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0.2 Thesis Summary

Background: Pneumococcal meningitis remains the main cause of severe bacterial
meningitis in children and adults (1); in February, 2010, a new 13-valent pneumococcal
conjugate vaccine (PCV13) was approved by the FDA, which was presented as a
successor to the 7-valent conjugate vaccine (PCV7) (2). Nonetheless, no vaccine provides
protection against more than 90 serotypes of Streptococcus pneumoniae. In 2013, 2.8
million children died before completing one month of being born because of the

pneumococcus.

Methods: Pneumococcal survival, adherence and invasion were assessed using human
brain cells and an entirely human Blood-Brain Barrier model. Additionally, the role of
pneumolysin during infection was investigated. Having access to a broad library of genes,

host responses against pneumococcal infection were investigated.

Results: Pneumolysin enhances pneumococcal survival, and increases adherence and
invasiveness. Toxin pore formation leads to tight junctions disruption and impaired
cytoskeletal functions. Pneumolysin concentration was in accordance to serotype
virulence. Serotype 6B exhibited high CFUs during infection in the Blood-brain barrier.
Its pneumolysin concentrations suggest that Streptococcus pneumoniae uses multiple
pathways to traverse to the abluminal side. Host immune responses contributed further to
tight junction dissociation, revealing synergism between the host and the pathogen during

pathogenesis progression.
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AIDS acquired immune deficiency syndrome
APC antigen presenting cell

BCR B cell receptor

BM Bacterial Meningitis

BBB Blood-Brain Barrier

BBMECs bovine microvessel endothelial cells

BSA Bovine Serum Albumin
BAB Blood Agar base

BHI Brain Heart Infusion
BgaA betagalactosidase A
ChoP phosporylcholine
CbpA choline-binding protein
Cav Caveolin family protein
CNS central nervous system
CFU colony-forming unit

CD cluster of differentiation
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ml
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MAP
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nm

ng
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PCR
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micromolar
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monoclonal antibody
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recombinant
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signal transducer and activator of transcription

sodium dodecyl sulphate

significant analysis of microarray

sequence type
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TEER

TCR

TGF

Th

TLR

TNF

Treg

TIMPs

Tween20

WHO

Q/cm?

Z0

serotype 1

Trans-Endothelial Electrical Resistance

T cell receptor

transforming growth factor

T helper

Toll-like receptor

tumour necrosis factor

T regulatory

tissue inhibitors of metalloproteinases

polyoxyethylene(20)sorbitan monolaurate

World Health Organization

Ohms per square centimeter

Zonula Occludens Protein
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Chapter 1 Introduction

1.1.0 Infectious Diseases

Infectious diseases account to approximately a quarter of deaths worldwide, more
than 13 million deaths each year [1]. The top 5 causes of death due to infectious disease
are lower respiratory tract infections (4 million), HIV (2.8 million), diarrheal diseases (1.8
million), tuberculosis (1.6 million) and malaria (1.3 million). A quarter of the world’s
morbidity is also due to infectious diseases as measured by disability-adjusted life years

(DALYs).

The emergence of new pathogens in the developing and developed countries is a threat
dealt in different ways (figure 1). In poorer countries the burden of infectious diseases is
much greater than in wealthier countries. The greatest sufferers of this threat are children;
11 million children die every year, of which half are lost to pneumonia, diarrhea, malaria,
HIV/AIDS and measles [1]. Mortality rates increase due to exogenous factors such as

malnutrition, poverty, poor education and gender inequality.

In the developed countries, less mortality is observed due to infectious diseases;
nevertheless, infectious diseases in the United Kingdom account to 10% of deaths.
Additionally, mortality and treatment because of infectious diseases is a great financial
burden. The cost of treating human infectious diseases in England was estimated to £6
billion per year (10% of the UK National Health Service budget). Out of the £6 billion,

£900 million were spent on hospital admissions alone [2].
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Age-standardized mortality rates (per 100 000 population), all causes, 2012
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Figure 1| Burden of disease across the globe Less than 500,000 people lose their life in the developed countries
whereas in the developing nations the incidents are doubled or trebled. The image was adopted from the World Health
Organization [3].

Viral and bacterial infections are both significant causes of infection and there are
noteworthy infectious diseases where our understanding of their development and
pathogenesis is not complete, such as Japanese Encephalitis (JE) [4], HSV Encephalitis
(HSE) [5], HIV-Encephalopathy [6], Bacterial Meningitis (BM) [7, 8], septic
encephalopathy, pneumonia, bacteremia for example. This project is focused on
pneumococcal meningitis and in particular on the interaction of bacterial and host factors
during infection, as well as the host immune response during infection of the blood-brain

barrier.
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1.1.0 The Blood-Brain Barrier and Brain Endothelial Cells — Discovery of a system
within a system

The blood-brain barrier (BBB) is the protective barrier that prevents the entry of pathogens
(e.g. viruses, bacteria, parasites) and toxins into the brain. It is responsible for preserving
homeostasis in the brain as well as supplying the brain with the necessary nutrients and
disposing toxins and waste [9]. The endothelial cells are connected by complex tight
junctions and form the BBB. These tight junctions restrict the entry of molecules through
the junctional complex. Astrocytes and pericytes help maintain the BBB features of the
endothelial cells (figure 2). The brain’s functional stability is widely thought to be
dependent on a series of brain cellular interactions (microglia, astrocytes,
oligodendrocytes, neurons, endothelial cells, pericytes and smooth muscle cells). These

are the cells, which form the neurovascular unit [10, 11].

Astrocyte Tight junction

endfoot

Pericyte Tight junction

Basal lamina

Microglia Astrocyte

Figure 2| The structure of the blood-brain barrier Although the main constituent of the BBB is the endothelial cells,
other brain cells have a crucial role in maintaining the phenotypic characteristics of the barrier. Cells such as pericytes,
and astrocytes support the endothelial cells, which are surrounded by basal lamina (BL1 and BL2 on the image). The
endothelial cells form tight junctions, which restrict the entry of molecules through the paracellular route. Image adopted
from [9].
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Although not officially discovered until 1885, the “tightness of blood vessels” is
mentioned for the first time by Humphrey Ridley in his book “The Anatomy of the Brain”

in 1695 [12]. Specifically, Humphrey Ridley states:

‘... I have offer’d nothing but Matter of Fact, and have taken all possible care to avoid
being impos’d upon my self [sic], by making Experiments in pro- portion to my Doubts.
Some of them have been upon Subjects in their natural, some in their morbid [state], some
upon those of Untimely Death; and on those last sometimes whist the natural Fluids
remained in their proper Vessels, though after a pre- ternatural manner occasion’d by
Strangulation; sometimes when in the room thereof, other Bodies have been introduc’d by
Injection, as Tinged Wax and Mercury, the first of which by its consistence chiefly, the
other by its permanent nature and col- our, contribute mightily towards bringing to view

the most minute ramifications of Vessels, and secretes recesses of Nature.’

There is a clear reference to the vessels’ impermeability and it is the first recorded

discovery that relates to brain barriers (figure 3).
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Figure 3| Front cover of Humphrey Ridley’s book “The Anatomy of The Brain” The first reference of barrier
tightness and permeability was by Humphrey Ridley in 1695 when he injected a substance to the bloodstream. Image

adopted from [12].

Brain endothelial cells are the cells responsible for the formation of the BBB. The

realisation of its existence came along when the physician/scientist Paul Ehrlich (figure

4A) injected mice with cerulean-s-sulphate intravenously and observed that all the organs

of the rodent were stained blue except of its brain (figure 4B). Further investigations

confirmed Paul Ehrlich’s results and the term ‘’blood-brain barrier’” was born [13].

26



Chapter 1 Introduction

A
AK544450062

ZWEIHUNDERT DEUTSCHE MARK

Devtsche Bundesbonk
®e

fns  mm
e

Frankfurt dm Main
2 Joowar 196

Figure 4| Paul Ehrlich and the exclusion experiment A) Paul Ehrlich on a German 200 marks banknote
(https://www.bundesbank.de). Besides putting the blood-brain barrier on the map of CNS sciences, the Nobel Laureate
was also responsible for the invention of arsphenamine, the first effective drug against syphilis. B) A trypan blue
injection experiment performed by Edwin E. Goldmann (assistant of Ehrlich’s), shows the blue stain of in vital organs
of the murine model, except the brain justifying Ehrlich’s first experiments. The image was adopted from [14].

Continuous research thereafter revealed the transportive properties of the endothelial cells,
and the biochemical, anatomical and physiological mechanisms, involved in the exchange

process of blood and the cerebrospinal fluid (CSF).

Brain endothelial cells share a great deal of the characteristics with the endothelia that are

not part of the neurovascular unit (i.e. adhesion molecules, integrin receptors,
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glycoproteins). The main differences however, are the reduced density of the lipid raft of
the vessel (caveolae) and the tight junctions between endothelial cells. These lipid rafts
are vesicles bound within the cell and are found in different cell types, including the
endothelial cells. They can also be found in any endothelial type moving freely in the cell

cytoplasm [15]. Most of them have a spherical shape and they have an approximate

diameter of 70 nm (figure 5).

Figure 5| Image of caveolae from aortic endothelial cells Caveolae is shown in x1.5 magnification (black arrows).
The image was taken with an electron microscope and the bar scale is 500nm. Image adopted from [15].

Studies have revealed thin protein barriers, which are anchored in the caveolae’s region.
These barriers seem to be linked to the inner part of the cells but their functions are

unknown. Caveolae seemed to be related to the tightness of endothelial cells. Cerebral
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endothelial cells have 14-fold fewer vesicles in comparison to non-brain endothelial cells
[16]. Thus,, capillaries lacking a BBB system are relatively easy to penetrate and have a

higher number of caveolae.

The membrane of the caveolae contains cholesterol and sphingolipids. Sphingolipids are
scaffolds for the synthesis of ceramides (messengers within the cell) [17] and cholesterol

is responsible for the shape of the caveolae.

Going even further in the analysis of the elements that consist of the caveolae, proteins
found in the coat of these lipid rafts are called caveolin family proteins (Cav). Proteins of
this family are Cav-1, Cav-2 and Cav-3. Despite the fact that all three caveolin proteins
belong to the same family, Cav-3 is mainly expressed in astrocytes, while Cav-1 and Cav-
2 are mostly expressed in endothelial cells [18-21]. Caveolin proteins 1 and 2 are highly
dependent on each other and are co-expressed, which indicates an indistinguishable

regulatory pathway [22].

1.1.1 Endothelial Junctions

The tight junctions of endothelial cells are found in the apical end of the interendothelial
space and are closely linked with and rely on the cadherin based adherens junctions, which
are found closely to the basolateral side of the interendothelial space. Horseradish
peroxidase (HPR), which is extensively used to enhance biochemical signals, is incapable
of passing though the barrier; this is due to a pentalaminar structure, which is created by
the adjacent plasma membranes of the endothelial cells [23]. When the junctions are
formed, small channels are also formed which allow small hydrophilic molecules to go

through the barrier (mostly ion molecules — e.g. hydrogen or sodium). The literature
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suggests that brain endothelium junctions are made of continuous fiber-like strands, which
expand down the length of the blood vessel with more strands that openly communicate
(anastomotically) [24]. Just to understand how tight these junctions are, a comparison
between different junction-type cells can be made: Leaky epithelial cells also form
junctions but when the electrical resistance for their tightness is measured, the values will
range between 100 to 200 Q/cm? whereas the blood- brain barrier’s electrical resistance
in vivo can reach values between 4000 to 8000 Q/cm? [25, 26]. The BBB is formed by
cerebral endothelial cells but is highly dependent on cells and other factors that surround
it. Such crucial elements include astrocyte cells, e.g. in experimental co-culture models,
the electrical resistance of brain endothelial cells (a measure of integrity of the barrier)
drops up to 100-fold when not co-cultured with astrocytes [27]. Major components of the
endothelial junctions are the junction adhesion molecules (JAMSs), zonula occludens (ZO-
1, ZO-2, Z0O3), occludin, claudin 3, and claudin 5. The tight junctions remain intact with

the help of cadherins, which form the adherens junctions (figure 6).
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Figure 6| The tight junctions formed by brain endothelial cells The tight junctions are formed by many junctional
proteins. The zonula occludens complex along with occludin, claudin 3 and claudin 5 form the tight junctions. In order
for the tight junctions to remain intact the adherens junctions are in place. Adherens junctions consist of cadherins,
platelet endothelial cell adhesion molecule (PECAM) and catenins. Image adopted from [9].

1.1.2 Claudins

Claudin proteins are crucial elements for the tightness of the barrier. There are 24 members
in both humans and mice, and there are distinctive patterns in how they are expressed both
in cells and in tissue [28-31]. The size of claudin proteins ranges from between 18-27 kDa,
and they are tetraspan proteins with short N-terminus loops, which extend to the outer site
of the cell membrane. Additionally a carboxylic terminus is also present that ends with
the amino acid valine. This non-polar amino acid attracts a domain of proteins, which
consists of the postsynaptic density protein (PSD95), the Drosophila disc tumor

suppressor (Dlgl) and zonula occludens-1 protein. These three proteins form the PDZ
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domain. Further proteins of the domain were found to be strongly attracted to valine such
as zo-2 and zo-3 but also the maguk protein-PALS1, multi-PDZ protein 1 (MUPP1) and
palsl associated tight junction protein (PATJ) [32]. All of these interactions are
considered important when tight junctions are constructed. Claudins are very important
structural “machinery’’ for the membrane as mentioned before [33], as they interact with
occludin at the junctions. Research has shown that mice lacking occludin can still form
interendothelial junctions with the proper morphology and function [34], whereas mice
that lack of claudin are incapable of remaining alive [35]. The part of claudins’ loops that
lies on the outer part of the membranes creates pores that have analogous properties to the
properties of the ion channels (charge selectivity, antagonism of permeative molecules,
permeability which is dependent on ion concentrations). These agueous pores allow
diffusion preferably to ions with positive charge rather than ones with a negative one [31,

36].

1.1.3 Occludin

Occludin is a protein that is related to the intramembrane strands (where tight junctions
are) and is not a vital element to the formation of the junctions. When there is increased
electrical resistance on the BBB and low paracellular activity in regards to transportation,
occludin is found in excess [37]. Occludin has a size of 60 kDa and is also a tetraspan
membrane with two loops that have a part on the outer side of the membrane, a short twist
on the inner part, and N/C-terminal domains [38]. The N-terminal domain is responsible
for the transmigration of molecules such as neutrophils where the C-terminal is

responsible for molecules that are small in size and also show high hydrophilicity [39].
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TGF-B, Rafl and Ras homolog (Rho) signaling as well as MAP-kinase-depended

pathways are also closely related to occludin [40, 41].

1.1.4 Junction Adhesion Molecules (JAMSs)

Junction adhesion molecules (JAMs) are single-span transmembrane proteins and belong
to the immunoglobulin superfamily. JAMs are also under the Cortical Thymocyte marker
that is found in the way of antigen-specific receptors and adhesion molecules [42]. There
are five JAMs (JAM-4, JAM-A-C, and JAM-L). These can arbitrate a same type cell-cell
adhesion. The only JAM protein related to the tight junctions of the brain is JAM-A. The
rest of the identified JAM proteins can be found around endothelium, which unrelated to
the nervous system [43]. JAM-A is a glycoprotein of 32-kDa. It has two immunoglobulin
loops on its extracellular domain, a transmembrane domain and a cytoplasmic tail which
end like the PDZ domain-binding sequence (classical type I1). JAM-A was found to be
involved in the construction of the tight junctions, activation of platelets, angiogenesis,
reovirus binding, and transmigration of leukocytes [44-51]. JAMs are responsible for the
polarity of cells and by interacting with the protease-activated receptor complex 3/6

(PAR3/6) and phosphoenolpyruvate carboxykinase (PCK) [52-54].

Since junctions are formed due to the interaction between endothelial cells, it would be
important to mention that microtubules, microfilaments and intermediate filaments are the
scaffold to form the cytoskeleton of the brain endothelial cells [55]. Claudin, ZO proteins
and occludin have binding sites that can tether actin, which is found in the endothelium
plasma [56]. Between the tight junction membrane and the cytoskeleton, a cytoplasmic

plague is found and is important in processes such as transmissions of signals from the
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junction to the inner part of the cell in order to regulate gene expression and migration.
Adhesion and paracellular permeability are also processes that the cytoplasmic plaque is
involved in. The cytoplasmic plaque is also responsible for gathering phosphatases and
kinases which have the role of signaling components, and proteins that are found on the
junctions or even the nucleus; that is a way for the tight junctions to control gene
expression [57-59]. As mentioned before ZO proteins are closely related to the tight
junctions. ZO1-3 have domains that bind to adherens and tight junctions, and they are
important in signal transduction but also in attaching the cytoskeleton to the tight junction
proteins [60]. ZO-1 and ZO-2 bind directly to the C-terminal of occludin [61-63]. When
occludin amino acid tyrosine is phosphorylated, all interactions between occludin and ZO
protein stop [64]. Tight junctions are also involved in signal transcription and

proliferation, cytoskeletal dynamics, and vesicle targeting [65-67].

1.2.0 Bacterial Infections

Streptococcus pneumoniae, Neisseria meningitidis and Haemophilus influenzae are the
top 3 causes for brain infections for all age categories except newborns. Brain infections
caused in newborns derive from Group B streptococcus (GBS) Escherichia coli or Listeria

monocytogenes [3, 68, 69].
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1.2.1 Streptococcus pneumoniae

Streptococcus pneumoniae are Gram-positive alpha-hemolytic and facultative anaerobes.
The bacteria can appear alone, paired (diplococcoid) or in chains and they are protected

by a capsule formed by composite polysaccharides (figure 7A+B) [70].

4 «— (Capsule
]‘* Protein layer

e—— Plasma membrane

\J—— F-antigen lipid compartment

. :|<_ Polysaccharide layer

Figure 7| Streptococcus pneumoniae characteristics A) The bacteria can be found as single isolates, as a pair
(diplococcoid) or as a chain. B) The bacteria are protected by a capsule, which consists from the protein layer,
polysaccharide layer, a lipid compartment and the plasma membrane. Image 7a was adopted from [71].

Polysaccharides, which contribute to capsule formation, are usually associated with
pathogenicity. These polysaccharides are recognized by the immune system (i.e. they are
antigenic) and are the basis of the classification of pneumococcal serotypes; it is estimated

that there are more than 95 different serotypes [72].

1.2.2 Pneumolysin

Pneumococci produce a toxin called pneumolysin, which was first mentioned 110 years

ago by Libman who observed a “peculiar’’ type of hemolysis [73]. Although pneumolysin
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was first characterized as a thiol-activated toxin, it has now been reclassified as a
cholesterol-binding cytolysin [74]. The toxin was successfully purified in the early 1970s
[75, 76] and through continuous studies it was observed that is released during bacterial

cell death caused by antibiotics or even autolysis caused by LytA (autolysin) [77-79].

Pneumolysin exists as a polypeptide and consists of 53 kilo Daltons (kDa) (471 amino
acids) [80]. It has been proven difficult to crystalize pneumolysin until very recently where

a 3 dimensional structure of the toxin was achieved (figure 8) [81, 82].

