M of NaOH were added to all

wells and the developed color was measured at 405nm.

2.20 Uptake Assay

This assay was performed at the University of Nottingham, Nottingham, U.K. by Dr.
Luisa Luisa Martinez-Pomares. Both Chinese Hamster Ovary cells; wild type CHO
and MR 7 CHO were harvest by trypsin/EDTA treatment. The cells suspensions were
collected and washed twice with DMEM/F12 complete medium to remove trypsin.

The pellets were re-suspended in 8 mL of medium culture and counted without any
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further dilution. On a 24 well plate, 250000 cells/well were plated in DMEM/F12
complete medium (added of 0.6 mg/mL of geneticin for CHO-MR) and culture
overnight (500 wl). The cells were washed twice with PBS (500 ulx2). 500 ul of opti-
MEM were added to each well and the cells were incubated for 30 minutes at
37°C. The medium culture was discharged and 500 pl of each endocytic tracer (PLY,
D4 and D1-3) were added at 5 pg/mL to the wells and incubated for 1 h at 37°C in the
dark (covered with aluminum foil). The plates were then washed with PBS (3x
ImL). The cells were harvested by trypsin/EDTA treatment adding 200 pl of trypsin /
EDTA diluted 1:1 with PBS. After 2 minutes at room temperature the cells
suspensions were transferred to a FACS tube containing 200 ul of 4% p/v
paraformaldehyde solution (final concentration in the tube 2% p/v). The FACS
samples were stored in the fridge in the dark until FACS analysis on FC 500 MPL

Flow Cytometry System, Beckman Coulter.

2.21 The preparation of macrophages for label free quantitative

proteomics

Bone marrow cells from wild type C57B16 mice were prepared and cultured as
mentioned previously in section 2.11 but in the absence of FBS. Proteomic work and
data analysis were performed by Dr. Stuart Armstrong, at the University of Liverpool,
Liverpool - U K. Briefly, macrophages (in triplicate for each condition) were lysed in
50mM ammonium bicarbonate, 0.1% (w/v) RapiGest (Waters) then heated at 80°C for
10 minutes before centrifugation at 12,000 xg for 15 minutes. The soluble fraction
was transferred to low adhesion micro-centrifuge (Eppendorf) tubes. Total protein

concentration was measured by Pierce™ Coomassie Plus (Bradford) Assay Kit assay
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(Thermo scientific). Sample protein content and volume was normalised with 50mM
ammonium bicarbonate. Samples were then heated at 809C for 10 minutes, reduced
with 3 mM dithiothreitol (Sigma) at 60°C for 10 minutes then alkylated with 9 mM
iodoacetimde (Sigma) at room temperature for 30 minutes in the dark. Proteomic
grade trypsin (Sigma) was added at a protein:trypsin ratio of 50:1 and samples
incubated at 379C for 16 hrs. Rapigest was removed by adding TFA to a final
concentration of 1% (v/v) and incubating at 37°C for 2 hrs. Peptide samples were

centrifuged at 12,000xg for 60 min (at 4°C) to remove the precipitated Rapigest.

Samples were analysed by on-line nanoflow LC using the Thermo EASY-nLC 1000
LC system (Thermo Fisher Scientific) coupled with Q-Exactive mass spectrometer
(Thermo Fisher Scientific). Samples were loaded on a 50cm Easy-Spray column with
an internal diameter of 75um, packed with 2¢m C18 particles, fused to a silica nano-
electrospray emitter (Thermo Fisher Scientific). The column was operated at a
constant temperature of 35°C. Chromatography was performed with a buffer system
consisting of 0.1% formic acid (buffer A) and 80% acetonitrile in 0.1% formic acid
(buffer B). The peptides were separated by a linear gradient of 3.8 — 50% buffer B
over 90 minutes at a flow rate of 300nl/min. The Q-Exactive was operated in data-
dependent mode with survey scans acquired at a resolution of 70,000. Up to the top
10 most abundant isotope patterns with charge states +2, +3 and/or +4 from the
survey scan were selected with an isolation window of 2.0Th and fragmented by
higher energy collisional dissociation with normalized collision energies of 30.
MS/MS scans were acquired at a resolution of 17,500. The maximum ion injection
times for the survey scan and the MS/MS scans were 250 and 50 ms, respectively, and
the ion target value was set to 1E6 for survey scans and 1ES for the MS/MS scans.

Repetitive sequencing of peptides was minimized through dynamic exclusion of the
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sequenced peptides for 20s. Thermo RAW files were imported into Progenesis LC—
MS (version 4.1, Nonlinear Dynamics). Runs were time aligned using default settings
and using an auto selected run as reference. Peaks were picked by the software and
filtered to include only peaks with a charge state of between +2 and +6. Peptide
intensities were normalised against the reference run by Progenesis LC-MS and these
intensities are used to highlight differences in protein expression between control and
treated samples with supporting statistical analysis (ANOVA adjusted p-values)
calculated by the Progenesis LC-MS software. Spectral data were transformed to .mgf
files with Progenesis LC-MS and exported for peptide identification using the Mascot
(version 2.3.02, Matrix Science) search engine. Tandem MS data were searched
against the mouse (16,868 sequences; 9,451,355 residues) and bovine (6,159
sequences; 2,427,109 residues) predicted proteomes (Uniprot release 2015_02).
Mascot search parameters were as follows; precursor mass tolerance set to 10ppm and
fragment mass tolerance set to 0.02 Da. Two missed tryptic cleavages were permitted.
Carbamidomethylation (cysteine) was set as a fixed modification and oxidation
(methionine) set as a variable modification. Mascot search results were further
processed using the machine-learning algorithm Percolator. The false discovery rate
was < 1%. Individual ion scores > 13 indicated identity or extensive homology
(p<0.05). Protein identification results were imported into Progenesis LC-MS as

xml files.

2.22 Statistical analyses

Unless otherwise stated, data were analyzed in GraphPad Prism and compared by

one-way and two-way ANOVA. The Tukey-Kramer multiple-comparison test was
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used to identify significant differences between individual groups. Results with P

values < 0.05 were considered significant.
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Chapter 3: Macrophage-pneumolysin interactions in vitro and in
Vivo

3.1. Introduction:

The aim of this chapter was to understand how pneumolysin activates and potentially
drives different mechanisms of host immunity in the nasopharynx during colonization
since the pneumococcal toxin pneumolysin have shown to be a potent activator of
both mucosal and systemic immune responses, directly stimulating macrophages and
dendritic cells and dramatically amplifying their production of pro-inflammatory
cytokines independently of TLR-4. Also, we have shown for the first time that
pneumolysin activates the NLRP3 inflammasome complex leading to release IL-1p,
which is required for protection against invasive pneumococcal pneumoniae
(McNeela et al., 2010). Our recent data expose an interesting dichotomy of PLY; that
it is important to the pneumococcus for successful asymptomatic colonisation of the
nasopharynx (Kadioglu et al., 2002, Richards et al., 2010), without generating pro-
inflammatory immune responses, unlike its powerful ability to drive inflammation in
the lungs during pneumonia. Based on new preliminary data, I propose that during
nasopharyngeal colonisation, nasal mucosa-associated macrophages become activated
by PLY and subsequently drain to cervical lymph nodes to initiate immune responses

that act to prevent damage to host tissues and systemic pneumococcal dissemination
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3.2 Macrophages accumulate in the draining lymph nodes of the

nasopharynx during carriage.

Confocal imaging of cervical lymph nodes (CLN) during asymptomatic
nasopharyngeal pneumococcal carriage in mice, identified an accumulation of a
population of CD68, CD1l1c, and CD169 expressing macrophages (Figure 3.1). The
aim of my PhD was to explore the role of these macrophages in anti-pneumococcal

immunity and to understand how they behave during pneumococcal carriage.

MHC-II CD169 CDl1c CD68 Merge

Figure 3.1. Confocal microscopy of macrophages in cervical lymph nodes during pneumococcal
carriage. Cervical lymph node samples from MF1 mice on day 0, 1 and 7 of carriage with Wild type (WT)
D39 were sectioned and stained with the following surface markers; CD68 (yellow), CD169 (green) and
CDlIc (red) and MHCII (blue), and a composite image. CD11c+ CD68+ CD169+ Pictures were taken
with objective lens x 10.
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3.3 Pneumococcal pneumolysin induces mannose-receptor expression

in vitro and in vivo

We have previously identified a population of macrophages in the nasopharynx of
mice undergoing prolonged pneumococcal carriage that express the mannose receptor
(MR) marker of alternative activation (Neill et al., 2014). To determine whether
pneumococci induce MR expression, wild type and MR” bone marrow derived
macrophages (BMDM) were incubated with serotype 2 (D39) S. pneumoniae at a 1:10
ratio. MR expression was evident on a small proportion (5%) of un-stimulated wild
type BMDM but not on MR BMDM (Fig 3.2A and B). Furthermore, D39 induced a
significant up-regulation in MR expression on wild type but not MR BMDM (Figure
3.2A). Pneumococcal-induced changes in MR expression were partially dependent
upon the pneumococcal toxin pneumolysin as a D39 mutant lacking toxin expression
(APLY) induced only moderately increased MR expression (Fig 3.2B). The
contribution of polysaccharide capsule to pneumococcal-induced MR up-regulation
appeared minimal as a capsule-deficient D39 strain (D39-J) induced MR up-
regulation to a comparable extent to wild type D39 and a mutant strain deficient in
both capsule and pneumolysin production (DKO) behaved similarly to APLY (Fig

3.2B).
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Figure 3.2. Pneumolysin induces macrophage mannose receptor up-regulation. Wild type (WT)
or mannose-receptor deficient (MR™), BMDM were incubated with S. pneumoniae D39, pneumolysin-
deficient D39 (APLY), capsule-deficient D39 (D39-J) and D39 lacking both pneumolysin and capsule
(DKO) for 24 hours at a 1:10 ratio. (A) Expression of MR on BMDM at 24 hours post-infection with
D39 (Red: MR " BMDM + D39) (Gray: WT BMDM + D39). 40.5 are the percentage of macrophages
expressing mannose receptor. (B) Quantification of MR+ BMDM, gated relative to isotype control
staining of F4/80+CD11b+ WT BMDM. Result in figure A a representative of one experiment of at
least 3 wells per condition; therefore no statistical conclusion can be made. Results in figure B are
representative of three independent experiments of at least 3 wells per condition. * = p<0.05, ** =
p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA analysis with Bonferroni post-
test.
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3.4 Mannose receptor expressing macrophages rapidly accumulate in

the nasopharynx following pneumococcal colonisation.

The induction of MR up-regulation observed in vitro occurred within 24 hours of
infection. We previously highlighted an accumulation of MR* macrophages in the
nasopharynx in vivo at day 7 post-induction of pneumococcal carriage in mice (Neill
et al, 2014). However, in that study we had not examined MR expression in the
nasopharynx during the earliest stages of pneumococcal colonisation and carriage in
mice. When we compared the proportion of macrophages amongst the leukocytes in
the nasopharynx over the first 24 hours post pneumococcal colonisation we observed
a significantly rapid increase that was almost entirely attributable to an increase in the
MR fraction of macrophages and that was maintained up to day 7 post-infection (Fig
3.3A and B). Furthermore, wild type mice infected with D39 had significantly lower
densities of pneumococcus in the nasopharynx over the first 24 hours of
pneumococcal carriage when compared to MR mice (Figure 3.3C). Thus, the
accumulation of MR" macrophages coincided with the period in which bacterial
numbers in the nasopharynx stabilized following initial infection in WT mice.
Interestingly, the absence of MR was correlated with significantly reduced
polymorphonuclear cell (PMN) recruitment to the nasopharynx over the first 12 hours
of infection (Figure 3.3D), suggesting an important role for MR in early control of
bacterial numbers and recruitment of neutrophils during S. prneumoniae carriage.
Confocal imaging of nasopharynx at day 7 post-infection confirmed the accumulation

of MR-expression cells (Figure 3.3E).
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Figure 3.3. Mannose receptor expressing macrophages rapidly accumulate in the nasopharynx
following pneumococcal colonisation. (A) MR expression on nasopharyngeal F4/80+CD11b+ cells
from a naive mouse. Gated area show the numbers of MR expressing macrophages. (B) Wild type mice
were intranasally infected with 1x10° CFU D39 and nasopharyngeal homogenates were stained for
flow cytometry. Data shown are F4/80*CD11b" cells as a proportion of total CD45+ cells. Shaded
bars represent MR*F4/80*CD11b* cells. (C) Colony-forming units (CFU) per mg nasopharynx. (D)
Cell number per mg nasopharynx 12 h post infection. (E) MR-stained nasopharyngeal tissue sections
from naive (left panel) and S. pneumoniae D39-colonised mice (right panel). Results A and E are
representative of one experiment of at least 3 wells per condition; therefore no statistical conclusion
can be made. B, C and D results are representative of three independent experiments of at least 3 wells
per condition. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA
analysis with Bonferroni post-test.
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3.5 Mannose receptor is important for the regulation of pro-
inflammatory and anti-inflammatory cytokines during pneumococcal

carriage in vivo

In line with a defect in neutrophil recruitment, nasopharyngeal homogenates from
D39-infected MR™ mice contained markedly less IL-6 than their WT counterparts
(Figure 3.4). Furthermore, levels of the immune regulatory cytokine TGF-[3 were also
significantly reduced in nasopharyngeal homogenates of MR mice as compared to
wild type controls (Figure 3.5), suggesting disruption of the normal pathways that
lead to establishment of a tolerogenic nasopharyngeal environment conducive to

carriage (Neill et al., 2014).
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Figure 3.4. MR is important for the production of IL-6 during pneumococcal carriage. WT or MR
" mice were infected with S. pneumoniae serotype 2 D39 for 24 h. ELISA measured cytokine levels in
nasopharynx supernatants. Results are presented as mean +/-SEM and are representative of three
independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way
ANOVA analysis with Bonferroni post-test.
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Figure 3.5. WT mice have higher levels of TGF-§ during pneumococcal carriage. WT or MR 7
mice were infected with S. pneumoniae serotype 2 D39 for 24 h. ELISA measured cytokine levels in
nasopharynx supernatants. Results are presented as mean +/-SEM and are representative of three

independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way
ANOVA analysis with Bonferroni post-test.
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3.6 Mannose receptor contributes to macrophage phagocytosis

I next sought to determine the role of mannose receptor expression on macrophages in
defense against pneumococcal infection. In vitro phagocytosis assays performed with
wild type and MR” BMDM revealed a significantly reduced ability to clear
pneumococcal infection in the absence of MR expression (Figure 3.6A). When
pneumococci were incubated with wild type BMDM, bacterial numbers were reduced
by 99.95% (for D39) or were completely cleared (for pneumolysin-deficient, capsule-
deficient and pneumolysin and capsule-deficient strains) within the first 72 hours
post-infection as compared to starting dose. By contrast, when MR BMDMs were
used, none of the infecting bacterial strains were cleared. MR’ BMDM had an
attenuated ability to clear all pneumococcal strains tested but defense against D39 and
the capsule-deficient strain was particularly compromised, with a 2-log deficit in D39
clearance (versus wild type BMDM) and a 5-log deficit in D39-J clearance by 72
hours post-infection. To determine whether this effect was due to impaired MR™
macrophage survival and viability during S. pneumoniae infection, BMDM were
seeded into 48-well tissue culture plates and cultured for 72hrs with D39, APLY,
D39-J, DKO D39 and purified LPS-free PLY. During, and at the end of, the culture
period, supernatants were removed and PrestoBlue cell viability reagent was added to
all wells (including the untreated wells) to determine cell death at day O, day 1, and
day 3 (Figure 3.6 B). The PrestoBlue analysis showed few differences in macrophage
death following exposure to pneumococcal infections. Approximately 50% of both
WT and MR macrophages had died by day 3 post-infection but the rate of death did
not differ between WT and MR cells. The exception to this was for APLY treated
macrophages, where MR™ cells showed a moderately increased susceptibility to cell

death as compared to wild type controls (Figure 3.6B).
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Figure 3.6. MR contributes to macrophage killing of pneumococci. (A) BMDMs from wild type
(WT) or MR” (MRKO) mice were infected with S. pneumoniae D39, pneumolysin deficient APLY,
capsule-deficient D39-J and pneumolysin- and capsule-deficient DKO for 72 hours. Data show
bacterial colony forming units (CFU) per ml culture media (MR” versus WT BMDM). (B) Survival
and viability of pneumococcal stimulated WT or MR BMDMs. Samples were washed with Dulbecco's
phosphate-buffered saline (dPBS), and then stained with PrestoBlue. Samples absorbance was
measured at 570 nm using a micro-plate reader. Data are a composite of three experiments and each
data point represents a mean of triplicate wells. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not
significant in two-way ANOVA analysis with Bonferroni post-test.
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3.7 Cytotoxicity of pneumococcal infection in WT and MR- BMDMs

To evaluate the cytotoxic activity of pneumococcus on WT and MR BMDM s during
infection, BMDM were incubated with D39 and APLY for 24 and 72hrs. The effect of
pneumococcus on the morphology of WT and MR™ cells was determined by phase-
contrast microscopy (20X) at O h (Figure 3.7A), 24 (Figure 3.7B), and 72hrs (Figure
3.7C) post-infection. Untreated WT and MR™ cells were used as controls (Figure
3.7A). D39 treated WT and MR macrophages were healthy at 0 h, however some
sign of cell damage was evident by 24 h of pneumococcal infection, as the cells had
begun to round up and lose the characteristic macrophage morphology (Figure 3.7B).
More damage was observed in both WT and MR BMDMs at 72 h post-infection.
D39 treated MR BMDM showed more cytopathic signs such as rounding of the
infected cell and fusion with adjacent cells, as compared to D39 treated WT
macrophages. Moreover, APLY treated WT and MR BMDM also displayed some
sign of membrane injuries after 24 and 72 h of infection, however the level of damage
was reduced in APLY treated WT and MR macrophages compared to D39 treated
cells (Figure 3.7C). These data suggest that the pneumococcal toxin pneumolysin is
partially responsible for the observed damage. Interestingly, the drop in viability
during pneumococcal infections at 24 h and 72 h match the morphology changes

observed in BMDMs at the same time points.
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Figure 3.7. Cytotoxic activity of pneumococcal infections in WT and MR”- BMDMs. Cells were
stimulated with D39 and APLY at an MOI of 1:10. Macrophages were photographed by 20x phase-
contrast microscopy at 0 h, 24, and 72hrs post-infection. (A) Untreated WT and MR” Macrophages.
(B) D39 treated WT and MR BMDMs. (C) APLY treated WT and MR™ cells. Macrophage cell

rounding, shrinkage and detachment (Cytopathic signs) are present in D39 and APLY treated WT and
MR BMDMs at 24 and 72hrs post-infection.
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3.8 Determination of cell death in WT and MR” macrophages

infected with pneumococcus

To determine if MR plays a role in preventing macrophage lysis or damage during
pneumococcal infections, the integrity of the macrophage membrane during
pneumococcal infections was determined by measuring the level of lactate
dehydrogenase (LDH) in cell culture supernatants. LDH is commonly released during
tissue damage and lysis and the levels of it in supernatant correlate with the extent of
cell damage. WT and MR BMDMs were infected with D39, APLY, DKO D39 and
PLY for 24 h. Culture supernatants were collected at 24 h post infection, and LDH
concentrations were determined. LDH levels were markedly increased in infected
versus uninfected cells but there were no differences between WT and MR™ cells
(Figure 3.8). Cell damage was markedly reduced during infection with DKO D39 as
compared to WT D39, APLY or PLY. These data suggest that macrophage death

occurs independently of MR during pneumococcal infections.
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Figure 3.8. The determination of cell death in BMDMs infected with pneumococcus. Supernatants
from infected BMDMs were tested for LDH, a marker of cell damage, to quantify cell death. BMDMs
were infected with D39, APLY, DKO D39 and PLY for 24 h. Cell death was monitored by the
concentration of LDH released from damaged cells. Data are a composite of three experiments and
each data point represents a mean of triplicate wells. Error bars represent standard deviations. * =
p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA analysis with
Bonferroni post-test.
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3.9 MR contributes to pneumococcal-induced macrophage cytokine

production

MR’ BMDM demonstrated a significant attenuation in cytokine production in
response to S. pneumoniae infection (Figure 3.9). Wild type BMDM stimulated with
D39 produced a mixed cytokine response of inflammatory (IL-13, MIP-2, IL-6 and
IL-12) and immunomodulatory (IL-10) cytokines. The production of all these
cytokines was reduced when BMDM were stimulated with D39 lacking pneumolysin,
capsule or both, confirming the importance of these virulence factors in induction of
host responses. When MR BMDM were stimulated with D39 or the mutant bacterial
strains, production of IL-1f3, IL-6, IL-12 and IL-10, but not MIP-2 was significantly
reduced, suggesting MR plays a role in activation of macrophage cytokine signaling
pathways. Also, cells stimulated with PLY give no response for IL-1f3, IL-6, IL-12
and IL-10, but not MIP-2. However, all cytokines were detected at higher
concentrations in pneumococcal-infected MR BMDM than in uninfected controls,
demonstrating that MR-independent pathways to pneumococcal induction of

macrophage cytokine production exist.
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Figure 3.9. MR contributes to pneumococcal-induced macrophage cytokine production. BMDM
from wild type (WT) of MR” (MR KO) mice were infected with S. pneumoniae D39, pneumolysin
deficient APLY, capsule-deficient D39-J and pneumolysin- and capsule-deficient DKO for 24 hours.
ELISA measured Cytokine levels in cultures supernatants. Results are presented as mean +/-SEM and
are representative of three independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns =
not significant in two-way ANOVA analysis with Bonferroni post-test.
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3.10 Domain four of pneumolysin binds mannose receptor

As MR appeared to influence S. pneumoniae-induced macrophage cytokine
production and as PLY contributed to this process, we next sought to understand the
mechanisms that initiate macrophage responses to pneumococcal infection. Binding
of MR to PLY was assessed using a solid phase binding ELISA. The aim was to
identify if MR could interact directly with PLY. Galactose was used as a negative
control (as a sugar that does not bind MR), and Mannan was used as a ligand for the
CTLD4-7 and CR domains of the MR (a positive control). The mannose receptor
construct antibody (CTLD4-7-Fc) showed strong binding to PLY (Figure 3.10). To
identify which domain of PLY was responsible for this interaction with macrophage
MR, purified PLY domains 1-3 and domain 4 were utilized. Results revealed that
domain 4 was able to bind the MR construct whereas domains 1-3 showed no binding
(Figure 3.7). Next, the importance of the hemolytic activity of PLY to MR binding
was studied using a genetically inactivated PLY toxoid, PdB. The toxoid is also
known as W433F because it has one amino acid change (Tryptophan to
phenylalanine) at sequence 433 of PLY. Binding was observed but was significantly
reduced as compared to WT PLY (Figure 3.10). These data suggest that cytolytic
activity (or the structure of the cytolytic domain) contributes to PLY binding to
mannose receptor. These results may explain one mechanism by which S. pneumoniae
initiates macrophage activation and accumulation during pneumococcal infections via

specific binding of MR to PLY.
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Figure 3.10. Binding of recombinant PLY to macrophage mannose receptor. Mannose receptor
(MR) construct antibody (CTLD4-7-Fc), negative (Neg) control construct (CR-FNII-CTLDI1-Fc),
Galactose (Gal.) and Mannose (Man.) were blocked or incubated in the range of 1.25-10pg/ml with
10pg/ml of PLY, PdB, domain 1-3 and domain 4 for lhr at 37°C. Mannan (Man) was used as a
specific ligand for CTLD4-7 and CR domains and galactose (Gal) was used as a negative control.
Bound proteins and constructs were washed and detected using anti-human IgG Fc-specific, alkaline
phosphatase conjugates, and PLY polyclonal antibody. Binding was determined with p-nitrophenyl
phosphate substrate or with anti-rabbit IgG alkaline phosphatase. Binding levels were measured at
405nm. Results are mean of three individual experiments (+ SD).

As MR was found to mediate macrophage binding to pneumococci via PLY, we next
sought to determine whether this interaction facilitated uptake of pneumococci or the
toxin. The uptake of whole PLY, domain 4, and domain 1-3 by WT CHO cells and
MR-transfected CHO cells was assessed (Figure 3.11). Galactose was used as a
negative control, and Mannose was used as a ligand for the CTLD4-7 and CR
domains of the MR. As expected, MR-transfected CHO cells were capable of
mannose uptake but not galactose uptake. PLY killed both WT and MR-transfected

cells, neither cell line internalized domainl-3, and both WT and MR” CHO cells
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internalized domain 4 with equal efficiency (Figure 3.11). These results suggest that

toxin-MR interaction alone is not sufficient to mediate uptake of toxin by cells.
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Figure 3.11. The uptake of whole PLY, domain 4 and domain 1-3 by CHO cells. Mannose receptor
(MR) construct antibody (CTLD4-7-Fc), negative (Neg) control construct (CR-FNII-CTLDI1-Fc),
Galactose (Gal.) and Mannose (Man.) were incubated with 5pg/ml of whole PLY, domain 4 and
domain 1-3 for lhr at 37°C. Mannan (Man) was used as a specific ligand for CTLD4-7 and CR
domains, respectively, and galactose (Gal) was used as a control. Uptake was analyzed using BD

FACScalibur and CellQuest software. Results are mean of three individual experiments (+ SD).
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3.11 Pneumolysin and capsule are required for pneumococcal-
induced T regulatory, T helper 17 and T helper 1 cell differentiation

in vitro

Recent work by our group has revealed that T regulatory cells and macrophages
accumulate in the nasopharynx during carriage, and a high portion of macrophages
express MR (Neill et al., 2014). This study proposed that alternative activation of
macrophages might occur in the nasopharynx of mice during long-term carriage. This
observation was supported by the determination of high levels of major
histocompatibility complex class II (MHC II) expression on the MR expressing
macrophages from low-density (and long-term) WT colonized mice, when compared
to high-density (and short-term) colonisation. So, to determine the influence of PLY
on macrophage-induced differentiation of CD4+ T cells, WT BMDM were stimulated
with D39, APLY, D39-J, DKO D39, or purified PLY for 24 h, and then incubated
with naive CD4+ T cells for 5 days. D39-treated macrophages induced differentiation
of 10-15% CD4+ T cells into T reg cells (Foxp3+), and this was significantly reduced
when APLY, D39-J] or DKO D39-exposed macrophages were used (Figure 3.12).
Purified PLY-stimulated macrophages induced no T reg differentiation, suggesting
that PLY alone is insufficient to prime macrophages to induce T reg differentiation
(Figure 3.12). No differentiation of Th17 or Th2 cells was observed under any
condition, but some Thl differentiation was observed in co-culture of WT D39-
exposed BMDM with CD4+ T cells. These data suggest that pneumococci-exposed
macrophages regulate the differentiation of CD4+ T cells into T reg cells and that
both LPS-PLY and capsule contribute to the process. These observations were

confirmed by measuring the levels of lineage-associated cytokines in the supernatants
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of the cultured cells (Figure 3.13). T cells stimulated with D39 treated macrophages
produced high levels of IL-10 (T reg-associated) and INF-y (Th1) when compared to
APLY, D39-J, DKO, and PLY treated / stimulated cells. Significant IL-17 production
was also observed (Figure 13) but given the low levels of Th17 differentiation
observed (Figure 3.12), the source of this cytokine is unclear. No IL-4 production was
observed under any condition, in line with the lack of Th2 differentiation observed

(Figure 3.12).
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Figure 3.12. D39 induces T regulatory cell up-regulation and differentiation. BMDM were
stimulated with S. pneumoniae D39, pneumolysin-deficient D39 (APLY), capsule-deficient D39 (D39-
J) and D39 lacking both pneumolysin and capsule (DKO) for 24 hours at a 1:10 ratio, activated cells
were incubated with naive CD4+ T cells for 5 days at a 1:15 ratio. (A) Percentage of Treg
differentiation after 5 days of incubation with D39, APLY, D39-J, DKO, and PLY stimulated
macrophages. (B) Percentage of Th17 differentiation after 5 days of incubation with D39, APLY, D39-
J, DKO, and PLY stimulated macrophages. (C) Percentage of Thl differentiation after 5 days of
incubation with D39, APLY, D39-J, DKO, and PLY stimulated macrophages. (D) Percentage of Th2
differentiation after 5 days of incubation with D39, APLY, D39-J, DKO, and PLY stimulated
macrophages. . Results are representative of three independent experiments of at least 3 wells per
condition. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA
analysis with Bonferroni post-test.
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Figure 3.13. D39 induces high levels of IL-10, INF-y and IL-17 in vitro. BMDM from wild type
(WT) mice were infected with S. pneumoniae D39, pneumolysin deficient APLY, capsule-deficient
D39-J, pneumolysin- and capsule-deficient DKO and purified PLY for 24 hours, stimulated cells then
incubated with naive CD4+ T cells for 5 days, cytokine levels in cultures supernatants were measured
by ELISA. Results are presented as mean +/-SEM and are representative of three independent
experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA
analysis with Bonferroni post-test.
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3.12 Mannose receptor is important for the differentiation of CD4+ T

cells into T regulatory cells, and cytokine production in vitro

To determine if the ability of pneumococcal-exposed macrophages to induce the
differentiation of T reg cells is MR-dependent, wild type and MR” BMDM were
incubated with D39, APLY, D39-J, DKO and purified PLY at a 1:10 ratio / 4ug/ml.
The presence of MR was associated with the expression of high levels of Foxp3 in T
cells (about 20%) stimulated with D39 (Figure 3.14A). In these experiments, levels of
Thl and Thl7 differentiation induced by WT BMDM were higher than seen
previously, but again, no Th2 differentiation was observed (Figure 3.14). MR™ cells
induced significantly less Thl, Th17 and T regulatory cell differentiation than WT
controls. Pneumolysin and capsule contributed to T cell differentiation, and
macrophages treated with DKO pneumococci induced very little T cell differentiation.
Foxp3 was used as a surface maker for T reg cells, RORgt as a surface marker for
Th17 cells, Tbet as a surface marker for Thl cells, and GATA3 as a surface marker
for Th2 cells. CD4+ T cells cultured with pneumococcal-exposed MR macrophages
also produced significantly less cytokine than those cultured with WT macrophages
(Figure 3.15). Wild type BMDM stimulated with D39 induced the production of
inflammatory (IL-17 and INF-y) and immunomodulatory (IL-10) cytokines from T
cells. The production of all these cytokines was reduced when cells were stimulated
with pneumolysin deficient APLY, capsule-deficient D39-J, pneumolysin- and
capsule-deficient DKO and purified PLY. These data suggest a role for MR in the
induction of host responses via T cell differentiation and cytokine production. These

processes require the presence of PLY and capsule.
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Figure 3.14. Mannose receptor is required for CD4+ T cell differentiation. BMDM were
stimulated with S. pneumoniae D39, pneumolysin-deficient D39 (APLY), capsule-deficient D39 (D39-
J) and D39 lacking both pneumolysin and capsule (DKO) for 24 hours at a 1:10 ratio, activated cells
were incubated with naive CD4+ T cells for 5 days at a 1:15 ratio. (A) Percentage of Treg
differentiation after 5 days of incubation in the presence of absence of MR, (B) Percentage of Th17
differentiation after 5 days of incubation in the presence of absence of MR. (C) Percentage of Thl
differentiation after 5 days of incubation in the presence of absence of MR. (D) Percentage of Th2
differentiation after 5 days of incubation in the presence of absence of MR. Foxp3, RORgt, Tbet and
GATA3 were used as markers for the differentiations of T reg, Th17, Thl and Th2. Results are
representative of three independent experiments of at least 3 wells per condition. * = p<0.05, ** =
p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA analysis with Bonferroni post-test.
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Figure 3.15. Mannose receptor is important for production of CD4+ T cell cytokines in vitro.
BMDM from wild type (WT) or MR " mice were infected with S. pneumoniae D39, pneumolysin
deficient APLY, capsule-deficient D39-J, pneumolysin- and capsule-deficient DKO and purified PLY
for 24 hours. Stimulated cells were then incubated with naive CD4+ T cells for 5 days, cytokine levels
in cultures supernatants were measured by ELISA. Results are presented as mean +/-SEM and are
representative of three independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not
significant in two-way ANOVA analysis with Bonferroni post-test.
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3.13 TLR-2 is important for the expression of mannose receptor in

response to pneumococcal infections

TLR-2 is a major pattern recognition receptor for Gram-positive bacteria. I have
demonstrated here that mannose receptor also plays a key role in response to
pneumococcal infection; therefore I sought to determine if the two receptors may have
interacting, complementary or redundant roles in anti-pneumococcal immunity. WT
BMDMs stimulated with D39 induced the up-regulation of expression of MR (Figure
3.16), while TLR-2 and TLR-4 double knockout BMDMs showed no detectable
changes in expression of MR at 24 h post-infection (Figure 3.16). The pneumococcal-
induced up-regulation of MR occurs via a TLR2-dependent signaling pathway, as
D39 induced up-regulation of MR in TLR4” BMDM but no change in MR expression

was detected in TLR2-deficient BMDM (Figure 3.16).
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Figure 3.16. TLR-2 has an important role in the induction of MR expression. Wild type (WT), or
Toll-like receptor 2 deficient (TLR-2 ", or toll-like receptor 4 deficient (TLR-4 ), or double
knockouts toll-like receptor 2 & 4 (DKO TLR2 & TLR-4) BMDMs were incubated with S.
pneumoniae D39 for 24 hours at a 1:10 ratio. Quantification of MR+ BMDM, gated relative to isotype
control staining of F4/80+CD11b+ WT BMDM. Results are representative of three independent
experiments of at least 3 wells per condition.
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3.14 Pneumolysin and TLR-2 are both required for the up-regulation

of MR and the production of IL-6

The role of the pneumococcal toxin pneumolysin in the induction of pro-
inflammatory cytokines such as IL-6 has previously been described (McNeela et al.,
2010). McNeela et al. have shown that PLY and TLR-2 are required for the secretion
of IL-6 by dendritic cells (McNeela et al., 2010). In this thesis, I have shown that both
TLR-2 and PLY are required for the up-regulation of MR. I have also shown that MR
enhances the secretion of IL-6. Therefore, to find out the link between these two
phenomena, WT, TLR-2 ", TLR-4 * and DKO TLR-2 & 4 BMDMs were stimulated
with D39 and APLY for 24 h. Here I again show that WT BMDMs stimulated with
D39 produced a large amount of IL-6 compared to APLY (Figure 3.17), confirming a
role for the pneumolysin in inducing IL-6 production. Also, TLR-2 *~ pneumococcus
stimulated cells have shown significant reduction in IL-6 amount when compared to
either WT or TLR-4 " cells, proposing a key role for the TLR-2 in the generation of
IL-6 by macrophages. Our data here suggest that PLY and TLR-2 but not TLR-4 are
more important for the expression of MR, which has shown to be important for the
release of IL-6 by BMDMs, as in the absence of either PLY or TLR-2, very small
amounts of IL.-6 were detectable. These results may support the findings of McNeela

et al. that showed no role for TLR-4 in anti-pneumococcal responses.
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Figure 3.17. PLY and TLR-2 are required for the production of IL-6. BMDMs from WT or TLR-2
”, TLR-4 ", or DKO TLR-2 & 4 mice were stimulated with S. pneumoniae serotype 2 D39 and
pneumolysin deficient APLY for 24 hours. ELISA measured Cytokine levels in cultures supernatants.
Results are presented as mean +/-SEM and are representative of three independent experiments. * =

p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way ANOVA analysis with
Bonferroni post-test.
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3.15 Pneumococcal pneumolysin is dispensable for pneumococcal-

induced changes in the expression of MARCO in vitro

A recent study by Dorrington et al. has revealed that the macrophage receptor with
collagenous structure (MARCO), which belongs to the family of class A scavenger
receptor molecules, has a key role in defence against pneumococcal infections
(Dorrington et al., 2013). The study revealed that mice that lack MARCO were
incapable of clearing pneumococcal colonisation as MARCO-deficient mice recruited
lower numbers of neutrophils and macrophages to the site of colonisation when
compared to wild type mice. However, the influence of the pneumococcal toxin PLY
on the expression of MARCO was not studied. As MR and MARCO are related
molecules, I hypothesised that S. pneumoniae may induce MARCO up-regulation on
macrophages via a PLY-dependent pathway. Here I show that D39 or APLY
stimulated wild type BMDMs up-regulate MARCO expression at 24 h post-infection
when compared to uninfected BMDM (Figure 3.18). These data demonstrate that the
pneumococcal toxin PLY is not required for pneumococcal-induced changes in the

expression of MARCO.
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Figure 3.18. PLY is not required for pneumococcal-induced changes in MARCO expression. Wild
type (WT) BMDMs were stimulated with S. pneumoniae D39 or pneumolysin-deficient D39 (APLY)
for 24 hours at a 1:10 ratio. Expression of MARCO on WT BMDMs at 24 h post-infection with D39
(Black line), APLY (Dashed line), and un-stimulated cells (Solid histogram). Result is a representative
of one experiment of at least 3 wells per condition; therefore no statistical conclusion can be made.

Moreover, Dorrington et al. has suggested that MARCO is required for TLR-2
mediated immune responses and the clearance of pneumococcal colonisation in
murine nasopharynx. My research further demonstrates that TLR-2” BMDMs
stimulated with D39 do not up-regulate expression of MARCO (Figure 3.19).
Intriguingly, TLR-4" BMDMs also failed to up-regulate MARCO expression in
response to infection (Figure 3.19), demonstrating that the up-regulation of MARCO

is dependent upon both TLR-2 and TLR-4 (Figure 3.19).
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Figure 3.19. TLR-2 is important for the expression of MARCO. Toll-like receptor 2 deficient
(TLR-2 ™), or toll-like receptor 4 deficient (TLR-4 ") or TLR-2 TLR-4 DKO BMDMs were infected
with S. pneumoniae D39 for 24 hours at a 1:10 ratio. Expression of MARCO on TLR-2 ” (Dashed
line), or TLR-4 7~ (Black line), or TLR-2 TLR-4 DKO (Dotted line), or un-stimulated BMDMs (Solid
histogram). Result is a representative of one experiment of at least 3 wells per condition; therefore no
statistical conclusion can be made.
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3.16 MARCO is required for the production of IL-6 and MIP-2

Since the expression of both MARCO and MR by macrophages increased during
pneumococcal infection, I next sought to determine if MARCO expression contributes
to pneumococcal-induced cytokine expression in a manner analogous to that of MR.
MARCO, like MR, influenced BMDM production of IL-6 during pneumococcal
infection (Figures 3.20). MARCO-blocked BMDMs stimulated with D39, APLY,
D39-J, DKO, and PLY displayed a remarkable reduction in the production of IL-6 at
24 h post-infection as compared to untreated controls (Figure 3.20). Unlike MR,
however, MARCO also contributed to MIP-2 production. MARCO-blocked BMDMs
produced significantly less MIP-2 during infection that untreated controls (Figure
3.21). These data suggest that MARCO contributes to the release of IL-6 and MIP-2

by macrophages during infection.
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Figure 3.20. IL-6 production requires MARCO and is pneumolysin and capsule dependent. WT
or MARCO blocked with dextran sulphate BMDMs were infected with S. pneumoniae serotype 2 D39,
pneumolysin deficient APLY, capsule-deficient D39-J, pneumolysin- and capsule-deficient DKO, and
PLY for 24 hours. ELISA measured Cytokine levels in cultures supernatants. Results are presented as
mean +/-SEM and are representative of three independent experiments. * = p<0.05, ** = p<0.01, ***
= p<0.005 and ns = not significant in two-way ANOVA analysis with Bonferroni post-test.
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Figure 3.21. MIP-2 production requires MARCO and is pneumolysin and capsule dependent. WT
or MARCO blocked with dextran sulphate BMDMs were infected with S. pneumoniae serotype 2 D39,
pneumolysin deficient APLY, capsule-deficient D39-J, pneumolysin- and capsule-deficient DKO, and
PLY for 24 hours. ELISA measured Cytokine levels in cultures supernatants. Results are presented as
mean +/-SEM and are representative of three independent experiments. * = p<0.05, ** = p<0.01, ***
= p<0.005 and ns = not significant in two-way ANOVA analysis with Bonferroni post-test.
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3.17 MR and MARCO make significant contributions to

pneumococcal-induced up-regulation of IL-6

Our research has revealed that MR or MARCO could play important roles in the
recruitment of neutrophils during pneumococcal infection, as they both contribute
independently to the enhancement of IL-6 production by macrophages after 24 h of
serotype 2 S. pneumoniae infections. Abrogation of either pathway failed to
completely abolish pneumococcal-induced IL-6 production, so I next sought to
determine if combined inhibition of both MR and MARCO would have an additive
effect. To do this, MARCO was blocked on MR” BMDM and IL-6 responses
compared to WT BMDM. MARCO blocked MR cells produced markedly less IL-6
at 24 h post-infection compared to WT BMDMs, but some pneumococcal-induced IL-
6 production was still evident (Figure 3.22). Consistent with previous experiments,
both PLY and capsule were found to contribute to induction of IL-6 production and
stimulation with DKO D39 induced virtually no IL-6 production. However, these
experiments confirmed that there are MR and MARCO-independent pathways to

pneumococcal-induced IL-6 production.
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Figure 3.22. MR and MARCO are required for IL-6 production. WT or MR  and MARCO
blocked BMDMs were infected with S. pneumoniae serotype 2 D39, pneumolysin deficient APLY,
capsule-deficient D39-J, pneumolysin- and capsule-deficient DKO, and PLY for 24 hours. ELISA
measured Cytokine levels in cultures supernatants. Results are presented as mean +/-SEM and are
representative of three independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not
significant in two-way ANOVA analysis with Bonferroni post-test.
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3.18 MyD88 is required for pneumococcal-induced macrophage IL-6

I have shown that MR and MARCO are involved in the up-regulation of IL-6
production by macrophages following S. pneumoniae infection. MyD88 is a common
adapter of Toll-like receptor signalling and has been shown to be key for the
activation of NF-«B (Yamamoto et al., 2014), and for the production of INF-a
(Kawai et al., 2004). To determine whether the MyD88 adapter was involved in the
induction of IL-6 production, WT or MyD88” BMDMs were treated with D39, A
PLY, D39-J and DKO for 24 h. MyD88™ cells did not produce any IL-6 in response
to pneumococcal infection (Figure 3.23), while WT BMDMs stimulated with D39
produced high levels of IL-6. MyD88 may be important for the TLR-induced
upregulation of MR and MARCO or else for signaling downstream of MR and

MARCO binding to pneumococcal ligands.
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Figure 3.23. MyD88 is essential for the production of IL-6. BMDMs from WT or MyD88 " mice
were stimulated with S. pneumoniae serotype 2 D39, pneumolysin deficient APLY, capsule deficient
D39-J, and pneumolysin and capsule deficient DKO D39 for 24 hours. ELISA measured Cytokine
levels in cultures supernatants. Results are presented as mean +/-SEM and are representative of three
independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way
ANOVA analysis with Bonferroni post-test.
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3.19 pneumolysin and capsule are both required for the activation of

the NLRP3 Inflammasome

Since my work so far has suggested that both PLY and capsule are required for the
induction of macrophages responses, the contribution of these two virulence factors in
the initiation of innate immune responses was investigated. Inflammasome activation
is a key step in immune response activation following identification of pathogens.
The inflammasome triggers the activation of significant pro-inflammatory cytokines
including interleukin-13 (IL-1P) (Latz et al., 2013). It is known that PLY is required
for the activation of the NLRP3 inflammasome and production of IL-1 (McNeela et
al., 2010). To determine whether capsule also contributes to this process, NLRP3
BMDMs were treated with D39, APLY, D39-J, DKO, and PLY for 24 h. NLRP3 "
cells produced no IL-1f3 production in response to pneumococcal infection whereas
WT BMDM produced the cytokine under all infection conditions (Figure 3.24).
However, the production of this pro-inflammatory cytokine from WT cells was
reduced in the absence of pneumolysin (APLY), in the absence of capsule (D39-J)
and the absence of both pneumolysin and capsule (DKO), confirming that both PLY

and capsule contribute to the induction of IL-1f3.
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Figure 3.24. Pneumolysin and capsule both are required for the activation of NLRP3. BMDM
from WT or NLRP3 " mice were infected with S. pneumoniae D39, pneumolysin deficient APLY, and
capsule-deficient D39-J and pneumolysin- and capsule-deficient DKO for 24 hours. ELISA measured
Cytokine levels in cultures supernatants. Results are presented as mean +/-SEM and are representative
of three independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in
two-way ANOVA analysis with Bonferroni post-test.
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3.20 Inflammasome (NLRP3) is important for the production of IL-6

in response to pneumococcal infections

Next, the importance of NLRP3 for the induction of key pro-inflammatory cytokines
such as IL-6 was investigated, since the production of IL-6 by macrophages is
important for the recruitment of neutrophils in response to pneumococcal infections.
NLRP3 ” BMDMs stimulated with D39, APLY, D39-J, DKO, and PLY showed a
remarkable decrease in IL-6 production at 24 h post-infection as compared to WT
BMDM (Figure 3.25). Interestingly however, unlike IL-1[3, the production of IL-6 did
not critically depend on NLRP3. WT BMDMs stimulated with D39 generate a large
amount of IL-6 when compared to other serotype 2 mutants APLY, D39-J, DKO, and
PLY, suggesting that the inflammasome and pneumococcal virulence factors

contribute to the stimulation of IL-6 production in response to S. pneumoniae

infection.
IL-6
2000~ ey
= Cwr
1500 Bl NALP3 -/-
E *kk *kk
S 10004 F= H
[a
e
%) , %)
F v o ¢ £ e
>
S F

Figure 3.25. NLRP3 is required for the production of IL-6. BMDM from WT or NLRP3 * mice
were infected with S. pneumoniae serotype 2 D39, pneumolysin deficient APLY, capsule-deficient
D39-J and pneumolysin- and capsule-deficient DKO for 24 hours. ELISA measured Cytokine levels in
cultures supernatants. Results are presented as mean +/-SEM and are representative of three
independent experiments. * = p<0.05, ** = p<0.01, *** = p<0.005 and ns = not significant in two-way
ANOVA analysis with Bonferroni post-test.
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3.21 Discussion:

S. pneumoniae is a pathogen of global significance causing diseases of high morbidity
and mortality. The global disease burden due to this pathogen has significant impact
on the health care resources of developing and under-developed countries.
Nasopharyngeal colonisation is essential for the pneumococcus to initiate localized or
systemic infections. The ubiquitous production of pneumolysin by S. pneumoniae and
the high degree of conservation of the PLY gene between strains suggest that the
toxin plays a significant role in key phases of the pathogen life cycle (Rubins et al.,
1998, Kadioglu et al., 2008). Using a murine model of long-term nasopharyngeal
colonisation our lab has previously shown that pneumolysin is required for successful
colonisation, as PLY deficient strains were cleared from the nasopharynx (Kadioglu et
al., 2002, Richards et al., 2010). Furthermore, our previous studies have revealed the
ability of PLY to induce expression of cytokines in dendritic cells and macrophages
(McNeela et al., 2010). In this thesis, I have investigated the role of MR in anti
pneumococcal immunity in the presence and absence of pneumococcal pneumolysin.
Our lab had previously identified a population of MR-expressing macrophages in the
nasopharynx of mice undergoing prolonged pneumococcal carriage (Richards et al.,

2010).

3.21.1 Mannose Receptor

Our lab has previously shown that MR-expressing macrophages accumulate in the
nasopharynx over 7 days of pneumococcal carriage by a process that is partially
pneumolysin dependent (Neill et al., 2014). Here, I have demonstrated a rapid

increase (within 24 hours) in the proportion of MR-expressing macrophages in the
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nasopharynx, and confirmed that this is sustained up to day 7 post infection.
Furthermore, my work showed that MR plays a key role in promoting the
phagocytosis of pneumococcus by BMDM s in vitro, since MR™ cells lack the ability
to clear D39 within 24 h post-infection. This data was supported by Macedo-Ramos et
al., who confirm that MR is involved in the internalization of S. pneumoniae by
Schwann cells (Macedo-Ramos et al., 2014). Yamamoto and colleagues have
previously shown that MR is required for the production of IL-1beta, IL-6, and GM-
CSF, but not MIP-2, and KC in response to Candida albicans infection (Yamamoto et
al., 1997). Similarly, here I demonstrate that WT S. pneumoniae induces high levels
of IL-6, IL-1f, IL-10, IL-12 and MIP-2 production in WT macrophages, while levels
of all these cytokines/chemokines bar MIP-2 were significantly reduced in
supernatants from D39-infected MR cells. My study suggests an interesting model in
which macrophages become highly activated when infected with pneumococci in the
presence of PLY and capsule together, whereas significantly less activation occurs in
the absence of either component and cytokine production is almost completely
abolished in the absence of both. Furthermore, the absence of IL-6 production in
PLY-stimulated macrophages is likely due to the absence of TLR ligands to trigger
inflammasome activation and thus IL-6 production (McNeela et al., 2010). However,
PLY alone induces noticeable levels of MIP-2 in both WT macrophages and MR™
cells by a yet to be identified pathway. MR appears to be dispensable for MIP-2-
production as no significant differences were observed between WT and MR™ cells.
In contrast, MR seems to play a significant role in induction of macrophage
production of IL-6, IL-1f3, IL-10 and IL-12, as these factors were markedly reduced in
D39-infected MR macrophages when compared to the WT cells. These data support

the notion that MR mediates selected cytokine responses to pneumococcus, whereas
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some chemokine responses may be facilitated by other macrophage receptors. MR is
an essential component of macrophages, providing a critical defense against
pathogens including S. pneumoniae (Gordon, 2003). PLY is a potent activator for
both mucosal and systemic immune responses, directly stimulating macrophages and
amplifying their production of pro-inflammatory cytokines (McNeela et al., 2010).
The role of PLY in up-regulating macrophage MR expression has been demonstrated
for the first time in my studies. I also provide the first evidence for direct binding of
PLY to MR, mediated through PLY domain 4. To support this, a recent study has
revealed that human L-ficolin, which is a recognition molecule that has structure
related to that of mannose receptor, can activate complement by binding to
pneumolysin (Ali et al., 2013). My findings suggest that MR is essential to activate
macrophages and contribute to their production of pro-inflammatory cytokines in

response to S. pneumoniae infection.

3.21.2 The Role of Pneumolysin

PLY is crucial for S. pneumoniae to asymptomatically colonize the nasopharynx with
minimal induction of pro-inflammatory immune responses (Kadioglu et al., 2002)
(Richards et al., 2010, Neill et al., 2014), in marked contrast to its ability to drive
inflammation in the lungs during pneumonia. Pneumolysin has been identified as the
main pneumococcal cytotoxin that is released by the bacterial cells during autolysis
(Rubins et al., 1998). The effect of pneumolysin on the morphology of BMDM

confirmed its cytotoxicity, as cells stimulated with pneumolysin deficient APLY

showed less damage and fewer cytopathic signs than D39-treated cells. It is possible

that pneumolysin stimulates tolerogenic immune mechanisms in the nasopharynx in
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contrast to its action in the lungs. One potential model, supported by my data, is that
during nasopharyngeal colonisation, nasal mucosa-associated macrophages become
activated by pneumolysin and subsequently drain to cervical lymph nodes to initiate
immune responses that may act to prevent damage to host tissue and systemic
pneumococcal dissemination. Such action may be mediated by Foxp3™ T regulatory
cells, which have been shown to play key roles in the modulation and inhibition of
inflammation in the context of infection (Sakaguchi et al., 2010). These cells are well
known to play important roles in limiting infection-associated inflammation, and
resolving tissue damage post-infection (Mills, 2004, Barnes and Powrie, 2009) but,
the role of T regulatory cells and other immune-modulatory cytokines during S.
pneumoniae infection is limited and needs further investigations. However, recent
studies have provided evidence for the important protective role that T regulatory
cells play during invasive pneumococcal pneumonia (Neill et al., 2012) and carriage
(Neill et al., 2014). The protective effects of T regulatory cells during carriage were
also observed by Pido-Lopez et al. who demonstrated that the response of CD4 T cells
to pneumococci increase gradually at the site of colonisation. The presence of
regulatory T cells was detected at the peak of CD4 T cell responses, leading to
inhibition of anti-pneumococcal CD4 T cell responses (Pido-Lopez et al., 2011). The
association of regulatory T cells with carriage was echoed by Zhang and colleagues,
who demonstrated that regulatory T cells with suppressive function were present in
higher proportions in the nasopharynx of pneumococcal carriers than non-carriers
(Zhang et al., 2011). The study suggested that the presence of T reg in nasal-
associated lymphoid tissue could play a key role in the persistence of pneumococcus

in children.
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3.21.3 Macrophages and T cell Differentiation

To further explore the involvement of T regulatory cells and immunomodulatory
cytokines in response to S. pneumoniae infections, mutant strains of serotype 2
pneumococcus were used to stimulate BMDMs to access contributions of
pneumococcal factors to the differentiation of CD4+ T cells into T regulatory cells
during pneumococcal infection. BMDMs stimulated with D39 enhanced the
differentiation of CD4+ T cells into T regulatory cells and, to a lesser extent, Th17
and Th1 cells. PLY-deficient D39 was less effective at inducing differentiation of all
three T cell subsets. The reduced levels of IL-10, IL-17 and INF-gamma in
supernatants of APLY-stimulated cells versus D39-stimulated controls supported
these conclusions. My data indicate that both PLY and capsule stimulate macrophages
to induce the maturation of T regulatory cells. Interestingly, PLY and capsule also
stimulated expression and production of RORgt and IL-17 by Th17 and Tbet and
INF-gamma by Thl, confirming a key role for both PLY and capsule in the
generation of both immune tolerance and inflammatory responses during
pneumococcal infection. Similarly, McNeela and colleagues have shown that PLY-
expressing pneumococcal strains are able to induce high levels of IL-17 and INF-
gamma production by splenocytes in vitro when compared to pneumolysin deficient
strains (McNeela et al., 2010). The importance of IL-17 in pneumococcal carriage has
been described by several studies. A recent study has revealed that Th17 cells have a
protective role during pneumococcal carriage in human nasopharynx, due to their
ability to produce IL-17 that drives pro-inflammatory responses, recruitment of
macrophages and neutrophils, and the clearance of colonisation. This study showed
this immune response was promoted by domain 4 and not domain 123 of PLY (Gray

et al.,2014).
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Moreover, animal studies have also suggested that Th17 cells play a key role in
facilitating the clearance of nasopharyngeal colonisation of S. pneumoniae (Lu et al.,
2008, Zhang et al., 2009). In mouse models, Th17 cells that express IL-17 have been
shown to generate protection in response to different respiratory pathogens (O'Connor
et al., 2010). Furthermore, an important role for IL-17 signaling in bacterial clearance
has been described in murine models for several mucosal pathogens, proposing that
the Th17 pathway could be the main mechanism in the clearance of bacteria at
mucosal surfaces (Curtis et al., 2009, O'Connor et al., 2010). A recent study has
revealed that during pneumococcal carriage in mice, antigen-specific CD4" Th17 cell
immunity reduces colonisation equally by an antigen-expressing strain and a co-
colonized antigen-negative strain, consequently minimizing the advantage of escape

from this type of immunity by antigenic variation (Li et al., 2012).

3.21.4 Mannose Receptor and T cell Differentiation

Since MR was found to bind the pneumococcal toxin PLY (my data), and
pneumococcal capsule (Zamze et al., 2002), the influence of MR on the
differentiation of CD4+ T cells into T regulatory cells was studied. MR was found to
contribute to the induction of expression of Foxp3, RORgt and Tbet in T cells.
Accordingly, MR also contributed to the induction of IL-10, IL-17, and INF-gamma
production by T cells. These data validate that MR has a key impact on the generation
of T regulatory cells, Th17 and Thl and associated pro- and anti-inflammatory
cytokines. Previously, Chieppa et al proposed a direct role for mannose receptor in
mediating T regulatory, but not Th1, chemokine and cytokine induction (Chieppa et

al., 2003).
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MR seems to be more important in providing protection against pneumococcal
infections, in particular in stimulating pro-inflammatory responses, since my study
revealed that the absence of MR led to significant reduction in the production of IL-17
and INF-gamma by Th17 and Thl receptively. Therefore, I propose that MR is
necessary to generate protective immunity against S. pneumoniae, particularly against
the pneumococcal toxin and capsule. Here I show that during pneumococcal
nasopharyngeal colonisation, nasal mucosa-associated macrophages become
activated, via the binding of pneumococcal ligands to both pattern recognition
receptors (including TLR-2) and MR (Figure 26). I have shown here that large
amounts of IL-6 are produced by the activated macrophages, contributing to the
recruitment of PMN to the site of infection. MR-expressing macrophages also

contribute directly to control of bacterial colonisation via phagocytosis.

3.21.5 Mannose Receptor and Phagocytosis

Studies investigating the contribution of the MR to phagocytosis have yielded
conflicting results. MR has been showed to be involved in the phagocytosis of several
pathogens including Candida albicans (Marodi et al., 1991) and Mycobacterium
tuberculosis (Kang et al., 2005). Here 1 have shown that MR was required for the

phagocytosis of serotype 2 D39, pneumolysin-negative A PLY, capsule-negative

D39-J and pneumolysin and capsule-negative DKO D39. However, some other
studies have described different observations and concluded that MR is not important
for microbial phagocytosis, since CHO cells expressing MR were not able to
phagocytose Mycobacterium kansasii (Le Cabec et al., 2005), Leishmania donovani

and Leishmania major (Akilov et al., 2007). In addition, Lee et al. demonstrated that
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MR™ mice do not differ from WT mice in both the humoral response to candida

antigens or phagocytosis of Candida albicans (Lee et al., 2003).

3.21.6 A Model For Mannose Receptor Function

My data suggest that MR-expressing macrophages play dual roles in pneumococcal
carriage (Figure 26). In early infection they play a direct antimicrobial role through
the phagocytosis of pneumococci and also recruit effector cells such as neutrophils via
chemokine and cytokine production. Later, during long-term pneumococcal carriage,
activated macrophages may drain to cervical lymph nodes (CLN) to initiate immune
responses that act to prevent damage to host tissues and systemic pneumococcal
dissemination. This includes the stimulation of differentiation of T cells into
regulatory T cells, leading to production of large amounts of IL-10 and TGF-f3. These
anti-inflammatory cytokines will recruit more regulatory T cells into the nasopharynx
leading to maintenance of stable pneumococcal carriage and prevention of damage to
host tissues. Stimulation of Thl and Thl7 cell differentiation by MR-expressing
macrophages may contribute to control of bacterial proliferation in the nasopharynx. I
confirm here that both the pneumococcal toxin pneumolysin and macrophage MR
have key roles in encouraging macrophage induction of T cell differentiation. These T
cells are likely key to maintenance of a state of immune tolerance in nasopharynx

during pneumococcal colonisation.
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Figure 3.26. The role of MR in generating anti-inflammatory responses during pneumococcal
infections. NP = nasopharynx, LN = lymph node.

3.21.7 The Inflammasome

Pneumolysin drives the activation of the NLRP3 inflammasome and the release of IL-
1B from macrophages and dendritic cells (McNeela et al., 2010). Here I demonstrate
that pneumococcal capsule also contributes to this process as the dual pneumolysin
and capsule mutant DKO D39 induced significantly less IL-18 production from
macrophages than either single mutant (APLY and D39-J). Moreover, the NLRP3
inflammasome has been shown to be required for protection against invasive
pneumococcal pneumonia and for the generation of IL-1 by dendritic cells (McNeela

et al., 2010). Here I show that the inflammasome contributes to the induction of IL-6
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production in macrophages, which is important for the recruitment of neutrophils in

response to infection.

3.21.8 Toll Like Receptors

A recent study has revealed that TLR-2 is required for MARCO to generate sufficient
immune response against pneumococcal infections (Dorrington et al., 2013). A
separate study demonstrated that MARCO and TLR-2 are required for macrophage
cytokine responses to M. tuberculosis (Bowdish et al., 2009). I have now shown that
the up-regulation of MR by S. prneumoniae is similarly TLR-2-dependent, since
TLR2-deficient BMDMs stimulated with D39 did not induce the expression of MR,
suggesting that MR and TLR-2 may work as co-receptors in response to S.
pneumoniae infections. In support of such a hypothesis, Tachado et al. have shown
that MR interacts with TLR2 during the recognition of Pneumocystis carinii (Tachado
et al., 2007). Interestingly, I observed that the release of IL-6 by BMDMs that was

triggered by D39 was TLR-2 dependent, as TLR-2" cells stimulated with APLY

released very low levels of cytokine. TLR-4 was found to have no significant
involvement in either the expression of MR or the production of IL-6, which is in line
with the findings of McNeela et al. who demonstrated that dendritic cells were able to
generate pro-inflammatory cytokines in response to PLY independently of TLR-4
(McNeela et al., 2010). The importance of TLR-2 in response to pneumococcal
infections has been revealed by several studies. A study by Echchannaoui et al.
demonstrated that TLR-2 " mice infected with serotype 3 pneumococcus succumbed
to infection more rapidly that WT mice and had significantly greater bacterial loads in

the brain (Echchannaoui et al., 2002). Furthermore, another study by Knapp et al. has
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shown that TLR-2 is required for the early inflammatory response to pneumococcal
pneumonia in mice (Knapp et al., 2004). MyD88 is a key adaptor molecule for the
TLR family and activates the transcription factor NF-»B (Takeuchi et al., 2000,
Arancibia et al., 2007). Here I have shown that MyD88 is required for the release of

IL-6 by S. pneumoniae-infected BMDM.

3.21.9 The Role of MARCO

Both TLR-2 and MARCO have been shown to play a key role in activating
macrophage cytokine responses to M. tuberculosis (Bowdish et al., 2009), and I have
investigated the role of these receptors in response to S. pneumoniae. My data shows
that both TLR-2 and TLR-4 are required for up regulation of MARCO expression in
response to pneumococcal infection. In contrast to MR, PLY does not appear to play
a role in the regulation of MARCO expression on macrophages as similar levels of

MARCO up regulation were observed following infection with D39 or APLY.

Dorrington et al. have revealed the importance of MARCO in the clearance of
pneumococcal colonisation in murine nasopharynx (Dorrington et al., 2013). Here I
have shown that BMDM stimulated with D39 up-regulate MARCO. A study by
Arredouani et al. revealed that Bronchoalveolar lavage (BAL) fluid from MARCO
mice infected with serotype 3 S. pneumoniae produced higher amounts of MIP-2 and

TNF- @ when compared to WT mice (Arredouani et al., 2004). By contrast, I have

shown that inhibition of MARCO in vitro attenuates production of both IL-6 and
MIP-2 in BMDMs stimulated with serotype 2 S. pneumoniae. The observed
differences between the data of Arredouani and colleagues and my results could be

due to the use of different serotypes of pneumococcus, the use of different mouse
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strains or differences in doses and timings of infection. Collectively, these data point
to a significant function for macrophage MARCO in mounting an effective regulated
innate immune response against pneumococcal infection. Another significant finding
from my study is that both MR and MARCO play key roles in the generation of IL-6,
which is known to be involved in the recruitment of neutrophils during S. pneumoniae
infection (Neill et al, 2014). MR” and MARCO-blocked BMDMs produced very
small amounts of IL-6 when compared to WT cells. These data clarify that both MR

and MARCO are important components of anti- S. pneumoniae responses.

3.21.10 Conclusions and Implications

Several previous studies performed by our group have shown that nasopharyngeal
colonisation generates some level of host immunity to pneumococcus, however this is
either ineffective in clearance of carriage or else other immune mechanisms exist that
allow or tolerate colonisation (Richards et al., 2010, Ferreira et al., 2013, Neill et al.,
2014). My PhD study shows that macrophage MR is vital for the recognition and
phagocytosis of S. pneumoniae. However, my hypothesis is that during colonisation
of the nasopharynx a state of immune tolerance is generated that is driven by
pneumolysin and MR. Nasal mucosa-associated macrophages are key to initiating this
tolerogenic state; T- regulatory cells, IL-10 and TGF-f3 are key to its long-term
regulation. Here I have shown that S. pneumoniae uses PLY to maintain colonisation
in host nasopharynx via induction of macrophage MR. In particular, pneumococcus
use PLY to trigger the alternative activation of nasal-associated macrophages via its
binding to MR. This type of activation will stimulate the differentiation of T cells into

regulatory T cells, which will lead to generation of large amounts of the anti-
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inflammatory cytokines IL-10 and TGF-f3, leading to suppression of the pro-
inflammatory responses at infection sites and therefore maintaining the presence of

pneumococcus in host nasopharynx.

I propose that therapeutic blockade of MR might result in the classical activation of
macrophages, and thus the induction of pro-inflammatory cytokine production and the
recruitment of immune effector cells that would clear pneumococcal infection from
host nasopharynx. My findings have implications for the vaccines based around PLY
and its derivatives. PLY could be used as a mucosal adjuvant to generate protective
immunity against pneumococcal infections. PLY has been shown previously to
function as a potent activator of both mucosal and systemic immune responses
(McNeela et al., 2010), and to boost IgG and IgA antibodies titres to pneumococcal
protein PsaA (Douce et al., 2010). However, these observed phenomena rely on the
cytolytic activity of PLY. Therefore, I suggest that PLY could be used in a
formulation with carbohydrate antigens (such as Mannan) that could block MR and
prevent the alternative activation of macrophages, leading to classical activation and
the induction of Th1 and Th17 responses and associated production of protective IFN-
v and IL-17 that are known to stimulate immunity against pneumococcal infections
(McNeela et al., 2010). Thl and Th17 cells have been confirmed to be required for
protection in response to both repeated invasive challenges and pneumococcal

carriage in mice (Malley et al., 2006).
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Chapter 4: Proteomic analysis of pneumococcus-stimulated
macrophages

4.1. Introduction

The pneumococcal toxin pneumolysin (PLY) has been shown to activate mucosal and
systemic immune response. My previous chapter has revealed interactions between

pneumolysin and both innate and adaptive immunity.

The aim of the work described in this chapter was to study the proteome of
pneumococcal-stimulated bone marrow derived macrophages (BMDMs) in order to
answer some important questions such as; what type of proteins are expressed in
response to pneumococcal infection in the presence or absence of pneumolysin, what
is the rate of protein production and degradation, how do proteins interact with each
other, and which protein pathways are specifically triggered by pneumolysin. The
knowledge gained from answering these questions will inform us of correlates of host
immunity, to significantly increase our understanding of PLY function and potentially

aid future vaccine development.

4.2 Pneumococcus stimulates the expression of a wide range of

proteins by macrophages.

Murine BMDMs were stimulated for 24 h with serotype 2 D39 or pneumolysin-
negative APLY. Stimulated/infected cells and uninfected control cells were used for
label free quantitative proteomics. Figure 4.1 show the heat map for the proteins
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expressed by BMDMs at 24 h post pneumococcal infection. The heat-map is an
interactive visualization tool that gives an overview of the relative abundance of
proteins within a selected set of samples. Here the heat map was used as a tool to

compare expression of groups of proteins under different infection conditions.

In Figure 4.1, the expressed proteins are grouped together using hierarchal clustering
(using the GENE-e software). Similar patterns of proteins abundance are grouped
together. For example, the proteins that go up in one group of samples are grouped
together. Here my data show an overview comparison between un-stimulated
BMDMs, BMDMs stimulated with D39, and BMDMs stimulated with APLY at 24 h.
The colours represent the relative abundance of the expressed proteins, a protein with
the highest intensity (relative to the other samples) is red and a protein with lowest
intensity is blue. Distinct expression patterns can be seen for untreated and D39-
infected cells, with the pattern for APLY more variable between repeat samples, but
still more similar to each other than to either untreated or D39-infected cells (Figure

4.1).

126



1316 Protein groups

ll‘.'ll

A T T AR A TS A

;wu

Untreated cells 1
Untreated cells 2
Untreated cells 3
D39 sample 1
D39 sample 2
D39 sample 3
APLY sample 3

APLY sample 2

relative

H

0

w

Figure 4.1. Heat map depiction of protein groups evident as being regulated due to pneumococcal
infections of BMDMs. BMDMs were stimulated for 24 h with D39 or APLY (at a ratio of 1:10).
Protein groups were selected for presentation based intensity measurements.
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Furthermore, the volcano plots in Figure 4.2A and B show an overall view of the
differences between untreated cells and D39, and between D39 and APLY. A full list
of differentially expressed proteins can be found in Appendix 1 and 2 of this thesis.
The volcano plot is beneficial for displaying significant differences in expression
together with fold change. The vertical axis corresponds to statistical significance (-
log base 10 (p value)) and the horizontal axis represents average fold change between
conditions. Data points in the top right and left rectangles correspond to proteins with
both small p-values and large fold changes. This information together with biological
information about each protein is useful for identifying the important proteins for

further investigation.
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Figure 4.2. Volcano plots showing fold changes and statistically significant differences in
expression of BMDM proteins following pneumococcal infection. Statistical significance versus fold
change for (A) untreated cells and D39 (B) D39 and APLY. The vertical axis represents —log base 10
of the p-value and the horizontal axis denotes average fold change on the log base 2 scale. The
horizontal reference line corresponds to a p-value cut-off of 0.05, the Bonferroni adjusted significance
criteria. The two vertical lines correspond to a 2-fold change.
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Next, to identify and determine the importance of these differentially expressed
proteins, a ternary plot of normalized protein abundances in macrophages treated with
D39 or APLY Streptococcus pneumoniae, compared to untreated cells was created.
Figure 4.3 shows a wide range of protein abundances in macrophages stimulated with

D39 and pneumolysin-negative APLY.

Both D39 and APLY induced up-regulation and down-regulation of expression of a
wide range of different proteins by macrophages at 24 h post-infection. Up-regulated
proteins were divided into 3 groups; proteins up-regulated in D39 infection only (red
circles in Figure 4.3), proteins up-regulated in APLY infection only (Blue) and

proteins up-regulated with both D39 and APLY (Purple).