Domain 1

I

Cholesterol-binding b— ~ e
loop -‘
-

Trp-rich loop

Figure 8| 3 Dimensional representation of pneumolysin The toxin consists of 4 domains. In the ribbon form of the
toxin, domain 1 is colored orange, domain 2 colored cyan, domain 3 is colored grey and domain 4 is colored pink.
Domain 4 is responsible for the binding of the toxin on cell membranes. The membrane-sensing loops of domain 4 (Trp-
rich loop and cholesterol-binding loop) are displayed below domain 4 in the image. Section “a” of this image was
adopted from Lawrence et al. [82].
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Pneumolysin consists of 4 domains with domain-4 being responsible for the binding of
the toxin to cell membranes. In high concentrations, pneumolysin is capable of forming
pores as well as arc structures on cellular membranes [83]. It has been previously
demonstrated that upon pore formation instability of calcium levels occurs in the cell
cytoplasm. Additionally the actin cytoskeleton of the cells is affected, thus, the cell
morphology of the cells are altered due to the toxin [84]. Endothelial cells interacting with
pneumolysin have been characterized with hyper-permeability through the modulation of
VE-cadherin, a key protein to the formation of adherens junctions in endothelial cells [85,
86]. Pneumolysin has been associated with virulence in numerous publications [79, 87-
89]. Absence of the toxin has been associated with reduced infection in the lung [90-92]
and with reduced nasopharyngeal colonization [93] while high levels of toxin in CSF

during meningitis correlates with poor patient outcome and high mortality [94].

1.2.3 History of pneumococcal infection

Streptococcus pneumoniae causes many different infections. The ’pneumococcus’ -as it
is also called- was first isolated and identified by Sternberg and Pasteur in 1881. Sternberg
collected specimens from his own saliva whereas Pasteur collect saliva from a child
suffering with rabies [95, 96]. Pneumonia was first mentioned in1883 by Friedlander and
Talamon whereas the association of Streptococcus pneumoniae with pneumonia was
shown by Sternberg [97]. In a period that lasted 30 years (1915-1945), the scientists of
the time, identified the chemical structure of the bacteria, the type of antibodies, which
are activated when exposed to different polysaccharides, and the invasiveness of each

serotype. These capsular polysaccharides consist of repeating oligosaccharide elements
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and the majority of them have been chemically characterized [98]. The chemical
resemblance of capsular polysaccharides can determine the degree of cross-reactivity.
Pneumococcal serotypes 6A and 6B differ only in one of the bonds between two sugars,
thus, the degree of cross-reactivity is high [99, 100]. In contrast, types such as 19F and
19A differ in more than one sugar bond, which results in a lower degree of cross-reactivity.
By the end of 1940 more than 80 different serotypes of pneumococci were characterized

[101], and in total more than 90 serotypes were described [70].

1.2.4.0 Epidemiology

Streptococcus pneumoniae is a significant pathogen as it causes, endemic pneumococcal
disease globally. The most common cause of acute otitis media, sinusitis, and pneumonia
is Streptococcus pneumoniae and its recurrence to cause the diseases mentioned above
have been recorded for more than a century. Streptococcus pneumoniae is also one of the
most important pathogens that cause bacterial meningitis [102, 103]. Approximately 14.5
million episodes of acute pneumococcal disease were reported in 2000 alone, resulting in
about 826,000 deaths in children of age 1-59 months. It is important to mention that over
half of the cases, which resulted in death, were recorded in the African continent and in

South East Asian countries.

For the developing countries, pneumonia is cause for serious disease, especially in
children; it is estimated that more than 1 million children below the age of 5 die from
pneumococcal pneumonia annually [104]. Before the introduction of vaccines in the UK,
the pneumococci was found to colonise 45% of children examined, in comparison to only

2% of people examined and were above the age of 18 [105]. Approximately 5800
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hospitalisations occurred due to Streptococcus pneumoniae in England and Wales only.
For the same setting, almost 40 000 cases were recorded as lobar pneumonia and over 15
000 recorded as otitis media cases. Additionally, cases deriving recorded by general
practitioners showed an additional 70 000 for pneumococcal related community acquire
pneumonia and 630000 for otitis media [106]. A significant number of both
hospitalisations and GP consultations for pneumococcal disease related to high- risk

groups. Out of 100,000 cases, 15 are pneumococcal meningitis cases [106].

Annually, the total number for incidences relating to pneumonia in Western populations
reaches approximately 1 %. Streptococcus pneumoniae is responsible for almost half of
the cases of community-acquired pneumonia [107-111]. This is translated, as 5 persons
out of 1000 will acquire pneumococcal pneumonia every year, with the number
significantly increased when the cases involve the very young and the elderly [108, 112,
113]. Pneumococcal pneumonia is the main cause of bacteremia. Pneumococcal disease
cases usually increase during the winter months since viral infections are predisposed to
pneumococcal infections in the winter [114-116]. Outbreaks of pneumococcal disease
may occur if a new strain is introduced in a closed setting, such as Schools, military camps,
nursing homes, or jails are possible settings for pneumococcal outbreaks due to the

surrounding environment [102, 117, 118].

Since pneumococci are a naturally transformable pathogen, it can exchange its genetic
material with different strains. [119-121]. Transformation was firstly described in 1928
[102] and it is, a considerably common incident in nature [121-123]. When isolating
samples from patients with invasive pneumococcal disease, up to 77 different serotypes

were identified [113, 124, 125]. Serogroups 6, 14, 18, 19, and 23 are more prevalent in
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children because these serotypes are less immunogenic than other types [126]. In previous
studies, it was observed that 9 out of 10 patients found with pneumococci in their

nasopharynx were young children [105, 127, 128].

1.2.4.1 Bacterial meningitis and Streptococcus pneumoniae

Bacterial meningitis is a significant problem in the developing countries. In Senegal, the
average incidence of bacterial meningitis was 50 cases per 100,000 people during the
decade of 1970. From these cases 1 in 250 children would develop bacterial meningitis
during the first year of theirs life [129]. Streptococcus pneumoniae is the leading cause
for bacterial meningitis in Africa for individuals infected with human immunodeficiency
virus (HIV). Pneumococcal meningitis in Africa has been associated with high mortality
[130, 131]. Sub-Saharan Africa, also referred to as the meningitis belt (figure 9), is known
for epidemics of bacterial meningitis, with 101 cases per 100,000 population in Niger and

40 cases per 100,000 in Burkina Faso until 1996 [132, 133].

In the developed countries, Streptococcus pneumoniae is the most common aetiology of
bacterial meningitis with 61% of the cases being recorded in the United States and 39%
in Europe [134-136]. Vaccination strategies are already underway in an effort to reduce
pneumococcal meningitis cases. Initial studies demonstrated that 74-90% of the serotypes
identified from patient CSF, accounted to serotypes included in the 23-valent-
polysaccharide vaccine [137, 138]. Severe diseases can emerge due to bacterial infection,

and each disease is classified according to the type of infection but also its stage (table 1).
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Table 1 Bacterial Organisms that cause Infection of the Central Nervous System

Bacterial Organism Type of Disease Age Categories
Streptococcus pneumoniae Bacterial meningitis (Acute) Adult
Streptococcus agalactiae (Group B) ~ Bacterial meningitis (Acute or subacute) Newborns/Elderly
Listeria monocytogenes Bacterial meningitis (Acute) Infants
Staphylococcus epidermidis Bacterial meningitis (Subacute) After neurosurgury
Staphylococcus aureous Bacterial meningitis (Acute) Any age category
Neisseria meningitidis Bacterial meningitis (Acute) Adolescent
Streptococcus milleri group Brain abscess Any age category
Hemophilus influenzae type B Bacterial meningitis (Acute) Children
Mycobacterium tuberculosis Meningitis/Brain & Epidural abscess Severe in children
Treponema pallidum Neurosyphilis Any age category
Mycobacterium avium Meningitis/Encephalitis/Peripheral neurop.  Any age category

Table 1| Bacterial pathogens responsible for infections in the central nervous system The etiology for CNS
infections can vary according to the age of the patient, the condition that the patient is in (accident or surgery) as well
as the pathogen causing the infection. The information of table 1 was acquired from [139-142].

Geographical distribution of meningitis

B Meningitic belt
mEm Highrisk of epidemic
1 Lowerincidence of sporadic cases

Figure 9| Bacterial meningitis incidents across the globe The annual incidents of acute bacterial meningitis in the
developed world reach is 0.005% per 100,000 whereas in the developing nations the incidents increase 10-fold.
Streptococcus pneumoniae is one of the main causes of bacterial meningitis along with Neisseria meningitides, and
Haemophilus influenzae, which was estimated to 75%-80% of the cases in newborns. The image was adopted from
http://encephalitisindia.org/abm.html.
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1.2.4.2 Vaccines

Conjugate vaccines to prevent infection against pneumococci have been used for the last
15 years. In an effort to include as many serotypes as possible in one vaccine, a
polysaccharide vaccine was designed (PPV23), which targets 23 different serotypes. It has
been demonstrated that conjugation of bacteria in a vaccine is more efficient since the
Immune response is greater upon vaccination (figure 10) [143]. The first conjugate
vaccine targeted pneumococcal serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F (heptavalent
vaccine - PCV7). Further production of conjugate vaccines came out, such as PCV10 and

then, PCV13, which target 10 and 13 different serotypes accordingly.

Figure 10| Vaccines against Streptococcus pneumoniae Synflorix® and Pneumo23 are some of the vaccines available
against the pneumococci. Synflorix® is a 10valent conjugate vaccine whereas Pneumo23 is a 23valent polysaccharide
vaccine. Although Pneumo23 covers more serotypes, a conjugate vaccine was shown to be more effective against the
pneumococci. Images adopted from GSK and Sanofi Pasteur.

Within a few years following the introduction of PCV7 vaccine, vaccine-covered
serotypes were replaced by non-vaccine serotypes prevalent in the community i.e.
serotype replacement [144-148]. The thirteen-covalent vaccine PCV13 targets six
additional serotypes (1, 3, 5, 6A, 7F, and 19A) to the ones the PCV7 had; despite the

success rates from the use of vaccines, serotype replacement is an issue, which may rise
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rapidly, and thus, constant screening for serotype replacement must be performed. Very
recently serotype replacement was observed for serotypes covered both by PCV7 and PCV
13 [149]. New efforts are made to increase serotype coverage of vaccines and new
generations of vaccines based on conserved protein antigens are also in development such
as the pneumococcal pneumolysin toxoid recently introduced in clinical phase I trials as

a vaccine candidate against pneumococcal infections [150].

Despite knowledge that has been acquired in the last 20 years around bacterial meningitis,
the vaccination programs, or medical administrations (antibiotics) to prevent the disease
or provide treatment, bacterial meningitis remains the leading cause of meningitis in adults
around the world [7, 8, 135, 136, 151-156]. The bacteria, which appear to be causing BM
in the majority of cases, are Neisseria meningitidis and Streptococcus pneumoniae, with
the last one being the cause of almost 70% of the cases that occur in the United States and
also Europe [134, 136]. Focal neurological deficits, hearing loss, cognitive impairments
are some of the results of the disease which can affect 30 to 50% of the patients suffering
from bacterial meningitis where the other 15 to 37% of patients are likely to face death
[136, 157-159]. The exact steps that pneumococci follow so that BM can develop remain
unclear. However, here follows an effort to put steps of the disease in order based on the
best available evidence; starting from colonization of the pathogen up to the point that the

central nervous system (CNS) is compromised leading eventually to bacterial meningitis.

This information reveals the severity of meningitis as a disease and the significance in
studying it. Additionally thorough investigation could be significant in achieving
protection against disease and increase the efficacy of different vaccines. Diseases that are

caused by invasive pneumococcal infections include bacteremia, pneumonia and
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meningitis in figure 11 [3].

Meningitis

Blood-brain barrier

breakdown

Sinusitis f‘y‘
L

Bloodstream

Pneumonia

Figure 11| Infectious diseases caused by Streptococcus pneumoniae In the majority of cases when the host comes in
contact with the bacteria colonization in the nasopharynx occurs. Many of us carry the bacteria without a burden in our
immune system. When infection occurs the bacteria can move through different routes causing pneumonia, bacteraemia,
meningitis and other diseases. Direct infection of the pathogen to specific organs could occur on extreme circumstances

such as cranial injury or surgery.
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1.3.0 Host defenses against the pneumococci

Respiratory mucus is the first barrier defense against pneumococcal colonisation and

prevents binding onto mucosal surfaces [160-162].

As soon as the bacteria reach the nasopharyngeal mucosal site, the innate immune system
of the host is activated and the pneumococcus is confronted by antibodies such as
secretory immunoglobulin A (slgA) and the lactoferrin protein; with further support
derived from mechanisms of the innate immune system (complement system) [163-165].
sIgA prevents pneumococci from binding to nasopharyngeal mucosal sites by attaching
to it and activating opsonisation, which leads to the activation of phagocytes such as
neutrophils and antigen-presenting cells such as macrophages [163, 166, 167]. Lactoferrin
IS a protein, which targets the iron that pneumococci need in order to keep an active
bacterial metabolism. Once the iron is depleted, bacteria can be cleared. Lactoferrin can
be found in nasal secretions, saliva and other body fluids, enhancing the immune system
of the host [168]. Contribution from the innate immune system leads to multiple actions

which involves leukocyte recruitment, opsonisation and phagocytosis [169].

1.4.0 Bacterial defense mechanisms

Pneumococci have developed various mechanisms to avoid the host’s immune system,
and achieve their adherence on the epithelium. Pneumococcal capsule acts as a shield
against mucus entrapment, by promoting its negative charge against the negative charge
of the sialic acid that exists in mucus [161]. Pneumococci alter their capsule according to

the level of immunity surrounding them. This process is called phase variation [170-172].
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Through this process, pneumococcal capsule can go from transparent (very thin layer of
capsule) to opaque (thick capsule layer) and that is achieved by alternations of
polysaccharides forming the capsule [172]. When the pneumococci reaches the epithelium
of the nasopharynx, the opaque capsule of the pathogen can shift to a transparent one,
allowing various adhesion molecules to bind the epithelium layer of the host [170, 172].
Capsule switch occurs through altered gene expression and when in the bloodstream
capsule thickness increases [173]. Whilst in colonization phase, opaque bacteria can avoid
factors such as slgA and mucus; hence avoid opsonisation and phagocytosis [161, 174-

176].

Another way for the pneumococci to be protected is the liquefaction of mucus (reduction
of mucus viscosity) by the deglycosylation of mucus glycoconjugates (achieved by
pneumococci’s exoglycosidases beta-N-acetylglucosaminidase, neuraminidase A (NanA)
and betagalactosidase A (BgaA)) [177-179]. Additionally pneumococci prevents its
removal by mucus by using its pore forming toxin pneumolysin, which causes reduction
and stoppage of ciliary activity on epithelial cells, allowing them to progress on the

epithelial cell layer without being removed [180, 181].

It has been previously demonstrated that the pneumococci is able to express an IgAl
protease, which may tamper with the ability of this Ig subclass to prevent pneumococcal
adherence. Specifically, it was shown that even with the use of IgA1 protease antibodies,
there was increased adherence by the pneumococci, which occurred due to the cleavage
of the antibodies. The production of positively charged fragments inhibited the negatively

charged capsule, allowing for better adhesion on epithelial cells [182].
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1.6.0 Colonisation

During colonisation of the human nasopharynx, many different bacterial species are found
to be colonising at the same time. Often there can be up to 700 different species [183,
184]. Due to the amount of organisms that can be found simultaneously in the
nasopharynx, interactions between different organisms can occur [185]. If there are more
than one type of bacteria colonizing the nasopharynx, genetic material can be exchanged.
There are also cases where competition or synergism can occur between different bacteria
[186, 187]. When bacteria compete, reinforcement of one strain against others occurs. For
example S. pneumoniae is capable of combining DNA from species of the same
Streptococcal family in order to gain significant advantage against other competitive

organisms [188].

1.7.0 Invading Host Endothelial and Epithelial Cells

When it comes to invading endothelial cells and epithelial cells, pneumococci use
endocytosis and transcytosis through phosporylcholine (ChoP), which binds to the platelet
activating factor receptor (PAF receptor) of these cells [170]. When pneumococci bind to
the PAF receptor, the pathogen is allowed to follow the receptor recycling pathway which
gives the opportunity to the pneumococci to be transported to the basal membrane of the
cell, leading to disease [189, 190]. The pneumococci can also invade the host using the
choline-binding protein (CbpA). CbpA binds to the cell’s polymeric immunoglobulin

receptor (pIgR) [166, 191]. As in the case of the PAF receptor, pneumococci use the pIgR
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recycling pathway in order to be transported in the apical and basal membrane of the cell

[166, 192].

1.8.0 Bloodstream survival - Complement System

Whilst in the bloodstream capsule thickness increases in order to avoid phagocytosis or
complement deposition [79, 193]. Further protection to the pathogen is provided by the
binding of pneumococcal surface proteins (CbpA and CbpC) or by the use of
pneumolysin, which derives from bacterial autolysis. Once pneumolysin is released, it
binds to the Fc portion of immunoglobulin G (1gG), hence activating the complement
pathway, and increasing the virulence of the pathogen by significantly reducing

complement factors that are trying to clear bacteria form the blood [194].

1.9.0 Recognition by the Host Immune System

The host immune system is capable of recognizing possible threats in order to prevent
progression of the disease. APCs can identify bacteria by receptors that are considered
vital to the pathogen in order to remain viable. Toll-like receptors (TLRs) are recognition
receptors that can detect pneumococci and the main receptors are TLR2, TLR4, TLR9 and
nucleotide oligomerization domain 1 (Nodl) [195-203]. Upon activation of these
receptors, APCs create a flow of inflammatory reactions, by releasing specific cytokines;
this cytokines are capable of eliminating the pathogen but also increase immune response
with using neutrophils recruited by these cytokines [169]. The cytokines, which seem to
be most important during pneumococci recognition, are interleukin-1 (IL-1), IL-6 and

tumor necrosis factor alpha (TNF-a) [204]. In order to reinforce the response of the
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immune system around the infected area, IL-1 and TNF-a increase vascular permeability
of local vascular endothelial cells. Up-regulation of adhesion molecules occurs (P-
selectin, E-selectin vascular cell adhesion molecule 1 [VCAM-1]), which further allows
the presence of more neutrophils and various lymphocytes to the infected area through the

bloodstream [205, 206].

1.10.0 Central Nervous System infections

The very own ability of the CNS to be so selective and isolated sometimes works against
itself. That is due to the absence of mechanisms [207] to defend the CNS (the blood-brain
barrier restricts the presence of immune cells to the CNS). Also the comparably low levels
of immune cells such as phagocytes, complement proteins and immunoglobulin, make the
CNS environment a perfect conditioned media for the pathogen to replicate and further

infect the host.

The pathogens that are mostly found to cause infection in the CNS are viruses and bacteria,
and the route that they follow to reach the CNS is either through the bloodstream (indirect
pathway), neighboring tissues (exposed parts due to surgery or neighboring routes to the
CNS like the sinus), or spread up through the nerves from the peripheral nervous system

(e.g. rabies).

Hippocrates first mentioned meningitis 2300 years ago. Once the CNS is infected, several
symptoms can indicate infection, such as intracranial pressure, local pain around the spinal
cord, or pressure on the nerve root [208]. The same pathogen can sometimes cause
different diseases. For example in the case of meningitis, infection is found in the

subarachnoid space [209] whereas when in the ventricular system, ventriculitis or
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ependymitis may appear [209]. Lumbar puncture, magnetic resonance imaging, computed
tomography were and still are key tools used to expand knowledge around the CNS but

also evaluate and further take action on an ongoing infection [208].

CNS infections and specifically pneumococcal meningitis is a life-threatening condition.
Even though the discovery of antibiotics and vaccines has contributed significantly in the
battle against infection, the outcome is still often poor (bacterial infections are greatly
dependent on time of diagnosis but even if caught early permanent damage might be left
with the patient). The main reason that bacterial infections in the CNS remain high in

numbers is the inability to fully comprehend the way that disease develops.

Almost 70% of deaths related to bacterial meningitis, are due to CNS complications or
breakdown [210] and the remaining 30% due to more complicated and systemic events
[211]. This reveals how important immune responses are in regulating inflammation.

Table 2 shows the most important pneumococcal diseases in the CNS [212].
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Table 2 Infection of the Central Nervous System due to bacterial pathogens
Type of Disease Infection's information
Bacterial meningitis Infection of the meninges affecting pia,

arachnoid and subarachnoid space/Can lead up
to septic shock.

Brain abscess Infection within the brain parenchyma which
leads to central core necrosis, accumulation of
inflammatory molecules and edema.

Epidural abscess Infection between the inner skull surface and
the dura. Can only occur if injury occurs or
operation on the cranium is performed.

Subdural empyema Collection of pus between dura and arachnoid
membranes. Often epidural empyema is
associated with the subdural. Venous cortical
infection can also occur.

Ventriculitis Infection of the brain ventricular system.
Meningitis can cause it due to complications or
drainage from the ventricule.

Suppurative thrombophlebitis Bacterial meningitis , epidural abscess, or
subdural empyema can create the disease
which is associated with a septic venous
thrombosis of cortical veins and sinuses.

Table 2| Central nervous system infections cause by Streptococcus pneumoniae The pneumococci is one of the
leading causes in CNS infections and besides meningitis the pneumococci can cause abscesses in the CNS, empyema,
ventriculitis as well as thrombophlebitis. The information of table 2 was acquired from [139-141].
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1.10.1 Bacterial meningitis — Mechanisms and breakdown of the Blood-Brain
Barrier

1.10.2 Central nervous system invasion - translocation across the Blood-Brain
Barrier

To maintain an intact CNS and protect against infectious diseases, cerebral vascular
endothelial cells significantly differ from endothelial cells that lie in the general
vasculature. As mentioned previously the cerebral vascular endothelial cells have tight
junctions between them, are abundant in mitochondria, and have reduced processes of
pinocytosis [213]. As shown in vitro, human brain microvascular endothelial cells were
used to identify mechanisms of transcytosis that the pneumococci uses, by adhering to the
platelet-activating factor (PAF) receptor of the cells [214]. Again phosphorylcholine binds
to the PAF receptor in order to induce transmigration to the cell’s basolateral site [170,
215]. As mentioned previously, pneumococci with a thin capsule (transparent colony

morphology) have increased adherent abilities [214].

Another pathway that the pneumococci can use to enter the CSF is translocation through
the tight junctions of epithelial cells that form the blood-CSF barrier. The tight junctions
of brain endothelial cells can also be disrupted during progression of the disease [213],
and that can be due to the concurrent actions by pneumococci components (pneumolysin
disrupts the epithelial cell layer of the nasopharyngeal area) or components of the host’s

immune system [216-218] (figure 12).
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Pro- and anti-inflammatory cytokines

Neuronal
Injury

Increase intracranial pressure

Free Radicals/Oxidative stress

Figure 12| Mechanisms of infection and BBB breakdown Colonization by pneumococcus is achieved by various stepwise mechanisms. The opaque capsule of the
bacteria prevents secretory immunoglobulin A (slgA) to remove the bacteria from the nasopharynx (1). Release of the pneumolysin (PLY) toxin from lysed bacteria
reduces ciliary contractility of the upper airway (2), whereas deglycosylation of the mucus reduces further cilia activity (3). The negative charge surrounding the capsule,
opposes the negative charge of the sialic acid found in mucus (4). Additionally the phase variation of the capsule from opaque to transparent enables adhesion molecules
to bind to the epithelium (5). Invasion of pneumococci into the bloodstream is achieved by transcytotic or paracellular mechanisms (6) and degradation of the cells’
extracellular matrix (7). The pneumococci then enter the nervous system by following similar mechanistic pathways in the upper airway (8, 9, and 10).
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1.10.3 Central nervous system immune response — activation of the immune system

Pneumococcal multiplication and lysis (when the immune system is activated) is an event
that happens both simultaneously and continuously coming to a point that autolysis and
multiplication have a ratio of 1:1 [219]. Pneumococcal components, which are released
due to lysis, can create a very strong immune response that may cause further damage and
breakdown of the BBB [220]. Some of the pneumococcal components are capable of
inducing a proinflammatory response. This was demonstrated by purified pneumococcal
cell wall, lipoteichoic acid, or peptidoglycan from the pneumococcal cell wall [220] When
all these components were incubated in rabbits, no disease was observed suggesting that
they do not activate immunity in the CSF [220]. Additionally a pneumolysin-deficient
strain was used in a murine model and exhibited decreased CFUs as well as increased
survival of the host. Nevertheless tissue from the murine model showed similar results as
the wilt-type pneumococci in inflammatory changes [221]. Antibiotics used to induce
bacterial autolysis, thus, pneumolysin release which could also create a stressful
environment leading again in a strong immune response hence a more severe disease and

possible BBB breakdown.

1.10.4 Anatomical Localization of Blood-Brain Barrier - Invasion by Leukocytes

In order to deal with possible threats in the CNS, leukocytes can migrate to the
perivascular space, which connects with the subarachnoid space. Due to the spaces
neighboring to the CSF (corpus callosum, periventricular space or the meninges),

neutrophils can also gain access to the brain [222]. When neutrophils phagocytose
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bacteria, oxygen and nitric components are released, which create a bacteria-like
environment around the neutrophils, making them hazardous for the surrounding tissue,
and possible candidate for the damage that is caused in neurons in bacterial meningitis
cases. Whilst in the brain, microglia act as macrophages, secrete pro-inflammatory factors

to increase microglial presence and initiate T-cell response [223, 224].

1.10.5 Pattern Recognition Receptors

It was previously mentioned that APCs are activated during bacterial opsonisation in order
to clear bacterial pathogens. Antigen-presenting cells can be found in the CSF, the
meninges, perivascular space, choroid plexus, and brain parenchyma (microglial and
astrocyte cells) [225-227]. Toll-like receptors 2, 4, 9 and Nod-like receptors are some of
the pattern recognition receptors involved in sensing threats such as pneumococci in the
CNS [228-231]. Specifically, when Streptococcus pneumoniae is found in the CNS, TLR2
and Nod2 are activated. Although a component of the pneumococci, pneumolysin does
not activate TLR-4 [88]. Absence of TLR2 and TLR4 in a mouse model, showed
reduction of inflammatory molecules and increased of pneumococcal CFUs in the CNS
[232]. TLR9 is responsible for the activation of peripheral macrophages and interleukin-
8 (IL-8) induction [197, 202]. Absence of TLR9 showed reduced immunity against the
pneumococci and increased CFUs in the nasopharynx [202]. Nod-like receptors (NLRS)
are a secondary group of pattern recognition receptors. Once activated, the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and the mitogen-activated

protein kinase (MAPK) pathways are activated [233].
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1.10.6 Downstream signaling molecules and inflammatory molecules release

There is a wide range of proinflammatory or anti-inflammatory cytokines, which are
released upon infection; chemokines, matrix metalloproteinases, and other
chemoattractants are some of them. Leukocyte migration adhesion molecules and the
complement system, not only help clear pneumococci, but also induce cytotoxicity, which
can further cause a breakdown of important sites in the central nervous system such as the
blood-CSF barrier and the BBB. Interleukin-1 receptor-associated kinase 4 (IRAK-4) is a
signaling protein involved in pneumococcal disease [234]. IRAK-4 is an adaptor protein
and one of the links in the TLR- and IL-1 receptor (IL-1R)-induced activation of MyD88
and NF-kB. This activation will eventually lead to cytokine production [235, 236]. IRAK-
4 deficiency leads to increased susceptibility in invasive pneumococcal disease, but also
increase of recurrent events with high mortality [237]. Deficiencies in IRAK-4 and
MyD88 show unresponsive agonists for TLR1, -2, -5, -6, -7, -8, -9, and IL-1R [238-240].
The TLR3 signaling pathway is not affected, whereas the TLR4 pathway is partially
affected. These 2 pathways can still initiate the signaling cascade for cytokine production

[239].

1.10.7 Proinflammatory cytokines

Sensing of pneumococci and production of proinflammatory cytokines can derive from

endothelial cells, astrocytes, macrophages of the meninges, as well as microglia [216, 241-

245]. As soon as the pneumococci is recognized in the CNS, IL-1, TNF-a, IFN-y and L6,

are produced [246, 247].
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TNF-o is an important proinflammatory cytokine, and it was shown in elevated
concentrations in the CSF of patients suffering from pneumococcal meningitis [217, 248-
251]. In a study with 48 patients suffering from pneumococcal meningitis, levels of TNF-
a were associated to severity of blood-brain barrier disruption, disease, and neurologic
sequelae. Once the patients were administered with antibiotics, the TNF-a levels
decreased [217]. In animal models of pneumococcal meningitis, production of TNF-a was
observed within the first 6 to 24 h of the immune response [252, 253]. Increased levels of
TNF-o are important for a rapid response during infection [254]. Thus, on the first 4-6
hours TNF-a. is crucial, even though increased levels of the cytokine may promote BBB

disossiation [255].

IL-1B is a proinflammatory cytokine and is produced [241]by perivascular and meningeal
macrophages (557). Increased levels of IL-1p were observed during the first 18 hours of
pneumococcal infection [256]. Pro-1L-1p is cleaved by caspase-1, which is regulated the
inflammasome [257]. Although present, IL-1p does not seem to be associated with BBB
breakdown in meningitis sufferers [217]. Absence of caspase-1 in a mouse model showed
decreased levels of IL-13 and decreased intracranial pressure (ICP), leukocyte
recruitment, and brain edema compared to the wild-type mice [258]. In a rabbit meningitis
model, IL-1B was administered intrathecally and showed no CSF pleocytosis or brain
edema [259]. Mice lacking the IL-1a and IL-1pB receptor (IL-1R) had reduced survival
rates and decreased cytokine responses [260]. Nonetheless CSF pleocytosis was not
affected, suggesting that cytokines which are cleaved by caspase-1 might (551). Thus,,
although IL-1 did not influence CSF pleocytosis lack of capsase-1 may be responsible for

reduced pleocytosis in mice lacking the enzyme.
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IL-6 can also act as anti-inflammatory cytokine and has been associated with disease
severity [261]. Decreased cerebral edema intracranial pressure and blood- brain barrier
disruption in an IL-6 knockout mouse model [262]. Additionally, IL-6 was shown to
suppress pro- and anti-inflammatory cytokines in a pneumonia model suggesting that IL-

6 constricts leukocyte recruitment [263].

Gamma interferon (IFN-v) is part of the T-helper 1 (Th1) pathway and showed increased
concentrations in patients suffering with pneumococcal meningitis [264, 265]. IFN-y was
also present in an animal model of pneumococcal meningitis[266] The exact role of IFN-
in pneumococcal meningitis remains unclear. Significant stimulus to IFN-y production is
the cytokine interleukin 12 (IL12p70). This cytokine was detected both in patients as well
as animal models of pnemococcal meningitis [265, 266] During the course of
pneumococcal meningitis in patients, macrophage inflammatory factor (MIF) exhibited

increased concentrations in the CSF and was also associated with disease severity [267].

1.10.8 Anti-inflammatory Cytokines

Two important anti-inflammatory cytokines involved in meningitis are 1L10 and TGF- .
IL10 can have a downstream effect on proinflammatory cytokines and macrophages [268,
269]. Depleting the cytokine showed no differences in bacterial loads [270], yet its
considered to be an important factor in determining sepsis outcome. Over-expression of
the cytokine showed decreased levels of neuronal damage when the host suffered from
pneumococcal meningitis [271]. Administration of the cytokine to the host showed less

efficacy in comparison to the systemic release of the cytokine [272].
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TGF- B is another anti-inflammatory cytokine and has a major role in maintaining T-
regulatory cells as well differentiating them [273]. TGF-B is a suppressor of
proinflammatory cytokines, since IL-1p and IL6 were reduced upon its activation [274,
275]. Reduction of the cytokine may have positive effects in patient outcome since its
absence showed increased survival, less bacteria counts in the host, and minimal
disruption of the BBB [276]. As in the case of IL10, systemic production of the cytokine
showed reduce severity in meningitis cases [277]. Many other cytokines and chemokines
fight infection better when produced systemically rather than when overexpressed or
administered. In example, IL8 (CXCL8) is a chemokine responsible for neutrophil
chemotaxis [278]. When IL8 was systemically produced, it showed better pleocytosis in

the CSF, as in the case of 1L10 and TGF- 3 mentioned earlier [279].

1.10.9 Matrix metalloproteinases (MMPs)

Matrix metalloproteinases are enzymes which are responsible for the remodelling of the
extracellular matrix (ECM) throught degradation processes. These enzymes are associated
with cations such as calcium and zinc, and can degrade laminin, fibronectin, collagen (of
various types) as well as proteoglycans [280, 281]. It was believed that MMPs had the
restrictive role of degrading the ECM for leukocyte migration to occur, until recent studies
showed that MMPs might be driving inflammation [282, 283]. The most recognised
MMPs associated with meningitis are MMP-8 and MMP-9 [249]. Specifically,
neurological sequelae such as impaired hearing was observed when levels of MMP-9

were significantly elevated [249].
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1.11.0 Bacterial meningitis and oxidative stress

During bacterial infection in the meninges, reactive oxygen species (ROS) are released.
Hydrogen peroxide (H203), the anion form of oxygen (O2") and anything with an unpaired
electron (radicals) are classified as ROS. These components are abundantly produced once
the brain immune cells are activated, either due to stroke or bacterial infections [284]. The
bacteria themselves are capable of producing H20., which can accelerate the process of
oxidative stress due to the exposure of the tissue to ROS [284]. The interaction of H.O>
with nitric oxide (NO) results in the creation of peroxynitrite, a highly reactive ROS that
has a direct effect in the leptomeninges of the patients [285]. Previous studies have shown
that ROS have a huge part in the generation of brain edema, intracranial pressure and other

neurological deficits [285-287].

1.12.0 Blood-brain barrier models

Research on CNS systems were relatively rare until the mid-1980s where models based
on cell lines made their first appearance in the scientific community, having as a goal to
understand how the blood-brain barrier functions, how the barrier is designed, its

pathophysiology and pharmacology [288].

There are numerous monoculture-derived BBB models that were developed; brain
endothelial cells from different species were used (human, porcine, bovine or rodent
cells), both primary (cells that are harvested without any genetic modification) and
immortalized cell lines. The creation of models in vitro allowed to scientists to study

characteristics of the BBB that occur in vivo without the need of blood-related techniques
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or complicated procedures. At the beginning it was believed that the BBB was a static
barrier, but further understanding of the barrier revealed that the BBB functions as a
dynamic neurovascular unit (brain endothelial cells supported by astrocytes pericytes and
neurons) [289-293]. This understanding also contributed to the upgrade of BBB models,
introducing besides monoculture systems, co-culture and multi-culture systems, which

enhanced the studies around the BBB [294].

Despite the availability that exists in BBB models nowadays, the majority of the existing
models lacks of realistic facts (i.e. most of the models present the brain endothelial cells
as a layer where in reality the microvascular cells are connected in a cylindrical shape.).
That affects the BBB models in aspects such as permeability, tightness of junctions,
transporters, polarity and transendothelial electrical resistance (TEER). Until now none of
the existing in vitro models was able to illustrate the exact functions of the BBB that occur

in vivo.

Since Joo and Karnushina introduced the methodology on brain microvessel harvesting in
1973 [295], a great amount of data has since been generated around the BBB, involving
cell biology and microbiology. Methodologies in brain endothelial cells isolation were

modernized, to better isolate, and purify brain endothelial cells [296-299].

Among brain endothelial cells from different species, bovine microvessel endothelial cells
(BBMEC) preserve many properties of the in vivo BBB both morphologically, and
biochemically. Some of these properties are adhesion molecules, marker enzymes,

polarity and TEER values which can range between 160-200 Q x cm?. BBMECs were
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used for drug permeability studies [300], investigations for endo- and transcytotic

mechanisms, as well as nutrient/ion transporters of endothelial cells [301-305].

1.12.1 Primary endothelial cells vs. Immortalized cell lines

To preserve the phenotype of primary brain endothelial cells, co-culture of the cells with
astrocytes or astrocyte-conditioned medium can be used [306]. Primary astrocytes in co-
culture with endothelial cells were shown in various studies [307-309] and can increase
BBB phenotypic characteristics in respect to primary brain endothelial cells. Serum-free
media, which can decrease permeability, and increase the TEER values can also be used

to better mimic the BBB [310-313].

While primary brain endothelial cells approach better the in vivo BBB, their phenotype is
lost after a few passages. There are also specific procedures in order to isolate primary
brain endothelial cells, which are time-consuming, and in situations like primary human
brain endothelial cells, ethical issues and approvals arise. These artifacts are dealt by
immortalized brain endothelial cell lines, which were created and concern various species.
Immortalized cell lines can be passaged up to 4-5 times more in comparison to primary
cells. Where cell lines provide ease in regards to time management and utilization, they
lack in characteristics such as tightness of junctions. Like in the case of BBMECs the rat
cell line RBE4 was extensively used in studies about cell markers or drug transport due to
the many similarities that the cell line shares with primary cells. RBE4 have a strong
phenotypical response when co-cultured with factors deriving from astroglial cells [314-

316].
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Brain cells that derive from the same species have the advantage of carrying exactly the
same genetic background when the species are in the same age; hence co-culture BBB
models of this kind make studies more reliable [317]. Along with animal immortalized
cell lines there are also human brain endothelial cell lines such as SV-HCEC, HBEC-51,

BB19, and TY08 [318-323].

1.12.2 Type of BBB models

Inserts are used to seed brain endothelial cells (regardless of the species). The membrane
consists of small pores, which permit to a liquid agent to go through, establishing
biochemical communication between the two chambers. When the system is used for co-
culturing, astrocytes or pericytes can be grown either on the other side of the membrane
or even at the bottom of a standard well, which supports the insert. Three different cell
types can be cultured in a single system. Co-culture with astrocytes increases the BBB

phenotype and TEER increases (figure 12-ex2) [324].

The use of Matrigel (a gel structured component) allows the cells to take their natural
shape (brain endothelial cells form tube-like structures) whereas astrocytes and pericytes,

can interact with brain endothelial cells (figure 12-ex3) [325].

Considering that brain endothelial cells exist in a tubular form (figure 12-ex5), there is a
significant advantage of the Matrigel as an in vitro BBB model, which is also a 3
dimensional model (figure 12-ex3). Other types of 3 dimensional models have been used
[326]. Previous studies showed that having a constant flow of cell culture media through

brain endothelial cells could increase TEER by approximately 1000-fold (standard model

63



Chapter 1 Introduction

values are can reach up to ~75 Qcm? whereas a 3D flow model with the same cell type

can reach 1200 Qcm?) (figure 12-ex4) [327].
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Figure 12-ex| Type of in vitro Blood Brain Barrier models There are various BBB models that can be used in an in
vitro setting. The simplest way to investigate some of the features of the BBB would be to seed brain endothelial cells
in monoculture (1). More complex models include the co-culture of brain endothelial cells with BBB cell components
(such as astrocytes or pericytes) (2). A more realistic approach to the physical BBB is the Matrigel model (3) and the
microfluidic system (4) (DIV model) due to the fact that they allow the cells to take their natural occurring form (5) as
well as allow flow of nutrients using a reservoir powered by a pump. The image was adopted from [328].