These proteins are listed with their functions in Table 4.1. Down-regulated proteins
were also divided into 3 groups; proteins down regulated in D39 infection (Orange),
proteins down regulated in APLY infection (Yellow) and proteins down regulated in
both D39 and APLY infection (Green). These proteins are also listed with roles in

Table 4.2.
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Figure 4.3. Ternary plot of normalized protein abundances in macrophages treated with D39 or
APLY Streptococcus pneumoniae compared to control. Protein abundance was measured using a
label free proteomic approach. Only proteins with > 2 unique peptides and a q —value <0.05 were
included in the analysis. Highly up-regulated or down-regulated proteins (normalised abundance >70,
<70 >20) are highlighted by solid colours (see key). Proteins with no significant changes between
conditions are displayed in black. The numbers along the three sides of the triangle represent the
proportion of the total signal that belongs to each of the three groups. For each point the summed value
should equal 100.
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Table 4.1. Proteins up-regulated during pneumococcal infection. The table shows proteins up
regulated by S. pneumoniae D39 or APLY, which may contribute to the pathogenesis of pneumococcus
or may play immune roles in response to pneumococcal infection.
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APLY

associated protein 51

homolog

Down-regulated in QICR0O9 Ubiquitin-conjugating 304.4285714 0.011042398
APLY enzyme 1
Down-regulated in Q3UVL4 Vacuolar protein sorting- 220.7688113 0.01411326

136




Down-regulated in Q3V3R1 Mono-functional C1- 183.4294775 0.015797896
APLY tetrahydrofolate
synthase, mitochondrial
Down-regulated in D39 P02088 Hemoglobin subunit 369.9502538 0.019693972
and APLY beta-1
Down- regulated in D39 Q8BVEF2 Phosducin-like protein 3 342.1605634 0.015627666
and APLY
Down- regulated in D39 A2AGTS Cytoskeleton-associated 318.2541485 0.022483393
and APLY protein 5
Down-regulated in D39 Q07113 Cation-independent 307.5113924 0.019482527
and APLY mannose-6-phosphate
receptor
Down- regulated in D39 P16546 Spectrin alpha chain, 191.2866142 0.017481556

and APLY

non-erythrocytic 1

Table 4.2. Proteins down-regulated during pneumococcal infection. Proteins down-regulated in
macrophages during pneumococcal D39 or APLY infection, which may contribute to the pathogenesis
of pneumococcus or may play immune roles in response to pneumococcal infection.
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4.3 Deep analysis for the up-regulated proteins

Using the protein lists identified in the groupings of my ternary plot, I next sought to
highlight the differences in response between D39- and APLY-stimulated BMDMs,
and to define the molecular functions for the up-regulated proteins. The aim of this
analysis was to get a ‘snapshot’ inside the macrophage during pneumococcal
infection. To do this, I grouped proteins that were up regulated (relative to untreated
cells) during D39 infection (Figure 4.4A), APLY infection (Figure 4.4B) and during
both D39 and APLY infections (Figure 4.4C) into different clusters based upon their
molecular functions. These groups were; binding activity, catalytic activity, enzyme
regulator activity, nucleic acid binding/transcription factor activity, receptor activity,
structural molecule activity and transporter activity. Most of the up-regulated proteins

displayed catalytic and binding activities.
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Figure 4.4. The molecular functions for the proteins up regulated in BMDM during pneumococcal
infection. (A) The pie chart shows the molecular functions for the up-regulated proteins with D39. (B)
The molecular functions for the up-regulated proteins with APLY (C) the molecular function in both
D39 and APLY.
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Next, I aimed to define proteins that were up regulated significantly with D39 (Table

4.3), APLY (Table 4.4) or in both conditions (Table 4.5).

4.4 Proteins up regulated during D39 infection

Protein Code Protein Name Stimulus
Chi3I3 Chitinase-like protein 3,
Gdil Rab GDP dissociation inhibitor alpha,
Cxcl2 C-X-C motif chemokine 2,
Nos2 Nitric oxide synthase, inducible D39
Car2 Carbonic anhydrase 2
Ptgs2 Prostaglandin G/H synthase 2
Krté6a Keratin, type II cytoskeletal 6A

Table 4.3. D39 up-regulated proteins. Protein codes and names of proteins that were up regulated by
BMDMs during D39 infection. The data were generated from the Panther database.

Chi3I3 is known as chitinase 3-like protein 3, a lectin that binds to a wide range of
particles. It is composed of 398 amino acids. It has the ability to bind saccharides with
a free amino group (such as glucosamine or galactosamine), oligomeric saccharides,
chitin and heparin. It has chemotactic activity for T-lymphocytes, eosinophils and
bone marrow cells and, plays a significant role in inflammation and allergy (Chang et

al., 2001, Harbord et al., 2002).
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Gdil is known as a guanosine diphosphate (GDP) dissociation inhibitor 1. It is
composed of a 447 amino acids that work to regulate the GDP/GTP exchange reaction
of most Rab proteins through blocking the dissociation of GDP from them, and the
subsequent binding of GTP to them. It may also play a role in cell motility regulation

(Gupta et al., 2013).

Cxcl2 is a chemokine (C-X-C motif) ligand 2 that consists of 100 amino acids. It is
Chemotactic for human polymorphonuclear leukocytes (Tekamp-Olson et al., 1990),

however it does not induce chemokinesis or an oxidative burst (Shao et al., 1998).

Nos2 is known as nitric oxide synthase 2. It consists of 1144 amino acids and is able to
promote the production of nitric oxide (NO). The importance of this protein in
macrophages has been described, since NO mediates tumoricidal and bactericidal
activities (Kone et al., 1995). The protein is also involved in inflammation, enhancing
the synthesis of pro-inflammatory mediators such as IL6 and CXCL8 (Kim et al.,

2005).

Car2 is known as Carbonic anhydrase 2. It consists of 259 amino acids. The protein is
crucial for osteoclast differentiation and bone resorption. It also contributes to the
regulation of intracellular pH in the duodenal upper villous epithelium during proton-

coupled peptide absorption (Simpson et al., 2010).

Ptgs2 is prostaglandin synthase 2. It is composed of 604 amino acids. It mediates the
formation of prostaglandins, which functions as a main mediator of inflammation
(Wang et al., 2005). Its up-regulation has been correlated with improved epithelial
adhesion, phenotypic changes, resistance to tumor angiogenesis and apoptosis. In

cancer cells, changes in the protein increase production of prostaglandin E2, which has
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essential roles in modulating proliferation, motility and resistance to apoptosis

(Manieri et al., 2012).

Krt6a is known as keratin 6A and is composed of 564 amino acids. It is epidermis-
specific type I keratin, which is involved in wound healing (Rotty and Coulombe,
2012). The protein is also involved in the activation of follicular keratinocytes after
wounding, however it does not has a major role in the proliferation of keratinocytes or

their migration (Wojcik et al., 2000).

4.5 Proteins up regulated during APLY

Protein Code Protein Name Stimulus
Irak3 Interleukin-1 receptor-associated kinase 3
Slc7a2 Low affinity cationic amino acid transporter 2,
Acp5 Tartrate-resistant acid phosphatase type 5 APLY
Met Hepatocyte growth factor receptor

Table 4.4. APLY up regulated proteins. Protein codes and names of proteins that were up regulated
by BMDMs during infection with pneumolysin-negative pneumococci. The data were generated from
the Panther database.

IRAK3 is a 596 amino acids protein known as interleukin-1 receptor-associated
kinase 3 or IRAK-M and is a negative regulator of Toll-like receptor (TLR) signaling
(Kobayashi, 2002). It has the capability to inhibit the dissociation of IRAK1 and
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IRAK4 from the TLR signaling complex (Rosati and Martin, 2002). This inhibition
process could occur by either blocking the phosphorylation of IRAK1 and IRAK4 or
stabilizing the receptor complex (Kobayashi et al., 2002). TLR-mediated signaling
processes identify various substances from microbial and non-microbial sources, and
relay signals downstream to trigger the expression of several pro- and anti-
inflammatory cytokines (Li, 2004). The signaling of TLR is regulated throughout a
series of intra-cellular proteins involving IRAKs. There are four different IRAK
proteins; IRAK1, IRAK?2, IRAK M, and IRAK 4) (Janssens and Beyaert, 2003),
between which IRAK-4 is significant for activating transcription factor NFx«B and
thus activating the inflammasome (Li et al., 2002) (Man and Kanneganti, 2015). Up
regulation of the inhibitory IRAK-3 suggests the TLR signaling is negatively

regulated during D39 infection.

Slc7a2 is a protein composed of 698 amino acids. It is known as solute carrier family
7 (cationic amino acid transporter, y+ system), member 2. It is a low-affinity, high
capacity permease, which is involved in the transport of the cationic amino acids such

as lysine ornithine and arginine macrophages activation (Yeramian et al., 2006).

Acp5 is known as Tartrate-resistant acid phosphatase type 5 and is composed of 327
amino acids. Its may have a role in the process of bone resorption (Huttlin et al.,

2010).

Met is the Hepatocyte growth factor receptor. It is a receptor tyrosine kinase, which
transduces signals from the extracellular matrix into the cytoplasm via binding to
hepatocyte growth factor ligand (Prat et al., 1991). Met also regulates several
physiological processes involving proliferation, morphogenesis, scattering and

survival. The protein has a significant role in wound healing, organ regeneration and
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tissue remodeling. During embryonic development, Met signaling plays a key role in
the maturation and migration of muscles and neuronal precursors, and kidney

formation (Bladt et al., 1995).

4.6 Proteins up regulated during both D39 and APLY infections

Protein Code Protein Name Stimulus
IL1a Interleukin-1 alpha,
Serpinbla Serine protease inhibitor 1A,
Cdi14 Monocyte differentiation antigen CD14, D39 and APLY
StatSa Signal transducer and activator of transcription SA
Clecd4d C-type lectin domain family 4 member D
IL1b Interleukin-1 beta
Procr Endothelial protein C receptor
Palld Palladin
Ifit3 Interferon-induced protein with tetratricopeptide repeats 3

Table 4.5. Proteins up regulated in both D39 and APLY. Protein codes and names of proteins that
were up regulated by BMDMs during infection with both D39 and APLY. The data were generated
from the Panther database.

ILla is interleukin 1 alpha (composed of 271 amino acids). It is produced by

stimulated macrophages. IL-1A encourages the proliferation of thymocyte by the
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release of IL-2, maturation and proliferation of B-cells, and stimulates fibroblast
growth factor activity (Nicklin et al., 1994). The protein is involved in the
inflammatory response, and has been identified as an endogenous pyrogen (Hu et al.,

2003).

Serpinbla is a serine peptidase inhibitor, clade B, member 1a. It is composed of 379
amino acids and has a role in regulating neutrophil protease activity and therefore
forms complexes with elastase, cathepsin G, chymotrypsin and proteinase-3 (Benarafa

et al., 2002).

CD14 is known as Monocyte differentiation antigen CD14. It functions as a co-
receptor with TLR4 to mediate the response of innate immune cells to bacterial
lipopolysaccharide (LPS) (Drage et al., 2009). It acts via MyD88, TIRAP and TRAF6
leading to the activation of NF-kappa-B, cytokine production and the inflammatory
responses (Jiang et al., 2005). It is also a co-receptor for TLR2 in response to

diacylated and triacylated lipopeptides (Zhao et al., 2011).

StatSa is signal transducer and activator of transcription SA. It consists of 794 amino
acids. It may mediate the cellular responses to Stem cell factor (SCF) cytokines and
other growth factors (Muraoka-Cook et al., 2006). The protein has two important

functions including signal transduction and activation of transcription (Jones et al.,

1999).

Clec4d is a C-type lectin domain family 4 and consist of 215 amino acids. It works as
an endocytic receptor that is involved in antigen presenting cells during the uptake of

antigen, clearance of the antigen, and presentation to T cells (Balch et al., 1998).

IL1b is Interleukin-1 beta. It is a pro-inflammatory cytokine. The protein was initially
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discovered as the major endogenous pyrogen that is able to induce the synthesis of
prostaglandins, influx and activation of neutrophils, T-cell activation and cytokine
production, activation of B-cells and antibody secretion, and fibroblast proliferation
and collagen production (Mariathasan et al., 2006, Qu et al., 2007). Pneumolysin
activates the NLRP3 inflammasome and triggers the release of IL-1B from
macrophages and dendritic cells (McNeela et al., 2010). Also, the NLRP3
inflammasome has been shown to be essential for protection against pneumococcal

pneumonia and for the generation of IL-1f by dendritic cells (McNeela et al., 2010).

Procr is a protein C receptor that binds activated protein C. It is composed if 238
amino acids. It enhances protein C activation by the thrombin-thrombomodulin
complex. The protein plays a significant role in the protein C pathway controlling

blood coagulation (Liang et al., 1999).

Palld is known as a palladin, which is a cytoskeletal-associated protein. It is
composed of 1123 amino acids. This protein is essential for organization of normal
actin cytoskeleton (Parast and Otey, 2000). It has an important role in establishing cell
morphology, cell adhesion, motility, and cell-extracellular matrix interactions in a

wide range of cell types (Liu et al., 2007).

Ifit3 is known as interferon-induced protein with tetratricopeptide repeats 3. The
protein acts as an inhibitor for viral processes, proliferation, cell migration, signaling,

and viral replication (Lee et al., 1994).
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4.7 Involvement of the up regulated proteins in biological processes

Next, I aimed to examine the involvement of these up-regulated proteins in BMDM
biological processes such as; immune system processes, developmental processes and

metabolic processes.

The contributions of these proteins to BMDM biological processes are presented in
Figure 4.5. A number of processes were represented, but metabolic and cellular
pathways were particular prominent. Cellular processes include cell transport, cells

diffusion, the Krebs cycle and homeostasis.

Number of proteins

Figure 4.5. The involvement of D39 up-regulated proteins in the biological process of BMDMs.
BMDMs were stimulated with D39 at a ratio of 1:10 for 24 h. Bar charts show the number of proteins
involved in each biological process. Data generated by Panther classification system.
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Furthermore, I have showed that during APLY infection, proteins involved in

metabolic pathways were again up regulated (Figure 4.6).

Number of proteins

Figure 4.6. The involvement of APLY up-regulated proteins in the biological process of BMDMs.
BMDMs were stimulated with APLY at a ratio of 1:10 for 24 h. Bar charts show the number of
proteins involved in each biological process. Data generated by Panther classification system.

Proteins up-regulated in both D39 and APLY infection are involved in diverse
biological processes (Figure 4.7). However, once again, metabolic processes feature
heavily, as do cellular processes and the response to stimulus. Biological regulation is
known as any process that regulates the occurrence, rate or level of any biological
process function. While, biological process is a known sequence of events or

molecular functions.
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A process is a group of molecular events that have defined start and end. Cellular
processes include cell transport, cells diffusion, the krebs cycle and homeostasis. In
summary, Figure 4.8, a composite of Figures 4.5, 4.6 and 4.7, shows the collective

response of BMDMs to pneumococcal infection at 24 h.
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Figure 4.7. The involvement of up-regulated proteins with D39 and APLY in the biological
process of BMDMs. BMDMs were stimulated with either D39 or APLY at a ratio of 1:10 for 24 h. Bar
charts show the number of proteins involved in each biological process. Data generated by Panther
classification system.
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Figure 4.8. The collective response of macrophages to pneumococcal infections. BMDMs were
stimulated with either D39 or APLY at a ratio of 1:10 for 24 h. Bar charts show the number of proteins
involved in each biological process. Data generated by Panther classification system.
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4.8 Interactions between up regulated proteins

Next, I identified the described interactions between proteins up regulated with either
D39 or APLY, as it is essential to understand how these proteins interact with each
other inside BMDMs in the presence or absence of pneumolysin during S.

pneumoniae infection.

In Figure 4.9, the interactions between proteins that were up regulated following
stimulation with D39 (Figure 4.9A) or APLY (Figure 4.9B) were examined. Data in
Figure 4.9A, suggest that some of the up-regulated proteins during D39 infection may
have direct interactions with each other and their expression may rely on each other.
Binding activity has been described between Nos2 and Ptgs2 proteins (Blue line,
Figure 4.9A) Co-expression has been identified for Nos2 and Chi313, and Ptgs2 and
Cxcl2 (Gray line, Figure 4.9A). Figure 4.9B reveals that proteins up regulated during
APLY infection have no direct link to each other and therefore may function in
different pathways. However, co-expression has been observed for Irak3 and Slc7a2

(Gray line, Figure 4.9B).

I also examined the relationships between proteins up regulated in both D39 and
APLY infection. In Figure 4.10, the interactions between proteins are shown. Here the
data demonstrate a direct relationship between Illa and Illb resulting in binding,
catalysis and reaction activities. Also, the data here has shown that Cd14 is responsible
for the activation of Clec4d, which is known to function as an endocytic receptor

during the uptake of antigen, clearance of the antigen, and presentation to T cells
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(Balch et al., 1998). However, no direct correlation has been identified with the other
proteins described in Figure 4.10, although co-expression has been identified with

Clec4d, I11b and Cd14 (Gray line, Figure 4.10).

Figure 4.11 show a summary of the interactions between all the proteins up regulated
by BMDMSs during infection with serotype 2 S. pneumoniae at 24 h. Co-expression
has been observed between Chi313 and Nos2, Chi313 and Serpinbla, Serpinbla and
Ptgs2, Ptgs2 and Met, Ptgs2 and Cxcl2, Ptgs2 and I11b, Ptgs2 and Il1a, [11a and Il1b,
I11b and Irak3, Il1a and Irak3, Slc7a2 and Irak3, I11b and Clec4d, Cxcl2 and Clec4d,
Cxcl2 and Cdl14, and Cd14 and Clec4d (Gray lines, Figure 4.11). Also, catalysis
activities were identified between Stat5a and Met, I11a and Irak3, I11b and Irak3, Il1a

and I11b, and Irak3 and Cd14 (Purple lines, Figure 4.11).

Furthermore, binding relationships were determined between I11b and Irak3, Il11a and
Il1b, and Irak3 and Cd14 (Blue lines, Figure 4.11). Reaction has been observed
between Il1b and Irak3, StatSa and Met, Il1a and Il1b, and Irak3 and Cd14 (Black
lines, Figure 4.11). Finally, Ptgs2 and Stat5a regulate each other expression, as do Il1a

and Irak3 (Yellow lines Figure 4.11).
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Figure 4.9. Proteins up-regulated during S. pneumoniae infection. BMDMs were stimulated with
D39 or APLY at a ratio of 1:10 for 24 h. (A) The interaction between proteins up-regulated with D39.
(B) The interaction between proteins up-regulated with APLY. String protein—protein interaction
display with known and predicted functional partners, presenting direct correlation between up-
regulated proteins. Data generated by String data base system.
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Figure 4.10. Proteins up-regulated with both D39 and APLY. BMDMs were stimulated with D39
or APLY at a ratio of 1:10 for 24 h. String protein—protein interaction display with known and
predicted functional partners, presenting direct correlation between up-regulated proteins. Data
generated by String data base system
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Figure 4.11. All proteins up regulated during pneumococcal infection. BMDMs were stimulated
with D39 or APLY at a ratio of 1:10 for 24 h. String protein—protein interaction display with known
and predicted functional partners, presenting direct correlation between up-regulated proteins. Data
generated by String data base system.
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4.9 Deep analysis for the down-regulated proteins

In Figure 4.12 the molecular functions for the proteins down-regulated during D39 or
APLY infection are presented. These proteins are responsible for 5 different
molecular functions (Figure 4.12A-C); binding activity, catalytic activity, enzyme
regulator activity, receptor activity and structural molecule activity. About 59% of the
down-regulated proteins had catalytic or binding activity. Identifying the proteins that
contribute to these significant molecular functions is necessary to understand how

macrophages response to pneumococcus.
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Figure 4.12. The molecular functions for the proteins down-regulated during pneumococcal
infection. (A) The pie chart shows the molecular functions for the down-regulated proteins with D39.
(B) The molecular functions for the down-regulated proteins with APLY (C) the molecular function for
proteins down regulated in both D39 and APLY.
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Next, I aimed to define proteins that were down regulated significantly with D39

(Table 4.6), APLY (Table 4.7) or in both conditions (Table 4.8).

4.10 Proteins down regulated during D39 infection

Protein Code Protein Name Stimulus

Table 4.6. D39 down regulated proteins. Protein codes and names of proteins down-regulated during
D39 infection. The data were generated by Panther database.

Ncl, known as Nucleolin, is a major nucleolar protein that is present in eukaryotic
cells. It is believed to have a key role in pre-rRNA transcription and ribosome
assembly. Also, it has been shown to play a role in the process of transcriptional

elongation (Yang et al., 1994).

Set is identified as SET nuclear oncogene. It is a multitasking protein involved in
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biological processes such as transcription, apoptosis, nucleosome assembly and
histone chaperoning (Rogowski et al., 2009). The protein is composed of 289 amino
acids. Set protein is part of a complex that inhibits apoptosis following attack by

cytotoxic T lymphocytes upon T cell receptor stimulation (Fan et al., 2003).

Csflr is a Tyrosine-protein kinase that functions as a cell-surface receptor for colony
stimulating factor (CSF) 1, which plays an important role in the proliferation,
regulation of survival and differentiation of hematopoietic precursor cells, in
particular mononuclear phagocytes, such as monocytes and macrophages (Dai et al.,
2002). This protein is also able to promote the production of pro-inflammatory
chemokines in response to CSF1, and thus plays a significant role in inflammatory

processes and innate immunity (Wei et al., 2010).

Rp2 is identified as Protein XRP2. It acts as a GTPase-activating protein (GAP)
involved in trafficking between the Golgi and the ciliary membrane. The protein is

composed of 347 amino acids. It is also involved in protein localization (Huttlin et al.,

2010).

Anp32b is acidic (leucine-rich) nuclear phosphoprotein 32 families, member B and is
a multifunctional protein composed of 272 amino acids. It functions as a cell cycle
progression factor as well as a cell survival factor (Matilla and Radrizzani, 2005). It is

an anti-apoptotic protein that functions as a caspase-3 inhibitor (Huttlin et al., 2010).

Fnta is known as farnesyltransferase, CAAX box, alpha; that contributes to the
transfer of a farnesyl or geranyl-geranyl moiety from farnesyl or geranyl-geranyl
pyrophosphate to a cysteine at the fourth position from the C-terminus of proteins

containing the C-terminal sequence Cys-aliphatic-aliphatic-X leading to regulate the
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catalytic activity such as cellular metabolism and motility, inside cells (Bon et al.,
2011). The alpha subunit is believed to participate in a stable complex with the

substrate. This protein is composed of 377 amino acids (Luo et al., 2003).

Myd88 is a key adapter protein involved in the Toll-like receptor and IL-1 receptor
signaling pathways during the response of the innate immune system to infection
(Burns et al., 1998). The protein acts via IRAK1 and IRAK2, leading to activation of
NF-kappa-B, to trigger the secretion of cytokines and the inflammatory response
(Janssens et al., 2002). Also, it increases the transcription of IL-8 and is involved in
the signaling pathway of IL-18 (Adachi et al., 1998). Furthermore, MyD88 has been
shown to mediate signaling in intestinal epithelial cells since it is required for
maintenance of gut homeostasis and controls the expression of the anti-microbial

lectin in the small intestine (Vaishnava et al., 2011).
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4.11 Proteins down regulated during APLY

Protein Code Protein Name Stimulus
Krt14 Keratin, type I cytoskeletal 14,
Ufel Ubiquitin-fold modifier-conjugating enzyme 1, APLY
Vps51 Vacuolar protein sorting-associated protein 51 homolog,
Mthfd1l Monofunctional C1-tetrahydrofolate synthase, mitochondrial

Table 4.7. APLY down regulated proteins. Protein codes and names of proteins down-regulated
during APLY infection. The data were generated by Panther database.

Krt14, Keratin 14 type 1 is responsible for stimulating KRT5-KRT14 filaments to

self-organize into large bundles (Huttlin et al., 2010), leading to enhancement of the

mechanical properties that are involved in resilience of keratin in-between filaments

in vitro (Lee et al., 2012).

Ufcl is known as Ubiquitin-fold modifier-conjugating enzyme 1. The protein is

involved in the tranferase activity of Eukaryotic cells, since it has the ability to form

an intermediate via a thioester linkage with ubiquitin-like protein 1 (UFM1), which is

required for a number of cellular processes (Carninci et al., 2005).

Vps51 functions as part of the GARP complex, which is known to be involved in the

retrograde transport from early and late endosomes to the trans-Golgi network (TGN)
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(Carninci et al., 2005). The GARP complex is important for the maintenance of
protein retrieval from endosomes to the TGN, lysosome function, acid hydrolase

sorting, endosomal cholesterol traffic and autophagy (Huttlin et al., 2010).

Mthfd1l connects the mitochondria and the cytoplasm in the mammalian model of
one-carbon folate metabolism. The protein consists of 977 amino acids (Christensen

et al., 2005).

4.12 Proteins down regulated during both D39 and APLY

Protein Code Protein Name Stimulus
Hbb-b1 Hemoglobin subunit beta-1
Pdcl3 Phosducin-like protein 3
Ckap5 Cytoskeleton-associated protein 5 D39 and APLY
Igf2r Insulin-like growth factor 2 receptor
Sptanl Spectrin alpha chain, non-erythrocytic 1

Table 4.8. Proteins down regulated in both D39 and APLY. Protein codes and names of proteins
down-regulated during both D39 and APLY infection. The data were generated from the Panther
database.

Hbb-bl is the Hemoglobin subunit beta-1 protein that is composed of 147 amino

acids. It is involved in oxygen transport process from the lung to the other peripheral
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tissues (Carninci et al., 2005).

Pdcl3 is composed of 240 amino acids. It is known as phosducin-like 3. This protein
has the ability to modulate the activation of caspases during apoptosis (Wilkinson et

al., 2004).

Ckaps5 is known as cytoskeleton associated protein 5 and is composed of 2032 amino
acids. The protein binds to the plus end of microtubules in order to regulate
microtubule dynamics and organization. Also, it stimulates the nucleation and

elongation of cytoplasmic microtubule (Huttlin et al., 2010).

Igf2r is insulin-like growth factor 2 receptor and is composed of 2483 amino acids.
The main function for this protein is to transport lysosomal acid hydrolase precursors

from Golgi apparatus to lysosome (Braulke et al., 1999).

Sptanl is a protein composed of 2478 amino acids. It is involved in cell adhesion as it
interacts with calmodulin in a calcium-dependent manner to mediate movement of the

cytoskeleton at the membrane (Huttline et al., 2010).
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4.13 Involvement of the down regulated proteins in Biological

processes

My next aim was to study the contribution of these down-regulated proteins in
BMDMs biological processes (Figures 4.13, 4.14. and 4.15). During D39 infection,
proteins involved in a range of biological processes were downregulated but

metabolism again featured strongly (Figure 4.13).
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Figure 4.13. The involvement of D39 down-regulated proteins in the biological process of
BMDMs. BMDMs were stimulated with D39 at a ratio of 1:10 for 24 h. Bar charts show the number of
proteins involved in each biological process. Data generated by Panther classification system.

Many of the proteins downregulated either in APLY infection (Figure 4.14) or in both
infections (Figure 4.15) were involved in cellular processes. Figure 4.16 shows a
summary for all proteins down regulated by BMDMs during infection with serotype 2

S. pneumoniae.
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Number of proteins

Figure 4.14. The involvement of APLY down regulated proteins in the biological process of
BMDMs. BMDMs were stimulated with APLY at a ratio of 1:10 for 24 h. Bar charts show the number
of proteins involved in each biological process. Data generated by Panther classification system.
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Figure 4.15. The involvement of the down regulated proteins with D39 and APLY in the
biological process of BMDMs. BMDMs were stimulated with either D39 or APLY at a ratio of 1:10
for 24 h. Bar charts show the number of proteins involved in each biological process. Data generated
by Panther classification system.
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Figure 4.16. All down regulated proteins by BMDMs during infection with serotype 2 S.
pneumoniae at 24 h. BMDMs were stimulated with either D39 or APLY at a ratio of 1:10 for 24 h.
Bar charts show the number of proteins involved in each biological process. Data generated by Panther
classification system.
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4.14 Interactions between up regulated proteins

Next, I aimed to analyse the interactions between proteins down regulated during
either D39 or APLY infection. Figure 4.17 shows the interactions between proteins

that had been stimulated with D39 (Figure 4.17A) or APLY (Figure 4.17B).

Co expression has been observed between Set and Ncl (Gray line, Figure 4.17A).
Also, Figure 4.17A shows that Anp32b and Set, both of which are downregulated
during D39 infection, have been described to react together (Black line) and to bind
one another (Blue line). Figure 4.17B and 4.17C demonstrate that no direct links or
interactions have been established between proteins downregulated during APLY

infection or those downregulated in both D39 and APLY infection.

Figure 4.18 show a summary for all the down-regulated proteins during infection with

pneumococcus at 24 h.
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Figure 4.17. Proteins down regulated during S. preumoniae infection. BMDMs were stimulated
with D39 or APLY at a ratio of 1:10 for 24 h. (A) The interaction between proteins down regulated
with D39. (B) The interaction between proteins down regulated with APLY. (C) Proteins down
regulated with both D39 and APLY. String protein—protein interaction display with known and
predicted functional partners, presenting direct correlation between up-regulated proteins. Data
generated by String data base system.
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Figure 4.18. A summary for down regulated proteins by BMDMs during S. preumoniae infection.
BMDMs were stimulated with D39 or APLY at a ratio of 1:10 for 24 h. String protein—protein
interaction display with known and predicted functional partners, presenting direct correlation between
up-regulated proteins. Data generated by String data base system.
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4.15 Discussion

S. pneumoniae is a common pathogen responsible for diseases of high morbidity and
mortality and one which has a major influence on the health care resources of
developing and under-developed countries. Colonisation of the nasopharynx is
important for the pneumococcus to initiate localized or systemic infections. The near
universal production of pneumolysin by S. pneumoniae clinical isolates and the high
degree of conservation of the PLY gene between pneumococcal strains suggest a
significant role for this toxin in the pathogen life cycle (Kadioglu et al., 2008).
Furthermore, the pneumococcal toxin pneumolysin has been demonstrated to activate
mucosal and systemic immune response (Rubins et al., 1998). In my previous chapter
I have described a series of interactions between pneumolysin, innate and adaptive
immunity. In this chapter I was aiming to define the type of proteins expressed in
response to serotype 2 S. pneumoniae infections in the presence or absence of
pneumolysin, to highlight the differences between proteins up-regulated/down
regulated with D39 or APLY, to examine the contribution of these proteins to
BMDMs molecular functions and biological processes, and to study the interactions
of these differentially expressed protein with one another. I have presented proteome
data that give an overview of what is happening inside the BMDMs during infection
with serotype 2 S. pneumoniae in the presence or absence of pneumolysin. Both my
heat map data and volcano figures have revealed that, by 24 hours post-infection,

BMDM had significantly altered expression of a wide range of proteins.

Furthermore, many of the proteins for which expression increased or decreased
differed between D39 and APLY infection, suggesting that PLY influences host

protein expression. Interestingly, several of the differentially expressed proteins have
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been shown to be associated with the activation of the immune system in response to

infection.

4.15.1 Proteins up regulated during pneumococcal infections

Chi313 is a lectin protein that binds a wide range of particles. Several studies have
demonstrated a key role for this protein in inflammation. In particular, Chi313 has
been shown to have chemotactic activity for T-lymphocytes, eosinophils (Owhashi et
al., 2000), macrophages (Lee, 2009) and bone marrow polymorphonuclear leukocytes
in vitro (Chang et al., 2001, Harbord et al., 2002). Many of the chitinase family
proteins such as Chi313 are expressed in macrophages and epithelial cells of the lung,
functioning as host first-line defense against exogenous agents, particularly chitin-
containing pathogens (Homer et al., 2006, Mizoguchi, 2006). Interestingly,
Wohlkénig et al. have revealed the chemical similarity between chitin and
peptidoglycan (a major component of bacterial cell walls), since chitinases can cleave
peptidoglycan (Wohlkonig et al., 2010). A recent study by Lee has revealed that
exogenous chitin stimulates the response of macrophages and regulates adaptive type
2 allergic inflammation. This study demonstrates that chitin, or perhaps structurally
similar peptidoglycan, could activate macrophages by interacting with surface
receptors such as macrophage mannose receptor (MR) and toll-like receptor 2 (TLR-
2) (Lee, 2009). My data suggest that pneumolysin is required for the up regulation of
Chi313 protein. This process may lead to increased macrophage responsiveness to
infection and lead to downstream recruitment of T lymphocytes or neutrophils. Ptgs2
was also up regulated during D39 infection. It acts as an enzyme that is involved in

the production of prostaglandin in response to mucosal damage. It is also known to
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affect downstream responses such as proliferation and apoptosis (Wang et al., 2005).
During inflammation, damage signals and cytokines signal via Myd88 to trigger the
activation of NF-#B and to induce Ptgs2 transcription (Wu et al., 2005). A study by
Manieri et al. showed that Ptgs2 is required for wound repair, since Ptgs2 knockout
mice had defects in wound repair when compared to WT mice (Manieri et al., 2012).
During D39 infection, pneumolysin-driven damage in BMDMs may drive Ptgs2
production in order to trigger the wound healing response. Here I suggest that
pneumolysin play a key role in the up regulation of Ptgs2 by BMDMs. Cxcl2 is
another protein that I found to be up regulated during D39 infection. The protein has
been shown to be chemotactic for human polymorphonuclear leukocytes (Tekamp-
Olson et al., 1990), however it does not induce chemokinesis or an oxidative burst
(Shao et al., 1998). A recent study by Roualt et al. has revealed that during human
obesity the hypertrophied white adipose tissue (WAT) generates several inflammatory
mediators, including cytokines such as IL-6 and TNF-a, and chemokines such as
chemokine ligand 2 (CXCL2) and IL-8. The expression of CXCL2 mRNA was
greater in macrophages when compared to other WT cells and positively associated
with macrophages inflammatory markers IL-6 and TNF-a. Another finding from this
study was that CXCL2 activated the adhesion of the neutrophils, its selective cell
targets, to endothelial cells in vifro (Rouault et al., 2013). My data here propose that
the pneumococcal toxin pneumolysin contributes to the up regulation of Cxcl2 and
therefore is likely to increase recruitment and adhesion of neutrophils to infection
sites. Nos2, up regulated by BMDMs stimulated with D39, stimulates the production
of nitric oxide (NO). A study by Kone et al. has shown that NO has bactericidal
activity (Kone et al., 1995) and enhances the synthesis of pro-inflammatory mediators

such as IL6 and CXCLS8 (Kim et al., 2005). Two recent studies have revealed that
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during mycobacterial infection, the non-covalently attached mycobacterial cell wall
glycolipid di-O-acylated trehalose (DAT) down-regulates the expression of inducible
nitric oxide synthase (iNOS) and the production of nitric oxide (NO) in macrophages,
which are important components in the response of the immune system against
mycobacteria, leading to inhibition of two important features of adaptive immunity;
the production of cytokines and the proliferation of T cells (Saavedra et al., 2006)
(Espinosa-Cueto et al., 2015). A study by Marriott et al. has shown also that
phagocytosis of pneumococci by human monocyte-derived macrophages stimulated
the up regulation of iNOS and the production of NO (Marriott et al., 2006), which
have shown previously to functions as potential mediators for both antimicrobial host
defense and apoptosis induction during macrophage response to pneumococci
(Bogdan, 2001). My data here show that pneumolysin is vital for the up regulation of
Nos2 protein by macrophages, since this protein was up regulated only with D39 and
not with APLY. Here I may suggest that both Nos2 and pneumolysin are required for

the activation of macrophages and the production of pro-inflammatory cytokines.

IRAK3 was up regulated by BMDMs during infection with APLY but not D39.
Rosati and Martin have revealed that IRAK3 play a key role in blocking the
dissociation of IRAK4 from the Toll- like receptor signaling complex, which is
necessary for the activation of both the transcription factor NF«B and the NLRP3
inflammasome (Rosati and Martin, 2002). Inflammasomes are defined as molecular
proteins that are commonly activated upon cellular infection leading to the maturation
of interleukin-1f3 (IL-1 B) and recruitment of immune cells such as neutrophils and
macrophages to site of infections (Schroder and Tschopp, 2010). It is well know that
pneumolysin has the ability to trigger the activation of the NLRP3 inflammasome and

the release of IL1PB from macrophages and dendritic cells (McNeela et al., 2010).
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IRAKS3 up regulation in the absence of pneumolysin suggests a weakened induction of
inflammatory responses. Met, up regulated during APLY, but not D39 infection, has a
significant role in wound healing, organ re-generation and tissue re-modeling (Bladt
et al., 1995). Met has also been revealed to play a key role in B cell differentiation
(Van der Voort et al., 2000). Met up regulation, taken together with the high
expression of IRAK3 and the lower levels of CXCL2 and Nos2 in APLY infected
BMDM suggests that the macrophage response in the absence of pneumolysin is less
geared towards inflammation and more towards healing and repair. Interleukin 1
alpha (IL-1at) and interleukin beta (IL-1f) are critically important cytokines that are
up regulated by BMDMs during both D39 and APLY infection. Both IL-1a and IL-
1 are commonly produced by activated cells including macrophages, epithelial cells

and neutrophils (Nicklin et al., 1994, Qu et al., 2007).