1.13.0 The importance of studying pneumococcal interactions with the Blood-Brain
Barrier

Although extensive research has been done on pneumococcal pneumonia, and meningitis,
the specific interactions of the pneumococcus with the blood-brain barrier are still under
represented and we still have significant gaps in our knowledge on the pathophysiology

of this disease process. It is evident that pneumococcal meningitis is a disease occurring
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from a series of events and not from a single point. New research methods are available
where basic principle experiments can be combined with the genomic components of the
BBB [329]. Thus,, the work in this thesis, sought to elucidate and provide specific
information around the interactions of the pneumococcus and the BBB, providing insight
into both pneumococcal and host factors that contribute to virulence and protection

respectively.
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1.13.1 Research questions on the blood-brain barrier and bacterial meningitis

Gathering the information found in the literature in regards to research done previously

around pneumococcal meningitis, the following questions were raised:

a)

b)

d)

f)

How much better different pneumococcal serotypes can adhere and invade the
blood-brain barrier?

Can a better in vitro human blood-brain barrier be developed that would allow

reliable experiments with the pneumococci?

Are there any differences between infecting a BBB model or cells in a
conventional well?

Does pneumococcal infection in the BBB affect the tight junctions, and if so is
there a different junctional response of the cells towards different pneumococcal
serotypes?

What is the impact of the toxin pneumolysin during pneumococcal infection in the
BBB?

What are the immune responses of the BBB during pneumococcal meningitis and

do they show variance when different serotypes are used?
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1.13.2 Aims and objectives of this PhD thesis — Addressing the research questions

Gathering all the questions raised previously | decided that the aims and objectives of this

project should be:

a)

b)

To investigate the ability of various pneumococcal serotypes to adhere and invade
the cells consisting of the BBB model. This will be achieved by using two clinical
isolates (serotype 1 sequence type 217, a bacteremia isolate and serotype 6B, a
meningitis isolate), a lab derived serotype 2 strain (D39) and its pneumolysin
knockout mutant PLN-A. The cells used during infection will be immortalised
human brain endothelial cells (the cells forming the BBB), and primary human
astrocyte cells (which enhance the BBB features by communicating with
endothelial cells using their end-feet). Pneumococcal survival, adherence and
invasion would be investigated for the various serotypes used.

To establish a BBB model consisting exclusively from human cells, and show that
the pneumococci are able to traverse through the endothelial cell monolayer to the
other side of the model. This will be achieved by using the cells mentioned in
section a. Brain endothelial cells will be seeded on a semi-permeable membrane
with pores large enough to allow free passage of the pneumococci. To enhance the
BBB features of this model, primary human astrocytes will be seeded on the
bottom of the well supporting the semi-permeable membrane. The model will be
monitored by constant TEER readings and supplementation of nutrients.

To use the same serotypes as in monoculture in order to observe differences

between the two conditions. This will be achieved by infecting the model from the
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d)

f)

topside at the exact same dose previously used in monoculture. Hourly monitoring
of pneumococcal survival adhesion and invasion as well as possible pneumococcal
traversal to the lower compartment of the model will be recorded.

To acquire the TEER values hourly in order to assess the integrity of the tight
junctions during pneumococcal infection of the BBB model. These values will be
compared according to the different serotypes used in order to assess their impact
on the BBB model and the tight junctions.

To use the pneumococcal toxin pneumolysin in order to see how it affects cell
viability and junctional integrity. Firstly, a dose response curve of the toxin will
be created in order to decide for a dose that is not jeopardising the viability of the
cells but has an impact in a molecular level. This will be achieved by performing
a series of viability assays on both brain endothelial cells as well as astrocytes.
Further on the optimum dose will be used individually or in co-culture with the
pneumococci in the BBB model. Pneumococcal survival, adherence and invasion
will be hourly monitored. Junctional integrity will be assessed by acquiring the
TEER values before, during and post infection.

To perform a series of molecular and immunological experiments in order to see
the host responses against the toxin and the different pneumococcal serotypes
used. This will be achieved by isolating the RNA from the brain endothelial cells
and by performing a two-colour gene expression microarray. Dr. Mike Griffiths
will kindly provide a custom designed array slide, with over 60,000 transcripts that
relate to brain endothelial cells. To make comparisons with the array findings, the
supernatant from the BBB model will be isolated and used in enzyme-linked

immunosorbent assays (ELISAs). Additionally imaging of the endothelial cells
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during infection will increase our understanding around pneumococcal/toxin

infection and tight junction breakdown.
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2.0 Cell culture

2.1.0 Immortalised Human Brain Endothelial Cells — Tissue culture flask
preparation

Cell culture flasks with an area of 75cm? (Corning®) were coated with 2ml of 15%
collagen type I solution (300ug/ml — Sigma Aldrich®). The coating solution was evenly
spread over the whole surface of the flask and left for incubation at 37°C / 5% CO; for
minimum 3 hours. Excess amounts of collagen solution in the flask were aspirated before

use of the flask.

2.1.1 Immortalised Human Brain Endothelial Cells - cell line establishment

Dr. Adjanie Patabendige kindly provided an immortalised cell line of Human Brain
Endothelial Cells. Cells from liquid nitrogen were brought gradually to 37 °C. The
contents of the tube were collected using a Pasteur pipette and added dropwise into a
15ml centrifuge tube containing 10ml of HBEC conditioned media (Gibco™). The
suspension was gently mixed and transferred to a T-75 collagen-coated flask. The flask
was lightly tilted to ensure the suspension occupied the total coated surface and was
transferred to a tissue culture incubator at 37 °C with 5% CO.. The cells were allowed to
adhere on the flask’s surface for 24 hours and they were then re-supplied with 10ml of

fresh HBEC media.

71



Chapter 2 Materials & Methods

2.1.2 Immortalised Human Brain Endothelial Cells - cell line splitting/preservation

When the HBECs reached 100% confluency, the supernatant was removed and the cells
were washed with 1x PBS solution (OXOID). The PBS solution was discarded and 2ml
of the serine protease Trypsin (Sigma Aldrich®) was added and evenly spread over the
surface in order to initiate cell detachment. The Trypsin solution was left in the flask at 37
°C with 5% CO- for 1 minute, and then 8ml of fresh HBEC media were added in order to
quench enzyme effects. The cells were pelleted at 1250 rpm for 4 minutes. The supernatant
was removed and the cell-pellet was re-suspended in 10ml of HBEC media, and gently
mixed with a pipette until a homogenous solution was observed. The cell concentration
was determined using a hemocytometer chamber (see thesis’ appendix A for cell counting
calculations). The population-doubling rate (CPD) of the HBECs was acquired by
calculating the population doubling number (PCN) of cells as previously described [330].
The PCN of HBECs usually ranges from 3.90 - 4.32 and 1x10° cells/ml is sufficient to
preserve the cell line. The cells reach confluency and the desired PCN within 3 - 4 days
of culture. The HBECs were washed with 6ml of 1x PBS and resupplied with fresh HBEC

media every 48 hours in order to keep the cells in optimal growth conditions.

2.2.0 Primary Human Astrocytes — Tissue culture flask preparation

Cell culture flasks with an area of 75¢cm? (Corning®) were coated with 2ml of 0.005%
Poly-D-lysine hydrobromide solution (50ug/ml — Sigma Aldrich®). The coating solution
was evenly spread to the whole surface of the flask and left for incubation at room

temperature for 1-hour minimum. Excess amounts of Poly-D-lysine hydrobromide
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solution were aspirated from the flask prior to use. The flask surface was rinsed with 2ml

of graded tissue culture water to remove any Poly-D-lysine hydrobromide residues.

2.2.1 Primary Human Astrocytes - cell establishment

Primary Human Astrocytes (HA) were purchased from ScienCell™. Cell aliquots from
liquid nitrogen were brought gradually to 37 °C. Tube contents were collected using a
Pasteur pipette and were re-suspended dropwise in a 50ml centrifuge tube containing
15ml of HA conditioned media (F12 DMEM - Sigma Aldrich®). The suspension was
gently mixed and transferred to a T-75 coated with Poly-D-lysine hydrobromide. The flask
was lightly tilted in order for the suspension to occupy the total coated surface and it was
transferred to a tissue culture incubator at 37 °C / 5% CO>. The cells were allowed to
adhere on the flask’s surface for 24 hours and they were then re-supplied with 15ml of

fresh HA media.

2.2.2 Primary Human Astrocytes (HA) - cell splitting/preservation

When the HA reached 100% confluency, the supernatant was removed and the cells were
washed with 1x PBS solution. The PBS solution was discarded and 2ml of the serine
protease Trypsin were added in the flask and evenly spread on the surface in order to
initiate cell detachment. The trypsin solution was left in the flask at 37 °C / 5% CO: for 2
minutes, and then 8ml of fresh HA media were added in order to quench enzyme action.
The cells were pelleted at 1250rpm for 4 minutes, supernatant was removed and the cell-
pellet was re-suspended in 10ml of HA media and gently mixed with a pipette until a

homogenous solution was observed. The cell concentration was determined by using a
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hemocytometer chamber. The PCN of HA usually ranges between 3.58-3.90, and 1x10°
cells/ml is sufficient in order to preserve the cell line. The cells reach confluency and the
desired PCN in 7-8 days of culture. The cells were allowed to secrete their growth factors
for 48 hours and half of the supernatant was removed from the flask in order to resupply

the cells with fresh HA media.

2.2.3 Long-term storage of HBEC and HA in liquid nitrogen

To create stock aliquots of the cell line, 2ml cryovial tubes (Corning®) were used, and
1x10° cells in 90% HBEC or HA media and 10% Dimethyl Sulfoxide (Sigma Aldrich®)
were added to each tube (total volume of 1ml/ cryovial). The stock tubes were transferred

for cryo-storage in cell-storage containers containing Liquid Nitrogen (LN) at ~ -195°C.

2.3.0 Cell Counting using a Hemocytometer chamber

200 pl of cell suspension was transferred into a 1.5 ml microcentrifuge tube and 500 pl of
1x PBS was added to the cell suspension, along with 300ul of 0.4% Trypan Blue Solution
(Sigma Aldrich®) (1ml total volume). 10ul of the mix was injected into each side of the
hemocytometer chamber and placed under a phase contrast microscope at 4x

magnification. Cells were counted within the central 5 x 5 grid (figure 13A+B).
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Figure 13| Cell counting using a hemocytometer A) All viable cells were counted from the corner squares and the
middle square as seen in the figure (arrows). B) The hemocytometer shows the cells as white-blue dots scattering the
light of the microscope (circle).

The same approach was taken for the other side of the hemocytometer chamber and the

amount of cells per ml was calculated according to the following equation:

Cells . o
- (Averagevalueof cellscounted in5squares onbothchambers x Dilution Factor) x10*
m

2.4.0 Cell seeding on a Transwell® system (BBB model setup)

The 12-well inserts (Transwells® - Corning®) contained 2x10° pores per cm?. The pore
size was 3.0 um and the membrane type was polyester [331]. Before using the
Transwells®, the membrane was coated with 200 pl of 15% collagen type | solution
(300ug/ml — Sigma Aldrich®) for 3 hours. Then the membrane was equilibrated with
1xPBS for 5 minutes at room temperature. The PBS was aspirated from the inserts and
1x10° HBECs were seeded per insert, in 150 ul antibiotic free cell culture media. The
cells were incubated for 3 hours at 37°C / 5% CO?. Post incubation of the cells, additional

media was added to each insert in order to reach a final volume of 500 pl/insert. On the
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same day, primary human astrocytes were also seeded in a seperate 12-well plate
(conventional cell culture plate) at the same cell density (1x10° HA per well in a total
volume of 1.5 ml per well). Both cell lines were incubated at 37°C / 5% CO? for 24h and
then the inserts were added to the plate containing the HAs. The system was supplumented

with HBEC and HA media on the the second, fourth and sixth days of culture (figure 14).

@, Human brain endothelial cells (HBECs)

LR 22 Primary human astrocytes (HAs) TOP —

LOWER ——
Transwell®

Figure 14| Blood-brain barrier model setup HBECs were seeded on the top compartment of the system (in the
Transwell® membrane), whereas HA were seeded on the lower compartment of the system (conventional 12-well plate).
The model was constantly kept at 37°C/5% CO2 and supplemented with HBEC/HA media every other day.

2.4.1 Trans-endothelial electrical resistance

Monolayer integrity of the BBB model was assessed by measurement of the resistance
generated between the tight junctions of neighbouring cells. Both the STX2 electrodes
and the EVOM? voltohmmeter were purchased from World Precision Instruments [332].
The SXT2 electrodes were sterilized in 100% ethyl alchohol for 5 minutes and then
connected to the voltohmmeter. The EVOM? was set to “’Ohms’’ and the electrodes were

immersed in cell culture media until the value on the EVOM? reached <’0’’. Then the
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SXT2 electrodes were immersed in the BBB system with the shorter part of the electrode

found in the insert and the longer part of the electrode immersed in the well (figure 15).

O

Streptococcus
pneumoniae

Transwell®

- - - =

=== Yyman brain primary endothelial cells (HBECs)

~hoseshesferfe Primary human brain astrocytes (HAs)

World
Precision
Instruments

Figure 15: Graphic representation of the bacterial Blood-Brain Barrier model used in this project A Transwell®
insert will rest in a 12-well plate, which has been previously seeded with human astrocytes. The membrane of the insert
will be supplied with Human Brain Endothelial Cells; cell resistance through the use of an EVOM2 voltohmmeter will
assess monolayer integrity. Upon completion of the model’s setup, the system will be infected with pneumococci and

monitor bacteria for survival adherence and invasion.

The first reading taken was from the insert/well that contained no cells (blank). Two

additional readings were taken, and the average value of the blank was multiplied by the

surface area of the insert (the surface area for a 3.0 um pore insert was 0.33 cm?). Then

the blank value was subtracted from the values generated from experimental inserts.

77



Chapter 2 Materials & Methods

2.5.0 Cell viability assays

Prior to the assay, 96-well flat-bottomed micro-plates were coated with 15% collagen type
I solution, and seeded with 5x10* cells / well (total cell media volume of 200ul/well). The
micro-plates were incubated at 37°C / 5% CO: for 24 hours. The supernatant was carefully
removed and the cells were washed with 100ul 1xPBS. The cells were re-suspended in

200ul of 1% antibiotic-free cell media for 2 hours.

2.5.1 (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

The MTT assay measures the reduction of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to formazan within living cells. Formazan production is
associated with a quantifiable colour change that linearly correlates with levels of
intracellular enzyme activity [333]. MTT solution was prepared by the addition of 1 mg
MTT (Sigma Aldrich®) to 1 ml of phenol red-free media (Gibco®).

Cell culture media was removed and wells were washed with 100 pl PBS followed by the
addition of 100 pl MTT to each well. The assay was protected from light by covering
plates with aluminium foil. The plate supplemented with MTT was incubated at 37°C /
5% CO- for 4 hours. Following incubation, light microscopy was used to observe whether
formazan crystals had formed within the cells. Then the supernatant was removed by
aspiration and 100 pl of isopropanol were added to the wells to dissolve the crystals
formed. Colour change was assessed by absorbance at 560nm using a ThermoScientific
Multiskan plate-reader with the Skanlt (Research Edition) for Multiskan Spectrum 2.2

software.
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2.5.2 Bicinchoninic Acid Protein Assay

The bicinchoninic acid (BCA) assay is used to quantifiably detect the amount of protein
in a sample [334]. Data acquired from the BCA assay was combined with the MTT data
to give a ratio of absorbance/mg of protein.

Cell culture media was removed and the cells were lysed with 100 ul of 1% Triton (in
PBS) and then incubated for 30 minutes at 37°C. The albumin standards and BCA working
reagent (50:1 ratio of Reagent A to Reagent B) were prepared during the incubation
period. Standards were loaded on the plate and BCA working reagent was added to all
wells. The plate was then incubated for 30 minutes at 37°C and the readings were taken
by ThermoScientific Multiskan plate-reader Skanlt (Research Edition) for Multiskan

Spectrum 2.2 software at 562 nm.

2.6.0 Microbiology

For this project, Streptococcus pneumoniae serotypes 1 (ST217), 2 (D39 and PLN-A) and
6B were used and were kindly provided from the stock glycerol bead collection from Prof.

Kadioglu.

2.6.1 Pneumococcal Culture

Streptococcus pneumoniae collected from bitstocks was plated on a 90 mm Blood Agar
base (BAB) plate (OXOID) and incubated overnight at 37°C for 24 hours under anaerobic
conditions. Single colonies were collected (figure 16) and re-suspended in 10 ml brain

Heart Infusion (BHI) (OXOID) solution for 16-18 hours.
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Optochin Inhibition Area

Figure 16| Streaking of Streptococcus pneumoniae on BAB culture plates The circle shows a single colony picked
for liquid culture. The pneumococci were tested for optochin susceptibility (arrow).

When the Optical Density (ODsoo) of the culture reached 1.4-1.6, pneumococci were
pelleted at 1500g (~3000rpm) for 15 minutes. The pellet formed was re-suspended in 1
ml of 4:1 brain-heart infusion : fetal bovine serum (BHI : FBS) and 700ul of the
suspension were transferred into a new universal tube containing 10ml of 4:1 BHI:FBS.
The ODsgo was evaluated and further bacteria or media added to obtain an ODsgo: ~0.7.
The bacteria were incubated statically at 37°C for approximately 5 hours or until the ODsog
value reached 1.4-1.6. The bacteria were transferred into 500ul aliquots and stored at -80
°C. The colony-forming unit per ml (CFU/ml) was determined after at least 47 hours at -

80°C.

80



Chapter 2 Materials & Methods

2.6.2 Viable Count (Miles and Misra Method)

Blood-Agar plates were divided into 6 equal sectors in order to distinguish the differences

in dilutions (figure 17).

The inoculum was serially diluted in 1x PBS (range 1:10 — 1:1,000,000) and the dilutions
where then delivered as 60ul drops on BAB (3 x 20ul per dilution). The plates were left
to dry in a sterile environment (Bunsen Burner or Bacterial Cabinet) and incubated at 37°C
for 24 hours under anaerobic conditions. Bacteria were enumerated on the sector

containing 30-300 colonies (figure 17) [335].

Figure 17| Miles and Misra This technique involves a series of dilutions where the density of pneumococcal colonies
is reduced. The suitable dilution for counting is the one where 30-300 colonies can be counted.
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The CFU/mI was calculated using the formula below:

CFU /ml = {((Droplet1+ Droplet2+ Droplet3) x (Dilution Factor)) x(—lggoﬂ

The Miles and Misra formula was used a previously described [335].

2.7.0 Purification and isolation of the toxin pneumolysin and the genetically
detoxified variant of pneumolysin PdB

Pneumolysin isolation purification and assessment was kindly instructed by Mr.

Hesham Malak, PhD candidate at the University of Liverpool.

Recombinant pneumolysin and the genetically detoxified variant of pneumolysin PdB
were expressed in E. coli and purified as described previously [88, 336] [337]. Briefly,
recombinant pneumolysin 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 100ug/ml ampicillin (Sigma Aldrich®). Bacterial cells
were collected by centrifugation (14000xg for 20 minutes at 4 °C) and washed once in
Equilibration buffer (Equilibration buffer (PH7); 10 mM NaPOs, 250 mM NacCl). 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). Then 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
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and 100mM Imidazole. Proteins were detected by Bradford assay using the kit supplied
(Bio-Rad). Pneumolysin concentrations were measured using the NanoDrop ND-1000
UV-VIS Spectrophotometer 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 pneumolysin purity was > 97% as determined by SDS-PAGE gel stained with
Coomassie brilliant blue R250 (Sigma Aldrich®). Purified pneumolysin was filter
sterilized and stored at -80°C. Molecular weight confirmation and characterization
was kindly assessed by Mr. Hesham Malak, PhD candidate at the University of

Liverpool using SDS —-PAGE and Western blot.