IL-1 family cytokines are known to promote immunity. The role of inflammasome
activation and the stimulation of IL-1 family cytokines including IL-1f in S.
pneumoniae diseases have been examined. An early study revealed that macrophage
death results in pneumolysin-dependent release of Il1b, indicating that the
inflammasome has been activated (Cookson and Brennan, 2001). Furthermore,
McNeela et al. showed that pneumolysin activates the NLRP3 inflammasome and
triggers the production of IL-1p from dendritic cells and macrophages (McNeela et
al., 2010). IL-1P has been shown to be critical to protection against pneumococcal
pneumonia (McNeela et al., 2010), by encouraging the production of IL-17A, which
was previously showed to provide protection against pneumococcal infection (Lu et
al., 2008). Moreover, a recent study by Lemon et al. showed that mice lacking

interleukin-1 receptor type 1 have fewer neutrophils early after infection, fewer
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macrophages later in carriage, and persistent pneumococcal colonisation.
Furthermore, mice treated intranasally with Il-1f3 clear colonised pneumococci
(Lemon et al., 2015). My data show here, showing up regulation of IL-1 family
cytokines during D39 infection is in line with previous findings that pneumococcus
activates the inflammasome. Interestingly, the same cytokines were up regulated
during infection with APLY (in the absence of pneumolysin), which may propose that
another pneumococcal protein might have the ability to stimulate the activation of
inflammasomes. CD14 was also up regulated during both D39 and APLY infection.
The importance of this protein was revealed when several studies demonstrated that
lipopolysaccharides from gram-negative bacteria and peptidoglycan from gram-
positive bacteria were able to activate cytokine production by monocytes following
interaction with CD14, leading to activation of Toll-like receptors (Kusunoki et al.,
1995, Gupta et al., 1999, Schwandner et al., 1999). Another study by Yoshimura et al.
has shown that CD14-dependent NF-%B translocation occurred upon infection of cells
with Staphylococcus aureus (Yoshimura et al., 1999). This study demonstrated that
gram-positive bacteria have a key role in triggering intracellular pathways after their
interaction with CD14 and TLRs. Furthermore, a study by Ebong et al. has shown that
CD14 is significant for the production of pro-inflammatory and anti-inflammatory
cytokines, since CD14 knockout mice produce reduced levels of IL-18, TNF, IL-6
and IL-10 during sepsis induced by cecal ligation and puncture when compared to
wild-type mice (Ebong et al., 2001). Increased expression of CD14 by macrophages
during pneumococcal infection may increased their responsiveness to peptidoglycan
present in the cell wall of S. pneumoniae, thus aiding their activation and leading to
the production of important cytokines such as IL-1f3, TNF, IL-6. Stat5a, up regulated

during both D39 and APLY infection has been shown to play a vital role in a range of
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cellular functions, including differentiation, proliferation, and survival. Stat5 plays a
significant role in the maintenance of immune function and homeostasis, both of
which are regulated by IL-2 cytokine signaling (Rani and Murphy, 2015). An early
study has shown that Stat5 proteins are activated by granulocyte macrophage-colony
stimulating factor (GM-CSF) in early myeloid differentiation (Yamaoka et al., 1998,
Lehtonen et al., 2002). GM-CSF is known to play a key role in the maturation and
activation of monocyte and macrophage functions, which is important for the
production of pro-inflammatory responses in response to infections (Biethahn et al.,
1999, Lehtonen et al., 2002). Furthermore, another study by Litherland et al. has
showed that the dysfunction of Stat5 leads to the dysregulation of GM-CSF signaling
and gene activation in autoimmune macrophages and monocytes (Litherland et al.,
2005). As a result, the study suggest that Stat5 and GM-CSF-induced dysfunction in
myeloid differentiation and macrophage/monocyte activation has the potential to

affect the progress and role of myeloid cells as antigen presenting cells (APC) and
their main function in maintaining immune self-tolerance. Increased StatS production

during D39 and APLY infections likely indicates an activated macrophage state and a
step on the pathway towards production of key immune defense cytokines such as IL-
2. The C-type lectin receptor Clec4d was up regulated during D39 and APLY
infections. It has been shown to function as a pattern recognition receptor (PRR),
shaping immune responses by identifying pathogen associated molecular patterns
(PAMPs) including peptidoglycan of Gram positive bacteria (Rabinovich et al.,
2012). A study by Stiechen et al. has shown that Clec4d has a protective role in
resolution of pneumonia caused by Klebsiella pneumoniae (Steichen et al., 2013). WT
mice infected with a sub-lethal dose of bacteria were able to resolve the infection,

whereas Clec4d knockout mice were highly susceptible to infection with a huge
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accumulation of neutrophils in lungs when compared to WT mice. Interestingly, this
study has revealed that the Clec4d knockout neutrophils did not show any defect
during the clearance of bacteria, suggesting that Clec4d has a key role in resolution of
inflammation, probably by helping neutrophil turnover in lungs (Steichen et al.,
2013). Furthermore, a recent study by Wilson et al. has demonstrated that Clec4d
functions as a key molecule in anti-mycobacterial host defense (Wilson et al., 2015),
since Clec4d knockout mice infected with M. tuberculosis display greater bacterial
burdens and increased mortality during infection. The same mice have acute
pulmonary inflammation, characterized by increased neutrophil recruitment, and
reduced mycobacterial uptake by pulmonary leukocytes when compared to WT mice
(Wilson et al., 2015). High levels of production of Clec4d by BMDMs during D39
and APLY infections may suggest that Clec4d is required to control inflammation
during pneumococcal infection, perhaps by regulating neutrophil recruitment and
turnover. Control of the magnitude of inflammatory responses during pneumococcal

infection is crucial to disease resistance (Neill et al., 2010).

My data highlighted key interactions between the proteins that were up regulated by
BMDMs during pneumococcal infection. These include Chi3l3, Nos2, Ptgs2, Met,
IL-1a, IL-1PB, Cxcl2, Cd14, Clec4d, StatSa and Irak3. My data showed that these
proteins were variously co-expressed, involved in catalysis of one another, bound one
another, and reacted with and regulated one another. Some of these proteins were not
up regulated in the absence of pneumolysin, suggesting involvement in toxin-induced
signaling. Interestingly, a cluster of these interacting proteins (including IL-1a, IL-1f3,
Cd14, IRAK3, Cxcl2) were described previously to be involved in the signaling
pathway of Toll-like receptors (TLRs), which is a key mechanism by which the

immune system identifies the molecular patterns that are expressed by pathogens
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including S. pneumoniae (Akira and Takeda, 2004). The activation of TLRs induces
the expression of a wide range of proteins that may have key roles in promoting the
activation of important immune cells such as macrophages (Akira and Takeda, 2004).
It has been shown previously that the activation of TLR-2 on monocytes during
mycobacterial infection was required to trigger the activity of IL-1 receptor and IL-
Ibeta (Liu et al., 2009). The induction of IRAK3 protein by tumor cells was also
described previously to be mediated by TLR-4 (del Fresno et al., 2005). Furthermore,
the production of Cxcl2 by monocytes/macrophages has also shown previously to be
correlated with the expression of TLR-4 (Tsujimoto et al., 2005) and Nos2 has also
been identified as contributing to the expression of TLR-4 during sepsis (Zhu et al,
2006). A recent study by Vogel et al. has showed that the expression of Met protein is
influenced and controlled by TLR-4 (Vogel et al., 2014). Moreover, another study has
showed also that Stat5a has an important role in the regulation of TLR-2 expression
(Musikacharoen et al., 2001). Another study has revealed that during the stimulation
of macrophages with yeast zymosan, Ptgs2 expression was associated with the
presence of TLR-2 (Hellmann et al., 2015). These data suggest that many of the up-
regulated proteins identified in my study may be related to macrophage recognition of
infection by pattern recognition. Macrophages have been considered as an important
immune cells due to their involvement in the initiation and resolution of tissue
inflammation (Gordon et al., 2002). Also, macrophages have shown the ability to
regulate the host inflammatory response to infection through production of
antimicrobial molecules, the generation of cytokines and chemokines, and the
presentation of microbial antigens on MHC, therefore connecting innate to adaptive
immunity (Gordon et al., 2002). Taken together, my data here suggest that during

pneumococcal infection BMDMs function as a first line defense against infection by
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expressing a wide range of proteins that act at the first stages of induction of
immunity to initiate and coordinate responses. The up regulated proteins would likely
induce downstream signaling that would stimulate other immune processes including
phagocytosis and the recruitment of other immune cells such as neutrophils to sites of

infections.

4.15.2 Proteins down regulated during pneumococcal infection

Csflr was expressed at lower levels in D39 infected BMDM than in uninfected
macrophages. This protein plays a key role in the proliferation, regulation of survival
and differentiation of monocytes and macrophages (Dai et al., 2002). A recent study
by Huynh et al. has revealed that Csflr was required for the proliferation and
regulation of macrophages functions in the large intestine of mice during acute
inflammation induced by dextran sulfate sodium (Huynh et al., 2013). This protein
has also been shown to promote the production of important cytokines. Another
recent study has showed that Csflr was required for the production of CSF-1 and IL-
34 cytokines, which are known to stimulate the development of macrophages and
monocytes and promote their responses to infection (Yamane et al., 2014). My data
here showed that Csflr has down regulated by BMDMs during infection with D39,
but not APLY, which may point to a role for pneumolysin in prevention of the
proliferation or activation of macrophages and inhibition of their functions in
response to infection. Anp32b, down regulated during infection with D39, has been
reported to function as an inhibitor for caspase-3, and thus act as a negative regulator
for apoptosis (Shen et al., 2010). Caspase-3 is required to activate death protease,

catalyzing the specific cleavage of numerous cellular proteins (Huttlin et al., 2010).
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Apoptosis is a genetic mechanism used by a wide range of immune cells to eliminate
infected, or damaged cells, to maintain homeostasis tissue, and to provide an effective
immune response (Adams, 2003). The down regulation of Anp32b by BMDMs during
D39 infection would reduce the inhibition of caspase 3 and thus stimulate apoptosis.
BMDMs may utilize this mechanism to trigger apoptosis of infected cells to aid in
containment of infection. Myd88 was also down regulated during D39 infection and is
known to be involved in Toll-like receptor and IL-1 receptor signaling pathways
during the response of the innate immune system to infection (Burns et al., 1998).
MyD88 has previously been described as a marker of macrophage differentiation
(Hardiman et al., 1996). A study by Von Bernuth et al. has shown that Myd88
knockout mice infected intranasally with S. preumoniae were more susceptible to
infection when compared to WT mice (Von Bernuth et al., 2012). Another study has
revealed that MyD88 is important for signaling via all TLRs, except TLR3, and for
signaling via the interleukin 1 receptor (IL-1R), which is required for the activation of
NF-%B and inflammasome (Kawai and Akira, 2010). To support this, in my previous
chapter I have showed that MyD88 is required for the production of IL-1f and
activation of the inflammasome. Here, my data suggest that Myd88 is down regulated
during D39 infection, which may reflect a pathogen-driven inhibition of host immune
responses. A previous study by McNeela et al. demonstrated that pneumolysin is

required for the activation of inflammasome and for the production of IL-1f3

(McNeela et al., 2010) and so its down regulation here is contrary to expectations.

Pdcl3 is known to modulate the activation of caspases during inflammation and
apoptosis. Caspase expression is required for the maturation of lymphocytes
(Wilkinson et al., 2004). My data here show that Pdcl3 was down regulated during

pneumococcal infections with both D39 and APLY. This phenomenon may suggest
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either that the pneumococcus plays a key role in promoting the activation of caspases,
to trigger apoptosis of host effector cells or else that it is a host-driven response to
infection as an attempt to clear infected cells and prevent the damaging inflammation

associated with necrotic cell death.

4.15.3 Proteomic study limitations:

Proteomic is an expensive method to study large scale of proteins, since it biased
against certain groups of proteins involving hydrophobic and low abundance proteins
only. Furthermore, its labeling processes have some limits, because it lacks the ability
to label proteins without lysine, and therefore require particular equipment for
visualization, which are very expensive. Analyzing proteomic data is another
important issue, since it requires the use of different complicated protein resources to
identify the obtained proteins and their molecular and biological functions. Also, the
use of proteins classification systems is not easy and may need special training to

analysis and understand the obtained data.

4.15.4 Conclusions and Implications

Several previous studies performed by our group have shown that nasopharyngeal
colonisation promotes host immunity to pneumococcus, however this is either
ineffective in clearance of colonisation or else other immune mechanisms exist that

allow or tolerate carriage (Richards et al., 2010, Ferreira et al., 2013, Neill et al.,
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2014). My data in this chapter shows that macrophages produce a wide range of
proteins in response to infection that may play key roles in defense against S.
pneumoniae. Here 1 have suggested that S. pneumoniae pneumolysin induces the up
regulation/down regulation of several proteins to subvert the responses of
macrophages. However, pneumolysin has also been shown to be required for the
production of protective pro-inflammatory responses. In particular, PLY triggers the
production of IL-1 B and the activation of the inflammasome, which has been
described previously to be important for protection against pneumococcal infection
(McNeela et al., 2010). Also, I have shown that pneumolysin is required for the
production of several significant proteins such as Chi3l3, Ptgs2, Cxcl2 and Nos2
proteins, which have been shown to be required to trigger the activity of key immune
cells (such as T-lymphocytes and macrophages) and the production of pro-

inflammatory response (such as IL-6 and TNF).

My data in this chapter have provided an overall picture for the reaction of
macrophages in response to pneumococcus. Since infected macrophages express a
wide range of proteins, my data here suggest that during pneumococcal infection
macrophages use several mechanisms to deal with pneumococcus. Some proteins
were responsible for the activation of macrophages; leading to induction of the
production of important pro-inflammatory cytokines, other proteins had involvement
in the apoptosis process, aiding macrophage clearance of infection. However, it is not
clear to what extent the pneumolysin-induced changes in protein expression benefit
the host and to what extent they benefit the bacteria. More research in this area is
required. My data do suggest, however, that pneumolysin drives the production of
factors, which will lead to downstream recruitment of T lymphocytes and neutrophils.

The macrophage response in the absence of pneumolysin is less geared towards
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inflammation and more towards healing and repair. My data support the proposal that
pneumolysin could be used as a mucosal adjuvant to produce protective immunity
against pneumococcal infections, since it drives the expression of key immune-
activating factors. These data, combined with previous reports that pneumolysin
functions as a strong activator of both mucosal and systemic immune responses
(McNeela et al., 2010) and boosts IgG and IgA antibody titres to pneumococcal
protein PsaA (Douce et al., 2010), suggests its inclusion in vaccine formulations

would be advantageous.

Chapter 5: Conclusion

5.1 Overall summary

The work presented in this PhD thesis is part of a wider aim to elucidate host-
pathogen interactions in pneumococcal infection, with the long-term goal of
informing future vaccine design. The pneumococcus is a significant contributor to
global morbidity and mortality, and treatment and management of infection comes at
a huge financial cost to society. In particular, pneumococcal disease places a great

strain on the health care resources of developing and under-developed countries.

Nasopharyngeal colonisation is a vital precursor to localized or systemic
pneumococcal infection. The pervasive production of pneumolysin by S. pneumoniae
and the high degree of conservation of the PLY gene between pneumococcal strains

suggest a significant role for the toxin in key phases of the pathogen life cycle
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(Kadioglu et al., 2008). Murine models of long-term nasopharyngeal colonisation
have revealed that pneumolysin is required for successful colonisation, since PLY
deficient strains are cleared from the nasopharynx (Kadioglu et al., 2002) (Richards et
al., 2010). However, in addition to its role as a key virulence factor, pneumolysin is
also a potent stimulator of host immunity, and has been demonstrated to induce
cytokine expression in dendritic cells and macrophages (McNeela et al., 2010. A
recent study by Bewely et al. has shown that PLY contributes to macrophage

activation and production of cytokines including IL-13 (Bewley et al., 2014).

The data in this PhD thesis highlight the key role of pneumolysin in shaping immune
responses during pneumococcal infection, particularly through interactions with
macrophages. I have explored the role of MR in anti-pneumococcal immunity in the
presence and absence of the pneumococcal toxin pneumolysin, since a previous study
by our lab had identified a population of MR-expressing macrophages in the
nasopharynx of mice undergoing prolonged pneumococcal carriage (Neill et al.,
2014). My work demonstrates that macrophage MR is important for the recognition
and phagocytosis of S. pneumoniae. Furthermore, 1 propose that during
nasopharyngeal colonisation a state of immune tolerance is generated that is driven, in
part, by pneumolysin-MR interactions. Nasal mucosa-associated macrophages are key
to inducing this tolerogenic state; T- regulatory cells, IL-10 and TGF-f3 are key to its
long-term regulation. S. pneumoniae may use PLY to maintain colonisation in the
host nasopharynx through interactions with macrophage MR, encouraging
macrophage-induced differentiation of regulatory T cells, leading to production of
anti-inflammatory cytokines including IL-10 and TGF-f} that are key to long-term

maintenance of carriage (Neill et al., 2014). Thus, PLY contributes to the suppression
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of pro-inflammatory responses to infection and hence facilitates maintenance of

asymptomatic nasopharyngeal carriage.

My data suggest that therapeutic blockade of MR could encourage classical activation
of macrophages, the production of pro-inflammatory cytokines and the recruitment of
effector immune cells that would clear pneumococcal infection from host
nasopharynx. Such a strategy would, however, run the risk of tipping the delicate
immune balance in the nasopharynx in favor of damaging inflammation that might
facilitate bacterial dissemination. Further work in this area is required to determine
whether a therapeutic approach directed towards encouraging classical macrophage
activation would be efficacious. My study results also have implications for vaccines
based around PLY and its derivatives. The pneumococcal toxin has been proposed as
a candidate mucosal adjuvant to generate protective immunity against pneumococcal
infections, as it has been shown previously to act as a potent activator of both mucosal
and systemic immune responses (McNeela et al., 2010), and to boost IgA and IgG
antibodies titres to pneumococcal protein PsaA (Douce et al., 2010). However, these
observed phenomena rely on the cytolytic activity of toxin. Therefore, I suggest that
PLY could be used in a formulation with carbohydrate antigens (such as Mannan) that
could block MR and thus promote classical activation and the induction of Thl and
Th17 responses and associated production of protective IL-17 and IFN-y, which are
known to stimulate immunity against pneumococcal infections (McNeela et al.,
2010). However, my proteomic data highlights the complexity of pneumolysin-
induced signaling in immune cells. The activation of several pro-inflammatory and
apoptotic pathways in macrophages appeared to be partially PLY-dependent,
suggesting that any inclusion of PLY or its derivatives as vaccine adjuvants would

require careful formulation.
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My proteomic data also demonstrate that macrophages use several mechanisms to deal
with pneumococcal infection. Some upregulated proteins were associated with the
activation of macrophages and the production of key pro-inflammatory cytokines,
whilst other proteins form part of apoptotic pathways and may reflect a ‘sacrificial’
approach used by macrophages to clear infection. It is possible, however, to peer
through the complexity of pneumococcal-induced protein expression changes in
macrophages and see some key elements of host defense emerging. Several of the up-
regulated proteins, such as Chi3l3, would likely yield increased macrophage
responsiveness to infection and lead to downstream recruitment of T lymphocytes or
neutrophils. Furthermore, there is evidence of macrophages responding to
pneumolysin-induced cell damage through the up regulation of proteins associated
with the wound healing response, including Ptgs2. In the absence of pneumolysin,
macrophages showed a reduction in the induction of several key immune defense
proteins, including IRAK3 and Met, and the overall picture was of a macrophage less
geared towards inflammation and more towards healing and repair. Interestingly, a
number of proteins up regulated in the presence of pneumolysin form part of the
signaling pathway of Toll-like receptors, supporting previous observations that
pneumolysin is important in the process of immune cell pattern recognition during
pneumococcal infection (McNeela et al, 2012). My data support the notion that
pneumolysin is an important trigger of key pro-inflammatory cytokines such as IL-1f3
and that it aids the activation of NF-»«B pathways that are required for the activation of

the inflammasome.

Taken together, my studies highlight a dichotomy in pneumolysin-induced host
responses. On the one hand, PLY triggers the production of pro-inflammatory

cytokines and the induction of proteins that have key roles in the activation of
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immune defense against pneumococcal infections. The cytolytic activity of PLY is
often key to the initiation of these immune actions. On the other hand, however, the
binding of PLY to MR seems to be linked with the alternative activation of
macrophages, leading to reduction in the production of pro-inflammatory mediators
and increased differentiation of T regulatory cells. Again, the cytolytic domain of
PLY seems to facilitate binding to MR, since PdB showed reduced levels of binding

compared to PLY.

The dual role of pneumolysin is matched by a dual role for MR-expressing
macrophages during pneumococcal carriage. In early infection macrophages play a
direct antimicrobial role through the phagocytosis of pneumococci via a process that
is partially MR-dependent. They also recruit effector cells such as neutrophils via the
production of MR-dependent chemokines and cytokines. Subsequently, during long-
term pneumococcal carriage, activated macrophages may drain to cervical lymph
nodes to trigger immune responses that act to inhibit host tissue damage and systemic
pneumococcal dissemination. This involves the stimulation of T cell differentiation

into regulatory T cells, leading to production of large amounts of IL-10 and TGF- 3 .

These anti-inflammatory cytokines will recruit more regulatory T cells into the
nasopharynx, leading to maintenance of stable pneumococcal carriage and prevention
of damage to host tissues. MR expression appears to be key to the ability of
macrophages to induce T regulatory cell differentiation following exposure to
pneumococci. However, stimulation of Thl and Thl17 cell differentiation by MR-
expressing macrophages was also observed and this may contribute to control of

bacterial proliferation in the nasopharynx. I verify here that both the pneumococcal
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toxin pneumolysin and macrophage MR have important roles in encouraging

macrophage induction of T cell differentiation.

In conclusion, my data highlight the complexity of host-pathogen interactions,
especially when the pathogen concerned is also a some-time commensal. A ‘one size
fits all’ approach to immune defense is not appropriate when the need to control
bacterial proliferation must be balanced with the need to maintain tolerance and
homeostasis in the microbe-rich niche of the nasopharynx. Consequently, the
interaction between pneumococcus and macrophage is not as simple as an attempt by
one to kill the other; rather it reveals the delicate balance that exists in the
nasopharynx, where bacterial colonisation is controlled by resident macrophages but
is not, on the whole, met with a robust attempt at clearance. This balance is clear in
the ability of macrophages to phagocytose and kill pneumococci, however at the same
time to stimulate the differentiation of T regulatory cells whose actions maintain
bacterial carriage. The same balance can be observed in the induction of both pro-

and anti-inflammatory host signaling by pneumolysin.

5.2 Future prospects

My work raises some key unanswered questions and paves the way for future
research. The observation that PLY binds to MR is novel but requires further
characterization. I have demonstrated that domain 4 is instrumental in this binding
activity, but the precise binding site has not been characterized. However, the weak
binding observed with PdB suggested that the substitution of tryptophan for

phenylalanine in the cytolytic domain disrupts the binding site. Exploring the binding
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of PLY to MR and understanding the mechanism that PLY uses to trigger the
alternative activation of macrophages would aid production of PLY derivatives for

use in future vaccine development.

Despite the apparent importance of MR for macrophage responses to pneumococci in
vitro, MR” mice displayed only a transiently increased susceptibility to
pneumococcal carriage. Elucidating which pathways compensate for the MR-deficit
in vivo would aid our understanding of redundancy within the immune system.
Furthermore, performing carriage experiments using WT and MR mice with
different pneumococcal serotypes and with clinical isolates may expose new
phenotypes. My data reveal the importance of MR during pneumococcal carriage,
where its ability to bind PLY leads to induction of host signaling and cytokine
production. It would be of interest to examine the role of MR during acute infection
(pneumococcal pneumonia, sepsis or meningitis), as macrophages resident in different
tissues often display very different phenotypic characteristics. So, performing
pneumonia, sepsis and meningitis experiments using WT and MR mice with
different serotype of S. pneumoniae may further aid elucidation of the role of

macrophages MR during pneumococcal infections.

Although my proteomic data has demonstrated the ability of macrophages to produce
a wide range of proteins in response to pneumococcal infection, the exact role of the
implicated signaling pathways is not clear and requires further investigation. Ablation
of expression of implicated genes, such as Nos2 and Ptgs2, in macrophages may help

reveal their functions during carriage and disease.

The cytolytic activity of PLY is required for MR binding, for the generation of

immune tolerance and for the induction of cytokine production during pneumococcal
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infection. Interestingly however, some serotype 1 isolates produce a non-haemolytic
pneumolysin but are still capable of inducing invasive diseases and have been
associated in particular with empyema (Jefferies et al., 2007). Examining the
interaction between MR and serotype 1 that produce non-haemolytic PLY using
invasive dose of bacteria with WT and MR™ mice could be beneficial and may shown
other important roles for MR during pneumococcal infections. Also, exploring the
contribution of the pneumococcal capsule or other pneumococcal virulence factors

may shed further light on complex disease processes.

MR has previously been described as a marker for the alternative activation of
macrophages, however my data highlight a broader role for this receptor in
macrophage activation and in directing responses to pneumococcal infection. PLY has
long been known to be a potent trigger of innate immunity and my data reveal that
PLY contributes to the activation of macrophages and to interactions with MR. These
observations indicate that there is a strong justification for the inclusion of PLY or its
derivatives in future pneumococcal vaccines and that the induction of MR signaling

pathways by vaccine components should be considered.
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Appendices

Appendix 1

List of proteins showing fold changes and statistically significant differences in

expression of BMDM proteins between untreated (Unt) cells and D39.

Q9DBG3 AP2B1_MOUSE 2.642094804  0.000115212 Unt D39
P57776 EF1D_MOUSE 3.830880606  0.000172432 Unt D39
Q91v(C3 IFAA3_MOUSE 2.099253882  0.000276994 Unt D39
Q9wvseo SNX1_MOUSE 2.444609948  0.000620401 Unt D39
P08905 LYZ2_MOUSE 1.522645975  0.000752341 Unt D39
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P54987 IRG1_MOUSE 7.179098567  0.000778451 D39 Unt
P84078 ARF1_MOUSE 1.921879929  0.001737475 Unt D39
P61161 ARP2_MOUSE 2.624891073  0.001767278 Unt D39
P08113 ENPL_MOUSE 1.894164913 0.00183959 D39 Unt
008808 DIAP1_MOUSE 4.876600063  0.001986346 Unt D39
P60766 CDC42_MOUSE 3.062520569  0.002185952 Unt D39
P20029 GRP78_MOUSE 1.601034316  0.002239283 D39 Unt
P62334 PRS10_MOUSE 2.845010272  0.002278164 Unt D39
P10605 CATB_MOUSE 3.050879484  0.002519153 Unt D39
Q60854 SPB6_MOUSE 2.947031808  0.002778146 Unt D39
Q11136 PEPD_MOUSE 2.550697703  0.003314946 Unt D39
P67778 PHB_MOUSE 1.658629662  0.003793509 D39 Unt
Q8BFR5 EFTU_MOUSE 1.33201796 0.003911828 D39 Unt
P62204 CALM_MOUSE 1.576142894  0.004281379 Unt D39
P27659 RL3_MOUSE 2.673556373  0.004673541 Unt D39
P63001 RAC1_MOUSE 2.818479063  0.004782323 Unt D39
P57759 ERP29_MOUSE 1.761878777  0.005749513 D39 Unt
Q8BK67 RCC2_MOUSE 30.65803068  0.006198819 Unt D39
P70670 NACAM_MOUSE 2.746584767  0.006493338 Unt D39
Q8BGQ7 SYAC_MOUSE 2.219722324  0.006736873 Unt D39
P99026 PSB4_MOUSE 2.126885269  0.007075396 Unt D39
Q61937 NPM_MOUSE 1.937943071  0.007282286 Unt D39
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P46664 PURA2_MOUSE 6.303266999 0.00749462 Unt D39
Q8K297 GT251_MOUSE 1.462538981  0.007562828 D39 Unt
Q8BL97 SRSF7_MOUSE 4.705153817  0.007585064 Unt D39
Q05144 RAC2_MOUSE 2.196653035 0.007664766 Unt D39
P17918 PCNA_MOUSE 2.969341186  0.007700279 Unt D39
Q9DBP5 KCY_MOUSE 2.887145768  0.008368744 Unt D39
P24527 LKHA4_MOUSE 2.230816487  0.009274534 Unt D39
P50427 STS_MOUSE 4.794686763  0.009421782 D39 Unt
Q05769 PGH2_MOUSE 8.607296457  0.009896371 D39 Unt
Q8BMS1 ECHA_MOUSE 2.118807241  0.009924724 D39 Unt
P29788 VTNC_MOUSE 4.949903934  0.009977579 D39 Unt
Q9DOE1 HNRPM_MOUSE 1.870445656  0.010146052 D39 Unt
P63276 RS17_MOUSE 3.676879834  0.010526276 Unt D39
Q8R1F1 NIBL1_MOUSE 2.645122762  0.010756155 D39 Unt
P80317 TCPZ_MOUSE 1.453195545 0.01082077 Unt D39
Q9D8U8 SNX5_MOUSE 2.644468347  0.011729807 Unt D39
P05063 ALDOC_MOUSE 3.796021795  0.011905855 Unt D39
P06797 CATL1_MOUSE 2.648530744  0.012002412 Unt D39
P21981 TGM2_MOUSE 1.902548378  0.012129597 Unt D39
Q9Qum9 PSA6_MOUSE 2.121096208  0.012334511 Unt D39
Q3THS6 METK2_MOUSE 4.545943534  0.012350299 Unt D39
Q9R1P3 PSB2_MOUSE 3.512178734  0.012478139 Unt D39
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Q8K124 PKHO2_MOUSE 2.382353243  0.013311689 Unt D39
070251 EF1B_MOUSE 1.984973589  0.013585568 Unt D39
P97315 CSRP1_MOUSE 3.499073276 0.01366934 Unt D39
Q9D1A2 CNDP2_MOUSE 1.726085861  0.014025886 Unt D39
Q64337 SQSTM_MOUSE 5.42823774 0.014497411 D39 Unt
P60843 IFAA1_MOUSE 1.70517327 0.014498899 Unt D39
Q8R1F1 NIBL1_MOUSE 2.431231881 0.01532357 Unt D39
Q9D8Y0 EFHD2_MOUSE 3.997444422  0.015462736 Unt D39
P98078 DAB2_MOUSE 10.61956686  0.015543638 Unt D39
Q60932 VDAC1_MOUSE 1.426413714 0.01555357 D39 Unt
P63276 ACADS_MOUSE 7.538040735  0.015578573 Unt D39
Q60668 HNRPD_MOUSE 2.268038403 0.01570923 Unt D39
Q8VvDJ3 VIGLN_MOUSE 8.12976964 0.015884722 Unt D39
Q9EQH3 VPS35_MOUSE 2.491817843  0.015943459 Unt D39
Q9DB77 QCR2_MOUSE 1.493454965 0.01605293 D39 Unt
P63242 IF5A1_MOUSE 2.33513008 0.01608664 Unt D39
Q07417 ACADS_MOUSE 1.431227647  0.016419739 D39 Unt
Q9D662 SC23B_MOUSE 2.052219054  0.016460305 Unt D39
Q9R1PO PSA4_MOUSE 7.352451036 0.01663564 Unt D39
P05555 ITAM_MOUSE 1.231636183  0.016728992 D39 Unt
Q9R0Q3 TMED2_MOUSE 2.722912842  0.016746322 D39 Unt
P08003 PDIA4_MOUSE 1.524511856  0.017599413 D39 Unt
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P51569 AGAL_MOUSE 2.323925998  0.017682056 Unt D39
008807 PRDX4_MOUSE 1.555577253  0.018022643 D39 Unt
P28352 APEX1_MOUSE 1.970487615  0.018147219 Unt D39
P39054 DYN2_MOUSE 1.838192772  0.018162229 Unt D39
Q8BKC5 IPO5_MOUSE 2.28646132 0.018173817 Unt D39
035841 API5_MOUSE 1.689981915  0.018363087 D39 Unt
Q6P069 SORCN_MOUSE 4.880076693  0.018505487 Unt D39
Q9R0Q7 TEBP_MOUSE 2.498295539  0.018533458 Unt D39
Q6ZWN5 RS9_MOUSE 2.557465453 0.01884961 Unt D39
P57780 ACTN4_MOUSE 3.238182515  0.018881343 Unt D39
P80314 TCPB_MOUSE 2.316149378  0.019046373 Unt D39
Q91YTO NDUV1_MOUSE 2.148716125  0.020075349 D39 Unt
P35441 TSP1_MOUSE 1.803642887  0.020230756 D39 Unt
008553 DPYL2_MOUSE 3.165592997 0.02026667 Unt D39
055131 SEPT7_MOUSE 2.828916586  0.020419327 Unt D39
QI9EQK5 MVP_MOUSE 1.255000804  0.020816426 D39 Unt
P70372 ELAV1_MOUSE 2.821721727  0.020898504 Unt D39
Q91vi2 BACH_MOUSE 5.512172254  0.021312701 Unt D39
P17751 TPIS_MOUSE 3.610980239  0.021801044 Unt D39
P05201 AATC_MOUSE 2.937011655 0.0219596 Unt D39
P29699 FETUA_MOUSE 4.163350326  0.022169526 D39 Unt
Q6PDM2 SRSF1_MOUSE 3.754354879  0.022219539 Unt D39
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P97807 FUMH_MOUSE 2.020270258  0.022483025 D39 Unt
Q9I1vw3 SH3L3_MOUSE 5.072936473  0.022613001 Unt D39
Q9CY64 BIEA_MOUSE 3.23148992 0.022834834 Unt D39
Q8K2Q7 BROX_MOUSE 6.151405839 0.02289493 Unt D39
P51174 ACADL_MOUSE 1.639310022  0.022950091 D39 Unt
P68040 GBLP_MOUSE 3.274323429  0.023208512 Unt D39
Q6P1B1 XPP1_MOUSE 2.033293357  0.023231434 Unt D39
Q9Jjus SH3L1_MOUSE 4.864985195 0.02369873 Unt D39
P20060 HEXB_MOUSE 1.382079497  0.024442854 Unt D39
Q9D2G2 0ODO02_MOUSE 2.420475253 0.02485812 D39 Unt
Q97172 STRAP_MOUSE 8.064938086  0.025195607 Unt D39
Q922R8 PDIA6_MOUSE 1.801758848  0.025491396 D39 Unt
P26638 SYSC_MOUSE 3.412251234  0.025956644 Unt D39
Q9ocaQ7 AT5F1_MOUSE 2.075787207  0.026446349 D39 Unt
Q9DOK2 SCOT1_MOUSE 1.992360989  0.026560989 D39 Unt
P26443 DHE3_MOUSE 1.736682113 0.02667564 D39 Unt
Q99KV1 DJB11_MOUSE 1.743206723  0.026764301 D39 Unt
Q9CPUO LGUL_MOUSE 6.461886858  0.026866289 Unt D39
070492 SNX3_MOUSE 1.504987277  0.026866483 Unt D39
P47738 ALDH2_MOUSE 1.719026789  0.027107058 D39 Unt
P62827 RAN_MOUSE 3.153217673  0.027119196 Unt D39
QaJIY5 HTRA2_MOUSE 1.473621924 0.02715153 Unt D39
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P35278 RAB5C_MOUSE 1.784884073  0.027625381 Unt D39
P50516 VATA_MOUSE 1.54471257 0.02779199 D39 Unt
P09671 SODM_MOUSE 2.461180271  0.027884137 D39 Unt
P60335 PCBP1_MOUSE 1.6337891 0.027935143 Unt D39
P19973 LSP1_MOUSE 3.289875291  0.027949902 Unt D39
Q8Jzv7 NAGA_MOUSE 5.691986805  0.028467251 Unt D39
Q60597 ODO1_MOUSE 2.519215726  0.028685462 D39 Unt
Q5ssL4 ABR_MOUSE 3.983768834  0.028800419 Unt D39
P09405 NUCL_MOUSE 2.67107106 0.028850245 Unt D39
Q03265 ATPA_MOUSE 2.018756482  0.028973696 D39 Unt
Q3TW96 UAP1L_MOUSE 2.241007807 0.02903345 Unt D39
Q99KK7 DPP3_MOUSE 2.32305289 0.029573875 Unt D39
P46638 RB11B_MOUSE 3.316836292  0.029668602 Unt D39
P14211 CALR_MOUSE 2.019503093  0.029673316 D39 Unt
Q9CQ60 6PGL_MOUSE 4.731329217  0.029950752 Unt D39
P11835 ITB2_MOUSE 1.304994613  0.030107991 D39 Unt
P28474 ADHX_MOUSE 2.016834839 0.03019735 Unt D39
Q9R1T2 SAE1_MOUSE 5.168798715  0.030271953 Unt D39
P62331 ARF6_MOUSE 3.58355747 0.031172405 Unt D39
088456 CPNS1_MOUSE 1.828285884  0.031459787 Unt D39
P14869 RLAO_MOUSE 3.201691579  0.031548301 Unt D39
009131 GSTO1_MOUSE 3.714377156  0.031800978 Unt D39
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P56399 UBP5_MOUSE 1.918789615  0.032125423 Unt D39
P37040 NCPR_MOUSE 2.347487165 0.03228013 D39 Unt
P47757 CAPZB_MOUSE 3.004612868  0.032303897 Unt D39
Q8BWT1 THIM_MOUSE 1.552746628  0.032562171 D39 Unt
Q00519 XDH_MOUSE 1.788364115  0.033019745 Unt D39
Q8BHN3 GANAB_MOUSE 1.49620051 0.033101258 D39 Unt
Q9WUA3 K6PP_MOUSE 1.884056903  0.033361732 Unt D39
008539 BIN1_MOUSE 3.519075672  0.033866834 Unt D39
P28656 NP1L1_MOUSE 3.470203602  0.033904363 Unt D39
Q8K157 GALM_MOUSE 5.018381816  0.033981346 Unt D39
Q7TQI3 OTUB1_MOUSE 2.55482455 0.034199928 Unt D39
P68181 KAPCB_MOUSE 2.198801891 0.03424006 Unt D39
P12970 RL7A_MOUSE 1.282329065  0.034429882 Unt D39
P61750 ARF4_MOUSE 1.512871418  0.034724877 Unt D39
Q78PY7 SND1_MOUSE 1.881399008  0.035174232 Unt D39
P27773 PDIA3_MOUSE 2.01463333 0.035314008 D39 Unt
P48678 LMNA_MOUSE 1367576811  0.035353149 Unt D39
P54071 IDHP_MOUSE 1.552802848  0.035802048 D39 Unt
Q9EST5 AN32B_MOUSE 2.535361691  0.036108395 Unt D39
P63038 CH60_MOUSE 1.949366729  0.036209871 D39 Unt
Q64152 BTF3_MOUSE 3.020205004 0.03626428 Unt D39
P56480 ATPB_MOUSE 2.293072353  0.036306369 D39 Unt
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Q99LP6 GRPE1_MOUSE 2.754269379  0.036402523 D39 Unt
P19783 COX41_MOUSE 2.437314609 0.03645526 D39 Unt
P70195 PSB7_MOUSE 2.770721871  0.036498119 Unt D39
009061 PSB1_MOUSE 2.824434857  0.037355456 Unt D39
Q9ZON1 IF2G_MOUSE 3.314348198  0.037414865 Unt D39
P25444 RS2_MOUSE 2.343217194  0.037541084 Unt D39
Q6WVG3 KCD12_MOUSE 2.543648214 0.03766201 Unt D39
P68510 1433F_MOUSE 4.801240245  0.037731403 Unt D39
Q8BMF4 ODP2_MOUSE 2.149403312 0.0378437 D39 Unt
Q9JHR?7 IDE_MOUSE 2.547923571  0.037898051 Unt D39
Q9DCH4 EIF3F_MOUSE 3.14650385 0.038057387 Unt D39
088844 IDHC_MOUSE 3.024283887  0.038287514 Unt D39
P70296 PEBP1_MOUSE 4.031652328  0.038563626 Unt D39
054984 ASNA_MOUSE 2.296059918  0.038637302 Unt D39
P97379 G3BP2_MOUSE 2.354372109  0.038912466 Unt D39
Q3uovi FUBP2_MOUSE 3.152835456  0.039204583 Unt D39
Q9ER72 SYCC_MOUSE 2.35614808 0.039210118 Unt D39
Q00623 APOA1_MOUSE 3.212736695  0.039360214 D39 Unt
P42125 ECI1_MOUSE 1.499813332  0.039522051 D39 Unt
P16858 G3P_MOUSE 3.127622464  0.039573124 Unt D39
089023 TPP1_MOUSE 3.199549856  0.039622313 Unt D39
P18242 CATD_MOUSE 1.509222434  0.039951335 Unt D39
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P50544 ACADV_MOUSE 2.946350579  0.040046807 D39 Unt
Q971G3 VATC1_MOUSE 1.47861264 0.04029386 Unt D39
Q9CQF9 PCYOX_MOUSE 2.180315167  0.040882388 D39 Unt
Q8R180 ERO1A_MOUSE 3.312927093  0.041050063 D39 Unt
P62918 RL8_MOUSE 3.954950365  0.041302551 Unt D39
Q9DBG5 PLIN3_MOUSE 6.829569208 0.0414462 Unt D39
Q05816 FABP5_MOUSE 3.966757688  0.041804534 Unt D39
P97855 G3BP1_MOUSE 3.78813305 0.041936646 Unt D39
P04117 FABP4_MOUSE 3.241224706  0.042289541 Unt D39
P62259 1433E_MOUSE 4.035116962  0.042701011 Unt D39
P97351 RS3A_MOUSE 5.472464539  0.043043129 Unt D39
P62192 PRS4_MOUSE 1.66422613 0.043205063 Unt D39
Q9Ds819 IPYR_MOUSE 3.800389898  0.043238725 Unt D39
P97311 MCM6_MOUSE 3.363087727 0.04334755 Unt D39
Q9CY58 PAIRB_MOUSE 7.477494732  0.043545079 Unt D39
Q62422 OSTF1_MOUSE 2.780114377  0.043661059 Unt D39
P62082 RS7_MOUSE 3.65289741 0.043902306 Unt D39
Q00612 G6PD1_MOUSE 2.568667346  0.044238943 Unt D39
035855 BCAT2_MOUSE 1.32813538 0.044589075 D39 Unt
P10107 ANXA1_MOUSE 1.817930199  0.044693039 Unt D39
Q9CZX8 RS19_MOUSE 17.56962393  0.044797288 Unt D39
Q9CQ65 MTAP_MOUSE 4.419225333  0.044868494 Unt D39
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Q3u1J4 DDB1_MOUSE 4.284537499  0.044881743 Unt D39
Q9WTP6 KAD2_MOUSE 2.037429119  0.045131097 Unt D39
P32261 ANT3_MOUSE 3.668509429  0.045805053 D39 Unt
QI9CRB9 CHCH3_MOUSE 1.456131367  0.045842813 D39 Unt
P53810 PIPNA_MOUSE 3.798995926  0.045844414 Unt D39
Q9D6J6 NDUV2_MOUSE 1.34943135 0.045869735 D39 Unt
P10639 THIO_MOUSE 2.635787531  0.045896606 Unt D39
P45952 ACADM_MOUSE 1.530815955  0.046245112 D39 Unt
Q9EPL9 ACOX3_MOUSE 1.168656484  0.046334759 Unt D39
Q63844 MKO03_MOUSE 3.34063601 0.046342643 Unt D39
A6X935 ITIH4_MOUSE 4.842399889  0.046478132 D39 Unt
P12787 COX5A_MOUSE 2.776875402  0.046532398 D39 Unt
Q8BFZ9 ERLN2_MOUSE 1.748801511  0.046590403 D39 Unt
Q7TMBS8 CYFP1_MOUSE 5.105871495  0.047192717 Unt D39
P68433 H31_MOUSE 1.584871069  0.047265942 D39 Unt
Q3UIA2 RHG17_MOUSE 1.730287729  0.047358708 Unt D39
Q9JKR6 HYOU1_MOUSE 1.8697835 0.048007162 D39 Unt
Q9Cz13 QCR1_MOUSE 1.809981316  0.048047596 D39 Unt
P14206 RSSA_MOUSE 3.341281239  0.048155008 Unt D39
Q9ivi7 RINI_MOUSE 1.465771927  0.048208237 Unt D39
088544 CSN4_MOUSE 3.808386202  0.048486605 Unt D39
Q3TRMS8 HXK3_MOUSE 2.024578888  0.048707328 Unt D39
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Q97204 HNRPC_MOUSE 2.842328417 0.048738434 Unt D39
Q61598 GDIB_MOUSE 3.282097131 0.04888907 Unt D39
070133 DHX9_MOUSE 1.912208405  0.049224289 D39 Unt
Q9QWRS8 NAGAB_MOUSE 2.723477572 0.049342799 Unt D39
Q9wWvV32 ARC1B_MOUSE 3.589822372  0.049361683 Unt D39
P28063 PSB8_MOUSE 3.305475796  0.049502182 Unt D39
P17742 PPIA_MOUSE 4.906637115 0.049504662 Unt D39
P06745 G6PI_MOUSE 3.442409492  0.049837268 Unt D39
Appendix 2