2.7.1 Hemolytic assay

Mr. Hesham Malak, PhD candidate at the University of Liverpool, kindly instructed

hemolytic assay.

To determine the hemolytic activity of the toxin, 50 ul of sample was serially diluted (2-
fold dilutions) in 1x PBS along one row of a 96-well plate. Then 50 ul of 1% (v/v) sheep
erythrocyte (OXOID) suspension was added to each well, and the plate was incubated at
37°C / 5% CO> for 30 min. Then the plate was centrifuged at 3,000 x g for 5 minutes to
remove red blood cells that were did not undergo lysis. Lysis was assessed by absorbance
at 540 nm using a ThermoScientific Multiskan plate-reader with the Skanlt (Research
Edition) for Multiskan Spectrum 2.2 software.

The percentage of erythrocytes lysed was plotted against the dilutions of the toxin (figure

19), and the pneumolysin activity of the sample was defined as the reciprocal of the
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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.

100+

80+ -6~ PBS
—A— Pneumolysin
60

401

Hemolytic activity (%)

201

@ & & ° x4 0o

Dilution

Figure 19| Graphical representation fro the determination of pneumolysin’s hemolytic activity against 1%

(vol/vol) sheep red blood erythrocytes The image was kindly provided by Mr. Hesham Malak — PhD candidate at the
University of Liverpool.

2.8.0 Pneumococcal adhesion/invasion assays

2.8.1 Monoculture Adhesion/Invasion Assays

The adhesion assays were performed under the same conditions (cell growth, cell nutrient
supplementation) for both cell lines used in this project (HBECs/HA). The infection dose
used ranged between 10° — 10’ CFU/ml (MOI: 0.01 — 100) and the incubation period was

1-6 hours.

One day prior to infection, the cells were washed with 1ml 1xPBS 3 times and re-

supplemented with 1% HBEC antibiotic-free media. On the infection day half of the total
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volume of the cell culture media was removed and was replaced with cell culture media
containing the desired bacterial load. The experiment was monitored hourly and samples
were collected from the supernatant to determine pneumococcal growth. Then the cells
were washed with 1ml 1xPBS 3 times and treated with 200 pl of 0.05% Triton™ X-100
solution (Sigma Aldrich®). The saponin was allowed to deplete the cell wall for 1 minute
and then Triton™ X-100 activity was quenched with 800 pl of media. The suspension was
collected into a 1.5 ml microcentrifuge tube vortexed briefly to ensure complete cell lysis
and release of adherent bacteria from the cell surface and the intracellular compartment.
The suspension was then used to perform serial dilution and a Miles & Misra assay was
performed. The blood agar plates were incubated for 24 hours at 37°C under anaerobic
conditions. Post incubation the colonies on the plates were counted in order to determine

the CFU/ml of the adherent and invaded pneumococci.

To determine the invaded pneumococci (excluding adherent bacteria), the cells were
washed with 1ml 1xPBS 3 times and re-supplemented 1% HBEC media containing
10ug/ml penicillin-G (Sigma Aldrich®). The cells were incubated further for 1 hour in
order to eliminate extracellular bacteria. The process to release the bacteria form the
cellular compartment was then performed as described above. The final number of
adherent pneumococci was calculated after the invasion assays were performed where the
invaded pneumococci were subtracted from the total CFU of adherent + invaded

pneumococci.
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2.8.2 Adhesion Assays in the Blood Brain Barrier Model

The infection dose was 10" CFU/ml (MOI: 100) and the incubation period was 3 hour.
One day prior to infection, cells were washed separately with 0.5ml (top compartment) or
1.5 ml (lower compartment) 1xPBS 3 times and re-supplemented with 1% HBEC
antibiotic-free media. On the infection day, half of the total volume of the cell culture
media in the top compartment was removed and replaced with cell culture media
containing 10’ CFU/ml. The experiment was monitored hourly and samples were
collected from the supernatant to determine pneumococcal growth. Post incubation,
inserts were separated from the 12-well plate containing the astrocytes, and were placed
into a new standard 12-well plate in order to avoid cross-contamination. The cells were
washed separately with 0.5ml (top compartment) or 1.5 ml (lower compartment) 1xPBS
3 times and then treated with 200 pl of 0.05% Triton™ X-100 solution (Sigma Aldrich®)
in both compartments for 1 minute. Then the cells were supplemented with 300 pl of
media to reach a final volume of 0.5ml. Repetitive pipetting allowed for all cells to be
removed from the membrane. The rest of the adhesion and invasion assay was performed

as described in Section 2.8.1 for cells grown in monoculture.

2.9.0 Endothelial Cells RNA Extraction

After incubation of the BBB model with pathogen or toxin, cells were transferred into a
new 12-well plate and washed 3 times with 1ml of 1xPBS. The PBS solution was
discarded and 200ul of the serine protease Trypsin (Sigma Aldrich®) were added in the
insert-well and evenly spread on the surface in order to initiate cell detachment. The

Trypsin solution was left in the insert-well at 37 °C / 5% CO, for 2 minutes. Plates were
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tapped lightly to assist cell detachment. 300ul of fresh HBEC media were added in order
to quench enzyme action. A pipette tip was used to gently scrape the insert membrane to
remove all remaining cells. Cells were collected into a 1.5 ml microcentrifuge tube and
spun down at 1250rpm for 4 minutes. The supernatant was removed and the cell-pellet
was carefully re-suspended in 1ml of PBS. Cells were lysed in 500 ul of TRI-Reagent®

(Sigma Aldrich®) by repeated pipetting.

To ensure complete dissociation of nucleoprotein complexes, the samples were allowed
to stand for 5 minutes at room temperature. Then 250 ul of chloroform (Sigma
Aldrich®/isoamyl alcohol-free) were added to the sample and the tube was covered tightly.
Samples were vigorously shaken for 15 seconds, and allowed to stand for 15 minutes at
room temperature. The resulting mixture was centrifuged at 12,000 x g for 15 minutes at
4 °C. Centrifugation separated the mixture into 3 phases: a red organic phase (containing
protein), an interphase (containing DNA), and a colorless upper aqueous phase
(containing RNA). The aqueous phase was transferred to a fresh tube and 250ul of 2-
propanol (Sigma Aldrich®) were added. The sample was mixed by shaking and then was
transferred into a cryo-container containing acetone (Sigma Aldrich®) with dry ice (~ -
78°C). The samples underwent a freeze-thaw cycle (cycle was repeated twice) in order to
increase RNA precipitation. The samples were allowed to stand for 5-10 minutes at room
temperature. The samples were centrifuged at 12,000 x g for 20 minutes at 4 °C. The RNA
precipitant formed a pellet on the side and bottom of the tube. The supernatant was
carefully removed leaving the pellet untouched. The RNA pellet was washed with 1 ml
75% ethanol (Sigma Aldrich®), vortexed until the pellet was lifted into suspension, and

then centrifuged at maximum speed (14,000 x g) for 15 minutes at 4 °C. The washing step
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was repeated twice. The RNA pellet was dried on a heating block for 15 minutes. The
pellet was not allowed to dry completely, as this greatly decreased its solubility. 20ul of
RNase-free water was added mixed by repeated pipetting at 55-60 °C for 10-15 minutes
in order to facilitate dissolution. Both quality and quantity of the isolated cRNA was
determined with the NanoDrop ND-1000 UV-VIS Spectrophotometer (version 3.2.1).
From the results the RNA absorbance ratio (260 nm/280 nm) and RNA concentration
(ng/ul) were recorded. Typical yields from endothelial cells found in an insert well ranged

from 100-200 ng/ul.

2.10.0 Two-Color Microarray-Based Gene Expression Analysis

Firstly all RNA content from different experimental conditions was diluted to the desired

concentration of 200ng/ul of purified total RNA.

2.10.1 Preparation of Spike A Mix and Spike B

Spike A Mix and Spike B Mix solutions were vigorously mixed on a vortex mixer. The
spike mixes were heated at 37°C for 5 minutes, and again mixed by vortexing. The tubes
were briefly centrifuged to drive contents to the bottom of the tube prior to opening. Spike
A Mix and Spike B Mix were diluted according to manufacturer’s instructions. Briefly,

the 200 ng sample was diluted three times to give a final dilution of 1 in 12,800.
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2.10.2 Preparation for labeling reaction

In a 1.5 ml microcentrifuge tube, 1.5 pl of RNA was added to 2 ul of diluted Spike Mix.
To this total volume of 3.5 pl, 1.8 ul of T7 primer was added. The template and the primer
were denatured by incubation of the samples in a water bath at 65°C for 10 minutes before
immediate transferal to ice for 5 minutes. The samples were briefly spun to remove residue
from the tube walls and lid. 4.7 ul of cDNA Master Mix (Agilent®) were added to each
sample tube and mixed by pipetting up and down. Each tube now contained a total volume

of 10 pl.

Samples were incubated at 40°C in a water bath for 2 hours, and then at 70°C for 15
minutes. Immediately after, the samples were put on ice for 5 minutes and then briefly
spun. 6 ul of Transcription Master Mix (Agilent®) was added with either Cyanine 3-CTP
(containing Spike A Mix) or Cyanine 5-CTP (containing Spike B Mix). The contents were
mixed gently by pipetting, and each tube now contained a total volume of 16 pul. The
samples were incubated in a water bath at 40°C for 2 hours. The procedure is represented

as a schematic in figure 20.
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Figure 20| Schematic representation of the amplification procedure for cRNA in a two-color microarray
experiment The image was adopted by Agilent Technologies (www.agilent.com).
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2.10.3 Purification of the labeled/amplified RNA

After the labeling/amplification procedure, 84 pul of nuclease-free water were added to the
cRNA samples. Then 350 pl of Buffer RLT and 250 pl of absolute ethanol (Sigma

Aldrich®) were added and mixed well by pipetting.

Samples were transferred to an RNeasy® Mini Spin Column in a 2ml collection tube. The
sample was spun at 4°C for 30 seconds at 13,000 x g. The flow-through and the collection
tube were discarded and the RNeasy® column was transferred to a new 2ml collection

tube.

The column was then loaded with 500 ul of Buffer RPE (containing ethanol) and the
sample was spun down in a centrifuge at 4°C for 30 seconds at 13,000 x g. The flow-
through was discarded and the column reloaded with another 500 pl of Buffer RPE and
centrifuged at 4°C for 60 seconds at 13,000 rpm. The flow-through and the collection tube
were discarded, and the cRNA eluted by adding 30 ul of RNase-free water directly onto
the RNeasy® filter membrane. The column was allowed to stand for 60 seconds, and then
centrifuged at 4°C for 30 seconds at 13,000 rpm. The cRNA sample containing the flow-

through was collected and put on ice in order to be quantified.

2.10.4 Quantification of cRNA

To assess the quantity of the labeled/amplified cRNA, the NanoDrop ND-1000 UV-VIS

Spectrophotometer was used (version 3.2.1). RNA absorbance ratio (260 nm/280 nm) and
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RNA concentration (ng/ul) were recorded. The yield and specific activity of each reaction

was evaluated by the calculations shown below:
The concentration of cRNA (ng/ul) was used to determine the pg cRNA yield as follows:

(Concentration of CRTQ())SBO ul(elutionvolume) _ 11g of cRNA

The concentrations of cRNA (ng/ul) and cyanine 3 or cyanine 5 (pmol/ul) were used to

determine the specific activity as follows:

Concentration of Cy3or Cy5
Concentration of CRNA

x1000 = pmol of Cy3or Cy5 per 1g cRNA

A yield of 0.825 ug per sample and a specific activity of 6 was required in order to proceed

to hybridization using an 8-pack array chip.

2.10.5 Hybridization

500 pl of nuclease-free water was added to a vial containing lyophilized 10x Gene
Expression Blocking Agent supplied with the Gene Expression Hybridization Kit
(Agilent®). The vial was gently mixed by pulse vortexing. To ensure that the pellet was

completely dissolved, the mix was heated for 4 to 5 minutes at 37°C.

92



Chapter 2 Materials & Methods

2.10.6 Preparation of hybridization samples

The sample was gently mixed and incubated in an equilibrated water bath at 60°C for 30
minutes to fragment the RNA. Immediately after the water bath incubation, the sample
was cooled on ice for one minute. In order to stop the fragmentation reaction 25 pl of 2x

Hi-RPM Hybridization Buffer was added to the sample.

The sample was mixed well by careful pipetting part way up and down to avoid bubble
formation. The sample was spun for 1 minute at room temperature at 13,000 x g. The

sample was used immediately and was loaded onto the microarray.

2.10.7 Preparation of the hybridization assembly

A clean gasket slide was loaded into the Agilent SureHyb chamber base with the label
facing up and aligned with the rectangular section of the chamber base. The gasket slide
was flush with the chamber base and not ajar. Slowly 40 ul of the hybridisation sample
were dispensed onto the gasket well in a “drag and dispense” manner. The “active side”
of the slide was slowly put down, parallel to the SureHyb gasket slide, so that the
“Agilent”-labelled barcode was facing down and the numeric barcode was facing up

(figure 21).
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Figure 21| Preparation of the hybridization assembly: “Drag and dispense” of sample The image was adopted by
Agilent Technologies (www.agilent.com).

The SureHyb chamber cover was placed onto the sandwiched slides and the clamp
assembly adhered onto both pieces. The clamp was firmly hand-tightened onto the

chamber (figure 22).

-t

Ny L

m Correct

Figure 22| Preparation of the hybridization assembly: Placement of SureHyb onto sandwiched slides The image
was adopted by Agilent Technologies (www.agilent.com).

The assembled chamber was vertically rotated to wet the gasket and assess the mobility
of the bubbles. The assembly was tapped on a hard surface to move stationary bubbles

(figure 23).
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Figure 23| Preparation of the hybridization assembly: Wetting the gaskets, and assessment of bubble mobility
The image was adopted by Agilent Technologies (www.agilent.com).

The assembled slide chamber was placed in rotisserie in a hybridization oven set to 65°C.
The hybridization rotator was set to rotate at 10 x g when using 2x Hi-RPM Hybridization

Buffer, and the hybridization period lasted for 17 hours (figure 24).

Figure 24| Preparation of the hybridization assembly: Placement in the hybridization oven for 17 hours The
image was adopted by Agilent Technologies (www.agilent.com).
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2.10.8 Microarray Wash, Scanning and Feature Extraction

The microarray wash, scanning and feature extraction were kindly executed by Mrs
Lucille Rainbow at the Centre for Genomic Research (CGR) at the University of
Liverpool. The custom-designed microarray glass slides (chips) were kindly provided by
Dr. Michael Griffiths of the Institute of Infection and Global Health. Each slide contains
8 square chambers and each chamber contained multiple transcripts of the same
desired sequence. The desired miRNA probes were printed on glass slides to produce the
miRNA microarrays. After the RNA was isolated and labelled with a fluorescence dye,
the reference DNA corresponding to a subset of miRNAs was also labelled with a different
fluorescence dye. The reference DNA served to demonstrate the quality of the slide during
hybridization and it was also used for data normalization. The RNA and DNA were mixed
and hybridized to a microarray slide containing probes for most of the miRNAs in the
database. After washing, the slide was scanned to obtain images, and intensities of the
individual spots quantified. The raw signals acquired will be further processed and
analysed as in correspondence to the experimental miRNAs. The control RNA was firstly
loaded on the slide in order to initiate binding before binding of the experimental sample.
This step contributed towards the embedment of the control as the background in the
microarray assay. Further information on how these steps are executed can be found on

http://www.genomics.agilent.com/en/home.jsp performing a search for “’Running a

Microarray experiment’’.
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2.10.9 Gene expression microarray analysis

The raw data were passed through the Collapser® software (written by Dr. Michael
Griffiths as part of a Doctor of Philosophy degree) which identified replicates of the same
gene, and combined the replicates of each gene to calculate an average expression value.
Post calculation, the database contained only one of each gene. All genes were then loaded
to the Cluster 3.0® software (developed by Michael Elsen whilst at Stanford University),
which assigned each gene to a gene family. In the form of a dendrogram, the genes were
further classified into specific sub-families based on known interactions (part of a specific
mechanistic pathway). The outcome of the gene clustering was subject to the parameters
set for the calculations. For example the gene vector removed all genes that had standard
deviations of observed values less than X. If the gene vector was set at the value of 0.25
then the number of gene results returned, which had a standard deviation of 0.25 or higher,
was 2513. If the gene vector was set at the value of 0.15, then the gene results returned

(with a standard deviation of 0.15 or more) rose to 14482.

The significant analysis of microarray software (SAM®) was used for comparison of gene
expression between the different groups (infection conditions). The computation of a
statistic Xj for each gene j is the function of SAM. This computation showed how strong
the relationship between the gene and the condition was. The ability of the software to use
repeated permutations of the data, allowed the determination of the significance for
expressed genes in relation to the condition used. The tuning parameter delta (d)
determined the false positive rate. A greater delta value would reduce the rate of false

positive genes whereas a reduced delta value would increase the rate of the false positive
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genes. SAM® calculated the significant gene expression changes relative to the delta
value. That immediately excluded genes, which mathematically may not be considered
significant, but in vita might have contributed within a cascade of a protein-protein

reactions [338].

2.10.10 Gene over representation (GO-ORA) analysis

All data acquired after SAM® were then loaded in the online software InnateDB. This
software is a publicly available and has a vast library of genes, proteins, experimentally
verified interactions and signaling pathways. This information is related to the innate
immune response of humans as it concerns microbial infection [339]. The software
clusters the user’s data according to the relationship between them and their contribution
to a common pathway. Next to the name of the pathway the user can find the statistical

significance of the pathway (figure 25).

98



Chapter 2 Materials & Methods

About = Search ~ Data Analysis + InnateDB Annotation ~ Download Other Resources ~ Statistics Help = Participant login

-Log10 Pvalue

. &
& & & : & & 0 3 & 2 2 o
A A & & &£ A & & & A & o & & o &
© © > & o A Y & < > © & o o o * &
& < 3 & QF a R o N g 2 &S Q of Q &
& S &© & & & > R g P L <& & & N
o) N S & & & @ i & { N & » oy
& & & & & 0 & O & o & s
& N & ¥ B & & 5 o &
< & & <& & & 7 &
o & Ky o & )
e R R &
< < < 8"
o & &
S & 2
< N <
V] W
8 5
= g
C
[« I ] @3
Significance threshold: 1.
Stowtidecoms -
10 4 records per page Filter: | Filter your results v

, Pathway ORAP- , Pathway ORAP- ,

A

Source Database ' Organism Pathway Name Proportion ¥ value Value (Corrected) b

KEGG Homo sapiens Pathways in cancer 35% 008034 1 Cerebral Details
REACTOME Homo sapiens Non-integrin membrane-ECM interactions 51% <1.0E-51 0.00253 1 Cerebral Details
REACTOME | Homo sapiens Hemostasis 31% <1.0E-51 0.00558 1 i Cerebral Details

Figure 25| Analysis of microarray data with the InnateDB software The pathway over-representation analysis shows the different pathways that various genes may contribute to
as red vertical bars. In the table at the bottom of the figure, the pathway browser is shown to the left (i.e. KEGG, REACTOME etc.) and the significance of the named pathway is
shown to the right in the form of the p-value (circle).
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2.10.11 Mapping of pathways using the microarray data

Gene interactions in a pathway were visualized using the online software REACTOME
and Kyoto Encyclopedia of Genes and Genomes (KEGG). The use of different mapping
software was necessary since some of the pathways were not found on both databases.
Comparing the two databases, | observed that REACTOME could provide the user with a
more detailed analysis [340], whereas KEGG could only highlight the genes imported

without defining their statistical significance [341] (figure 26 A+B).
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Figure 26| Examples and comparisons between different pathway databases A) When using the REACTOME
database, the element to determine significance is the colored ladder which designates differences in expression in the
form of the g-value (dark blue = highest expression — grey = moderate expression - yellow = least expression — light
blue = gene not present for this transcript). One or more genes can contribute in the activation of a complex, and this is
illustrated with different colored bars (variation in expression) inside the complex. B) KEGG does not provide the user
with a significance tool. The red transcripts are genes found to be significantly up-regulated. The intense-green
transcripts (not present in this pathway) show the genes, which down-regulate the transcript, whereas pale-green boxes
are transcripts, which are not activated due to the absence of the relevant genes. Both databases were used to complete
missing pathways from each database.
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2.11.0 Enzyme-Linked Immunosorbent Assay (ELISA) of Interleukin 1B, 6 and 8

The capture antibody (polyclonal supplied by Peprotech®) was diluted with 1x PBS to a
concentration of 1pg/ml and immediately, added to each ELISA plate well in quantities
of 100 pl. The plate was sealed and incubated overnight at room temperature. The wells
were then aspirated to remove any liquid and washed with 300 pul ELISA wash buffer
(0.05% Tween-20 in PBS supplied by Peprotech®) 5 times. After the last wash the plate
was inverted to remove residual buffer and blotted on paper towel. Then 300ul of
blocking buffer (supplied by Peprotech®) was added to each well and incubated for 2 hour

atr.t.

The plate was again aspirated and washed 5 times and the standard protein was serially
diluted from 1.5 ng/ml to 2.34 x1072 ng/ml in diluent (0.05% Tween-20, 0.1% BSA in PBS
supplied by Peprotech®). Then 100ul of standard protein (supplied by Peprotech®) or
sample were added to each well in triplicates and incubated at room temperature for at
least 2 hours. The plate was again aspirated and washed 5 times and detection antibody
(in diluent to a concentration of 0.5ug/ml supplied by Peprotech®) was immediately added

in quantities of 100ul per well.

After 2 hours of incubation the plate was again aspirated and washed 5 times. Avidin-
HRP conjugate (supplied by Peprotech®) was diluted in a ratio of 1:2000 in diluent and
100ul was added per well. The plate was incubated for 30 min at room temperature. The
plate was again aspirated and washed 5 times and 100ul of substrate solution (ABTS
Liquid Substrate Solution supplied by Peprotech®) was added to each well. The plate was

incubated at room temperature for 5 minutes to allow color development to occur. Colour
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development was assessed by absorbance at 405 nm (correction wavelength at 650 nm)
using a ThermoScientific Multiskan plate-reader with the Skanlt (Research Edition) for

Multiskan Spectrum 2.2 software.

Reliable standard curves were obtained when the O.D. readings did not exceed 0.2 units
for the zero standard concentrations, or 1.2 units for the highest standard concentration.
The plate was monitored at 5-minute intervals until desired O.D. readings were
obtained. The typical range is 5-40 minutes but for every experiment performed the time

frame was kept the same.

2.11.1 Enzyme-Linked Immunosorbent Assay (ELISA) of pneumolysin

A high-binding 96-well plate was coated with 1pg of 1gG1- PLY4 antibody in each well
and incubated overnight, at 4°C. The plate was washed and then blocked for 2 hours. Then
recombinant pneumolysin was added in the wells in a series of dilutions (100 to 1.56
ng/ml). The samples were also loaded and the plate was set for incubation. PLY polyclonal
antibody was then added in each and the plate was incubated at room temperature. Then
anti-rabbit 1gG alkaline phosphatase was added in each well and the plate was incubated
for 30 minutes at room temperature. To allow the colour to develop, para-
Nitrophenylphosphate (PNPP - Sigma Aldrich®) was added in the wells. Colour
development was assessed by absorbance at 405 nm using a ThermoScientific Multiskan

plate-reader with the Skanlt (Research Edition) for Multiskan Spectrum 2.2 software.

2.12.0 Fluorescent detection assay

After an experiment with pneumococci, HBECs were washed 3 times with 1xPBS before

fixation with 4% paraformaldehyde solution (Sigma Aldrich®) for 10 minutes. Then the
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cells were washed 4 times with 1xPBS at 5-minute intervals per wash before
permeabilisation with 0.1% Triton-X100. Then the cells were washed with 0.1% Triton-
X100 for 15 minutes (5-minute intervals). Goat serum solution (3%) was added and
incubated on a rocker for 1 hour at room temperature. The monoclonal and polyclonal
antibodies were diluted with normal goat serum and PBS NGS/PBS solution (1:100 for
Z0O-1 polyclonal) and incubated with the cells overnight. Post incubation the antibody was
removed and the cells were washed with 1XxPBS for 15 minutes (5-minute intervals). The
secondary antibody was diluted in PBS (1:1000) and incubated with the cells for 2 hours.
Post incubation the cells were washed with 1xPBS for 1 hour (15 minute intervals). For
microscopic visualization the cells were mounted with media containing 2-(4-

amidinophenyl)-1H -indole-6-carboxamidine (DAPI), which stains the nuclei of cells.

2.13.0 Fluorescein isothiocyanate-dextran exclusion assay

To determine the capsular surface area of the pneumococci, a fluorescein isothiocyanate-
dextran (Sigma Aldrich®) (FITC-dextran) exclusion assay was performed. Firstly the
bacteria were cultured in BHI overnight to mid-log phase (ODeoo = 0.5 (depending on the
serotype/strain used). The bacterial culture was re-suspended in 1xPBS and then 2 pl of
FITC-dextran were mixed with 10 ul of the suspension. Immediately after, 10 ul of the
mixture were transferred to a glass slide (Thermo Fisher, Menzel-gléser, superfrost® plus)
and a cover slip (Thermo Fisher, Menzel-glaser) was used to press the mixture on the slide
in order to spread it evenly. The bacteria were visualized on a Nikon Eclipse 80i
fluorescence microscope with 100x objective lens and photographed by a Hamamatsu

C4742-95 camera. The determination of the capsular surface was achieved using the
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ImageJ tool for analysis [342].

2.14.0 Graphical representation and statistical significance

All experiments were repeated 3 times (n=3). The standard error of mean was calculated.
According to the number of variables in an experiment, one-way ANOVA or two-way
ANOVA test would be used. For nonparametric tests a Mann-Whitney U test was used. All

results were calculated with 95% confidence interval.

2.14.1 Advantages and disadvantages for using the Mann-Whitney U test

Advantages of the test: The Mann-Whitney U test does not require any assumptions on
the distribution of the population. Thus, it is used when the shape of the distribution is not
known, or there is no necessity to assume it [343].

Disadvantages: The Mann-Whitney U has a lower power than parametric tests. This
means that, if there is a possible difference between two groups, the test is less likely to
detect it [343].

Best Used: Because the Mann-Whitney U test is less powerful than a parametric test, and
because the Central Limit Theorem allows us to assume normality in most cases (if the

sample size is large), the Mann-Whitney U is best used for small data sets [343].
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Materials

(Supplier if different)

Constituents (Supplier)

Human Brain Endothelial Cell
Media (Gibco™)

Fetal Bovine Serum (10%) (BioSera)
Penicillin/Streptomycin (1%) (Sigma Aldrich®)
L-Glutamine (1%) (Sigma Aldrich®)
Hydrocortisone (0.01%) (Sigma Aldrich®)
Endothelin growth factor 0.01% BioLabs

Human Astrocyte Media (Sigma
Aldrich®)

Fetal Bovine Serum (10%) (BioSera)
Penicillin/Streptomycin (1%) (Sigma Aldrich®)
L-Glutamine (1%) (Sigma Aldrich®)

Collagen Type |

Collagen Solution - rat tail (Sigma Aldrich®)

Phosphate Buffer Saline

Cell washing solution (OXOID)

Trypsin (Sigma Aldrich®)

10x Trypsin Solution (Sigma Aldrich®)

Poly-D-lysine Hydrobromide

Poly-D-lysine Hydrobromide solution 0.05%
(Sigma Aldrich®)

Trypan Blue

Trypan blue solution (Sigma Aldrich®)

Dimethyl Sulfoxide (DMSO)

Dimethyl Sulfoxide (Sigma Aldrich®)

Ethanol Ethanol (Absolut) (Sigma Aldrich®)
Isopropanol Isopropanol (99.9%)
(Sigma Aldrich®)
Chloroform Chloroform (99.9% isoamyl alcohol-free)
(Sigma Aldrich®)
Trizol® Guanidinium Isothyocyanate/Phenol
(Sigma Aldrich®)
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) yellow powder
(Sigma Aldrich®)
BCA Bicinchoninic acid (ThermoFisher)

Phenol red-free media (Gibco™)

Fetal Bovine Serum (10%) (BioSera)
Penicillin/Streptomycin (1%)(Sigma Aldrich®)
L-Glutamine (1%) (Sigma Aldrich®)

Penicillin-G

Penicillin-G solution (10pg/ml)

Blood Agar Base

16 grams in 400ml distilled water (OXOID)

Brain-Heart Infusion

14.8 grams in 400ml of distilled water (OXOID)

Triton™ X-100 solution

Triton™ X-100 0.1% and 0.01% solutions (Sigma Aldrich®)

RNeasy®

RNA purification kit (Qiagen®)

Agilent Technologies

G3 Human Gene Expression Microarray Kit

IL-1B, IL-6, IL-8 ELISAs

Standard protein (Peprotech®)

Avidin-HRP conjugate (Peprotech®)

ABTS (Peprotech®)

PBS (Peprotech®)

Diluent (Peprotech®)

Monoclonal (Mouse) and polyclonal (Rabit) antibodies for IL-18, IL-6, IL-8
(Peprotech®)

Pneumolysin ELISA

PLY4 mouse monoclonal (abcam®)

Rabbit polyclonal to PLY (abcam®)
anti-rabbit 1gG alkaline phosphatase (abcam®)
PBS (Peprotech®)

Diluent (Peprotech®)

PNPP

para-Nitrophenylphosphate (Sigma Aldrich®)
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Materials (cont.)

Constituents (cont.)

Sodium Hydroxide (NaOH)

1 Molar NaOH solution

Mounting media with DAPI

2-(4-amidinophenyl)-1H -indole-6-carboxamidine (Sigma Aldrich®)

Tight junction protein 1

Z0-1 Rabbit polyclonal (Invitrogen™)

Normal Goat Serum

NGS (Sigma Aldrich®)

Secondary antibody

Alexa Fluor® 594 rabbit anti-goat 1gG, for polyclonal antibodies (Invitrogen™)

FITC-Dextran

Fluorescein isothiocyanate with Dextran (2000 kDa) (Sigma Aldrich®)

SDS-PAGE/Western Blot

Nanopure Water (Sigma Aldrich®)

30% Acrylamide (Protogel — Gene flow)
1.5M Tris HCI pH 8.8 (Sigma Aldrich®)
1M Tris HCI pH 6.8 (Sigma Aldrich®)
10% SDS (Sigma Aldrich®)

10% Ammonium Sulphate (ThermoFisher)
TEMED (Sigma Aldrich®)

Pneumolysin expression and

Ampicillin (100 pg/ml) (Sigma Aldrich®)

isolation Sodium Phosphate (Sigma Aldrich®)
Sodium Chloride (Sigma Aldrich®)
Imidazole Reagent Plus® (Sigma Aldrich®)
Brilliant Blue R250 (Sigma Aldrich®)
Hemolytic Assay Red blood erythrocytes (OXOID)

Table of Materials used during this project Combinations of reagents for a single buffer, concentrations and suppliers
are mentioned on the right column of the table.
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3.0 Aims

Before establishing a bacterial Blood-Brain Barrier model (BBB), | first sought to
investigate the interactions of various Streptococcus pneumoniae (pneumococcus)
serotypes in culture with Human Brain Endothelial Cells (HBECs) and Primary Human
Astrocytes (HA). At the time of undertaking this study, there were no prior studies of
human brain cell interactions with pneumococci in co-culture. To reveal mechanisms of
pneumococcal pathogenesis in vitro, | used HBECs and HA in monoculture to assess
bacterial growth kinetics over time, adherence (attachment of bacteria on the cell surface)

and invasion (bacteria found within the cell compartment).

Different pneumococcal serotypes were used in an effort to identify core bacterial
processes and distinguish differences in overall virulence. The first step was to evaluate

the growth of pneumococcal serotypes in co-culture with HBEC or HA.

3.1.0 Streptococcus pneumoniae serotype-2 interactions with Human Brain
Endothelial Cells

The serotype-2, D39 strain was co-cultured with HBECs in 10-fold increasing doses from
1x10* to 1x107 colony forming units (CFU)/ml. Doses 1x10° CFU/ml and 1x10” CFU/ml
were significantly higher 6 hours post incubation when compared against the other doses

used (¥*p<0.01/*p<0.05) as compared to 1x10* CFU/ml and 1x10° CFU/ml (figure 27).
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log CFU/mI
(@]

Time (Hours)

=8== Growth of D39 1x10* CFU/m|
=O==Growth of D39 1x10° CFU/ml
w= Growth of D39 1x10° CFU/m|
A Growth of D39 1x10” CFU/mI

Figure 27| Streptococcus pneumoniae serotype-2 (strain D39) growth in co-culture with Human Brain Endothelial
Cells Bacterial growth was monitored for a total of 6 hours. The experiment was repeated 3 times (n=3). The standard
error of the mean was calculated (SEM). Significant differences are determined using a two-way ANOVA and relate to
differences as compared to bacterial growth of 1x10* CFU/ml and 1x10° CFU/ml against bacteria of 1x108 CFU/ml and
1x107 CFU/ml. *P<0.05, **P<0.01, ***P<0.001, *¥P<0.01, $**P<0.001.

Pneumococci were incubated with the HBEC for a total of 6 hours. Bacterial growth was

monitored hourly by serial dilution of media onto blood agar. D39 grew successfully in
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co-culture with HBECs at all doses tested (figure 1). The mean CFU varied significantly

according to dose in two-way ANOVA analysis (p<0.0001).

3.1.1 Streptococcus pneumoniae serotype-2 adherence and invasion of Human Brain
Endothelial Cells

D39 adherence to and invasion of HBECs was investigated at different CFU doses (1x10%

1x107 CFU/mI).

Adherent pneumococci were detected only when 1x10” CFU/ml were used (figure 28A).
The highest CFUs of adherent pneumococci were observed 3 hours post infection, which
accounts to 42% of the initial infection dose (figure 28A). No bacterial invasion was

observed for any CFU used (figure 28B).
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Figure 28| Streptococcus Pneumoniae serotype-2 (strain D39) adherence and invasion of Human Brain
Endothelial Cells A) Adherence of D39 to HBECs. B) Invasion of D39 to HBECs. Bacterial adherence and invasion
were monitored for a total of 6 hours. The experiment was repeated 3 times (n=3). The standard error of the mean was
calculated (SEM). Significant differences are determined using a two-way ANOVA and relate to comparisons of
adherent against invaded bacteria. *P<0.05, **P<0.01.
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3.2.0 Streptococcus pneumoniae serotype-6B interactions with Human Brain
Endothelial Cells

In order to identify differences between pneumococcal serotypes, a human clinical isolate
from a meningitis case (serotype-6B) was used. The same conditions as with the
experiment for the D39 strain were used and with doses of 1x10% CFU/ml and 1x10’

CFU/ml.

Serotype 6 grew equally well in co-culture with HBECs when compared to D39. Bacterial
numbers at 6 hours post infection were comparable for starting doses of 1x10° CFU/ml

and 1x107 CFU/ml (figure 29).
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Figure 29| Streptococcus Pneumoniae serotype-6B growth in co-culture with Human Brain Endothelial Cells In
co-culture with the cells 1x108 CFU/ml and 1x107 CFU/ml were used as the infective dose. Bacterial growth was
monitored for a total of 6 hours. The experiment was repeated 3 times (n=3). The standard error of the mean was
calculated (SEM).

The mean CFU varied significantly according to dose and duration of the experiment in

two-way ANOVA analysis (p<0.0001 and p<0.05 respectively).
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3.2.1 Streptococcus pneumoniae 6B adherence and invasion on Human Brain
Endothelial Cells

There was no significant difference in pneumococcal adherence over time for any
infection dose used (figure 30A). Invasion was detected with both infection doses used,
but was significantly higher for 1x10” CFU/ml at 5 and 6 hours post infection (*p<0.05

and *p<0.01) (figure 30B).
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Figure 30| Streptococcus pneumoniae serotype-6B adherence to Human Brain Endothelial Cells A) Adherence of
6B to HBECs. B) Invasion of 6B to HBECs. Bacterial adherence and invasion were monitored for a total of 6 hours.
The experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant
differences are determined using a two-way ANOVA and relate to comparisons for CFUs of adherent or invaded
pneumococci from different infection doses. *P<0.05, **P<0.01.
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The mean CFU varied significantly according to dose and duration of the experiment in

two-way ANOVA analysis (p<0.01 for both variables characterized).

3.3.0 Streptococcus pneumoniae serotype-1 interactions with Human Brain
Endothelial Cells

In an effort to include highly invasive clinical isolates from different geographical regions
of the world in our study, pneumococcal serotype-1 was used. Serotype-1 is the dominant
invasive disease-causing serotype across Sub-Saharan Africa and South-East Asia. The
serotype-1 isolate used was recovered from a sepsis case in Malawi. Based on the results

| described above, 1x10” CFU/mI was chosen as the dose for the HBEC cell line.

3.3.1 Streptococcus pneumoniae Serotype-1 (S1) growth, adherence and invasion of
Human Brain Endothelial Cells

Pneumococcal serotype-1 successfully grows when co-cultured with HBECs. Both
adherence and invasion of the pneumococci was detected. Numbers of adhered and
invaded bacteria were similar at 6 hours post infection (4.69 log CFU/ml for adherence
and 4.19 log CFU/ml for invasion) (figure 31). Numbers of adherent bacteria outstripped
those of invaded bacteria up to 4 hours post-infection (**p<0.01, *p<0.05), **p<0.01 and

*p<0.05).
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Figure 31| Growth, adherence and invasion of Streptococcus pneumoniae Serotype-1 (ST217) to Human Brain
Endothelial Cells Bacterial growth, adherence and invasion were monitored for a total of 6 hours. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined

using a two-way ANOVA and relate to differences as compared to bacteria that adhered on the cells vs. the bacteria
which invaded the cells. *P<0.05, **P<0.01.
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3.4.0 Streptococcus pneumoniae serotype-2 isogenic pneumolysin-deficient mutant
(PLN-A) interactions with Human Brain Endothelial Cells

A pneumolysin deficient version of serotype-2 (D39) was used. The PLN-A strain was
introduced in this project to determine the role of pneumolysin in adherence and invasion

of pneumococci.

3.4.1 PLN-A growth, adherence and invasion of Human Brain Endothelial Cells

CFU counts for PLN-A declined over time (from log 7.23 CFU/ml at time zero to log 3.76
CFU/ml at 6hrs post-incubation). No bacteria were detected adhered to or within HBEC

cells throughout this experiment (figure 32).
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Figure 32| Growth, adherence and invasion of serotype-2 isogenic pneumolysin mutant (PLN-A) to Human Brain
Endothelial Cells Bacterial growth, adherence and invasion were monitored for a total of 6 hours. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined

using a two-way ANOVA and relate to differences as compared to bacterial growth against adherence or invasion.
*P<0.05, **P<0.01, ***P<0.001.
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3.5.0 Comparison of Streptococcus pneumoniae serotypes 1, 2, 6B and the
pneumolysin deficient serotype-2 strain

I compared the growth, adherence and invasion characteristics of 4 different
pneumococcal strains on HBECs at the optimised dose of infection (1x107 CFU/ml). Each
of these pneumococcal strains was used under the same conditions (dose, detection

methods, and incubation periods), for a total of 6 hours.