List of proteins showing fold changes and statistically significant differences in

expression of BMDM proteins between D39 and APLY.

Q9JHU4 DYHC1_MOUSE 1.385064657 0.001661589 APLY D39
P12970 RL7A_MOUSE 2.234302212 0.001704381 APLY D39
P20108 PRDX3_MOUSE 1.58224077 0.0017172 APLY D39
P48036 ANXA5_MOUSE 1.28588439  0.002342855 D39 APLY
070492 SNX3_MOUSE 1.579150389  0.002850724 APLY D39
Q61878 PRG2_MOUSE 3.034641004 0.003621433 APLY D39
008585 CLCA_MOUSE 1.613394599  0.004924546 APLY D39
035744 CH3L3_MOUSE 1364646549  0.00548276 APLY D39
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P97370

Q9QUR6

P56395

P32261

P13020

P20029

AllL314

P24527

Q9DB20

P56399

P51150

Q62186

Q60865

Q9wvso

Q91vC3

P06800

Q99KV1

Q9D7X3

070251

P68433

Q8R081

P05063

AT1B3_MOUSE

PPCE_MOUSE

CYB5_MOUSE

ANT3_MOUSE

GELS_MOUSE

GRP78_MOUSE

MPEG1_MOUSE

LKHA4_MOUSE

ATPO_MOUSE

UBP5_MOUSE

RAB7A_MOUSE

SSRD_MOUSE

CAPR1_MOUSE

SNX1_MOUSE

IFAA3_MOUSE

PTPRC_MOUSE

DJB11_MOUSE

DUS3_MOUSE

TRFL_HUMAN

H31_MOUSE

HNRPL_MOUSE

ALDOC_MOUSE

1.054808158

5.168609419

1.537017405

1.721146325

1.890977297

1.345579989

2.617543431

2.028573122

1.493838613

2.298121001

1.586118376

1.277493982

1.585991359

1.108313969

1.177236218

1.823204021

1.563169748

1.849182047

1.555634515

1.869215601

1.340350662

2.681917387

0.005721293

0.006353662

0.006645976

0.006923802

0.007786837

0.00832135

0.008686058

0.009167517

0.011143863

0.012025566

0.01220897

0.012750592

0.012864772

0.013116334

0.013579942

0.013882324

0.014842375

0.015327191

0.015612869

0.017125267

0.017305884

0.018957952

D39

D39

APLY

D39

D39

APLY

APLY

D39

APLY

APLY

APLY

APLY

APLY

D39

APLY

APLY

APLY

APLY

D39

APLY

D39

D39

APLY

APLY

D39

APLY

APLY

D39

D39

APLY

D39

D39

D39

D39

D39

APLY

D39

D39

D39

D39

APLY

D39

APLY

APLY

203



P51174

P68181

Q3TCN2

Q8BK67

P28798

Q6GQT1

Q60931

P17225

008529

P62204

Q91YQs

QI9JHIS

Q9DOE1

Q9Z0K8

P26443

Q921M7

P08113

P70441

Q9JHJO

Q9DOF9

P68037

Q9WTP6

ACADL_MOUSE

KAPCB_MOUSE

PLBL2_MOUSE

RCC2_MOUSE

GRN_MOUSE

A2MP_MOUSE

VDAC3_MOUSE

PTBP1_MOUSE

CAN2_MOUSE

CALM_MOUSE

RPN1_MOUSE

IVD_MOUSE

HNRPM_MOUSE

VNN1_MOUSE

DHE3_MOUSE

FA49B_MOUSE

ENPL_MOUSE

NHRF1_MOUSE

TMOD3_MOUSE

PGM1_MOUSE

UB2L3_MOUSE

EFTU_MOUSE

1.307318935

2.80386122

1.142010233

4.636331775

1.537182639

1.925724344

1.258249325

1.217778025

1.349956566

2.314139439

1.628166023

2.062611836

1.257388349

1.65279028

1.227011793

1.650489907

1.321342115

3.923073511

1.30625782

1.419436304

2.832193126

2.199033709

0.019490872

0.020674311

0.020945676

0.022368437

0.022661515

0.02271057

0.024180801

0.024528721

0.024998362

0.025116719

0.025807444

0.026707272

0.028044564

0.028972344

0.029134145

0.031734081

0.03195283

0.032552962

0.033088606

0.033954173

0.034192126

0.03493641

APLY

D39

APLY

APLY

APLY

D39

APLY

D39

APLY

D39

APLY

APLY

APLY

D39

APLY

D39

APLY

D39

D39

APLY

D39

D39

D39

APLY

D39

D39

D39

APLY

D39

APLY

D39

APLY

D39

D39

D39

APLY

D39

APLY

D39

APLY

APLY

D39

APLY

APLY

204



P57759

P63328

070251

Q8BWT1

Q07417

Q91W90

P97315

Q9DCX2

P35486

P61161

Q9EST5

Q8BFR5

Q9z0J0

P10605

P29391

P42125

P63037

070251

Q9DCW4

P35278

Q02105

P51863

ERP29_MOUSE

PP2BA_MOUSE

ODPA_MOUSE

THIM_MOUSE

ACADS_MOUSE

TXND5_MOUSE

CSRP1_MOUSE

ATP5H_MOUSE

ODPA_MOUSE

ARP2_MOUSE

AN32B_MOUSE

EFTU_MOUSE

NPC2_MOUSE

CATB_MOUSE

FRIL1_MOUSE

ECI1_MOUSE

DNJA1_MOUSE

EF1B_MOUSE

ETFB_MOUSE

RAB5C_MOUSE

C1QC_MOUSE

VAOD1_MOUSE

1.379524965

1.769081599

1.572032327

1.410962611

1.320823073

1.166905832

2.313454053

2.134074444

1.498517037

1.446831412

1.410663597

1.44837975

1.549722133

1.099956596

1.792616783

1.353475549

1.853756014

1.672783555

1.4144385

1.488965019

1.608389067

1.363642882

0.035236405

0.035439692

0.035586525

0.036097463

0.036361943

0.036789294

0.038402542

0.039190222

0.040244057

0.040620191

0.04190145

0.041974635

0.042015485

0.042201885

0.042623639

0.043136793

0.043655208

0.043701083

0.043715786

0.044043877

0.044199533

0.044302246

APLY

APLY

D39

APLY

APLY

APLY

D39

APLY

APLY

D39

APLY

APLY

APLY

APLY

APLY

APLY

APLY

D39

APLY

APLY

APLY

APLY

D39

D39

APLY

D39

D39

D39

APLY

D39

D39

APLY

D39

D39

D39

D39

D39

D39

D39

APLY

D39

D39

D39

D39

205



P29699 FETUA_MOUSE 1.695610269  0.044990934 D39 APLY

008795 GLU2B_MOUSE 1.739987156 0.045853753 APLY D39
P28063 PSB8_MOUSE 1.780353668 0.046235856 D39 APLY
QIQuM9 PSA6_MOUSE 1.531831846  0.046589335 D39 APLY
P19157 GSTP1_MOUSE 1.96747817 0.048204918 D39 APLY
Q3V3R1 C1TM_MOUSE 1.436876232 0.048655796 APLY D39
Q9WTP6 KAD2_MOUSE 1.914690505 0.048723097 APLY D39
References

ABDULLAHI, O., NYIRO, J., LEWA, P., SLACK, M. and SCOTT, J.A., 2008. The
descriptive epidemiology of Streptococcus pneumoniae and Haemophilus influenzae
nasopharyngeal carriage in children and adults in Kilifi district, Kenya. The Pediatric
infectious disease journal, 27(1), pp. 59-64.

ABEYTA, M., HARDY, G.G. and YOTHER, J., 2003. Genetic alteration of capsule
type but not PspA type affects accessibility of surface-bound complement and surface
antigens of Streptococcus pneumoniae. Infection and immunity, 71(1), pp. 218-225.

ADACHI, O., KAWAI, T., TAKEDA, K., MATSUMOTO, M., TSUTSUI, H.,
SAKAGAMI, M., NAKANISHI, K. and AKIRA, S., 1998. Targeted disruption of the
MyD88 gene results in loss of IL-1-and IL-18-mediated function. Immunity, 9(1), pp.
143-150.

ADAMS, JM., 2003. Ways of dying: multiple pathways to apoptosis. Genes &
development, 17(20), pp. 2481-2495.

ADRIAN, P.V., BOGAERT, D., OPRINS, M., RAPOLA, S., LAHDENKARI, M.,
KILPI, T., DE GROOT, R., KAYHTY, H. and HERMANS, P.W., 2004.
Development of antibodies against pneumococcal proteins «-enolase,
immunoglobulin Al protease, streptococcal lipoprotein rotamase A, and putative
proteinase maturation protein A in relation to pneumococcal carriage and Otitis
Media. Vaccine, 22(21), pp. 2737-2742.

AKILOV, O.E., KASUBOSKI, R.E., CARTER, C.R. and MCDOWELL, M.A., 2007.

206



The role of mannose receptor during experimental leishmaniasis. Journal of leukocyte
biology, 81(5), pp. 1188-1196.

AKIRA, S. and TAKEDA, K., 2004. Toll-like receptor signalling. Nature reviews
immunology, 4(7), pp. 499-511.

ALEXANDER, J.E., BERRY, A.M., PATON, J.C., RUBINS, J.B., ANDREW, P.W.
and MITCHELL, T.J., 1998. Amino acid changes affecting the activity of
pneumolysin alter the behaviour of pneumococci in pneumonia. Microbial
pathogenesis, 24(3), pp. 167-174.

ALEXANDER, JE., LOCK, R.A., PEETERS, C.C., POOLMAN, J.T., ANDREW,
P.W., MITCHELL, T.J., HANSMAN, D. and PATON, J.C., 1994. Immunization of
mice with pneumolysin toxoid confers a significant degree of protection against at
least nine serotypes of Streptococcus pneumoniae. Infection and immunity, 62(12), pp.
5683-5688.

ALI, Y M., KENAWY, H.I., MUHAMMAD, A., SIM, R.B., ANDREW, P.W. and
SCHWAEBLE, W.J., 2013. Human L-ficolin, a recognition molecule of the lectin
activation pathway of complement, activates complement by binding to pneumolysin,
the major toxin of Streptococcus pneumoniae.

ALOUF, JE., GEOFFROY, C., 1991. The family of the anti-genically-related,
cholesterol-binding ('sulphydryl-activated') cytolytic toxins. Source book of bacterial
toxins, pp.147-186.

ANDERSSON, B., DAHMEN, J., FREJD, T., LEFFLER, H., MAGNUSSON, G.,
NOORI, G. and EDEN, C.S., 1983. Identification of an active disaccharide unit of a
glycoconjugate receptor for pneumococci attaching to human pharyngeal epithelial
cells. The Journal of experimental medicine, 158(2), pp. 559-570.

ARANCIBIA, S.A., BELTRAN, C.J., AGUIRRE, LM., SILVA, P., PERALTA, A L.,
MALINARICH, F. and HERMOSO, M.A., 2007. Toll-like receptors are key
participants in innate immune responses. Biological research, 40(2), pp. 97-112.

ARREDOUANI, M., YANG, Z. NING, Y. QIN, G., SOININEN, R.,
TRYGGVASON, K. and KOBZIK, L., 2004. The scavenger receptor MARCO is
required for lung defense against pneumococcal pneumonia and inhaled particles. The
Journal of experimental medicine, 200(2), pp. 267-272.

ARULANANDAM, B.P., VAN CLEAVE, V.H. and METZGER, D.W., 1999. IL-12
is a potent neonatal vaccine adjuvant. European journal of immunology, 29, pp. 256-
264.

207



ASTARIE-DEQUEKER, C., N'DIAYE, EN., LE CABEC, V., RITTIG, M.G.,
PRANDI, J. and MARIDONNEAU-PARINI, 1., 1999. The mannose receptor
mediates uptake of pathogenic and nonpathogenic mycobacteria and bypasses

bactericidal responses in human macrophages. Infection and immunity, 67(2), pp. 469-
477.

AUSTRIAN, R., 1981. Some observations on the pneumococcus and on the current
status of pneumococcal disease and its prevention. Review of Infectious Diseases,
3(Supplement 1), pp. S1-S17.

BABA, H., KAWAMURA, 1., KOHDA, C., NOMURA, T., ITO, Y., KIMOTO, T.,
WATANABE, I., ICHIYAMA, S. and MITSUYAMA, M., 2001. Essential role of
domain 4 of pneumolysin from Streptococcus pneumoniae in cytolytic activity as
determined by truncated proteins. Biochemical and biophysical research
communications, 281(1), pp. 37-44.

BAKIR, M., YAGCI, A., ULGER, N., AKBENLIOGLU, C., ILKI, A. and
SOYLETIR, G., 2001. Asymtomatic carriage of Neisseria meningitidis and Neisseria
lactamica in relation to Streptococcus pneumoniae and Haemophilus influenzae

colonisation in healthy children: apropos of 1400 children sampled. European journal
of epidemiology, 17(11), pp. 1015-1018.

BALAKRISHNAN, I., CROOK, P., MORRIS, R. and GILLESPIE, S., 2000. Early
predictors of mortality in pneumococcal bacteraemia. Journal of Infection, 40(3), pp.
256-261.

BALCH, S.G., MCKNIGHT, A.J., SELDIN, M.F. and GORDON, S., 1998. Cloning
of a novel C-type lectin expressed by murine macrophages. The Journal of biological
chemistry, 273(29), pp. 18656-18664.

BARNES, M.J. and POWRIE, F., 2009. Regulatory T cells reinforce intestinal
homeostasis. Immunity, 31(3), pp. 401-411.

BASRAN, A., JABEEN, M., BINGLE, L., STOKES, C.A., DOCKRELL, D.H.,
WHYTE, M K., WALMSLEY, SR., HIGGINS, K.R., VOGEL, S.N., WILSON,
H.L., PRINCE, L.R., PRESTWICH, E.C., SABROE, R.A., PARKER, L.C. and
SABROE, I., 2013. Roles of neutrophils in the regulation of the extent of human
inflammation through delivery of IL-1 and clearance of chemokines. Journal of
leukocyte biology, 93(1), pp. 7-19.

BATTIG, P., MUHLEMANN, K., 2007. Capsule genes of Streptococcus pneumoniae
influence growth in vitro. FEMS Immunol Med Microbiol 50: 324-329.

208



BEISSWENGER, C., LYSENKO, E.S. and WEISER, J.N., 2009. Early bacterial
colonisation induces toll-like receptor-dependent transforming growth factor [3
signaling in the epithelium. Infection and immunity, 77(5), pp.2212-2220.

BAUMAN, R.W., COSBY, C.D., FULKS, J., LAMMERT, J.M., MACHUNIS-
MASUOKA, E. and MONTGOMERY, J.E., 2015. Microbiology with diseases by
body system. Pearson.

BENARAFA, C., COOLEY, J., ZENG, W, BIRD, P.I. and REMOLD-O'DONNELL,
E., 2002. Characterization of four murine homologs of the human ov-serpin monocyte
neutrophil elastase inhibitor MNEI (SERPINB1). The Journal of biological chemistry,
277(44), pp. 42028-42033.

BENTON, K.A., PATON, J.C. and BRILES, D.E., 1997. The hemolytic and
complement-activating properties of pneumolysin do not contribute individually to
virulence in a pneumococcal bacteremia model. Microbial pathogenesis, 23(4), pp.
201-209.

BERKLEY, J.A., LOWE, B.S., MWANGI, I., WILLIAMS, T., BAUNI, E.,
MWARUMBA, S., NGETSA, C., SLACK, M.P., NJENGA, S. and HART, C.A.,
2005. Bacteremia among children admitted to a rural hospital in Kenya. New England
Journal of Medicine, 352(1), pp. 39-47.

BERRY, AM., ALEXANDER, JE., MITCHELL, T.J., ANDREW, P.W.
HANSMAN, D. and PATON, J.C., 1995. Effect of defined point mutations in the

pneumolysin gene on the virulence of Streptococcus pneumoniae. Infection and
immunity, 63(5), pp. 1969-1974.

BERRY, AM., OGUNNIYI, A.D., MILLER, D.C. and PATON, J.C., 1999.
Comparative virulence of Streptococcus pneumoniae strains with insertion-
duplication, point, and deletion mutations in the pneumolysin gene. Infection and
immunity, 67(2), pp. 981-985.

BERRY, AM., YOTHER, J., BRILES, D.E., HANSMAN, D. and PATON, J.C.,
1989. Reduced virulence of a defined pneumolysin-negative mutant of Streptococcus
pneumoniae. Infection and immunity, S7(7), pp. 2037-2042.

BEWLEY, M.A., NAUGHTON, M., PRESTON, J., MITCHELL, A., HOLMES, A.,
MARRIOTT, HM., READ, R.C., MITCHELL, TJ., WHYTE, MXK. and
DOCKRELL, D.H., 2014. Pneumolysin activates macrophage lysosomal membrane
permeabilization and executes apoptosis by distinct mechanisms without membrane
pore formation. mBio, 5(5), pp. €01710-14.

BIETHAHN, S., ALVES, F., WILDE, S., HIDDEMANN, W. and SPIEKERMANN,

209



K., 1999. Expression of granulocyte colony-stimulating factor—and granulocyte-
macrophage colony-stimulating factor—associated signal transduction proteins of the
JAK/STAT pathway in normal granulopoiesis and in blast cells of acute myelogenous
leukemia. Experimental hematology, 27(5), pp. 885-894.

BLACKWELL, T.S., LANCASTER, LH., BLACKWELL, TR.,
VENKATAKRISHNAN, A. and CHRISTMAN, J.W., 1999. Differential NF-kappaB

activation after intratracheal endotoxin. The American Journal of Physiology, 277(4
Pt 1), pp. L823-30.

BLADT, F., RIETHMACHER, D., ISENMANN, S., AGUZZI, A. and
BIRCHMEIER, C., 1995. Essential role for the c-met receptor in the migration of
myogenic precursor cells into the limb bud. Nature, 376(6543), pp. 768-771.

BLUESTONE, J.A. and ABBAS, A K., 2003. Natural versus adaptive regulatory T
cells. Nature Reviews Immunology, 3(3), pp. 253-257.

BOGAERT, D., DE GROOT, R. and HERMANS, P., 2004. Streptococcus
pneumoniae colonisation: the key to pneumococcal disease. The Lancet infectious
diseases, 4(3), pp. 144-154.

BOGAERT, D., ENGELEN, M.N., TIMMERS-REKER, AlJ., ELZENAAR, K.P.,
PEERBOOMS, P.G., COUTINHO, R.A., DE GROOT, R. and HERMANS, P.W.,
2001. Pneumococcal carriage in children in The Netherlands: a molecular
epidemiological study. Journal of clinical microbiology, 39(9), pp. 3316-3320.

BOGAERT, D., WEINBERGER, D., THOMPSON, C., LIPSITCH, M. and
MALLEY, R., 2009. Impaired innate and adaptive immunity to Streptococcus

pneumoniae and its effect on colonisation in an infant mouse model. Infection and
immunity, 77(4), pp. 1613-1622.

BOGDAN, C., 2001. Nitric oxide and the immune response. Nature immunology,
2(10), pp.907-916.

BON, R.S., GUO, Z., STIGTER, E.A., WETZEL, S., MENNINGER, S., WOLF, A.,
CHOIDAS, A., ALEXANDROV, K., BLANKENFELDT, W. and GOODY, R.S.,
2011. Structure-Guided Development of Selective RabGGTase Inhibitors.
Angewandte Chemie, 123(21), pp. 5059-5063.

BORISH, L. and ROSENWASSER, L.J., 1996. Update on cytokines. Journal of
allergy and clinical immunology, 97(3), pp. 719-733.

BOULNOIS, GJ., 1992. Pneumococcal proteins and the pathogenesis of disease
caused by Streptococcus pneumoniae. Microbiology, 138(2), pp. 249-259.

210



BOWDISH, D.M., SAKAMOTO, K., KIM, M., KROOS, M., MUKHOPADHYAY,
S., LEIFER, C.A., TRYGGVASON, K., GORDON, S. and RUSSELL, D.G., 2009.
MARCO, TLR2, and CD14 are required for macrophage cytokine responses to
mycobacterial trehalose dimycolate and Mycobacterium tuberculosis. PLoS Pathog,
5(6), pp. €1000474.

BRAULKE, T., 1999. Type-2 IGF receptor: a multi-ligand binding protein. Hormone
and metabolic research = Hormon- und Stoffwechselforschung = Hormones et
metabolisme, 31(2-3), pp. 242-246.

BRAUN, J., YIN, Z., SPILLER, I., SIEGERT, S., RUDWALEIT, M., LIU, L.,
RADBRUCH, A. and SIEPER, J., 1999. Low Secretion of Tumor Necrosis Factor€p,
But No Other Thl or Th2 Cytokines, by Peripheral Blood Mononuclear Cells
Correlates with Chronicity in Reactive Arthritis. ARTHRITIS AND RHEUMATISM-
ATLANTA-, 42, pp. 2039-2044.

BROOKS, G., BUTEL, J. and MORSE, S., 2010. Pseudomonads, Acinetobacters, &
uncommon gram-negative bacteria. Jawetz, Melnick and Adelberg, Medical
Microbiology, 16.

BROUG-HOLUB, E., TOEWS, G.B., VAN IWAARDEN, J.F., STRIETER, R.M.,
KUNKEL, S.L., PAINE, R.3RD and STANDIFORD, TJ., 1997. Alveolar
macrophages are required for protective pulmonary defenses in murine Klebsiella
pneumonia: elimination of alveolar macrophages increases neutrophil recruitment but

decreases bacterial clearance and survival. Infection and immunity, 65(4), pp. 1139-
1146.

BROWN, J., HAMMERSCHMIDT, S., ORIHUELA, C., ed, 2015. Streptococcus
Pneumoniae; Molecular Mechanism of Host-pathogen Interactions. Elsevier.

BROWN, J.S., HUSSELL, T., GILLILAND, S.M., HOLDEN, D.W., PATON, J.C.,
EHRENSTEIN, M.R., WALPORT, MJ. and BOTTO, M., 2002. The classical
pathway is the dominant complement pathway required for innate immunity to

Streptococcus pneumoniae infection in mice. Proceedings of the National Academy of
Sciences of the United States of America, 99(26), pp. 16969-16974.

BRUEGGEMANN, A .B., GRIFFITHS, D.T., MEATS, E., PETO, T., CROOK, D.W.
and SPRATT, B.G., 2003. Clonal relationships between invasive and carriage
Streptococcus pneumoniae and serotype- and clone-specific differences in invasive
disease potential. The Journal of infectious diseases, 187(9), pp. 1424-1432.

BRUYN, G.W. and VAN FURTH, R., 1991. Pneumococcal polysaccharide vaccines:
indications, efficacy and recommendations. European Journal of Clinical
Microbiology and Infectious Diseases, 10(11), pp. 897-910.

211



BRUYN, G.A., ZEGERS, B.J. and VAN FURTH, R., 1992. Mechanisms of host
defense against infection with Streptococcus pneumoniae. Clinical infectious diseases

: an official publication of the Infectious Diseases Society of America, 14(1), pp. 251-
262.

BURGDOREF, S. and KURTS, C., 2008. Endocytosis mechanisms and the cell
biology of antigen presentation. Current opinion in immunology, 20(1), pp. 89-95.

BURNS, K., MARTINON, F., ESSLINGER, C., PAHL, H., SCHNEIDER, P.,
BODMER, J., DI MARCO, F., FRENCH, L. and TSCHOPP, J., 1998. MyD88, an
adapter protein involved in interleukin-1 signaling. Journal of Biological Chemistry,
273(20), pp. 12203-12209.

CAILHIER, J.F., SAWATZKY, D.A., KIPARI, T., HOULBERG, K., WALBAUM,
D., WATSON, S., LANG, R.A., CLAY, S., KLUTH, D. and SAVILL, J., 2006.
Resident pleural macrophages are key orchestrators of neutrophil recruitment in
pleural inflammation. American journal of respiratory and critical care medicine,

173(5), pp. 540-547.

CALIX, JJ., DAGAN, R., PELTON, S.I., PORAT, N. and NAHM, M.H., 2012.
Differential occurrence of Streptococcus pneumoniae serotype 11E between
asymptomatic carriage and invasive pneumococcal disease isolates reflects a unique
model of pathogen microevolution. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America, 54(6), pp. 794-799.

CANVIN, JR., MARVIN, A .P., SIVAKUMARAN, M., PATON, J.C., BOULNOIS,
GJ., ANDREW, PW. and MITCHELL, T.J., 1995. The role of pneumolysin and
autolysin in the pathology of pneumonia and septicemia in mice infected with a type 2
pneumococcus. The Journal of infectious diseases, 172(1), pp. 119-123.