3.5.1 Growth (composite construct of previous experiments)

Growth over time was detected for serotypes 1 (17% by 6 hours), 2 (6%) and 6B (11%),
whereas PLN-A CFU numbers declined over time (24%), despite similar counts to the
other strains at time 0 (figure 33A+B). PLN-A showed a log 5 difference in bacterial
numbers versus the other strains by 6 hours post infection (PLN-A vs. D39 *p<0.05, PLN-
A vs. 6B **p<0.01, PLN-A vs. S1 **p<0.01) (figure 33A). Differences in growth were
also observed between D39 and 6B as well D39 and S1 (**p<0.01 for both comparisons

made) (figure 33A).
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Figure 33| Growth comparisons of serotypes 1, 2, 6B on Human Brain Endothelial Cells A) Growth comparisons
of the serotypes used at 1x107 CFU/ml. B) Overall percentage of growth for the serotypes used. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined
using a two-way ANOVA and relate to differences as compared to bacterial growth of the serotypes 1, 2, 6B against the
PLN-A isogenic mutant. *P<0.05, **P<0.01.
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3.5.2 Adherence (composite construct of previous experiments)

Adherence for serotypes 1 and 6B increased over time. There was a significant difference
in adherence between the different serotypes used; with D39 declining in numbers three

hours post infection in comparison to S1 and 6B (*p<0.05 for both) (figure 34A).
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Figure 34| Adherence comparisons of serotypes 1, 2, 6B to Human Brain Endothelial Cells A) Adherence
comparisons of the serotypes used at 1x10” CFU/ml. B) Overall percentage of adherence for the serotypes used. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences
are determined using a two-way ANOVA and relate to differences as compared to bacterial adherence of the 6B and S1
serotypes against the D39 strain (*) and the 6B and S1 serotypes against the PLN-A isogenic mutant (%). *P<0.05,
**P<(0,01, ***P<0.001. $P<0.05, $¥P<0.01, ***P<0.001.
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The CFU counts for adherent D39 were significantly reduced in comparison to serotype-
1 or -6B. The CFU counts for adherent S1 pneumococci reached approximately 50% of
the initial dose of infection (figure 34B). The PLN-A mutant was not detected in this

experiment.

3.5.3 Invasion (composite construct of previous experiments)

Similar numbers of invaded pneumococci were observed for S1 and 6B up to 4 hours post
infection (figure 35A). As figure 35B shows, no invasion was detected for D39 or PLN-

A
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Figure 35| Invasion comparisons of serotypes 1, 2, 6B to Human Brain Endothelial Cells A) Invasion comparisons
of the serotypes used at 1x107 CFU/ml. B) Overall percentage of invasion for the serotypes used. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM).
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3.6.0 Streptococcus pneumoniae serotype-2 growth in primary human astrocytes

I next sought to determine whether bacterial growth, adhesion and invasion on human
astrocytes (HA) differed from what | had observed with HBECs. The D39 strain was co-

cultured with HA in 10-fold increasing doses of CFU from 1x10* to 1x107 CFU/m.
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Figure 36| Streptococcus pneumoniae serotype-2 (strain D39) growth in co-culture with Human Astrocyte Cells
Bacterial growth was monitored for a total of 6 hours. The experiment was repeated 3 times (n=3). The standard error
of the mean was calculated (SEM). Significant differences are determined using a two-way ANOVA and relate to
differences as compared to bacterial growth of 1x10* CFU/ml and 1x10° CFU/ml against bacteria of 1x106 CFU/ml and
1x107 CFU/mI. **P<0.01, ***P<0.001, %¥P<0.01, $¥¥P<0.001.
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These experiments confirmed that D39 grew when co-cultured with HA (Figure 36).
Doses 1x108 CFU/ml and 1x10” CFU/ml were significantly higher 6 hours post incubation
when compared against the other doses used (¥*p<0.01/**p<0.01).

3.6.1 Streptococcus pneumoniae serotype-2 adherence and invasion of primary

human astrocytes

As previously, a range of pneumococcal CFUs (1x10* - 1x10” CFU/mI) was tested.
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Figure 37| Streptococcus pneumoniae serotype-2 (strain D39) adherence and invasion on Human Astrocyte Cells
A) Adherence of D39 to HA. B) Invasion of D39 to HA. The experiment was repeated 3 times (n=3). Bacterial adherence
and invasion were monitored for a total of 6 hours. The standard error of the mean was calculated (SEM). Significant
differences are determined using a two-way ANOVA and relate to differences as compared to bacterial of the different
doses used in this experiment. ***P<0.001.
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Adherent pneumococci were detected only when 1x107 CFU/mI (***p<0.001 for all the
time points compared to other infection doses). The highest CFUs of adherent
pneumococci were observed 2 hours post infection, which accounts to 32% of the initial
infection dose (figure 37A). No bacterial invasion was observed for any dose used (figure

37B).

3.7.0 Streptococcus pneumoniae 6B growth on primary human astrocytes

Serotype-6B was successfully detected in co-culture with HA. The mean CFU varied
significantly according to dose and duration of the experiment in two-way ANOVA

analysis (p<0.001) (figure 38).
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Figure 38| Streptococcus pneumoniae serotype-6B growth in co-culture with primary Human Astrocyte Cells
Bacterial growth was monitored for a total of 6 hours. In co-culture with the cells, 1x10% CFU/ml and 1x10” CFU/ml
were used as the infective dose. The experiment was repeated 3 times (n=3). The standard error of the mean was
calculated (SEM).
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3.7.1 Streptococcus pneumoniae 6B adherence and invasion of primary human
astrocytes

Adherent pneumococci were detected within 3 hours when using 1x10% CFU/ml. Adherent
pneumococci were detected 1-hour post infection when 1x10” CFU/ml were used. No
significant differences were observed between numbers of adherent pneumococci (figure
39A). Invaded pneumococci were detected only when 1x10” CFU/mI was used, at 5 and
6 hours post infection. The mean invaded CFU count varied significantly according to

dose and duration of the experiment in two-way ANOVA analysis (p<0.001) (figure 39B).
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Figure 39| Streptococcus pneumoniae serotype-6B adherence to primary Human Astrocyte cells A) Adherence of
6B to HA. B) Invasion of 6B to HA. Bacterial adherence and invasion were monitored for a total of 6 hours. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM).
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3.8.0 Streptococcus pneumoniae serotype-1 growth, adherence and invasion of HA

S1 grew significantly in co-culture with HA, reaching ~1x10° CFU/mI by 6 hours post
infection. Adherent pneumococci were detected throughout the experiment and invaded
pneumococci were detected from 3 hours post infection. There was a 2-fold increase for
adherent pneumococci 6 hours post infection in comparison to the invaded pneumococci
(4.61 log CFU/mI for adherence and 2.78 log CFU/ml for invasion). There was a
significant difference between growth, adherence and invasion for all compared time

points (***p<0.001) (figure 40).
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Figure 40| Growth, adherence and invasion of serotype-1 in co-culture with primary Human Astrocyte Cells
Bacterial growth, adherence and invasion were monitored for a total of 6 hours. The experiment was repeated 3 times
(n=3). The standard error of the mean was calculated (SEM). Significant differences are determined using a two-way

ANOVA and relate to differences as compared to the process of bacterial growth against adherence or invasion (*) and
adherence against invasion (%). ***P<0.001. ¥¥P<0.01, **%P<0.001.
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3.9.0 Streptococcus pneumoniae serotype-2 isogenic pneumolysin negative mutant
(PLN-A)

The pneumolysin deficient strain was also used in an effort to determine the role of

pneumolysin in adherence and invasion.

3.9.1 PLN-A growth, adherence and invasion of HA

PLN-A CFU counts declined over time, dropping to log 2.66 CFU / ml by 6 hours post
infection (figure 41). Adherent and invaded pneumococci were not detected during this

experiment (figure 41).

137



Chapter 3 Studies Of Pneumococcal Adherence And Invasion

8_

6_
E 4-
D)
oL
O
o
o o]

0 A | 2 9 L L L 4 9 L 4

0 1 2 3 4 5 6 7

Time (Hours)

=@==P| N-A growth
=0O== P| N-A adherence
w= PLN-A invasion

Figure 41| Growth, adherence and invasion of PLN-A to Human Astrocyte Cells Bacterial growth, adherence and
invasion were monitored for a total of 6 hours. The experiment was repeated 3 times (n=3). The standard error of the
mean was calculated (SEM). Significant differences are determined using a two-way ANOVA and relate to differences
as compared to bacterial growth against adherence or invasion. *P<0.05, **P<0.01.
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3.10.0 Comparison of Streptococcus pneumoniae serotypes and a pneumolysin
deficient strain

I compared the growth, adherence and invasion characteristics of 4 different
pneumococcal strains on HA at the optimised dose of infection (1x10” CFU/ml). Each of
these pneumococcal strains was used under the same conditions (dose, detection methods,

and incubation periods), for a total of 6 hours.
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Figure 42| Growth comparisons of serotypes 1, 2, 6B to Human Astrocyte Cells A) Growth comparisons of the
serotypes used at 1x107 CFU/ml. B) Overall percentage of growth for the serotypes used. The experiment was repeated
3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined using a
two-way ANOVA and relate to differences as compared to the growth of the PLN-A strain against the D39 (*), 6B (%)
and S1 (£). *P<0.05. $¥P<0.01. £P<0.05.
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3.10.1 Growth (composite construct of previous experiments)

There was an increase in CFU counts for serotypes-1 (14% by 6 hours), -2 (11%) and -6B
(21%) over time, whereas PLN-A CFU counts declined (figure 42A+B). There was a
significant difference of CFUs when PLN-A was compared against serotype-1 -2 and -6B

at 6 hours post infection (*p<0.05, ¥¥p<0.01 and £p<0.05 respectively).

3.10.2 Adherence (composite construct of previous experiments)

There was a significant increase in numbers of adherent pneumococci on HAs over time
when serotype-1 and -6B were used. D39 adherent pneumococci declined over time and
significantly differed from the serotype-1 and -6B adherent pneumococci (*p<0.05 for
both comparisons) (figure 43A). No adherent pneumococci were detected for PLN-A

(figure 43A+B).
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Figure 43| Adherence comparisons of serotypes 1, 2, 6B to Human Astrocyte Cells A) Adherence comparisons of
the serotypes used at 1x10” CFU/ml. B) Overall percentage of adherence for the serotypes used. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined
using a two-way ANOVA and relate to differences as compared to the adherence of the PLN-A strain against the D39
(*), 6B (%) and S1 (£). **P<0.01. $P<0.05. £P<0.05.
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3.10.4 Invasion (composite construct of previous experiments)

None of the serotypes used invaded cells up to 4 hours post incubation. Serotype-6B
invaded HA cells by 5 hours post infection whereas S1 invaded HA cells by 4 hours.
Serotype-6B had the highest number of invaded pneumococci 6 hours post infection
(figure 44A). There was no evidence of pneumococcal invasion when D39 or PLN-A was

used. Serotype-6B showed the highest invaded CFUs of all serotypes (figure 44B).
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Figure 44| Invasion comparisons of serotypes 1, 2, 6B to Human Astrocyte Cells A) Invasion comparisons of the
serotypes used at 1x107 CFU/ml. B) Overall percentage of invasion for the serotypes used. The experiment was repeated
3 times (n=3). The standard error of the mean was calculated (SEM).
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3.11.0 Discussion

During the monoculture experiments in this project, | investigated the growth, adherence
and invasion of different clinical pneumococcal serotypes on HBECs and HAs, something
which has not previously been published. It was evident that the most virulent strains were
the serotype-1 and -6B clinical isolates. In contrast, serotype-2 exhibited little growth and
its pneumolysin deficient isogenic mutant PLN-A showed significant reductions of CFUs
when cultured with either cell line, suggesting that pneumolysin plays a key role in
pneumococcal survival. All serotypes grew successfully (and comparably) in bacterial
broth, signifying that the declining numbers of PLN-A in co-culture with cell lines
was not due to an inherent growth defect carried by the strain. The dominant
serotypes in regard to adherence were S1 and 6B. Adherence of serotype-2 pneumococci
declined over time whereas PLN-A did not exhibit any levels of adherence. With serotype-
6B having the highest overall levels of virulence (as determined by its ability to adhere
and invade host tissues) in both cell lines, it was selected as the main isolate for
experiments with the BBB model. Since pneumococci will be introduced in a system
where gravitational flow is present (due to the pore membrane), serotype-2 (strains D39
and PLN-A) were also selected for use in the BBB model. The extensively investigated
lab-adapted serotype 2 pneumococci (D39) (investigated for the last 100 years, [344]),
will allow me to compare the general behavior of pneumococci in regards to adhesion and
invasion. This will also enable me to separate common mechanisms followed by the D39

when comparing it with the clinical isolates.
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Only serotype-1 and -6B were capable of invading HBECs or HA during a 6-hour
experiment. Serotype 1 had a higher overall number of pneumococci, which invaded in
comparison to 6B when co-cultured with HBECs whereas the opposite was observed when

the comparison was made for pneumococci co-cultured with HA.

3.12.0 Conclusion

In this chapter, the growth, adherence and invasion of various Streptococcus pneumoniae
serotypes were evaluated. Each serotype was found to behave differently during co-
incubation with either HBECs or HA. The serotype-6B grew, adhered and invaded these
cells in greater numbers and efficiency than the other serotypes tested. The pneumolysin
deficient strain was unable to adhere to or invade HBEC or HA cells, suggesting that the
toxin pneumolysin has a crucial role in pneumococcal adherence and invasion to host

cells.
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Chapter 4 Optimization And Characterization Of A Human BBB Model

4.1.0 Aims

The infection dose for pneumococcal serotypes 1, 2, 6B were screened and optimized,
Bacterial growth, adherence and invasion were determined during infection.
Establishment of a Blood-Brain Barrier model (BBB) would reveal more in regards to
these processes. The literature displays several in vitro BBB models used for studying
bacterial adherence and invasion, but at the time there no support by the literature for
studies of pneumococcal adherence and invasion in a model, which consists of HBECs

with HA in co-culture.

4.1.1 Selection of the appropriate Transwells® and optimization of the BBB model

With various pore-membrane types and sizes commercially available, | decided to select
a membrane that would be easy to visualise under a phase microscope, but also a
membrane that would carry pores of at least 3.0um in diameter. Individual pneumococci
usually range between 0.5 — 1.25 um in diameter; assuming that pneumococci is
predominantly found in diplococcoid or multi-coccoid form, the diameter could
immediately change to 1.0 — 1.50 um or higher. Having in mind the tendency of cells to
migrate, it was decided to use the 3.0-um pore size membrane, in order to assure a firm
monolayer which would enable us to acquire high Trans-Endothelial Electrical resistance

(TEER) readings, but also allow the pneumococci to migrate to the lower compartment.
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4.1.2 Duration of the experiment performed with the BBB model

As seen in monoculture experiments, both HBECs and HA exhibited deterioration of their
monolayer; detachment of cells from the well was also observed. An intact monolayer is

necessary to acquire reliable TEER values when using Transwells® (figure 15).

Streptococcus
pneumoniae
| EVOM? ‘@G @
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o Wworld &
| '"I:l":lr'l's"lg:“ ® -
T

<==BE= {yman brain primary endothelial cells (HBECs)

St Primary human brain astrocytes (HAs)

E Transwell®

Figure 15| Graphic representation of the bacterial Blood-Brain Barrier model used in this project A Transwell®
insert will rest in a 12-well plate, which has been previously seeded with human astrocytes. The membrane of the insert
will be supplied with Human Brain Endothelial Cells; cell resistance through the use of an EVOM2 voltohmmeter will
assess monolayer integrity. Upon completion of the model’s setup, the system will be infected with pneumococci and
monitor bacteria for survival adherence and invasion.

As seen in previous experiments, co-incubation of pneumococci with cells for 6 hours
resulted in cell deterioration. On the contrary in every experiment where pneumococcal
serotypes with either HBECs or HA were used, no cell death or disruption of the cell
monolayer was observed 3 hours post infection. To increase the potential of the BBB and
allow pneumococci to grow adhere and invade cells, a total of 3 hours was decided to be

the time frame for experiments in the BBB model.
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4.2.0 Testing serotype 6B in Transwells®

As reported in the methodology chapter (section 2.4.0), surfaces seeded with endothelial
cells were coated with type-IV collagen, and surfaces seeded with human astrocytes were

coated with poly-d-lysine hydrobromide.

4.2.1 Streptococcus Pneumoniae 6B (Serotype 6) in Transwells® (no cells)

The high adherence and invasiveness exhibited by the pneumococcal serotype 6B in my
monoculture experiments drove me to select this serotype for evaluation of pneumococcal

presence in the BBB model.
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Figure 45| Streptococcus Pneumoniae serotype 6B in a Transwell® system It was important to detect bacteria crossing
from the top compartment of the model to the lower compartment. Pneumococci were detected in both sides over time.
Significant differences are determined using a two-way ANOVA and relate to differences as compared to pneumococci
found in the top compartment of the model (luminal) vs. the bacteria found in the lower compartment (abluminal).
*P<0.05.
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As figure 45 shows, the pneumococci successfully crossed the insert membrane and
carried on growing in both sides of the model. From the very addition of the pneumococci
(~1x107 CFU/mI) there was successful crossing to the lower compartment of the model
(att = 0 hours 6B is ~7.3 log CFU/ml on the top compartment of the model and 6.6 log
CFU/ml on the lower compartment of the model). The CFUs in the top compartment were
significantly higher in comparison to the CFUs of the lower compartment 2 hours post

incubation (*p<0.05).

4.3.0 Use of Human Brain Endothelial Cells in a Transwell® system

In order to keep the cells adhered on the membrane | sought to assess whether the cells
were involved in cell migration processes. The cells spread out in an approximate diameter
of 159um, when attached on a coated surface, thus, no immediate concerns were raised
for cell migration to the lower compartment of the system; even when cells are in a
spherical form cells have average size in sphere shape of ~ 41.72 um much larger than the
pore size of the membrane. According to the already optimized protocols found in the
literature [324] 1x10° cells per insert were usually seeded in a total volume of 500 pl. In
the lower compartment of the system, 1.5 ml of HBECs culture media was added without
the presence of astrocytes. This would allow monitoring any cells migrating to the lower

compartment, and avoid mixed cultures of endothelial cells with astrocytes.

Firstly, the cells were passaged using the same methodology as in monocultures and 1x10°
cells were seeded in each insert in a total volume of 500 ul of HBECs media. The
Transwell® system was incubated at 37°C/CO, 5% for 24 hours in order to allow the cells

to adhere on the insert’s membrane. After the designated incubation period, the system
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was transferred under a phase microscope to monitor adherence of the cells on the

membrane.

4.3.1 Human Brain Endothelial cell migration to the lower compartment of the
Transwell® system

The endothelial cells used to form the monolayer on the membrane were unable to
maintain their total cell population in the top compartment of the system, allowing some
cells to migrate through to the other compartment. The cells that were found in the lower

compartment were collected and counted with the use of trypan blue exclusion assay.

The results showed that the amount of cells migrating across the insert membrane reached
approximately 32% of the initial cell concentration. During the trypan blue exclusion
assay approximately 11% of the cells that migrated to the lower compartment were stained

positive revealing that 20% of the migrating cells remained viable (figure 46).
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Figure 46| Human brain endothelial cell migration to the lower compartment of the Transwell system The cells
that migrated across the lower compartment accounted to 32% of the total cell amount used to form the cell monolayer.