CARNINCI, P., KASUKAWA, T., KATAYAMA, S., GOUGH, J., FRITH, M.C.,
MAEDA, N., OYAMA, R., RAVASI, T., LENHARD, B., WELLS, C., KODZIUS,
R., SHIMOKAWA, K., BAJIC, V.B., BRENNER, S.E., BATALOV, S., FORREST,
AR.,ZAVOLAN, M., DAVIS, M.J., WILMING, L.G., AIDINIS, V., ALLEN, JE.,
AMBESI-IMPIOMBATO, A., APWEILER, R., ATURALIYA, R.N., BAILEY, T.L.,
BANSAL, M., BAXTER, L., BEISEL, K.W., BERSANO, T., BONO, H., CHALK,
AM., CHIU, K.P., CHOUDHARY, V., CHRISTOFFELS, A., CLUTTERBUCK,
DR., CROWE, M.L.,, DALLA, E., DALRYMPLE, B.P., DE BONO, B., DELLA
GATTA, G., DI BERNARDO, D., DOWN, T., ENGSTROM, P., FAGIOLINI, M.,
FAULKNER, G., FLETCHER, C.F., FUKUSHIMA, T., FURUNO, M., FUTAKI, S.,
GARIBOLDI, M., GEORGII-HEMMING, P., GINGERAS, T.R., GOJOBORI, T.,
GREEN, R.E., GUSTINCICH, S., HARBERS, M., HAYASHI, Y., HENSCH, TK.,
HIROKAWA, N., HILL, D., HUMINIECKI, L., IACONO, M., IKEO, K., IWAMA,
A., ISHIKAWA, T., JAKT, M., KANAPIN, A., KATOH, M., KAWASAWA, Y.,

212



KELSO, J., KITAMURA, H., KITANO, H., KOLLIAS, G., KRISHNAN, S.P.,
KRUGER, A., KUMMERFELD, S.K., KUROCHKIN, 1.V., LAREAU, LF.,
LAZAREVIC, D., LIPOVICH, L., LIU, J., LIUNI, S., MCWILLIAM, S., MADAN
BABU, M., MADERA, M., MARCHIONNI, L., MATSUDA, H., MATSUZAWA,
S., MIKI, H., MIGNONE, F., MIYAKE, S., MORRIS, K., MOTTAGUI-TABAR, S.,
MULDER, N., NAKANO, N., NAKAUCHI, H., NG, P., NILSSON, R.,
NISHIGUCHI, S., NISHIKAWA, S., NORI, F., OHARA, 0., OKAZAKI, Y.,
ORLANDO, V., PANG, K.C., PAVAN, WJ., PAVESI, G., PESOLE, G.,
PETROVSKY, N., PIAZZA, S., REED, J., REID, J.F., RING, B.Z., RINGWALD,
M., ROST, B., RUAN, Y., SALZBERG, S.L., SANDELIN, A., SCHNEIDER, C.,
SCHONBACH, C., SEKIGUCHI, K., SEMPLE, C.A., SENO, S., SESSA, L.,
SHENG, Y., SHIBATA, Y., SHIMADA, H., SHIMADA, K., SILVA, D.,
SINCLAIR, B., SPERLING, S., STUPKA, E., SUGIURA, K., SULTANA, R.,
TAKENAKA, Y., TAKI, K., TAMMOIJA, K., TAN, S.L., TANG, S., TAYLOR,
M.S., TEGNER, J., TEICHMANN, S.A., UEDA, HR., VAN NIMWEGEN, E.,
VERARDO, R., WEI, C.L., YAGI, K., YAMANISHI, H.,ZABAROVSKY, E., ZHU,
S., ZIMMER, A., HIDE, W., BULT, C., GRIMMOND, SM., TEASDALE, R.D.,
LIU, E.T., BRUSIC, V., QUACKENBUSH, J., WAHLESTEDT, C., MATTICK, J.S.,
HUME, D.A., KAI, C., SASAKI, D., TOMARU, Y., FUKUDA, S., KANAMORI-
KATAYAMA, M., SUZUKI, M., AOKI, J., ARAKAWA, T.,IIDA, J., IMAMURA,
K., ITOH, M., KATO, T., KAWAIJI, H., KAWAGASHIRA, N., KAWASHIMA, T.,
KOJIMA, M., KONDO, S., KONNO, H., NAKANO, K., NINOMIYA, N., NISHIO,
T.,OKADA, M., PLESSY, C., SHIBATA, K., SHIRAKI, T., SUZUKI, S., TAGAMI,
M., WAKI, K., WATAHIKI, A., OKAMURA-OHO, Y., SUZUKI, H., KAWAI, J.,
HAYASHIZAKI, Y., FANTOM CONSORTIUM and RIKEN GENOME
EXPLORATION RESEARCH GROUP AND GENOME SCIENCE GROUP
(GENOME NETWORK PROJECT CORE GROUP), 2005. The transcriptional
landscape of the mammalian genome. Science (New York, N.Y.), 309(5740), pp. 1559-
1563.

CHANG, N.C., HUNG, S.I., HWA, K.Y., KATO, I., CHEN, J.E., LIU, C.H. and
CHANG, A.C., 2001. A macrophage protein, Yml, transiently expressed during
inflammation is a novel mammalian lectin. The Journal of biological chemistry,
276(20), pp. 17497-17506.

CHEN, S., PATERSON, G K., TONG, HH., MITCHELL, T.J. and DEMARIA, T.F.,
2005. Sortase A contributes to pneumococcal nasopharyngeal colonisation in the
chinchilla model. FEMS microbiology letters, 253(1), pp. 151-154.

CHIEPPA, M., BIANCHI, G., DONI, A., DEL PRETE, A., SIRONI, M.,
LASKARIN, G., MONTI, P., PIEMONTI, L., BIONDI, A., MANTOVANI, A.,
INTRONA, M. and ALLAVENA, P., 2003. Cross-linking of the mannose receptor on
monocyte-derived dendritic cells activates an anti-inflammatory immunosuppressive
program. Journal of immunology (Baltimore, Md.: 1950), 171(9), pp. 4552-4560.

213



CHRISTENSEN, K.E., PATEL, H., KUZMANOV, U., MEJIA, N.R. and
MACKENZIE, R.E., 2005. Disruption of the mthfd1l gene reveals a monofunctional

10-formyltetrahydrofolate synthetase in mammalian mitochondria. The Journal of
biological chemistry, 280(9), pp. 7597-7602.

COHEN, B., HALBERT, S.P. and PERKINS, M.E., 1942. Pneumococcal Hemolysin:
The Preparation of Concentrates, and Their Action on Red Cells. Journal of
Bacteriology, 43(5), pp. 607-627.

COLE, J., ABERDEIN, J., JUBRAIL, J. and DOCKRELL, D .H., 2014. Chapter Four-
The Role of Macrophages in the Innate Immune Response to Streptococcus
pneumoniae and Staphylococcus aureus: Mechanisms and Contrasts. Advances in
Microbial Physiology, 65, pp. 125-202.

COOKSON, B.T. and BRENNAN, M.A ., 2001. Pro-inflammatory programmed cell
death. Trends in microbiology, 9(3), pp. 113-114.

CRUM, N.F., BARROZO, C.P., CHAPMAN, F.A., RYAN, M.A. and RUSSELL,
K.L., 2004. An outbreak of conjunctivitis due to a novel unencapsulated
Streptococcus pneumoniae among military trainees. Clinical infectious diseases : an
official publication of the Infectious Diseases Society of America, 39(8), pp. 1148-
1154.

CURTIS, MM. and WAY, S.S., 2009. Interleukin-17 in host defence against
bacterial, mycobacterial and fungal pathogens. Immunology, 126(2), pp. 177-185.

DAHIYA, R. and SPECK, M., 1968. Hydrogen peroxide formation by lactobacilli
and its effect on Staphylococcus aureus. Journal of dairy science, 51(10), pp. 1568-
1572.

DAI, XM., RYAN, GR., HAPEL, AJ., DOMINGUEZ, M.G., RUSSELL, R.G.,
KAPP, S., SYLVESTRE, V. and STANLEY, E.R., 2002. Targeted disruption of the
mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear
phagocyte deficiency, increased primitive progenitor cell frequencies, and
reproductive defects. Blood, 99(1), pp. 111-120.

DALLAIRE, F., OUELLET, N., BERGERON, Y., TURMEL, V., GAUTHIER,
M.C., SIMARD, M. and BERGERON, M.G., 2001. Microbiological and

inflammatory factors associated with the development of pneumococcal pneumonia.
The Journal of infectious diseases, 184(3), pp. 292-300.

DAS, R., LAROSE, M.I.,, HERGOTT, C.B., LENG, L., BUCALA, R. and WEISER,
J.N., 2014. Macrophage migration inhibitory factor promotes clearance of
pneumococcal colonisation. Journal of immunology (Baltimore, Md.: 1950), 193(2),

214



pp. 764-772.

DENNY, F.W. and LODA, F.A., 1986. Acute respiratory infections are the leading
cause of death in children in developing countries. American journal of tropical
medicine and hygiene, 35(1), pp. 1-2.

DOCKRELL, D H., WHYTE, M K. and MITCHELL, T.J., 2012. Pneumococcal
pneumonia: mechanisms of infection and resolution. CHEST Journal, 142(2), pp.
482-491.

DOCKRELL, D.H., MARRIOTT, HM., PRINCE, L.R., RIDGER, V.C., INCE, P.G.,
HELLEWELL, P.G. and WHYTE, M K., 2003. Alveolar macrophage apoptosis

contributes to pneumococcal clearance in a resolving model of pulmonary infection.
Journal of immunology (Baltimore, Md.: 1950), 171(10), pp. 5380-5388.

DOGAN, S., ZHANG, Q., PRIDMORE, A.C., MITCHELL, TJ., FINN, A. and
MURDOCH, C., 2011. Pneumolysin-induced CXCLS8 production by nasopharyngeal
epithelial cells is dependent on calcium flux and MAPK activation via Toll-like
receptor 4. Microbes and Infection, 13(1), pp. 65-75.

DORRINGTON, M.G. and BOWDISH, D.M., 2013. Immunosenescence and novel
vaccination strategies for the elderly. Frontiers in immunology, 4.

DOUCE, G., ROSS, K., COWAN, G., MA, J. and MITCHELL, TJ., 2010. Novel
mucosal vaccines generated by genetic conjugation of heterologous proteins to
pneumolysin (PLY) from Streptococcus pneumoniae. Vaccine, 28(18), pp. 3231-
3237.

DOUGLAS, R.M., PATON, J.C., DUNCAN, S.J. and HANSMAN, DJ., 1983.
Antibody response to pneumococcal vaccination in children younger than five years
of age. The Journal of infectious diseases, 148(1), pp. 131-137.

DOYLE, A.G., HERBEIN, G., MONTANER, LJ., MINTY, AlJ., CAPUT, D.,
FERRARA, P. and GORDON, S., 1994. Interleukin-13 alters the activation state of
murine macrophages in vitro: Comparison with interleukin-4 and interferon-y.
European journal of immunology, 24(6), pp. 1441-1445.

DRAGE, M.G., PECORA, N.D., HISE, A.G., FEBBRAIO, M., SILVERSTEIN, R.L.,
GOLENBOCK, D.T., BOOM, W .H. and HARDING, C.V., 2009. TLR2 and its co-
receptors determine responses of macrophages and dendritic cells to lipoproteins of
Mycobacterium tuberculosis. Cellular immunology, 258(1), pp. 29-37.

DWORKIN, M.S., WARD, J.W., HANSON, D.L., JONES, J.L., KAPLAN, J.E. and
ADULT AND ADOLESCENT SPECTRUM OF HIV DISEASE PROJECT, 2001.

215



Pneumococcal disease among human immunodeficiency virus-infected persons:
incidence, risk factors, and impact of vaccination. Clinical infectious diseases : an
official publication of the Infectious Diseases Society of America, 32(5), pp. 794-800.

EAST, L. and ISACKE, C.M., 2002. The mannose receptor family. Biochimica et
Biophysica Acta (BBA)-General Subjects, 1572(2), pp. 364-386.

EBONG, SJ., GOYERT, SM., NEMZEK, J.A., KIM, J., BOLGOS, G.L. and
REMICK, D.G., 2001. Critical role of CDI14 for production of proinflammatory
cytokines and cytokine inhibitors during sepsis with failure to alter morbidity or
mortality. Infection and immunity, 69(4), pp. 2099-2106.

ECHCHANNAOUI, H., FREI, K., SCHNELL, C., LEIB, S.L., ZIMMERLI, W. and
LANDMANN, R., 2002. Toll-like receptor 2-deficient mice are highly susceptible to
Streptococcus pneumoniae meningitis because of reduced bacterial clearing and
enhanced inflammation. The Journal of infectious diseases, 186(6), pp. 798-806.

EGAN, B.S., LANE, K.B. and SHEPHERD, V.L., 1999. PU.1 and USF are required
for macrophage-specific mannose receptor promoter activity. The Journal of
biological chemistry, 274(13), pp. 9098-9107.

ENGERING, AJ., CELLA, M., FLUITSMA, D., BROCKHAUS, M., HOEFSMIT,
E., LANZAVECCHIA, A. and PIETERS, J., 1997. The mannose receptor functions
as a high capacity and broad specificity antigen receptor in human dendritic cells.
European journal of immunology, 27(9), pp. 2417-2425.

Engel H, Gutierrez-Fernandez J, Fluckiger C, Martinez-Ripoll M, Muhlemann K, et
al. (2013) Heteroresistance to fosfomycin is predominant in Streptococcus

pneumoniae and depends on the murAl gene. Antimicrob Agents Chemother 57:
2801-2808.

ESPINOSA-CUETO, P., ESCALERA-ZAMUDIO, M., MAGALLANES-PUEBLA,
A., LOPEZ-MARIN, L M., SEGURA-SALINAS, E. and MANCILLA, R., 2015.
Mycobacterial glycolipids di-O-acylated trehalose and tri-O-acylated trehalose
downregulate inducible nitric oxide synthase and nitric oxide production in
macrophages. BMC immunology, 16(1), pp. 38.

FADEN, H., STANIEVICH, J., BRODSKY, L., BERNSTEIN, J. and OGRA, P.L.,
1990. Changes in nasopharyngeal flora during otitis media of childhood. The
Pediatric infectious disease journal, 9(9), pp. 623-626.

FADEN, H., DUFFY, L., WASIELEWSKI, R., WOLF, J., KRYSTOFIK, D. and
TUNG, Y., 1997. Relationship between nasopharyngeal colonisation and the
development of otitis media in children. Tonawanda/Williamsville Pediatrics. The

216



Journal of infectious diseases, 175(6), pp. 1440-1445.

FADEN, H., DUFFY, L., WILLIAMS, A., KRYSTOFIK, D.A. and WOLF, J., 1995.
Epidemiology of nasopharyngeal colonisation with nontypeable Haemophilus

influenzae in the first 2 years of life. The Journal of infectious diseases, 172(1), pp.
132-135.

FAN, J. and WATANABE, T., 2003. Inflammatory reactions in the pathogenesis of
atherosclerosis. Journal of atherosclerosis and thrombosis, 10(2), pp.63-71.

FANG, R., TSUCHIYA, K., KAWAMURA, I., SHEN, Y., HARA, H., SAKAI S.,
YAMAMOTO, T., FERNANDES-ALNEMRI, T., YANG, R., HERNANDEZ-
CUELLAR, E., DEWAMITTA, SR., XU, Y., QU, H., ALNEMRI, E.S. and
MITSUYAMA, M., 2011. Critical roles of ASC inflammasomes in caspase-1
activation and host innate resistance to Streptococcus pneumoniae infection. Journal
of immunology (Baltimore, Md.: 1950), 187(9), pp. 4890-4899.

FELDMAN, C., MITCHELL, T., ANDREW, P., BOULNOIS, G.,READ, R., TODD,
H., COLE, P. and WILSON, R., 1990. The effect of Streptococcus pneumoniae
pneumolysin on human respiratory epithelium in vitro. Microbial pathogenesis, 9(4),
pp. 275-284.

FELDMAN, C., REED, R., RUTMAN, A., MUNRO, N., JEFFREY, D., BRAIN, A.,
LUND, V., MITCHELL, T., ANDREW, P. and BOULNOIS, G., 1991. The effect of

Streptococcus pneumoniae on intact respiratory epithelium. Eur.Respir.J, S, pp. 576-
583.

FERNEBRO, J., ANDERSSON, I., SUBLETT, J., MORFELDT, E., NOVAK, R.,
TUOMANEN, E., NORMARK, S. and NORMARK, B.H., 2004. Capsular expression
in Streptococcus pneumoniae negatively affects spontaneous and antibiotic-induced

lysis and contributes to antibiotic tolerance. The Journal of infectious diseases,
189(2), pp. 328-338.

FERRANTE, A., ROWAN-KELLY, B. and PATON, J.C., 1984. Inhibition of in vitro
human lymphocyte response by the pneumococcal toxin pneumolysin. Infection and
immunity, 46(2), pp. 585-589.

FERREIRA, D M., NEILL, D.R., BANGERT, M., GRITZFELD, J.F., GREEN, N.,
WRIGHT, A K., PENNINGTON, S.H., MORENO, L.B., MORENO, A.T., MIYAIJI,
E.N., WRIGHT, A.D., COLLINS, AM., GOLDBLATT, D., KADIOGLU, A. and
GORDON, S.B., 2013. Controlled human infection and rechallenge with
Streptococcus pneumoniae reveals the protective efficacy of carriage in healthy

adults. American journal of respiratory and critical care medicine, 187(8), pp. 855-
864.

217



FRANKE-ULLMANN, G., PFORTNER, C., WALTER, P., STEINMULLER, C.,
LOHMANN-MATTHES, M.L. and KOBZIK, L., 1996. Characterization of murine
lung interstitial macrophages in comparison with alveolar macrophages in vitro.
Journal of immunology (Baltimore, Md.: 1950), 157(7), pp. 3097-3104.

FROST, W. D. AND MCCAMPBELL, E. F., 2010. A text-Book of general
Bacteriology. Macmillan.

GAZI, U. and MARTINEZ-POMARES, L., 2009. Influence of the mannose receptor
in host immune responses. Immunobiology, 214(7), pp. 554-561.

GAZI, U., ROSAS, M., SINGH, S., HEINSBROEK, S., HAQ, I., JOHNSON, S.,
BROWN, G.D., WILLIAMS, D.L., TAYLOR, P.R. and MARTINEZ-POMARES, L.,
2011. Fungal recognition enhances mannose receptor shedding through dectin-1
engagement. The Journal of biological chemistry, 286(10), pp. 7822-7829.

GENO, K.A., GILBERT, G.L., SONG, J.Y., SKOVSTED, I.C., KLUGMAN, K.P.,
JONES, C., KONRADSEN, H.B. and NAHM, M.H., 2015. Pneumococcal Capsules

and Their Types: Past, Present, and Future. Clinical microbiology reviews, 28(3), pp.
871-899.

GHAFFAR, F., FRIEDLAND, I.R. and GEORGE H MCCRACKEN, J., 1999.
Dynamics of nasopharyngeal colonisation by Streptococcus pneumoniae. The
Pediatric infectious disease journal, 18(7), pp. 638-646.

GHAFFAR, F., MUNIZ, L.S.,KATZ, K., SMITH, J.L., SHOUSE, T., DAVIS, P. and
MCCRACKEN, G.H.,JR, 2002. Effects of large dosages of amoxicillin/clavulanate or
azithromycin on nasopharyngeal carriage of Streptococcus pneumoniae, Haemophilus
influenzae, nonpneumococcal alpha-hemolytic streptococci, and Staphylococcus
aureus in children with acute otitis media. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America, 34(10), pp. 1301-1309.

GILBERT, R.J., JIMENEZ, JL., CHEN, S., TICKLE, 1J., ROSSJOHN, J.,
PARKER, M., ANDREW, P.W. and SAIBIL, HR., 1999. Two structural transitions
in membrane pore formation by pneumolysin, the pore-forming toxin of
Streptococcus pneumoniae. Cell, 97(5), pp. 647-655.

GONCALVES, M.T., MITCHELL, T.J. and LORD, J. M., 2016. Immune ageing and
susceptibility to Streptococcus pneumoniae. Biogerontology, , pp. 1-17.

GORDON, S., 2003. Alternative activation of macrophages. Nature reviews
immunology, 3(1), pp. 23-35.

218



GORDON, S., 2002. Pattern recognition receptors: doubling up for the innate immune
response. Cell, 111(7), pp. 927-930.

GORDON, S.B., IRVING, GR., LAWSON, R.A., LEE, ME. and READ, RC.,
2000. Intracellular trafficking and killing of Streptococcus pneumoniae by human

alveolar macrophages are influenced by opsonins. Infection and immunity, 68(4), pp.
2286-2293.

GORDON, S.B. and READ, R.C., 2002. Macrophage defences against respiratory
tract infections. British medical bulletin, 61, pp. 45-61.

GRATZ, N., HARTWEGER, H., MATT, U., KRATOCHVILL, F., JANOS, M.,
SIGEL, S., DROBITS, B., LI, X., KNAPP, S. and KOVARIK, P., 2011. Type I
interferon production induced by Streptococcus pyogenes-derived nucleic acids is
required for host protection. PLoS Pathog, 7(5), pp. €1001345.

GRAY, C., AHMED, M., MUBARAK, A., KASBEKAR, A., DERBYSHIRE, S.,
MCCORMICK, M., MUGHAL, M., MCNAMARA, P., MITCHELL, T. and
ZHANG, Q., 2014. Activation of memory Th17 cells by domain 4 pneumolysin in
human nasopharynx-associated lymphoid tissue and its association with
pneumococcal carriage. Mucosal immunology, 7(3), pp. 705-717.

GRITZFELD, JF., WRIGHT, A.D., COLLINS, A.M., PENNINGTON, SH.,
WRIGHT, A K., KADIOGLU, A., FERREIRA, D.M. and GORDON, S.B., 2013.
Experimental human pneumococcal carriage. JoVE (Journal of Visualized
Experiments), (72), pp. €50115-e50115.

GUCKIAN, J.C., CHRISTENSEN, G.D. and FINE, D.P., 1980. The role of opsonins
in recovery from experimental pneumococcal pneumonia. The Journal of infectious
diseases, 142(2), pp. 175-190.

GUPTA, D., WANG, Q., VINSON, C. and DZIARSKI, R., 1999. Bacterial
peptidoglycan induces CDI14-dependent activation of transcription factors
CREB/ATF and AP-1. The Journal of biological chemistry, 274(20), pp. 14012-
14020.

GUPTA, I.R., BALDWIN, C., AUGUSTE, D., HA, K.C., EL ANDALOUSI, J.,
FAHIMINIYA, S., BITZAN, M., BERNARD, C., AKBARI, M.R., NAROD, S.A.,
ROSENBLATT, D.S., MAJEWSKI, J. and TAKANO, T., 2013. ARHGDIA: a novel
gene implicated in nephrotic syndrome. Journal of medical genetics, S0(5), pp. 330-
338.

HABIB, M., PORTER, B.D. and SATZKE, C., 2014. Capsular serotyping of
Streptococcus pneumoniae using the Quellung reaction. JoVE (Journal of Visualized

219



Experiments), (84), pp. €51208-e51208.

HALBERT, S.P., COHEN, B. and PERKINS, M.E., 1946. Toxic and immunological
properties of pneumococcal hemolysin. Bulletin of the Johns Hopkins Hospital, 78,
pp. 340-359.

HAMBORSKY, J. and KROGER, A., 2015. Epidemiology and Prevention of
Vaccine-Preventable Diseases, E-Book: The Pink Book. Public Health Foundation.

HAMMERSCHMIDT, S., BERGMANN, S., PATERSON, G.K. and MITCHELL,
T.J.,2007. Pathogenesis of Streptococcus pneumoniae infections: adaptive immunity,
innate immunity, cell biology, virulence factors. Community-Acquired Pneumonia.
Springer, pp. 139-181.

HAMMERSCHMIDT, S., WOLFF, S., HOCKE, A., ROSSEAU, S., MULLER, E.
and ROHDE, M., 2005. Illustration of pneumococcal polysaccharide capsule during

adherence and invasion of epithelial cells. Infection and immunity, 73(8), pp. 4653-
4667.

HAPPEL, K.I., DUBIN, PJ., ZHENG, M., GHILARDI, N., LOCKHART, C.,
QUINTON, L.J., ODDEN, AR., SHELLITO, J.E., BAGBY, GJ., NELSON, S. and
KOLLS, JK., 2005. Divergent roles of IL-23 and IL-12 in host defense against
Klebsiella pneumoniae. The Journal of experimental medicine, 202(6), pp. 761-769.

HARABUCHI, Y., FADEN, H., YAMANAKA, N., DUFFY, L., WOLF, J. and
KRYSTOFIK, D., 1994. Nasopharyngeal colonisation with nontypeable Haemophilus

influenzae and recurrent otitis media. Tonawanda/Williamsville Pediatrics. The
Journal of infectious diseases, 170(4), pp. 862-866.

HARBOE, Z.B., THOMSEN, R.W., RIIS, A., VALENTINER-BRANTH, P.,
CHRISTENSEN, J.J., LAMBERTSEN, L., KROGFELT, K.A., KONRADSEN, H.B.
and BENFIELD, T.L., 2009. Pneumococcal serotypes and mortality following

invasive pneumococcal disease: a population-based cohort study. PLoS Med, 6(5), pp.
e1000081.

HARBOE, Z.B., BENFIELD, T.L., VALENTINER-BRANTH, P., HJIULER, T.,
LAMBERTSEN, L., KALTOFT, M., KROGFELT, K., SLOTVED, H.C.,
CHRISTENSEN, J.J. and KONRADSEN, H.B., 2010. Temporal trends in invasive
pneumococcal disease and pneumococcal serotypes over 7 decades. Clinical

infectious diseases : an official publication of the Infectious Diseases Society of
America, 50(3), pp. 329-337.

220



HARBOE, Z.B., SLOTVED, H.C., KONRADSEN, H.B. and KALTOFT, M.S., 2012.
A Pneumococcal Carriage Study in Danish Pre-school Children before the
Introduction of Pneumococcal Conjugate Vaccination. The open microbiology
Jjournal, 6, pp. 40-44.

HARBORD, M., NOVELLI, M., CANAS, B., POWER, D., DAVIS, C., GODOVAC-
ZIMMERMANN, J., ROES, J. and SEGAL, A.W.,2002. Ym1 is a neutrophil granule
protein that crystallizes in p47phox-deficient mice. The Journal of biological
chemistry, 277(7), pp. 5468-5475.

HARDIMAN, G., ROCK, F.L., BALASUBRAMANIAN, S., KASTELEIN, R.A. and
BAZAN, J.F., 1996. Molecular characterization and modular analysis of human
MyD88. Oncogene, 13(11), pp. 2467-2475.

HARVEY, RM., HUGHES, C.E., PATON, A.W., TRAPPETTI, C., TWETEN, R K.
and PATON, J.C., 2014. The impact of Pneumolysin on the macrophage response to
Streptococcus pneumoniae is strain-dependent.

HASLETT, C., 1999. Granulocyte apoptosis and its role in the resolution and control
of lung inflammation. American journal of respiratory and critical care medicine,
160(supplement_1), pp. S5-S11.

HATHAWAY, LJ., BRUGGER, S.D., MORAND, B., BANGERT, M.,
ROTZETTER, J.U., HAUSER, C., GRABER, W.A., GORE, S., KADIOGLU, A. and
MUHLEMANN, K., 2012. Capsule type of Streptococcus pneumoniae determines
growth phenotype. PLoS Pathog, 8(3), pp. €1002574.

HATHAWAY, LJ., BATTIG, P., REBER, S., ROTZETTER, J.U., AEBI, S.,
HAUSER, C., HELLER, M., KADIOGLU, A. and MUHLEMANN, K., 2014.
Streptococcus pneumoniae detects and responds to foreign bacterial peptide fragments
in its environment. Open biology, 4, pp. 130224.

HEINSBROEK, S.E., TAYLOR, P.R., MARTINEZ, F.O., MARTINEZ-POMARES,
L., BROWN, G.D. and GORDON, S., 2008. Stage-specific sampling by pattern
recognition receptors during Candida albicans phagocytosis. PLoS Pathog, 4(11), pp.
e1000218.

HELLMANN, J., TANG, Y., ZHANG, MJ., HAI, T., BHATNAGAR, A.,
SRIVASTAVA, S. and SPITE, M., 2015. Atf3 negatively regulates Ptgs2/Cox2

expression during acute inflammation. Prostaglandins & other lipid mediators, 116,
pp. 49-56.

HENRICHSEN, J., 1995. Six newly recognized types of Streptococcus pneumoniae.
Journal of clinical microbiology, 33(10), pp. 2759-2762.

221



HENRIQUES-NORMARK, B. and TUOMANEN, E.I., 2013. The pneumococcus:
epidemiology, microbiology, and pathogenesis. Cold Spring Harbor perspectives in
medicine, 3(7), pp. 10.1101/cshperspect.a010215.

HEROLD, S., MAYER, K. and LOHMEYER, J., 2011. Acute lung injury: how
macrophages orchestrate resolution of inflammation and tissue repair. Macrophages
in inflammation and its resolution, 2(65), pp. 82.

HERSH, D., MONACK, DM., SMITH, M.R., GHORI, N., FALKOW, S. and
ZYCHLINSKY, A., 1999. The Salmonella invasin SipB induces macrophage

apoptosis by binding to caspase-1. Proceedings of the National Academy of Sciences
of the United States of America, 96(5), pp. 2396-2401.

HIGGINS, S.C., JARNICKI, A.G., LAVELLE, E.C. and MILLS, K.H., 2006. TLR4
mediates vaccine-induced protective cellular immunity to Bordetella pertussis: role of
IL-17-producing T cells. Journal of immunology (Baltimore, Md.: 1950), 177(11), pp.
7980-7989.

HIRST, R., KADIOGLU, A., O'CALLAGHAN, C. and ANDREW, P.,2004. The role
of pneumolysin in pneumococcal pneumonia and meningitis. Clinical & Experimental
Immunology, 138(2), pp. 195-201.

HOEGEN, T., TREMEL, N., KLEIN, M., ANGELE, B., WAGNER, H.,
KIRSCHNING, C., PFISTER, HW., FONTANA, A., HAMMERSCHMIDT, S. and
KOEDEL, U., 2011. The NLRP3 inflammasome contributes to brain injury in
pneumococcal meningitis and is activated through ATP-dependent lysosomal
cathepsin B release. Journal of immunology (Baltimore, Md.: 1950), 187(10), pp.
5440-5451.

HOMER, RJ.,ZHU, Z.,COHN, L., LEE, C.G., WHITE, W .I., CHEN, S. and ELIAS,
J.A., 2006. Differential expression of chitinases identify subsets of murine airway
epithelial cells in allergic inflammation. American journal of physiology.Lung cellular
and molecular physiology, 291(3), pp. L502-11.

HOULDSWORTH, S., ANDREW, P.W. and MITCHELL, T.J., 1994. Pneumolysin
stimulates production of tumor necrosis factor alpha and interleukin-1 beta by human
mononuclear phagocytes. Infection and immunity, 62(4), pp. 1501-1503.

HU, B., WANG, S., ZHANG, Y., FEGHALI, C.A., DINGMAN, J.R. and WRIGHT,
T.M., 2003. A nuclear target for interleukin-lalpha: interaction with the growth
suppressor necdin modulates proliferation and collagen expression. Proceedings of
the National Academy of Sciences of the United States of America, 100(17), pp.
10008-10013.

222



HUSSELL, T. and BELL, TJ., 2014. Alveolar macrophages: plasticity in a tissue-
specific context. Nature reviews immunology, 14(2), pp. 81-93.

HUTTLIN, E.L., JEDRYCHOWSKI, M.P., ELIAS, J.E., GOSWAMI, T., RAD, R.,
BEAUSOLEIL, S.A., VILLEN, J., HAAS, W., SOWA, M.E. and GYGI, S P., 2010.
A tissue-specific atlas of mouse protein phosphorylation and expression. Cell, 143(7),
pp. 1174-1189.

HUYNH, D., AKCORA, D., MALATERRE, J., CHAN, CK., DAI, X.,
BERTONCELLO, I., STANLEY, E.R. and RAMSAY, R.G., 2013. CSF-1 receptor-

dependent colon development, homeostasis and inflammatory stress response. PloS
one, 8(2), pp. €56951.

HYAMS, C., CAMBERLEIN, E., COHEN, J. M., BAX, K. and BROWN, J.S., 2010.
The Streptococcus pneumoniae capsule inhibits complement activity and neutrophil
phagocytosis by multiple mechanisms. Infection and immunity, 78(2), pp. 704-715.

JANEWAY, C.A.T. P., WALPORT, M. and SHLOMCHIK, M., (2006).
Immunobiology. Immunobiology, .

JANSSENS, S. and BEYAERT, R., 2003. Functional diversity and regulation of
different interleukin-1 receptor-associated kinase (IRAK) family members. Molecular
cell, 11(2), pp. 293-302.

JEFFERIES, J.M., JOHNSTON, CH., KIRKHAM, L.A., COWAN, GJ., ROSS,
K.S., SMITH, A., CLARKE, S.C., BRUEGGEMANN, A.B., GEORGE, R.C.,
PICHON, B., PLUSCHKE, G., PFLUGER, V. and MITCHELL, T.J., 2007. Presence
of nonhemolytic pneumolysin in serotypes of Streptococcus pneumoniae associated
with disease outbreaks. The Journal of infectious diseases, 196(6), pp. 936-944.

JIANG, Z., GEORGEL, P., DU, X., SHAMEL, L., SOVATH, S., MUDD, S.,
HUBER, M., KALIS, C., KECK, S. and GALANOS, C., 2005. CD14 is required for
MyD88-independent LPS signaling. Nature immunology, 6(6), pp. 565-570.

JOHNSON, M., 1977. Cellular location of pneumolysin. FEMS Microbiol.Lett, 2(4),
pp. 243-245.

JOHNSON, M K., BOESE-MARRAZZO, D. and PIERCE, W.A_JR, 1981. Effects of
pneumolysin on human polymorphonuclear leukocytes and platelets. Infection and
immunity, 34(1), pp. 171-176.

JOHNSTON, R.B., 1991. Pathogenesis of pneumococcal pneumonia. Review of
Infectious Diseases, 13(Supplement 6), pp. S509-S517.

JONES, F.E., WELTE, T., FU, X.Y. and STERN, D.F., 1999. ErbB4 signaling in the
223



mammary gland is required for lobuloalveolar development and Stat5 activation
during lactation. The Journal of cell biology, 147(1), pp. 77-88.

JONES, MR., SIMMS, B.T., LUPA, M.M., KOGAN, M.S. and MIZGERD, J.P.,
2005. Lung NF-kappaB activation and neutrophil recruitment require IL-1 and TNF

receptor signaling during pneumococcal pneumonia. Journal of immunology
(Baltimore, Md.: 1950), 175(11), pp. 7530-7535.

JONSSON, S., MUSHER, D.M., CHAPMAN, A., GOREE, A. and LAWRENCE,
E.C., 1985. Phagocytosis and killing of common bacterial pathogens of the lung by
human alveolar macrophages. The Journal of infectious diseases, 152(1), pp. 4-13.

JOUNBLAT, R., KADIOGLU, A., MITCHELL, TJ. and ANDREW, P.W., 2003.
Pneumococcal behavior and host responses during bronchopneumonia are affected
differently by the cytolytic and complement-activating activities of pneumolysin.
Infection and immunity, 71(4), pp. 1813-1819.

KADIOGLU, A. and ANDREW, P.W., 2004. The innate immune response to
pneumococcal lung infection: the untold story. Trends in immunology, 25(3), pp. 143-
149.

KADIOGLU, A., WEISER, J.N., PATON, J.C. and ANDREW, P.W_, 2008. The role
of Streptococcus pneumoniae virulence factors in host respiratory colonisation and
disease. Nature Reviews Microbiology, 6(4), pp. 288-301.

KADIOGLU, A., COWARD, W., COLSTON, M.J., HEWITT, C.R. and ANDREW,
P.W., 2004. CD4-T-lymphocyte interactions with pneumolysin and pneumococci
suggest a crucial protective role in the host response to pneumococcal infection.
Infection and immunity, 72(5), pp. 2689-2697.

KADIOGLU, A., GINGLES, N.A., GRATTAN, K., KERR, A., MITCHELL, T.J.
and ANDREW, P.W., 2000. Host cellular immune response to pneumococcal lung
infection in mice. Infection and immunity, 68(2), pp. 492-501.

KADIOGLU, A., TAYLOR, S., IANNELLI, F., POZZI, G., MITCHELL, TJ. and
ANDREW, P.W ., 2002. Upper and lower respiratory tract infection by Streptococcus
pneumoniae is affected by pneumolysin deficiency and differences in capsule type.
Infection and immunity, 70(6), pp. 2886-2890.

KANG, P.B., AZAD, AK., TORRELLES, J.B., KAUFMAN, T.M., BEHARKA, A.,
TIBESAR, E., DESJARDIN, L.E. and SCHLESINGER, L.S., 2005. The human
macrophage mannose receptor directs Mycobacterium tuberculosis

224



lipoarabinomannan-mediated phagosome biogenesis. The Journal of experimental
medicine, 202(7), pp. 987-999.

KANG, Y.S., KIM, J.Y., BRUENING, S.A., PACK, M., CHARALAMBOUS, A.,
PRITSKER, A., MORAN, T .M., LOEFFLER, J.M., STEINMAN, R.M. and PARK,
C.G., 2004. The C-type lectin SIGN-R1 mediates uptake of the capsular
polysaccharide of Streptococcus pneumoniae in the marginal zone of mouse spleen.

Proceedings of the National Academy of Sciences of the United States of America,
101(1), pp. 215-220.

KAREN C. CARROLL, JEFFERY A. HOBDEN, STEVE MILLER, STEPHEN A.
MORSE, TIMOTHY A. MIETZNER, BARBARA DETRICK, THOMAS G.
MITCHELL, JAMES H. MCKERROW, JUDY A. SAKANARI, 2015.

CARROLL, K.C., BUTEL, J. and MORSE, S., 2015. Jawetz Melnick & Adelbergs
Medical Microbiology 27 E. McGraw Hill Professional.

KAWAI, T. and AKIRA, S., 2010. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nature immunology, 11(5), pp. 373-384.

KELER, T., RAMAKRISHNA, V. and FANGER, M.W., 2004. Mannose receptor-
targeted vaccines. Expert opinion on biological therapy, 4(12), pp. 1953-1962.

KELLY, T., DILLARD, J.P. and YOTHER, J., 1994. Effect of genetic switching of
capsular type on virulence of Streptococcus pneumoniae. Infection and immunity,
62(5), pp- 1813-1819.

KEMP, K., BRUUNSGAARD, H., SKINHOJ, P. and KLARLUND PEDERSEN, B.,
2002. Pneumococcal infections in humans are associated with increased apoptosis and
trafficking of type 1 cytokine-producing T cells. Infection and immunity, 70(9), pp.
5019-5025.

KIM, S.F., HURI, D.A. and SNYDER, S.H., 2005. Inducible nitric oxide synthase
binds, S-nitrosylates, and activates cyclooxygenase-2. Science (New York, N.Y.),
310(5756), pp. 1966-1970.

KIRKHAM, L.A., JEFFERIES, J.M., KERR, AR., JING, Y., CLARKE, S.C.,
SMITH, A. and MITCHELL, TJ., 2006. Identification of invasive serotype 1
pneumococcal isolates that express nonhemolytic pneumolysin. Journal of clinical
microbiology, 44(1), pp. 151-159.

KLUYTMANS, J., VAN BELKUM, A. and VERBRUGH, H., 1997. Nasal carriage
of Staphylococcus aureus: epidemiology, underlying mechanisms, and associated
risks. Clinical microbiology reviews, 10(3), pp. 505-520.

225



KNAPP, S., LEEMANS, J.C., FLORQUIN, S., BRANGER, J., MARIS, N.A.,
PATER, J., VAN ROOIJEN, N. and VAN DER POLL, T., 2003. Alveolar
macrophages have a protective antiinflammatory role during murine pneumococcal
pneumonia. American journal of respiratory and critical care medicine, 167(2), pp.
171-179.

KNAPP, S., FLORQUIN, S., GOLENBOCK, D.T. and VAN DER POLL, T., 2006.
Pulmonary lipopolysaccharide (LPS)-binding protein inhibits the LPS-induced lung
inflammation in vivo. Journal of immunology (Baltimore, Md.: 1950), 176(5), pp.
3189-3195.

KNAPP, S., WIELAND, C.W., VAN 'T VEER, C., TAKEUCHI, O., AKIRA, S.,
FLORQUIN, S. and VAN DER POLL, T., 2004. Toll-like receptor 2 plays a role in
the early inflammatory response to murine pneumococcal pneumonia but does not
contribute to antibacterial defense. Journal of immunology (Baltimore, Md.: 1950),
172(5), pp- 3132-3138.

KOBAYASHI, K., HERNANDEZ, L.D., GALAN, JE. JANEWAY, C.A.
MEDZHITOV, R. and FLAVELL, R.A., 2002. IRAK-M is a negative regulator of
Toll-like receptor signaling. Cell, 110(2), pp. 191-202.

KOMAI-KOMA, M., JONES, L., OGG, G.S., XU, D. and LIEW, F.Y., 2004. TLR2
is expressed on activated T cells as a costimulatory receptor. Proceedings of the
National Academy of Sciences of the United States of America, 101(9), pp. 3029-
3034.

KONE, B.C., SCHWOBEL, J., TURNER, P., MOHAUPT, M.G. and CANGRO,
C.B., 1995. Role of NF-kappa B in the regulation of inducible nitric oxide synthase in
an MTAL cell line. The American Journal of Physiology, 269(5 Pt 2), pp. F718-29.

KOOGUCHI, K., HASHIMOTO, S., KOBAYASHI, A., KITAMURA, Y., KUDOH,
I., WIENER-KRONISH, J. and SAWA, T., 1998. Role of alveolar macrophages in
initiation and regulation of inflammation in Pseudomonas aeruginosa pneumonia.
Infection and immunity, 66(7), pp. 3164-3169.

KREGER, A.S. and BERNHEIMER, A.W., 1969. Physical behavior of pneumolysin.
Journal of Bacteriology, 98(1), pp. 306-307.

KUNG, E., COWARD, WR., NEILL, DR., MALAK, HA., MUHLEMANN, K.,
KADIOGLU, A., HILTY, M. and HATHAWAY, LJ., 2014. The pneumococcal

226



polysaccharide capsule and pneumolysin differentially affect CXCLS8 and IL-6 release
from cells of the upper and lower respiratory tract. PloS one, 9(3), pp. €92355.

KUSUNOKI, T., HAILMAN, E., JUAN, T.S., LICHENSTEIN, H.S. and WRIGHT,
S.D., 1995. Molecules from Staphylococcus aureus that bind CD14 and stimulate

innate immune responses. The Journal of experimental medicine, 182(6), pp. 1673-
1682.

KYAW, M.H., CHRISTIE, P., JONES, 1.G. and CAMPBELL, H., 2002. The
changing epidemiology of bacterial meningitis and invasive non-meningitic bacterial
disease in scotland during the period 1983-99. Scandinavian Journal of Infectious
Diseases, 34(4), pp. 289-298.

LAEMMLI, U K., 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature, 227(5259), pp. 680-685.

LAMMERS, AlJ., DE PORTO, A.P., DE BOER, O.J., FLORQUIN, S. and VAN
DER POLL, T., 2012. The role of TLR2 in the host response to pneumococcal

pneumonia in absence of the spleen. BMC infectious diseases, 12, pp. 139-2334-12-
139.

LATZ, E., XIAO, T.S. and STUTZ, A., 2013. Activation and regulation of the
inflammasomes. Nature Reviews Immunology, 13(6), pp.397-411.

LE CABEC, V., EMORINE, LJ., TOESCA, I, COUGOULE, C. and
MARIDONNEAU-PARINI, I., 2005. The human macrophage mannose receptor is

not a professional phagocytic receptor. Journal of leukocyte biology, 77(6), pp. 934-
943.

LEE, C., KIM, M., CHUNG, B.M., LEAHY, D.J. and COULOMBE, P.A., 2012.
Structural basis for heteromeric assembly and perinuclear organization of keratin
filaments. Nature structural & molecular biology, 19(7), pp. 707-715.

LEE, C., BANKS, S.D. and LI, J.P., 1991. Virulence, immunity, and vaccine related
to Streptococcus pneumoniae. Critical reviews in microbiology, 18(2), pp. 89-114.

LEE, C.G., 2009. Chitin, chitinases and chitinase-like proteins in allergic
inflammation and tissue remodeling. Yonsei medical journal, S0(1), pp. 22-30.

LEE, C.G., DEMARQUOY, J., JACKSON, MJ. and OBRIEN, W.E., 199%4.
Molecular cloning and characterization of a murine LPS-inducible cDNA. Journal of
immunology (Baltimore, Md.: 1950), 152(12), pp. 5758-5767.

227



LEE, SJ.,ZHENG, N.Y., CLAVIJO, M. and NUSSENZWEIG, M.C., 2003. Normal
host defense during systemic candidiasis in mannose receptor-deficient mice.
Infection and immunity, 71(1), pp. 437-445.

LEEMANS, J.C., JUFFERMANS, N.P., FLORQUIN, S., VAN ROOIJEN, N.,
VERVOORDELDONK, M.J., VERBON, A., VAN DEVENTER, S.J. and VAN DER
POLL, T., 2001. Depletion of alveolar macrophages exerts protective effects in

pulmonary tuberculosis in mice. Journal of immunology (Baltimore, Md.: 1950),
166(7), pp. 4604-4611.

LEHTONEN, A., MATIKAINEN, S., MIETTINEN, M. and JULKUNEN, I., 2002.
Granulocyte-macrophage colony-stimulating factor (GM-CSF)-induced STATS
activation and target-gene expression during human monocyte/macrophage
differentiation. Journal of leukocyte biology, T1(3), pp. 511-519.

LEMON, J K., MILLER, M.R. and WEISER, J.N., 2015. Sensing of interleukin-1
cytokines during Streptococcus pneumoniae colonisation contributes to macrophage
recruitment and bacterial clearance. Infection and immunity, 83(8), pp. 3204-3212.

LETEUX, C., CHAI, W., LOVELESS, R.W., YUEN, C.T., UHLIN-HANSEN, L.,
COMBARNOUS, Y., JANKOVIC, M., MARIC, S.C., MISULOVIN, Z.,
NUSSENZWEIG, M.C. and FEIZI, T., 2000. The cysteine-rich domain of the
macrophage mannose receptor is a multispecific lectin that recognizes chondroitin
sulfates A and B and sulfated oligosaccharides of blood group Lewis(a) and Lewis(x)
types in addition to the sulfated N-glycans of lutropin. The Journal of experimental
medicine, 191(7), pp. 1117-1126.

LEVITZ, R., WATTIER, R., PHILLIPS, P., SOLOMON, A., LAWLER, J., LAZAR,
I., WEIBEL, C. and KAHN, J.S., 2012. Induction of IL-6 and CCL5 (RANTES) in
human respiratory epithelial (A549) cells by clinical isolates of respiratory syncytial
virus is strain specific. Virology journal, 9(1), pp. 1.

LEXAU, C.A., LYNFIELD, R., DANILA, R., PILISHVILI, T., FACKLAM, R.,
FARLEY, M.M., HARRISON, L.H., SCHAFFNER, W., REINGOLD, A. and
BENNETT, N.M., 2005. Changing epidemiology of invasive pneumococcal disease
among older adults in the era of pediatric pneumococcal conjugate vaccine. Jama,
294(16), pp. 2043-2051.

LI, L., 2004. Regulation of innate immunity signaling and its connection with human
diseases. Current Drug Targets-Inflammation & Allergy, 3(1), pp. 81-86.

LI, M.O., WAN, Y.Y., SANJABI, S., ROBERTSON, A.L. and FLAVELL, R.A.,
2006. Transforming growth factor-f regulation of immune responses.
Annu.Rev.Immunol., 24, pp. 99-146.

228



LI, Y., GIERAHN, T., THOMPSON, CM. TRZCINSKI, K., FORD, CB.,
CROUCHER, N., GOUVEIA, P., FLECHTNER, J.B., MALLEY, R. and LIPSITCH,
M., 2012. Distinct effects on diversifying selection by two mechanisms of immunity
against Streptococcus pneumoniae.

LI, S., STRELOW, A., FONTANA, EJ. and WESCHE, H., 2002. IRAK-4: a novel
member of the IRAK family with the properties of an IRAK-kinase. Proceedings of
the National Academy of Sciences of the United States of America, 99(8), pp. 5567-
5572.

LI, W., MOLTEDO, B. and MORAN, T.M., 2012. Type I interferon induction during
influenza virus infection increases susceptibility to secondary Streptococcus

pneumoniae infection by negative regulation of gammadelta T cells. Journal of
virology, 86(22), pp. 12304-12312.

LIANG, Z., ROSEN, E.D. and CASTELLINO, F.J., 1999. Nucleotide structure and
characterization of the murine gene encoding the endothelial cell protein C receptor.
Thrombosis and haemostasis, 81(4), pp. 585-588.

LIBMAN, E., 1905. A pneumococcus producing a peculiar form of hemolysis, Proc.
NY Pathol. Soc 1905, pp. 73.

LIM, W.S., MACFARLANE, J.T., BOSWELL, T.C., HARRISON, T.G., ROSE, D.,
LEINONEN, M. and SAIKKU, P., 2001. Study of community acquired pneumonia
aetiology (SCAPA) in adults admitted to hospital: implications for management
guidelines. Thorax, 56(4), pp. 296-301.

LIN, HH., FAUNCE, D.E., STACEY, M., TERAJEWICZ, A., NAKAMURA, T.,
ZHANG-HOOVER, J., KERLEY, M., MUCENSKI, M.L., GORDON, S. and
STEIN-STREILEIN, J., 2005. The macrophage F4/80 receptor is required for the
induction of antigen-specific efferent regulatory T cells in peripheral tolerance. The
Journal of experimental medicine, 201(10), pp. 1615-1625.

LINEHAN, S.A., MARTINEZ-POMARES, L., STAHL, P.D. and GORDON, S.,
1999. Mannose receptor and its putative ligands in normal murine lymphoid and
nonlymphoid organs: In situ expression of mannose receptor by selected
macrophages, endothelial cells, perivascular microglia, and mesangial cells, but not
dendritic cells. The Journal of experimental medicine, 189(12), pp. 1961-1972.

LIPSITCH, M., WHITNEY, C.G., ZELL, E., KAIJALAINEN, T., DAGAN, R. and
MALLEY, R.,2005. Are anticapsular antibodies the primary mechanism of protection
against invasive pneumococcal disease? PLoS Med, 2(1), pp. el5.

LITHERLAND, S., XIE, T., GREBE, K., DAVOODI-SEMIROMI, A., ELF, J.,

229



BELKIN, N., MOLDAWER, L. and CLARE-SALZLER, M., 2005. Signal
transduction activator of transcription 5 (STATS) dysfunction in autoimmune
monocytes and macrophages. Journal of Autoimmunity, 24(4), pp. 297-310.

LITTMANN, M., ALBIGER, B., FRENTZEN, A., NORMARK, S., HENRIQUES-
NORMARK, B. and PLANT, L., 2009. Streptococcus pneumoniae evades human
dendritic cell surveillance by pneumolysin expression. EMBO molecular medicine,
1(4), pp. 211-222.

LIU, P.T., SCHENK, M., WALKER, V.P., DEMPSEY, P.W., KANCHANAPOOMI,
M., WHEELWRIGHT, M., VAZIRNIA, A., ZHANG, X., STEINMEYER, A. and
ZUGEL, U., 2009. Convergence of IL-1f and VDR activation pathways in human
TLR2/1-induced antimicrobial responses. PloS one, 4(6), pp. €5810.

LIU, X.,LUO, H., YANG, H., WANG, L., KONG, H.,JIN, Y., WANG, F., GU, M.,
CHEN, Z. and LU, Z., 2007. Palladin regulates cell and extracellular matrix
interaction through maintaining normal actin cytoskeleton architecture and stabilizing
Betal-integrin. Journal of cellular biochemistry, 100(5), pp. 1288-1300.

LIU, Y., CHIRINO, AlJ. MISULOVIN, Z., LETEUX, C., FEIZI, T.,
NUSSENZWEIG, M.C. and BJORKMAN, P.J., 2000. Crystal structure of the
cysteine-rich domain of mannose receptor complexed with a sulfated carbohydrate
ligand. The Journal of experimental medicine, 191(7), pp. 1105-1116.

LOCK, R.A., PATON, J.C. and HANSMAN, D., 1988. Comparative efficacy of
pneumococcal neuraminidase and pneumolysin as immunogens protective against
Streptococcus pneumoniae. Microbial pathogenesis, 5(6), pp. 461-467.

LOCK, R.A., ZHANG, Q.Y., BERRY, AM. and PATON, J.C., 1996. Sequence
variation in theStreptococcus pneumoniaepneumolysin gene affecting haemolytic
activity and electrophoretic mobility of the toxin. Microbial pathogenesis, 21(2), pp.
71-83.

LOW, AJ., MARCHANT, D., BRUMME, CJ.,BRUMME, Z L., DONG, W., SING,
T., HOGG, R.S., MONTANER, J.S., GILL, V. and CHEUNG, P K., 2008. CD4-
dependent characteristics of coreceptor use and HIV type 1 V3 sequence in a large

population of therapy-naive individuals. AIDS Research and Human Retroviruses,
24(2), pp. 219-228.

LU, Y., GROSS, J., BOGAERT, D., FINN, A., BAGRADE, L., ZHANG, Q.,
KOLLS, JK., SRIVASTAVA, A., LUNDGREN, A. and FORTE, S., 2008.

Interleukin-17A mediates acquired immunity to pneumococcal colonisation. PLoS
Pathog, 4(9), pp. €1000159.

230



LUCKHEERAM, R.V., ZHOU, R., VERMA, A.D. and XIA, B., 2012. CD4< sup>.
Clinical and developmental immunology, 2012.

LUO, Z.G., JE, H., WANG, Q., YANG, F., DOBBINS, G.C., YANG, Z., XIONG,
W.C., LU, B. and MEI, L., 2003. Implication of geranylgeranyltransferase 1 in
synapse formation. Neuron, 40(4), pp. 703-717.

LUTTGE, M., FULDE, M., TALAY, S.R., NERLICH, A., ROHDE, M.
PREISSNER, K.T., HAMMERSCHMIDT, S., STEINERT, M., MITCHELL, T.J. and
CHHATWAL, G.S., 2012. Streptococcus pneumoniae induces exocytosis of Weibel-

Palade bodies in pulmonary endothelial cells. Cellular microbiology, 14(2), pp. 210-
225.

LUTZ,M.B.,KUKUTSCH, N., OGILVIE, A L.,ROBNER, S., KOCH, F., ROMANI,
N. and SCHULER, G., 1999. An advanced culture method for generating large
quantities of highly pure dendritic cells from mouse bone marrow. Journal of
immunological methods, 223(1), pp. 77-92.

MACEDO-RAMOS, H., BATISTA, AF., CARRIER-RUIZ, A., ALVES, L.,
ALLODI, S., RIBEIRO-RESENDE, V.T., TEIXEIRA, L.M. and BAETAS-DA-
CRUZ, W., 2014. Evidence of involvement of the mannose receptor in the
internalization of Streptococcus pneumoniae by Schwann cells. BMC microbiology,
14(1), pp. 211.

MACLEOD, C.M. and KRAUS, M.R., 1950. Relation of virulence of pneumococcal
strains for mice to the quantity of capsular polysaccharide formed in vitro. The
Journal of experimental medicine, 92(1), pp. 1-9.

MADHI, S.A., KUWANDA, L., CUTLAND, C. and KLUGMAN, K.P., 2005. The
impact of a 9-valent pneumococcal conjugate vaccine on the public health burden of
pneumonia in HIV-infected and -uninfected children. Clinical infectious diseases : an
official publication of the Infectious Diseases Society of America, 40(10), pp. 1511-
1518.

MAGEE, A.D. and YOTHER, J., 2001. Requirement for capsule in colonisation by
Streptococcus pneumoniae. Infection and immunity, 69(6), pp. 3755-3761.

MAHDI, LK., OGUNNIYI, A.D., LEMESSURIER, K.S. and PATON, J.C., 2008.
Pneumococcal virulence gene expression and host cytokine profiles during
pathogenesis of invasive disease. Infection and immunity, 76(2), pp. 646-657.

MALLEY, R. and ANDERSON, P.W., 2012. Serotype-independent pneumococcal
experimental vaccines that induce cellular as well as humoral immunity. Proceedings
of the National Academy of Sciences of the United States of America, 109(10), pp.

231



3623-3627.

MALLEY, R., HENNEKE, P., MORSE, S.C., CIESLEWICZ, M.J., LIPSITCH, M.,
THOMPSON, C.M., KURT-JONES, E., PATON, J.C., WESSELS, M.R. and
GOLENBOCK, D.T., 2003. Recognition of pneumolysin by Toll-like receptor 4
confers resistance to pneumococcal infection. Proceedings of the National Academy
of Sciences of the United States of America, 100(4), pp. 1966-1971.

MALLEY, R., LIPSITCH, M., BOGAERT, D., THOMPSON, C.M., HERMANS, P.,
WATKINS, A.C., SETHI, S. and MURPHY, T.F., 2007. Serum antipneumococcal
antibodies and pneumococcal colonisation in adults with chronic obstructive
pulmonary disease. The Journal of infectious diseases, 196(6), pp. 928-935.

MALLEY, R., SRIVASTAVA, A., LIPSITCH, M., THOMPSON, C.M., WATKINS,
C., TZIANABOS, A. and ANDERSON, P.W., 2006. Antibody-independent,
interleukin-17A-mediated, cross-serotype immunity to pneumococci in mice

immunized intranasally with the cell wall polysaccharide. Infection and immunity,
74(4), pp- 2187-2195.

MALLEY, R., TRZCINSKI, K., SRIVASTAVA, A., THOMPSON, C.M.,
ANDERSON, P.W. and LIPSITCH, M., 2005. CD4+ T cells mediate antibody-
independent acquired immunity to pneumococcal colonisation. Proceedings of the
National Academy of Sciences of the United States of America, 102(13), pp. 4848-
4853.

MAN, S.M. and KANNEGANTI, T., 2015. Regulation of inflammasome activation.
Immunological reviews, 265(1), pp. 6-21.

MANIERI, N.A., DRYLEWICZ, M.R., MIYOSHI, H. and STAPPENBECK, T.S.,
2012. Igf2bpl is required for full induction of Ptgs2 mRNA in colonic mesenchymal
stem cells in mice. Gastroenterology, 143(1), pp. 110-121. e10.

MARIATHASAN, S., WEISS, D.S.,, NEWTON, K., MCBRIDE, J., OROURKE, K.,
ROOSE-GIRMA, M., LEE, W.P., WEINRAUCH, Y., MONACK, D.M. and DIXIT,
V.M., 2006. Cryopyrin activates the inflammasome in response to toxins and ATP.
Nature, 440(7081), pp. 228-232.

MARODI, L., KORCHAK, HM. and JOHNSTON, R.B.,JR, 1991. Mechanisms of
host defense against Candida species. I. Phagocytosis by monocytes and monocyte-
derived macrophages. Journal of immunology (Baltimore, Md.: 1950), 146(8), pp.
2783-2789.

MARRIOTT, HM., HELLEWELL, P.G., CROSS, S.S., INCE, P.G., WHYTE, M K.
and DOCKRELL, D .H., 2006. Decreased alveolar macrophage apoptosis is associated

232



with increased pulmonary inflammation in a murine model of pneumococcal
pneumonia. Journal of immunology (Baltimore, Md.: 1950), 177(9), pp. 6480-6488.

MARTIN, M., TURCO, JH., ZEGANS, M.E., FACKLAM, R.R., SODHA, S.,
ELLIOTT,J.A.,,PRYOR, J.H., BEALL, B., ERDMAN, D.D. and BAUMGARTNER,
Y.Y., 2003. An outbreak of conjunctivitis due to atypical Streptococcus pneumoniae.
New England Journal of Medicine, 348(12), pp. 1112-1121.

MARTINEZ-POMARES, L. and GORDON, S., 2012. CD169 macrophages at the
crossroads of antigen presentation. Trends in immunology, 33(2), pp. 66-70.

MARTINEZ-POMARES, L., WIENKE, D., STILLION, R., MCKENZIE, EJ.,
ARNOLD, J.N., HARRIS, J., MCGREAL, E., SIM, R.B., ISACKE, C.M. and
GORDON, S., 2006. Carbohydrate-independent recognition of collagens by the
macrophage mannose receptor. European journal of immunology, 36(5), pp. 1074-
1082.

MARTINEZ-POMARES, L., 2012. The mannose receptor. Journal of leukocyte
biology, 92(6), pp. 1177-1186.

MARTINEZ-POMARES, L., REID, D.M., BROWN, G.D., TAYLOR, PR.,
STILLION, R.J., LINEHAN, S.A., ZAMZE, S., GORDON, S. and WONG, S.Y.,
2003. Analysis of mannose receptor regulation by IL-4, IL-10, and proteolytic
processing using novel monoclonal antibodies. Journal of leukocyte biology, 73(5),
pp. 604-613.

MATILLA, A. and RADRIZZANI, M., 2005. The Anp32 family of proteins
containing leucine-rich repeats. The Cerebellum, 4(1), pp. 7-18.

McCOOL, T.L., CATE, T.R., MOY, G. and WEISER, J.N., 2002. The immune
response to pneumococcal proteins during experimental human carriage. The Journal
of experimental medicine, 195(3), pp. 359-365.

MCELLISTREM, M.C., ADAMS, JM., PATEL, K., MENDELSOHN, AB.,
KAPLAN, S.L., BRADLEY, J.S., SCHUTZE, G.E., KIM, K.S., MASON, E.O. and
WALD, E.R., 2005. Acute otitis media due to penicillin-nonsusceptible Streptococcus
pneumoniae before and after the introduction of the pneumococcal conjugate vaccine.

Clinical infectious diseases : an official publication of the Infectious Diseases Society
of America, 40(12), pp. 1738-1744.

MCHEYZER-WILLIAMS, L.J., PELLETIER, N., MARK, L., FAZILLEAU, N. and
MCHEYZER-WILLIAMS, M.G., 2009. Follicular helper T cells as cognate

233



regulators of B cell immunity. Current opinion in immunology, 21(3), pp. 266-273.

MCNAMEE, L.A. and HARMSEN, A.G., 2006. Both influenza-induced neutrophil
dysfunction and neutrophil-independent mechanisms contribute to increased
susceptibility to a secondary Streptococcus pneumoniae infection. Infection and
immunity, 74(12), pp. 6707-6721.

MCNEELA, E.A., BURKE, A., NEILL, D.R., BAXTER, C., FERNANDES, VE.,
FERREIRA, D., SMEATON, S., EL-RACHKIDY, R., MCLOUGHLIN, R.M.,
MORI, A., MORAN, B., FITZGERALD, K.A., TSCHOPP, J., PETRILLI, V.,
ANDREW, P.W., KADIOGLU, A. and LAVELLE, E.C., 2010. Pneumolysin
activates the NLRP3 inflammasome and promotes proinflammatory cytokines
independently of TLR4.

McGrath, E.E., Marriott, H.M., Lawrie, A., Francis, S.E., Sabroe, 1., Renshaw, S.A.,
Dockrell, D.H. and Whyte, M.K., 2011. TNF-related apoptosis-inducing ligand
(TRAIL) regulates inflammatory neutrophil apoptosis and enhances resolution of
inflammation. Journal of leukocyte biology, 90(5), pp.855-865.

MERTENS, J., FABRI, M., ZINGARELLI, A., KUBACKI, T., MEEMBOOR, S.,
GRONECK, L., SEEGER, J., BESSLER, M., HAFKE, H. and ODENTHAL, M.,
2009. Streptococcus pneumoniae serotype 1 capsular polysaccharide induces
CD8CD28 regulatory T lymphocytes by TCR crosslinking. PLoS Pathog, 5(9), pp.
€1000596.

MILLS, K.H., 2004. Regulatory T cells: friend or foe in immunity to infection?
Nature Reviews Immunology, 4(11), pp. 841-855.

MITCHELL, TJ., 2003. The pathogenesis of streptococcal infections: from tooth
decay to meningitis. Nature Reviews Microbiology, 1(3), pp. 219-230.

MITCHELL, T., ANDREW, P., BOULNOIS, G., LEE, C., LOCK, R. and PATON,
J., 1993. Molecular studies of pneumolysin, the thiol-activated toxin of Streptococcus
pneumoniae as an aid to vaccine design. ZENTRALBLATT FUR BAKTERIOLOGIE-
SUPPLEMENT-, , pp. 429-429.

MITCHELL, T., ANDREW, P., SAUNDERS, F., SMITH, A. and BOULNOIS, G.,
1991. Complement activation and antibody binding by pneumolysin via a region of
the toxin homologous to a human acute-phase protein. Molecular microbiology, 5(8),
pp- 1883-1888.

MITCHELL, T., WALKER, J., SAUNDERS, F., ANDREW, P. and BOULNOIS, G.,
1989. Expression of the pneumolysin gene in Escherichia coli: rapid purification and
biological properties. Biochimica et Biophysica Acta (BBA)-Gene Structure and

234



Expression, 1007(1), pp. 67-72.

MIZGERD, J.P., 2008. Acute lower respiratory tract infection. New England Journal
of Medicine, 358(7), pp. 716-727.

MIZGERD, J.P., LUPA, M.M., KOGAN, M.S., WARREN, H.B., KOBZIK, L. and
TOPULOS, G.P., 2003. Nuclear factor-»B p50 limits inflammation and prevents lung
injury during Escherichia coli pneumonia. American journal of respiratory and
critical care medicine, 168(7), pp. 810-817.

MIZGERD, J.P., SCOTT, M.L., SPIEKER, M.R. and DOERSCHUK, C.M., 2002.
Functions of I » B proteins in inflammatory responses to Escherichia coli LPS in

mouse lungs. American journal of respiratory cell and molecular biology, 27(5), pp.
575-582.

MIZOGUCHI, E., 2006. Chitinase 3-like-1 exacerbates intestinal inflammation by
enhancing bacterial adhesion and invasion in colonic epithelial cells.
Gastroenterology, 130(2), pp. 398-411.

MORONA, J K., MORONA, R. and PATON, J.C., 2006. Attachment of capsular
polysaccharide to the cell wall of Streptococcus pneumoniae type 2 is required for

invasive disease. Proceedings of the National Academy of Sciences of the United
States of America, 103(22), pp. 8505-8510.

MOSSER, DM. and EDWARDS, J.P., 2008. Exploring the full spectrum of
macrophage activation. Nature reviews immunology, 8(12), pp. 958-969.

MURAOKA-COOK, R.S., SANDAHL, M., HUSTED, C., HUNTER, D.,
MIRAGLIA, L., FENG, SM., ELENIUS, K. and EARP, H.S..3RD, 2006. The
intracellular domain of ErbB4 induces differentiation of mammary epithelial cells.
Molecular biology of the cell, 17(9), pp. 4118-4129.

MURRAY, PJ. and WYNN, T.A., 2011. Protective and pathogenic functions of
macrophage subsets. Nature reviews immunology, 11(11), pp. 723-737.

MUSHER, D.M., 1992. Infections caused by Streptococcus pneumoniae: clinical
spectrum, pathogenesis, immunity, and treatment. Clinical infectious diseases, , pp.
801-807.

MUSIKACHAROEN, T., MATSUGUCHI, T., KIKUCHI, T. and YOSHIKAI, Y.,
2001. NF-kappa B and STATS play important roles in the regulation of mouse Toll-

like receptor 2 gene expression. Journal of immunology (Baltimore, Md.: 1950),
166(7), pp. 4516-4524.

NAPPER, C.E. and TAYLOR, M.E., 2004. The mannose receptor fails to enhance
235



processing and presentation of a glycoprotein antigen in transfected fibroblasts.
Glycobiology, 14(10), pp. 7C-12C.

NEILL, D.R., COWARD, W.R., GRITZFELD, J.F., RICHARDS, L., GARCIA-
GARCIA, F.J.,DOTOR, J., GORDON, S.B. and KADIOGLU, A., 2014. Density and
duration of pneumococcal carriage is maintained by transforming growth factor 31
and T regulatory cells. American journal of respiratory and critical care medicine,

189(10), pp. 1250-1259.

NEILL, D.R., FERNANDES, V.E., WISBY, L., HAYNES, AR., FERREIRA, D.M.,
LAHER, A., STRICKLAND, N., GORDON, S.B., DENNY, P. and KADIOGLU, A.,
2012. T regulatory cells control susceptibility to invasive pneumococcal pneumonia in
mice. PLoS Pathog, 8(4), pp. €1002660.

Neill, D.R., Wong, S.H., Bellosi, A., Flynn, R.J., Daly, M., Langford, T .K., Bucks,
C., Kane, C.M., Fallon, P.G., Pannell, R. and Jolin, H.E., 2010. Nuocytes represent a

new innate effector leukocyte that mediates type-2 immunity. Nature, 464(7293),
pp-1367-1370.

NELSON, A.L., ROCHE, AM., GOULD, JM., CHIM, K., RATNER, AlJ. and
WEISER, J.N., 2007. Capsule enhances pneumococcal colonisation by limiting
mucus-mediated clearance. Infection and immunity, 75(1), pp. 83-90.

NESIN, M., RAMIREZ, M. and TOMASZ, A., 1998. Capsular transformation of a
multidrug-resistant Streptococcus pneumoniae in vivo. The Journal of infectious
diseases, 177(3), pp. 707-713.

NICKLIN, M.J., WEITH, A. and DUFF, G.W., 1994. A physical map of the region
encompassing the human interleukin-1a, interleukin-1f, and interleukin-1 receptor
antagonist genes. Genomics, 19(2), pp. 382-384.

NOUWEN, J.L., VAN BELKUM, A. and VERBRUGH, H.A., 2001. Determinants of
Staphylococcus aureus nasal carriage. The Netherlands journal of medicine, $9(3), pp.
126-133.

O'BRIEN, K.L., WOLFSON, LJ., WATT, J.P., HENKLE, E., DELORIA-KNOLL,
M., MCCALL, N., LEE, E., MULHOLLAND, K., LEVINE, O.S. and CHERIAN, T.,
2009. Burden of disease caused by Streptococcus pneumoniae in children younger
than 5 years: global estimates. The Lancet, 374(9693), pp. 893-902.

O'CONNOR JR, W.,ZENEWICZ, L.A. and FLAVELL, R.A., 2010. The dual nature
of TH17 cells: shifting the focus to function. Nature immunology, 11(6), pp. 471-476.

OGUNNIYI, A.D., GIAMMARINARO, P. and PATON, J.C., 2002. The genes

236



encoding virulence-associated proteins and the capsule of Streptococcus pneumoniae
are upregulated and differentially expressed in vivo. Microbiology, 148(7), pp. 2045-
2053.

ORIHUELA, ClJ., GAO, G., FRANCIS, K.P., YU, J. and TUOMANEN, E.I., 2004.
Tissue-specific contributions of pneumococcal virulence factors to pathogenesis. The
Journal of infectious diseases, 190(9), pp. 1661-1669.

OWHASHI, M., ARITA, H. and HAYAI, N., 2000. Identification of a novel
eosinophil chemotactic cytokine (ECF-L) as a chitinase family protein. Journal of
Biological Chemistry, 275(2), pp. 1279-1286.

PARAST, M M. and OTEY, C.A., 2000. Characterization of palladin, a novel protein
localized to stress fibers and cell adhesions. The Journal of cell biology, 150(3), pp.
643-656.

PARK, I.H., GENO, K.A., YU, J., OLIVER, M.B., KIM, K.H. and NAHM, M.H.,
2015. Genetic, biochemical, and serological characterization of a new pneumococcal
serotype, 6H, and generation of a pneumococcal strain producing three different
capsular repeat units. Clinical and vaccine immunology : CVI, 22(3), pp. 313-318.

PARK, I.H., PARK, S., HOLLINGSHEAD, S K. and NAHM, M.H., 2007. Genetic
basis for the new pneumococcal serotype, 6C. Infection and immunity, 75(9), pp.
4482-4489.

PATERSON, G., BLUE, C. and MITCHELL, T., 2005. Role of interleukin-18 in
experimental infections with Streptococcus pneumoniae. Journal of medical
microbiology, 54(4), pp. 323-326.

PATERSON, GXK. and MITCHELL, TJ., 2006. Innate immunity and the
pneumococcus. Microbiology (Reading, England), 152(Pt 2), pp. 285-293.

PATHAK, SK., BASU, S., BHATTACHARYYA, A., PATHAK, S., KUNDU, M.
and BASU, J., 2005. Mycobacterium tuberculosis lipoarabinomannan-mediated
IRAK-M induction negatively regulates Toll-like receptor-dependent interleukin-12
p40 production in macrophages. The Journal of biological chemistry, 280(52), pp.
42794-42800.

PATON, J.C., ANDREW, P.W., BOULNOIS, GJ. and MITCHELL, TJ., 1993.
Molecular analysis of the pathogenicity of Streptococcus pneumoniae: the role of
pneumococcal proteins. Annual Reviews in Microbiology, 47(1), pp. 89-115.

PATON, J.C.,LOCK, R.A. and HANSMAN, D.J., 1983. Effect of immunization with
237



pneumolysin on survival time of mice challenged with Streptococcus pneumoniae.
Infection and immunity, 40(2), pp. 548-552.

PATON, J.C., ROWAN-KELLY, B. and FERRANTE, A., 1984. Activation of human
complement by the pneumococcal toxin pneumolysin. Infection and immunity, 43(3),
pp. 1085-1087.

PATRICK R. MURRAY, KEN S. ROSENTHAL, AND MICHAEL A. PFALLER.,
2013. Medical Microbiology. 7th edn.

PAVELEY, R.A., AYNSLEY, S.A., TURNER, J.D., BOURKE, C.D., JENKINS,
SJ., COOK, P.C., MARTINEZ-POMARES, L. and MOUNTFORD, A.P.,2011. The
Mannose Receptor (CD206) is an important pattern recognition receptor (PRR) in the
detection of the infective stage of the helminth Schistosoma mansoni and modulates
IFNYy production. International journal for parasitology, 41(13), pp. 1335-1345.

PERICONE, C.D., OVERWEG, K., HERMANS, P.W. and WEISER, J.N., 2000.
Inhibitory and bactericidal effects of hydrogen peroxide production by Streptococcus
pneumoniae on other inhabitants of the upper respiratory tract. Infection and
immunity, 68(7), pp. 3990-3997.

PIDO-LOPEZ, J., KWOK, W.W., MITCHELL, TJ., HEYDERMAN, R.S. and
WILLIAMS, N.A.,2011. Acquisition of pneumococci specific effector and regulatory
Cd4 T cells localising within human upper respiratory-tract mucosal lymphoid tissue.

PITTET, L.A., QUINTON, LJ., YAMAMOTO, K., ROBSON, B.E., FERRARI,
JD., ALGUL, H., SCHMID, RM. and MIZGERD, J.P., 2011. Earliest innate
immune responses require macrophage RelA during pneumococcal pneumonia.
American journal of respiratory cell and molecular biology, 45(3), pp. 573-581.

PONTOW, S.E.,KERY, V. and STAHL, P.D., 1993. Mannose receptor. International
review of cytology, , pp. 221-221.

PRAT, M., NARSIMHAN, R.P., CREPALDI, T., RITA NICOTRA, M., NATALI,
P.G. and COMOGLIO, P.M., 1991. The receptor encoded by the human C-MET
oncogene is expressed in hepatocytes, epithelial cells and solid tumors. International
Jjournal of cancer, 49(3), pp. 323-328.

PRESTON, J.A. and DOCKRELL, D.H., 2008. Virulence factors in pneumococcal
respiratory pathogenesis.

PRESTON, J.A., THORBURN, A.N., STARKEY, M.R., BECKETT, E.L.,
HORVAT, J.C., WADE, M.A., O'SULLIVAN, B.J., THOMAS, R., BEAGLEY,
238



K.W., GIBSON, P.G., FOSTER, P.S. and HANSBRO, P.M., 2011. Streptococcus
pneumoniae infection suppresses allergic airways disease by inducing regulatory T-
cells. The European respiratory journal, 37(1), pp. 53-64.

PRICE, K.E. and CAMILLI, A., 2009. Pneumolysin localizes to the cell wall of
Streptococcus pneumoniae. Journal of Bacteriology, 191(7), pp. 2163-2168.

PRICE, K.E., GREENE, N.G. and CAMILLI, A., 2012. Export requirements of
pneumolysin in Streptococcus pneumoniae. Journal of Bacteriology, 194(14), pp.
3651-3660.

PRIGOZY, T.., SIELING, P.A., CLEMENS, D., STEWART, P.L., BEHAR, SM.,
PORCELLI, S.A., BRENNER, M.B., MODLIN, R.L. and KRONENBERG, M.,
1997. The mannose receptor delivers lipoglycan antigens to endosomes for
presentation to T cells by CD1b molecules. Immunity, 6(2), pp. 187-197.

PRINCIPI, N., MARCHISIO, P., SCHITO, G.C. and MANNELLI, S., 1999. Risk
factors for carriage of respiratory pathogens in the nasopharynx of healthy children.
The Pediatric infectious disease journal, 18(6), pp. 517-523.

QU, Y., FRANCHI, L., NUNEZ, G. and DUBYAK, G.R., 2007. Nonclassical IL-1
beta secretion stimulated by P2X7 receptors is dependent on inflammasome activation
and correlated with exosome release in murine macrophages. Journal of immunology
(Baltimore, Md.: 1950), 179(3), pp. 1913-1925.

RABINOVICH, G.A., VAN KOOYK, Y. and COBB, B.A., 2012. Glycobiology of
immune responses. Annals of the New York Academy of Sciences, 1253(1), pp. 1-15.

RANI, A. and MURPHY, JJ., 2015. STATS in Cancer and Immunity. Journal of
Interferon & Cytokine Research, .

RATNER, A.J., HIPPE, K. R., AGUILAR, J.L., BENDER, M.H., NELSON, A.L. and
WEISER, J.N., 2006. Epithelial cells are sensitive detectors of bacterial pore-forming
toxins. The Journal of biological chemistry, 281(18), pp. 12994-12998.

REGEV-YOCHAY, G., DAGAN, R., RAZ, M., CARMELI, Y., SHAINBERG, B.,
DERAZNE, E., RAHAV, G. and RUBINSTEIN, E., 2004. Association between
carriage of Streptococcus pneumoniae and Staphylococcus aureus in children. Jama,
292(6), pp. 716-720.

RICHARDS, L., FERREIRA, D.M., MIYAJI, E.N., ANDREW, P.W. and
KADIOGLU, A., 2010. The immunising effect of pneumococcal nasopharyngeal
colonisation; protection against future colonisation and fatal invasive disease.
Immunobiology, 215(4), pp. 251-263.

239



RODENBURG, G.D., SANDERS, E.A., VAN GILS, E.J., VEENHOVEN, RH.,
ZBOROWSKI, T., VAN DEN DOBBELSTEEN, GERMIE PJM, BLOEM, A.C.,
BERBERS, G.A. and BOGAERT, D., 2012. Salivary immune responses to the 7-
valent pneumococcal conjugate vaccine in the first 2 years of life. PloS one, 7(10), pp.
e46916.

ROGOWSKI, K., JUGE, F., VAN DIIK, J., WLOGA, D., STRUB, J., LEVILLIERS,
N., THOMAS, D., BRE, M., VAN DORSSELAER, A. and GAERTIG, J., 2009.
Evolutionary divergence of enzymatic mechanisms for posttranslational
polyglycylation. Cell, 137(6), pp. 1076-1087.

ROSATI, O. and MARTIN, M.U., 2002. Identification and characterization of murine
IRAK-M. Biochemical and biophysical research communications, 293(5), pp. 1472-
1477.

ROTTY, J.D. and COULOMBE, P.A., 2012. A wound-induced keratin inhibits Src
activity during keratinocyte migration and tissue repair. The Journal of cell biology,
197(3), pp- 381-389.

ROUAULT, C., PELLEGRINELLI, V., SCHILCH, R., COTILLARD, A., POITOU,
C., TORDIMAN, J., SELL, H., CLEMENT, K. and LACASA, D., 2013. Roles of
chemokine ligand-2 (CXCL2) and neutrophils in influencing endothelial cell function
and inflammation of human adipose tissue. Endocrinology, 154(3), pp. 1069-1079.

ROYER, P.J., EMARA, M., YANG, C., AL-GHOULEH, A., TIGHE, P., JONES, N.,
SEWELL, HJF., SHAKIB, F., MARTINEZ-POMARES, L. and
GHAEMMAGHAMI, AM., 2010. The mannose receptor mediates the uptake of
diverse native allergens by dendritic cells and determines allergen-induced T cell

polarization through modulation of IDO activity. Journal of immunology (Baltimore,
Md.: 1950), 185(3), pp. 1522-1531.

RUBINS, J.B., 2003. Alveolar macrophages: wielding the double-edged sword of
inflammation. American journal of respiratory and critical care medicine, 167(2), pp.
103-104.

RUBINS, J.B. and JANOFF, E.N., 1998. Pneumolysin: a multifunctional
pneumococcal virulence factor. Journal of Laboratory and Clinical Medicine, 131(1),
pp- 21-27.

RUBINS, J.B., CHARBONEAU, D., FASCHING, C., BERRY, AM., PATON, J C.,
ALEXANDER, J.E., ANDREW, P.W., MITCHELL, T.J. and JANOFF, E.N., 1996.
Distinct roles for pneumolysin's cytotoxic and complement activities in the

pathogenesis of pneumococcal pneumonia. American journal of respiratory and
critical care medicine, 153(4 Pt 1), pp. 1339-1346.

240



RUBINS, J.B., DUANE, P.G., CLAWSON, D., CHARBONEAU, D., YOUNG, J.
and NIEWOEHNER, D.E., 1993. Toxicity of pneumolysin to pulmonary alveolar
epithelial cells. Infection and immunity, 61(4), pp. 1352-1358.

RUBINS, J.B. and POMEROY, C., 1997. Role of gamma interferon in the
pathogenesis of bacteremic pneumococcal pneumonia. Infection and immunity, 65(7),
pp. 2975-2977.

RUDAN, I., BOSCHI-PINTO, C., BILOGLAV, Z., MULHOLLAND, K. and
CAMPBELL, H., 2008. Epidemiology and etiology of childhood pneumonia. Bulletin
of the World Health Organization, 86(5), pp. 408-416B.

RYAN, K.J.and RAY, C.G., 2004. Medical microbiology. McGraw Hill.

RYAN, K.J. and SHERRIS, J.C., 1994. Sherris medical microbiology: an
introduction to infectious diseases. McGraw-Hill Medical Publishing.

SAAVEDRA, R., SEGURA, E., TENORIO, E.P. and LOPEZ-MARIN, L.M., 2006.
Mycobacterial trehalose-containing glycolipid with immunomodulatory activity on
human CD4 and CD8 T-cells. Microbes and Infection, 8(2), pp. 533-540.

SABIROV, A. and METZGER, D.W., 2008. Intranasal vaccination of infant mice
induces protective immunity in the absence of nasal-associated lymphoid tissue.
Vaccine, 26(12), pp. 1566-1576.

SACCANI, A., SCHIOPPA, T., PORTA, C., BISWAS, SK., NEBULONI, M.,
VAGO, L., BOTTAZZI, B., COLOMBO, M.P., MANTOVANI, A. and SICA, A.,
2006. p50 nuclear factor-kappaB overexpression in tumor-associated macrophages

inhibits M1 inflammatory responses and antitumor resistance. Cancer research,
66(23), pp. 11432-11440.

SAKAGUCHI, S., MIYARA, M., COSTANTINO, C.M. and HAFLER, D.A., 2010.
FOXP3 regulatory T cells in the human immune system. Nature Reviews
Immunology, 10(7), pp. 490-500.

SALLUSTO, F., CELLA, M., DANIELI, C. and LANZAVECCHIA, A., 1995.
Dendritic cells use macropinocytosis and the mannose receptor to concentrate
macromolecules in the major histocompatibility complex class II compartment:

downregulation by cytokines and bacterial products. The Journal of experimental
medicine, 182(2), pp. 389-400.

SANDGREN, A., ALBIGER, B., ORIHUELA, C.J., TUOMANEN, E., NORMARK,
S. and HENRIQUES-NORMARK, B., 2005. Virulence in mice of pneumococcal
clonal types with known invasive disease potential in humans. The Journal of

241



infectious diseases, 192(5), pp. 791-800.

SCHREIBER, S., BLUM, J.S., CHAPPEL, J.C., STENSON, W.F., STAHL, P.D.,
TEITELBAUM, S.L. and PERKINS, S.L., 1990. Prostaglandin E specifically
upregulates the expression of the mannose-receptor on mouse bone marrow-derived
macrophages. Cell regulation, 1(5), pp. 403-413.

SCHRODER, K. and TSCHOPP, J., 2010. The inflammasomes. Cell, 140(6), pp. 821-
832.

SCHULERT, G.S. and ALLEN, L.A., 2006. Differential infection of mononuclear
phagocytes by Francisella tularensis: role of the macrophage mannose receptor.
Journal of leukocyte biology, 80(3), pp. 563-571.

SCHWANDNER, R., DZIARSKI, R., WESCHE, H., ROTHE, M. and
KIRSCHNING, CJ., 1999. Peptidoglycan- and lipoteichoic acid-induced -cell
activation is mediated by toll-like receptor 2. The Journal of biological chemistry,
274(25), pp. 17406-17409.

SHAO, W., JERVA, LF., WEST, J., LOLIS, E. and SCHWEITZER, B.I., 1998.
Solution structure of murine macrophage inflammatory protein-2. Biochemistry,
37(23), pp- 8303-8313.

SHEN, SM., YU, Y., WU, Y.L., CHENG, JK., WANG, L.S. and CHEN, G.Q.,
2010. Downregulation of ANP32B, a novel substrate of caspase-3, enhances caspase-

3 activation and apoptosis induction in myeloid leukemic cells. Carcinogenesis,
31(3), pp- 419-426.

SHERRIS J.C.,RYAN K.J.,RAY G.C, 2004. Medical Microbiology: An Introduction
to Infectious Diseases. 4th edn. London: McGraw-Hill.

SHI, C. and PAMER, E.G., 2011. Monocyte recruitment during infection and
inflammation. Nature Reviews Immunology, 11(11), pp. 762-774.

SHIMADA, T., PARK, B.G., WOLF, AlJ., BRIKOS, C., GOODRIDGE, H.S.,
BECKER, C.A., REYES, C.N., MIAO, E.A., ADEREM, A. and GOTZ, F., 2010.
Staphylococcus aureus evades lysozyme-based peptidoglycan digestion that links
phagocytosis, inflammasome activation, and IL-1f3 secretion. Cell host & microbe,
7(1), pp- 38-49.

SHOMA, S., TSUCHIYA, K., KAWAMURA, I., NOMURA, T., HARA, H,,
UCHIYAMA, R., DAIM, S. and MITSUYAMA, M., 2008. Critical involvement of
pneumolysin in production of interleukin-lalpha and caspase-1-dependent cytokines
in infection with Streptococcus pneumoniae in vitro: a novel function of pneumolysin

242



in caspase-1 activation. Infection and immunity, 76(4), pp. 1547-1557.

SIBILLE, Y. and REYNOLDS, H.Y., 1990. Macrophages and polymorphonuclear
neutrophils in lung defense and injury. American Review of Respiratory Disease,
141(2), pp. 471-501.

SIEMIENIUK, R.A., GREGSON, D.B. and GILL, M.J., 2011. The persisting burden
of invasive pneumococcal disease in HIV patients: an observational cohort study.
BMC infectious diseases, 11(1), pp. 1.

SILVA, M.T., 2010. Neutrophils and macrophages work in concert as inducers and
effectors of adaptive immunity against extracellular and intracellular microbial
pathogens. Journal of leukocyte biology, 87(5), pp. 805-813.

SIMELL, B., KORKEILA, M., PURSIAINEN, H., KILPI, T.M. and KAYHTY, H.,
2001. Pneumococcal carriage and otitis media induce salivary antibodies to
pneumococcal surface adhesin a, pneumolysin, and pneumococcal surface protein a in
children. The Journal of infectious diseases, 183(6), pp. 887-896.

SIMPSON, J.E., WALKER, N.M., SUPURAN, C.T., SOLEIMANI, M. and
CLARKE, L.L., 2010. Putative anion transporter-1 (Pat-1, Slc26a6) contributes to
intracellular pH regulation during H+-dipeptide transport in duodenal villous
epithelium. American journal of physiology.Gastrointestinal and liver physiology,

298(5), pp. G683-91.

SINGH, R., GUPTA, P., SHARMA, P K., ADES, EW., HOLLINGSHEAD, S K.,
SINGH, S. and LILLARD, J.W., 2014. Prediction and characterization of helper T-
cell epitopes from pneumococcal surface adhesin A. Immunology, 141(4), pp. 514-
530.

SKOV-SORENSEN, U.B., BLOM, J., BIRCH-ANDERSEN, A. and HENRICHSEN,
J., 1988. Ultrastructural localization of capsules, cell wall polysaccharide, cell wall
proteins, and F antigen in pneumococci. Infection and immunity, 56(8), pp. 1890-
1896.

SOININEN, A., PURSIAINEN, H., KILPI, T. and KAYHTY, H., 2001. Natural
development of antibodies to pneumococcal capsular polysaccharides depends on the
serotype: association with pneumococcal carriage and acute otitis media in young
children. The Journal of infectious diseases, 184(5), pp. 569-576.

SONG, J., DAGAN, R., KLUGMAN, K.P. and FRITZELL, B., 2013. The
relationship between pneumococcal serotypes and antibiotic resistance. Pediatria
polska, 88(6), pp. T25-T37.

243



SORENSEN, U.B.S., HENRICHSEN, J., CHEN, H. and SZU, S.C., 1990. Covalent
linkage between the capsular polysaccharide and the cell wall peptidoglycan of
Streptococcus pneumoniae revealed by immunochemical methods. Microbial
pathogenesis, 8(5), pp. 325-334.

SOROOSH, P., DOHERTY, T.A., DUAN, W., MEHTA, A K., CHOI, H., ADAMS,
Y .F., MIKULSKI, Z., KHORRAM, N., ROSENTHAL, P., BROIDE, D.H. and
CROFT, M., 2013. Lung-resident tissue macrophages generate Foxp3+ regulatory T
cells and promote airway tolerance. The Journal of experimental medicine, 210(4),
pp. 775-788.

SPIJKERMAN, J., PREVAES, SM., VAN GILS, EJ., VEENHOVEN, R.H,,
BRUIN, J.P., BOGAERT, D., WIIMENGA-MONSUUR, AlJ., VAN DEN
DOBBELSTEEN, GERMIE PJM and SANDERS, E.A., 2012. Long-term effects of
pneumococcal conjugate vaccine on nasopharyngeal carriage of S. pneumoniae, S.
aureus, H. influenzae and M. catarrhalis. PloS one, 7(6), pp. €39730.

SRIVASTAVA, A., HENNEKE, P., VISINTIN, A., MORSE, S.C., MARTIN, V.,
WATKINS, C., PATON, J.C., WESSELS, M.R., GOLENBOCK, D.T. and
MALLEY, R., 2005. The apoptotic response to pneumolysin is Toll-like receptor 4
dependent and protects against pneumococcal disease. Infection and immunity,
73(10), pp. 6479-6487.

STAHL, P.D. and EZEKOWITZ, R.A.B., 1998. The mannose receptor is a pattern
recognition receptor involved in host defense. Current opinion in immunology, 10(1),
pp. 50-55.

STANDIFORD, T.J., KUNKEL, S.L., GREENBERGER, M.J., LAICHALK, L.L.
and STRIETER, R.M., 1996. Expression and regulation of chemokines in bacterial
pneumonia. Journal of leukocyte biology, S9(1), pp. 24-28.

STEICHEN, A.L., BINSTOCK, B.J., MISHRA, B.B. and SHARMA, J., 2013. C-type
lectin receptor Clec4d plays a protective role in resolution of Gram-negative
pneumonia. Journal of leukocyte biology, 94(3), pp. 393-398.

STRUTHERS, J K. and WESTRAN, R.P., 2003. Clinical bacteriology. CRC Press.

SWIATLO, E., CHAMPLIN, F.R., HOLMAN, S.C., WILSON, W.W. and WATT,
J.M., 2002. Contribution of choline-binding proteins to cell surface properties of
Streptococcus pneumoniae. Infection and immunity, 70(1), pp. 412-415.

TACHADO, S.D., ZHANG, J., ZHU, J., PATEL, N., CUSHION, M. and KOZIEL,
H., 2007. Pneumocystis-mediated IL-8 release by macrophages requires coexpression
of mannose receptors and TLR2. Journal of leukocyte biology, 81(1), pp. 205-211.

244



TAKEUCHI, O., HOSHINO, K. and AKIRA, S., 2000. Cutting edge: TLR2-deficient
and MyD88-deficient mice are highly susceptible to Staphylococcus aureus infection.
Journal of immunology (Baltimore, Md.: 1950), 165(10), pp. 5392-5396.

TANO, K., GRAHN-HAKANSSON, E., HOLM, S.E. and HELLSTROM, S., 2000.
Inhibition of OM pathogens by alpha-hemolytic streptococci from healthy children,
children with SOM and children with rAOM. International journal of pediatric
otorhinolaryngology, 56(3), pp. 185-190.

TAYLOR, PR., MARTINEZ-POMARES, L., STACEY, M., LIN, H., BROWN,
G.D. and GORDON, S., 2005. Macrophage receptors and immune recognition.
Annu.Rev.Immunol., 23, pp. 901-944.

TEKAMP-OLSON, P., GALLEGOS, C., BAUER, D., MCCLAIN, J., SHERRY, B.,
FABRE, M., VAN DEVENTER, S. and CERAMI, A., 1990. Cloning and
characterization of cDNAs for murine macrophage inflammatory protein 2 and its
human homologues. The Journal of experimental medicine, 172(3), pp. 911-919.

TILLEY, SJ.,ORLOVA, E.V., GILBERT, R.J., ANDREW, P.W. and SAIBIL, HR.,
2005. Structural basis of pore formation by the bacterial toxin pneumolysin. Cell,
121(2), pp. 247-256.

TRIVEDI, P.C., PANDEY, S. and BHADAURIA, S., 2010. Text Book of
Microbiology. Aavishkar.

TSAIL, W.C.,, STRIETER, RM., MEHRAD, B., NEWSTEAD, M.W., ZENG, X. and
STANDIFORD, T.J., 2000. CXC chemokine receptor CXCR2 is essential for
protective innate host response in murine Pseudomonas aeruginosa pneumonia.
Infection and immunity, 68(7), pp. 4289-4296.

TSUJIMOTO, H., ONO, S., MAJIMA, T., KAWARABAYASHI, N., TAKAYAMA,
E., KINOSHITA, M., SEKI, S., HIRAIDE, H., MOLDAWER, L.L. and
MOCHIZUKI, H., 2005. Neutrophil elastase, MIP-2, and TLR-4 expression during
human and experimental sepsis. Shock, 23(1), pp. 39-44.

TUOMANEN, E.I., 1997. The biology of pneumococcal infection. 42: 253-58.

UEHARA, Y., KIKUCHI, K., NAKAMURA, T., NAKAMA, H., AGEMATSU, K.,
KAWAKAMI, Y., MARUCHI, N. and TOTSUKA, K., 2001. Inhibition of
methicillin-resistant Staphylococcus aureus colonisation of oral cavities in newborns
by viridans group streptococci. Clinical infectious diseases : an official publication of
the Infectious Diseases Society of America, 32(10), pp. 1399-1407.

UNDERHILL, D.M. and OZINSKY, A., 2002. Phagocytosis of microbes: complexity

245



in action. Annual Review of Immunology, 20(1), pp. 825-852.

VAISHNAVA, S., YAMAMOTO, M., SEVERSON, K.M., RUHN, KA., YU, X.,
KOREN, O., LEY, R., WAKELAND, EK. and HOOPER, L.V., 2011. The
antibacterial lectin Reglllgamma promotes the spatial segregation of microbiota and
host in the intestine. Science (New York, N.Y.), 334(6053), pp. 255-258.

VAN DER POLL, T. and OPAL, S.M., 2009. Pathogenesis, treatment, and prevention
of pneumococcal pneumonia. The Lancet, 374(9700), pp. 1543-1556.

VAN DER VOORT, R., TAHER, T.E., DERKSEN, P.W., SPAARGAREN, M.,
VAN DER NEUT, R. and PALS, S.T., 2000. The hepatocyte growth factor/Met
pathway in development, tumorigenesis, and B-cell differentiation. Advances in
Cancer Research, 79, pp. 39-90.

VAN LIESHOUT, M.H., SCICLUNA, B.P., FLORQUIN, S. and VAN DER POLL,
T., 2014. NLRP3 and ASC differentially affect the lung transcriptome during

pneumococcal pneumonia. American journal of respiratory cell and molecular
biology, 50(4), pp. 699-712.

VAN ROSSUM, A M., LYSENKO, E.S. and WEISER, J.N., 2005. Host and bacterial
factors contributing to the clearance of colonisation by Streptococcus pneumoniae in a
murine model. Infection and immunity, 73(11), pp. 7718-7726.

VIGNALLI, D.A., COLLISON, L.W. and WORKMAN, C.J., 2008. How regulatory T
cells work. Nature Reviews Immunology, 8(7), pp. 523-532.

VOGEL, S., CHATTERIJEE, M., METZGER, K., BORST, O., GEISLER, T.,
SEIZER, P., MULLER, I., MACK, A., SCHUMANN, S., BUHRING, H.J., LANG,
F., SORG, R.V., LANGER, H. and GAWAZ, M., 2014. Activated platelets interfere
with recruitment of mesenchymal stem cells to apoptotic cardiac cells via high
mobility group box 1/Toll-like receptor 4-mediated down-regulation of hepatocyte
growth factor receptor MET. The Journal of biological chemistry, 289(16), pp.
11068-11082.

VON BERNUTH, H., PICARD, C., PUEL, A. and CASANOVA, J., 2012.
Experimental and natural infections in MyD88-and IRAK-4-deficient mice and
humans. European journal of immunology, 42(12), pp. 3126-3135.

WAINSZELBAUM, M.J., PROCTOR, B.M., PONTOW, S.E., STAHL, P.D. and
BARBIERI, M.A., 2006. IL4/PGE 2 induction of an enlarged early endosomal

compartment in mouse macrophages is Rab5-dependent. Experimental cell research,
312(12), pp. 2238-2251.

246



WALKER, J.A., ALLEN, R.L., FALMAGNE, P., JOHNSON, MK. and
BOULNOIS, GJ., 1987. Molecular cloning, characterization, and complete
nucleotide sequence of the gene for pneumolysin, the sulthydryl-activated toxin of
Streptococcus pneumoniae. Infection and immunity, 55(5), pp. 1184-1189.

WANG, D., MANN, J.R. and DUBOIS, R.N., 2005. The role of prostaglandins and
other eicosanoids in the gastrointestinal tract. Gastroenterology, 128(5), pp. 1445-
1461.

WARTHA, F., BEITER, K., ALBIGER, B., FERNEBRO, J., ZYCHLINSKY, A.,
NORMARK, S. and HENRIQUES-NORMARK, B., 2007. Capsule and d-alanylated
lipoteichoic acids protect Streptococcus pneumoniae against neutrophil extracellular
traps. Cellular microbiology, 9(5), pp. 1162-1171.

WATSON, D.A. and MUSHER, D.M., 1999. A brief history of the pneumococcus in
biomedical research. Seminars in respiratory infections, 14(3), pp. 198-208.

WEI, S., NANDI, S., CHITU, V., YEUNG, Y.G.,, YU, W., HUANG, M,
WILLIAMS, L.T., LIN, H. and STANLEY, E.R., 2010. Functional overlap but
differential expression of CSF-1 and IL-34 in their CSF-1 receptor-mediated
regulation of myeloid cells. Journal of leukocyte biology, 88(3), pp. 495-505.

WEINBERGER, DM., TRZCINSKI, K., LU, Y., BOGAERT, D., BRANDES, A.,
GALAGAN, J., ANDERSON, P.W., MALLEY, R. and LIPSITCH, M., 2009.
Pneumococcal capsular polysaccharide structure predicts serotype prevalence. PLoS
Pathog, 5(6), pp. €1000476.

WILEY, J M., SHERWOOD, LM. and WOOLVERTON, C.J., 2013. Prescott’s
microbiology.

WILKINSON, J.C., RICHTER, B.W., WILKINSON, A.S., BURSTEIN, E.,
RUMBLE, JM., BALLIU, B. and DUCKETT, C.S., 2004. VIAF, a conserved
inhibitor of apoptosis (IAP)-interacting factor that modulates caspase activation. The
Journal of biological chemistry, 279(49), pp. 51091-51099.

WILSON, GJ., MARAKALALA, M.J., HOVING, J.C., VAN LAARHOVEN, A.,
DRUMMOND, R.A., KERSCHER, B., KEETON, R., VAN DE VOSSE, E.,
OTTENHOFF, T.H. and PLANTINGA, T.S., 2015. The C-type lectin receptor
CLECSFS8/CLEC4D is a key component of anti-mycobacterial immunity. Cell host &
microbe, 17(2), pp. 252-259.

WILSON, R., COHEN, J.M., JOSE, RJ., DE VOGEL, C., BAXENDALE, H. and
BROWN, J.S., 2015. Protection against Streptococcus pneumoniae lung infection
after nasopharyngeal colonisation requires both humoral and cellular immune

247



responses. Mucosal immunology, 8(3), pp. 627-639.

WITZENRATH, M., PACHE, F., LORENZ, D., KOPPE, U., GUTBIER, B.,
TABELING, C., REPPE, K., MEIXENBERGER, K., DORHOI, A., MA, J.,
HOLMES, A., TRENDELENBURG, G., HEIMESAAT, M.M., BERESWILL, S.,
VAN DER LINDEN, M., TSCHOPP, J., MITCHELL, TJ., SUTTORP, N. and
OPITZ, B., 2011. The NLRP3 inflammasome 1is differentially activated by
pneumolysin variants and contributes to host defense in pneumococcal pneumonia.
Journal of immunology (Baltimore, Md.: 1950), 187(1), pp. 434-440.

WOHLKONIG, A., HUET, J., LOOZE, Y. and WINTJENS, R., 2010. Structural
relationships in the lysozyme superfamily: significant evidence for glycoside
hydrolase signature motifs. PLoS One, 5(11), pp. e15388.

WOICIK, S.M., BUNDMAN, D.S. and ROOP, D.R., 2000. Delayed wound healing
in keratin 6a knockout mice. Molecular and cellular biology, 20(14), pp. 5248-5255.

WRIGHT, S.D., RAMOS, R.A., TOBIAS, P.S., ULEVITCH, R.J. and MATHISON,
J.C., 1990. CD14, a receptor for complexes of lipopolysaccharide (LPS) and LPS
binding protein. Science (New York, N.Y.), 249(4975), pp. 1431-1433.

WU, K., 2005. Control of cyclooxygenase-2 transcriptional activation by pro-
inflammatory mediators. Prostaglandins, leukotrienes and essential fatty acids, T2(2),
pp. 89-93.

YAMAMOTO, Y., KLEIN, T.W. and FRIEDMAN, H., 1997. Involvement of
mannose receptor in cytokine interleukin-lbeta (IL-1beta), IL-6, and granulocyte-
macrophage colony-stimulating factor responses, but not in chemokine macrophage
inflammatory protein lbeta (MIP-1beta), MIP-2, and KC responses, caused by
attachment of Candida albicans to macrophages. Infection and immunity, 65(3), pp.
1077-1082.

YAMANE, F., NISHIKAWA, Y., MATSUI, K., ASAKURA, M., IWASAKI, E.,
WATANABE, K., TANIMOTO, H., SANO, H., FUIIWARA, Y., STANLEY, ER.,
KANAYAMA, N., MABBOTT, N.A., MAGARI, M. and OHMORI, H., 2014. CSF-1
receptor-mediated differentiation of a new type of monocytic cell with B cell-

stimulating activity: its selective dependence on IL-34. Journal of leukocyte biology,
95(1), pp. 19-31.

YAMAOKA, K., OTSUKA, T., NIIRO, H., ARINOBU, Y., NIHO, Y., HAMASAKI,
N. and IZUHARA, K., 1998. Activation of STATS by lipopolysaccharide through
granulocyte-macrophage colony-stimulating factor production in human monocytes.

248



Journal of immunology (Baltimore, Md.: 1950), 160(2), pp. 838-845.

YANG, T H., TSAI, WH., LEE, YM., LEI, H.Y., LAI, M.Y., CHEN, D.S., YEH,
N.H. and LEE, S.C., 1994. Purification and characterization of nucleolin and its

identification as a transcription repressor. Molecular and cellular biology, 14(9), pp.
6068-6074.

YERAMIAN, A., MARTIN, L., SERRAT, N., ARPA, L., SOLER, C., BERTRAN,
J., MCLEOD, C., PALACIN, M., MODOLELL, M., LLOBERAS, J. and CELADA,
A., 2006. Arginine transport via cationic amino acid transporter 2 plays a critical

regulatory role in classical or alternative activation of macrophages. Journal of
immunology (Baltimore, Md.: 1950), 176(10), pp. 5918-5924.

YOSHIMURA, A., LIEN, E., INGALLS, R.R., TUOMANEN, E., DZIARSKI, R.
and GOLENBOCK, D., 1999. Cutting edge: recognition of Gram-positive bacterial
cell wall components by the innate immune system occurs via Toll-like receptor 2.
Journal of immunology (Baltimore, Md.: 1950), 163(1), pp. 1-5.

YOTHER, J., 2011. Capsules of Streptococcus pneumoniae and other bacteria:
paradigms for polysaccharide biosynthesis and regulation. Annual Review of
Microbiology, 65, pp. 563-581.

YUSTE, J., BOTTO, M., PATON, J.C., HOLDEN, D.W. and BROWN, J.S., 2005.
Additive inhibition of complement deposition by pneumolysin and PspA facilitates
Streptococcus pneumoniae septicemia. Journal of immunology (Baltimore, Md.:
1950), 175(3), pp. 1813-1819.

ZAMZE, S., MARTINEZ-POMARES, L., JONES, H., TAYLOR, PR., STILLION,
R.J., GORDON, S. and WONG, S.Y., 2002. Recognition of bacterial capsular

polysaccharides and lipopolysaccharides by the macrophage mannose receptor. The
Journal of biological chemistry, 277(44), pp. 41613-41623.

ZHANG, Q.,LEONG, S.C., MCNAMARA, P.S., MUBARAK, A., MALLEY, R. and
FINN, A., 2011. Characterisation of regulatory T cells in nasal associated lymphoid
tissue in children: relationships with pneumococcal colonisation.

ZHANG, J., ZHU, J., BU, X., CUSHION, M., KINANE, T.B., AVRAHAM, H. and
KOZIEL, H., 2005. Cdc42 and RhoB activation are required for mannose receptor-
mediated phagocytosis by human alveolar macrophages. Molecular biology of the
cell, 16(2), pp. 824-834.

ZHANG, Z., CLARKE, T.B. and WEISER, J.N., 2009. Cellular effectors mediating

249



Thl17-dependent clearance of pneumococcal colonisation in mice. The Journal of
clinical investigation, 119(7), pp. 1899-1909.

ZHAO, J., HE, D., SU, Y., BERDYSHEV, E., CHUN, J., NATARAJAN, V. and
ZHAO, Y., 2011. Lysophosphatidic acid receptor 1 modulates lipopolysaccharide-
induced inflammation in alveolar epithelial cells and murine lungs. American journal
of physiology.Lung cellular and molecular physiology, 301(4), pp. L547-56.

ZHU, X., ZHAO, H., GRAVELINE, AR., BUYS, E.S., SCHMIDT, U., BLOCH,
K.D., ROSENZWEIG, A. and CHAO, W., 2006. MyD88 and NOS?2 are essential for
toll-like receptor 4-mediated survival effect in cardiomyocytes. American journal of
physiology.Heart and circulatory physiology, 291(4), pp. H1900-9.

ZYCHLINSKY, A., PREVOST, M.C. and SANSONETTI, PJ., 1992. Shigella
flexneri induces apoptosis in infected macrophages. Nature, 358(6382), pp. 167-169.

ZYCHLINSKY, A. and SANSONETTI, P., 1997. Perspectives series: host/pathogen
interactions. Apoptosis in bacterial pathogenesis. The Journal of clinical
investigation, 100(3), pp. 493-495.

250