Since a percentage of cells can migrate to the lower compartment, the question of how
many cells remained on the membrane and how many crossed to the lower compartment

was raised. Even if the difference in the amount of cells that migrate was not vast, it would
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jeopardize the consistency of factors such as time that the cells need in order to reach

confluency, TEER, bacterial growth, adherence and/or invasion.

The conditions for setting up a BBB model needed further optimizations. The amount of
cells seeded was one of the parameters, which could help resolving the problem of cells
migration. Altering this parameter would generate other complications, such as the uneven
numbers in cells occupying both compartments (1x10° cells/well is a concentration used
both for HBECs and HA cultured in the system). Another important parameter that could
assist in reducing cell migration was the total volume that the cells were seeded in. In a

standard protocol for a static in vitro BBB model, the volume that the cells are is 500ul.

4.4.0 Terminal Velocity in creeping flow changes according to the cell media
volume

An object’s terminal velocity is the speed of the object when forces such as the drag force
(F4), buoyancy and gravity are acting upon the object [345]. When an object is at its
terminal velocity (fluid dynamics) it means that the object has a constant speed due to the

restraining force applied by the fluid that the object is found in, while the object moves.

The drag force applied on the object allows it to accelerate until the gravitational pull on
the object will equalize this force. This equalization sets the object into a constant speed

called terminal velocity (figure 47).
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Figure 47| Terminal velocity of a particle in fluid The drag force applied on the object (Fq4) allows the particle to
accelerate until the gravitational pull (Fg) on the object will equalize this force. This equalization sets the object into a
constant speed called terminal velocity whilst creeping flow is moving is going past the particle (blue lines). The image

was adopted by [345].
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For cells seeded in 500 ul of cell media, the terminal velocity in creeping flow was
9.978x10°° m/s whereas the cells seeded in a total volume of 150 ul, the terminal velocity

in creeping flow was 2.254x10™ m/s.

4.4.1 Pore diameter of the insert’s membrane affects flow rate

During the BBB model optimization | observed that when the cell culture media was
added in a 3.0um insert without the presence of media in the lower compartment, the
majority of the cell media would instantly flow to the lower compartment whereas this
phenomenon was not observed when a 0.4 pum insert was used. Darcy’s law describes the
kinetics of fluid flow through a porous membrane in relation to the driving force as well

as the permeability of the media [345].

In order to show that pore size is an important parameter, the flow rate for endothelial cell
media found in 3.0 um and 0.4 um pore inserts was calculated. For media found in a 3.0
um pore insert the flow rate was 1.835x10* m%/s, whereas for media found in inserts of
0.4 um pores the flow rate was 3.262x10° m®/s. Extending my calculations to the amount
of mass flowing between compartments, | observed that the mass/flow rate for media
found in a 3.0 um pore insert was 9.102x102 Kg/s whereas the mass/flow rate of media

found in inserts of 0.4 um pores was 4.854x10™* Kg/s.
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4.4.2 Endothelial Cell adherence on the Transwell® membrane

After evaluating the results acquired for terminal velocity, flow and mass-flow rate, |
decided that the time of incubation for endothelial cells was also important in order to
increase the potential of this model. Culturing the cells for different incubation periods
would enable me to decide how long the cells needed with the minimum volume of 150
ul of cell culture media in order to adhere on the membrane. This would also reveal

whether 1x10° cells would be able to survive in this volume.

The incubation temperature (37°C) was also one of the variables under evaluation, since
any temperature above 25°C reduces the time of evaporation of a fluid. Having the cells
in 150 pl could jeopardise cell viability since a few hours of incubation would be enough

to force the fluid into evaporation, leaving the cells without any nutrient supplement.

I decided to monitor cell adherence for 1, 2 and 3 hours of incubation. After seeding inserts
with 1x10° cells in 150 pl, the inserts were incubated for the selected periods of time. Post
incubation, each insert was supplemented with additional media in order to reach a final
volume of 500 pl. The inserts were then transferred in a pre-incubated 12-well plate, which
contained 1.5 ml of astrocyte culture media in each well. The system was incubated at
37°C/5% CO2 for 24 hours. Post incubation, TEER values was assessed (Day 1 - without
the presence of astrocytes) and the inserts were transferred in a 12-well plate containing
primary human astrocytes which were seeded on the same day as the endothelial cells also
at cell 1x10° density. The model was further incubated for 48 hours and then the TEER
was assessed in order to monitor whether any differences would occur between different

stages. The model was then supplemented with fresh media and incubated for an
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additional 48 hours. Final TEER was evaluated to identify the integrity of the monolayer

5 days post cell seeding.

When comparing all 3 incubation periods of the experiment, | observed that the cells were
viable during all incubation periods, capable of adhering, and forming a monolayer

(evaluated by TEER) (figure 48).
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Figure 48| Incubation periods of HBECs seeded on inserts Incubation for 1 hour showed the lowest TEER, whereas
inserts incubated for 2 or 3 hours presented exhibited higher TEER. The highest TEER was observed with cells
incubated for 3 hours. Thus, the 3-hour incubation period was selected as the appropriate period to set up the model in
this project. Statistical significance of the results was evaluated by the use of a Mann-Whitney U test and relate to
comparisons made between cell resistances in different days. *P<0.05.
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The TEER from inserts incubated for 1 hour did not exceed 30 Q x cm?, revealing that 1
hour is not enough for cells to adhere and form a reliable monolayer. Cells left for 2 or 3
hours exhibited higher TEER with increased resistance as the model progressed through
the days of the optimization. At the end of the experiment, the 2-hour incubation inserts
showed a resistance of 48 Q x cm? and the 3-hour incubation inserts showed a resistance
of 54 Q x cm? which was significantly higher than day 1 TEER (*p<0.05). A two-way
ANOVA test showed that the mean TEER value significantly affected the time of

incubation (p<0.05), and experiment duration (day 1-5) (p<0.05).

4.5.0 Adjustment of the optimized BBB model to a pneumococcal environment

The current model was setup using DMEM cell media supplemented with 10% FBS, 1%
penicillin/streptomycin and 1% L-Glutamine. In monoculture experiments, both cell lines
were used for infection experiments using a DMEM containing only 1% of FBS without

antibiotics.

The BBB model was adjusted as presented in table 3, where growth of the cell lines up to
Day 4, was carried out with a 10% DMEM cell media carrying no antibiotics. After the
fourth day, the whole system was supplemented with 1% antibiotic-free DMEM media;
due to the lower amounts of FBS, the growth period of the model was extended to 6 days
(one additional day in comparison to the current model). After the setup of this antibiotic-
free BBB model TEER was assessed on days 2, 4 and 6. The model exhibited a steady
increase of TEER over the days of the setup, with the highest value taken on the last day
of the setup (infection day). The highest value was 63 Q x cm? almost 10 Q x cm? higher

than the “Day-5" model (Figure 49). This setup was selected for use in this project.
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Table 3 Adjustments of the Blood-Brain Barrier model into an antibiotic-free model
Days of setup Process Incubation Period
Day 0 Seeding HBECs on 3.0um inserts/Seeding HA in a 12-well plate 24 hours
10% Ab-free HBECs media / 10% Ab-free HA media
Day 1 Transfering of inserts in the HA 12-well plate and left to stand 24 hours
Day 2 Measuring TEER and Feeding both compartments 24 hours
Day 3 The BBB model is left to stand 24 hours
Day 4 Measuring TEER and supplementing both compartments with 24 hours
1% Ab-free HBECs/HA media
Day 5 The BBB model is left to stand 24 hours
Day 6 Measuring TEER and using the plate for an experiment 0 hours

Table 3| Adjustments of the Blood-Brain Barrier model to an antibiotic-free environment The model was
constantly supplied with 10% antibiotic-free media for the first 4 days of the setup and then both compartments were
supplemented with 1% of antibiotic-free media until the last day of the setup.
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Figure 49| TEER of an antibiotic-free BBB model. Six days after the setup of the model and the different FBS
amounts TEER was in a satisfactory level, showing that the model could form a reliable cell monolayer. The final TEER
by this model was 63 Q x cm? which was presented as an improvement against the 5-day model (54 Q x cm?).
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4.6.0 Discussion

Before seeding the cells into the system, bacteria were used in the Transwell® system
without the presence of cells in order to evaluate bacterial growth and survival. Serotype
6B successfully grew in both sides of the system, reaching log 8.5 CFU/mI for the top
compartment and log 7.3 CFU/ml for the lower compartment respectively. During the
BBB model optimization experiments, | observed that approximately 32% of the total cell
number used for seeding could migrate to the lower compartment by 24 hours post
incubation when following a standard protocol. When the terminal velocity of the cells
under creeping flow was calculated, | observed that cells seeded using 500 ul per insert
displayed higher velocities in comparison to cells seeded in 150 pl. Hence, | am suggesting
that increased flow speed may promote cell migration events. The mass-flow rate of the
culture media used in inserts, suggests that the size of the pore allows more media to flow

to the lower compartment, which is a contributing factor for cell migration.
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4.7.0 Conclusions

In this chapter | established and optimized a BBB model for experiments with
Streptococcus pneumoniae. This system carried 3.0 um pore membranes. The terminal
velocity of cells under creeping flow and the mass-flow rate showed that the use of 150
ul of cell media increased cell adherence on the membrane and no cell migration was
observed. The model was adjusted to an antibiotic-free environment, in order to be used

for experiments with the pneumococci.
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Chapter 5 Studies Of Pneumococcal Adherence And Invasion In BBB

5.0 Aims

In the previous chapter, the adherence and invasion of various pneumococcal serotypes to
HBEC and HA cells, was investigated. | demonstrated that pneumococcal serotype-1 and
-6B adhere better and are more invasive than serotype-2 and that the pneumococcal toxin
pneumolysin plays a key role in adherence and invasion. In this chapter, | sought to
investigate whether pneumococcal adherence and invasion was altered in a clinically

relevant Blood-Brain Barrier model (BBB) (see section 2.3.0 of chapter 2).

| used the same serotypes that | had characterized in monoculture in the optimized BBB
model (see chapter 4 of the thesis). Pneumococcal growth, adherence and invasion were
monitored to determine whether culture on a semi-permeable membrane would differ
from culture in a standard multi-well plate. Measuring the trans-endothelial electrical
resistance (TEER) generated by endothelial cells allowed me to monitor the integrity of
the model’s monolayer. I further sought to investigate the impact of the key pneumococcal
toxin pneumolysin on bacterial infection of the BBB system. Generation of a dose
response curve with purified toxin enabled me to link toxin concentration to invasiveness
of pneumococci. Acquiring samples from the model was part of a multistep process
(including but not limited to TEER evaluation, cell lysis for adherence and invasion
monitoring, and serial dilutions). Thus, plating the bacteria on a BAB plate would take

~45 minutes after the time recorded as “time 0.
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5.1.0 Streptococcus pneumoniae serotype 2 (strains D39 and PLN-A), and 6B
interactions with a human Blood-Brain Barrier Model

When pneumococci were used in the BBB model, differences in pneumococcal growth
were observed. Firstly, serotype 2 CFU declined over time when cultured with the BBB
model. In the top compartment of the model, pneumococcal loads dropped to 1x10*
CFU/ml by 3 hours post infection (figure 50A). Additionally, no pneumococci were
observed in the lower compartment of the model for the duration of the experiment (figure
50B). CFU numbers for the isogenic pneumolysin-deficient mutant of D39, (PLN-A),
rapidly declined 3 hours post infection (at ~ 1x10% CFU/mI) (figure 50A). PLN-A was not
observed in the lower compartment of the model for the duration of the experiment (figure
50B). By contrast, serotype-6B pneumococci grew in the BBB culture model, with
increased CFU counts at 3 hours post incubation, as compared to time 0 (figure 50A).
Serotype-6B increased 100-fold in the top compartment 3 hours post infection. Serotype-
6B successfully crossed to the lower compartment of the model and was detected at ~
1x108 CFU/mI 1 hour post infection (figure 50B). The mean CFU for each serotype was

significantly different in two-way ANOVA analysis (p<0.05).
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Figure 50| Growth of Streptococcus pneumoniae serotype-2 (strains D39 and PLN-A) and 6B in a human BBB
model A) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B growth in the top compartment of the
BBB model. B) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B growth in the lower compartment
of the BBB model. The pathogen was added in the top side at 1x10” CFU/ml and there was an hourly monitoring of the
bacterial growth (by serial dilution of media onto blood agar) on both sides for up to 3 hours post addition of the
pathogen. The experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM).
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5.1.1 Streptococcus pneumoniae serotype 2 (strain D39 and PLN-A), and 6B
adherence and invasion in a human Blood-Brain Barrier model

Adherent pneumococci in the top compartment of the model were detected for all strains
used. Adherent pneumococci in the top compartment declined over time when serotype 2
was used (strain D39 or PLN-A) (figure 51A). Pneumococcal adherence was not observed
in the lower compartment of the model when serotype 2 was used (strain D39 or PLN-A)
(figure 51B). Adherence in the top compartment of the model was greater for serotype 6B
(constant presence of ~1x10® CFU/mI) than D39 (1x10?> CFU/ml) or PLN-A (1x10?,
decreasing to 1x10! CFU/mI). This difference was significant versus D39 at 2 and 3 hours
post infection (*p<0.05 for both time points) and versus PLN-A at 0, 2 and 3 hours post

infection (®p<0.05 for all 3 time points) (figure 51A).

Adherent serotype-6B was also detected in the lower compartment of the model in this
experiment (~1x10° CFU/mlI) (figure 51B). Mean CFU varied significantly according to

serotype in two-way ANOVA analysis (p<0.001).
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Figure 51| Adherence of Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B in a human BBB
model A) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B adherence in the top compartment of
the BBB model. B) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B adherence in the lower
compartment of the BBB model. The pathogen was added in the top compartment at 1x107 CFU/ml and there was an
hourly monitoring of pneumococcal adherence in both sides for up to 3 hours post addition of the pathogen. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences

are determined using a two-way ANOVA. *P<0.05, *P<0.05.
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Amongst the different serotypes used, 6B was the only serotype that successfully invaded
cells in both compartments whereas serotype 2 (strain D39) invaded only the cells found
in the top compartment (HBECSs) (figure 52A+B); the invaded serotype-2 pneumococci
were detected on the first sampling of the pneumococci and not at later time points. PLN-
A did not invade cells during the course of this experiment (figure 52A+B). Serotype-6B
successfully invaded both cell types in the model 3 hours post infection (figure 52A+B).

Mean CFU varied significantly by serotype in two-way ANOVA analysis (p<0.001).
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Figure 52| Invasion of Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B in a human BBB
model A) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B invasion in the top compartment of
the BBB model. B) Streptococcus pneumoniae serotype-2 (strain D39 and PLN-A) and 6B invasion in the lower
compartment of the BBB model. The pathogen was added in the top compartment at 1x107 CFU/ml and there was an
hourly monitoring of pneumococcal invasion in both sides for up to 3 hours post addition of the pathogen. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM).
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5.2.0 Trans-Endothelial Electrical Resistance

The integrity of the HBEC monolayer was monitored hourly by acquiring the TEER
values pre and post infection. Use of electrodes in the untreated wells does not
significantly alter the TEER value over time. TEER values in the untreated wells had
dropped by 10 Q x cm? by 3 hours post infection (figure 53A). TEER values for wells
treated with serotype-2 (strain D39 and PLN-A) showed a similar pattern of reduction to
the untreated (figure 53A). TEER loss relative to untreated wells at 3 hours post infection

was 11% for D39 and 4% for PLN-A (figure 53B).
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Figure 53|| Trans-endothelial electrical resistance of cells challenged with Streptococcus Pneumoniae serotype-2
(strain D39 and PLN-A) and 6B A) Trans-endothelial electrical resistance of cells co-incubated with D39, PLN-A and
6B, during bacterial growth, adherence and invasion for up to 3 hours. B) Trans-endothelial electrical resistance loss of
cells co-incubated with D39, PLN-A and 6B, during bacterial growth, adherence and invasion 2 hours post infection.
The average TEER value at all 0 hour conditions was use to determine significant differences. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined
using a two-way ANOVA (A) and a Mann-Whitney U test (B) and relate to differences as compared to the type of
pneumococcal serotype over the course of time. *P<0.05, **P<0.01, ***P<0.001/%P<0.05, ¥¥P<0.01/£P<0.05, £6P<0.01.
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Serotype-6B severely compromised the model’s monolayer, decreasing TEER by 37%
relative to untreated wells by the end of the experiment (figure 53B). TEER values
acquired when 6B was co-cultured with the model were significantly different to the
untreated wells at 1, 2 and 3 hours post infection (*p<0.05, **P<0.01 and ***P<0.001
respectively). TEER values for the serotype-6B infected cells were significantly different
when compared against D39 infected cells at 2 and 3 hours post infection (*p<0.05 and
$$p<0.01 respectively) and against PLN-A infected cells at 1, 2 and 3 hours post incubation
(p<0.05 after 1 hour of incubation, ££p<0.01 for 2 and 3 hours of incubation). Mean TEER
values varied significantly between serotypes in two-way ANOVA analysis (p<0.001).

TEER also varied significantly over time (p<0.01).

5.3.0 Interactions of pneumolysin with Human Brain Endothelial Cells

To further examine the causes of loss of TEER, and serotype specific effects on adherence
and invasion, the role of pneumolysin was investigated. Serotype invasiveness was
correlated with pneumococcal pneumolysin concentrations. In order to do this, | first
tested a range of purified pneumolysin concentrations and identified a dose where viability
of cells was not significantly affected by the toxin, but significant TEER loss was

observed.

Firstly, the toxin was used in a monoculture of HBECs. The dose ranged from 0 to 1000
ng/ml. Cell viability assays were performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazol-3-ium bromide (MTT). My findings were supported by an

additional cell viability test, the Bicinchoninic acid assay (BCA). The cells were incubated
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with the toxin for 2 hours and later time points were avoided in order to avoid the

confounder of toxin degradation (figure 54).
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Figure 54| HBEC viability assay of cells co-cultured for 2 hours with pneumolysin The percentage of viability was
calculated when all dosages were compared against the untreated cells for a total of 2 hours. The assays were performed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazol-3-ium bromide (MTT) and Bicinchoninic acid. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences
are determined using a Mann-Whitney U test and relate to differences as compared to the concentration of pneumolysin
used for co-incubation with HBECs. *P<0.05, **P<0.01, ***P<0.001.
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Cells incubated with doses of 100 ng/ml or greater, showed similar cell viability. At the
dose of 10 ng/ml, there was a significant 12% loss in viability (*p<0.05). Cell viability
decreased further, with a 33%-decrease when 100ng/ml were used (***p<0.001). Mean
percentage viability varied significantly between doses in a one-way ANOVA test

(p<0.001).

5.3.1 Interactions of pneumolysin with a human Blood-Brain Barrier model

In the previous experiment | demonstrated that maximal reduction of HBEC viability was
observed in doses of toxin between 100 — 300 ng/ml. Thus,, dose-ranging experiments
performed in the BBB model were confined to concentrations of less than 100ng/ml to
avoid significant reductions in cell viability. As in monoculture experiments, the toxin
was incubated with the BBB model for 2 hours. Additionally, during the 2-hour

incubation, TEER was recorded in order to monitor the integrity of the model monolayer.
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Figure 55| Trans-endothelial electrical resistance and cell viability of HBECs and HA co-cultured with
pneumolysin A) Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazol-3-ium
bromide (MTT) and Bicinchoninic acid. The percentage of viability was calculated when all dosages were compared
against the untreated cells for a total of 2 hours. B) Trans-endothelial electrical resistance of cells incubated with
pneumolysin for 2 hours. The experiment was repeated 3 times (n=3). The standard error of the mean was calculated
(SEM). Significant differences are determined using A) a Mann-Whitney U test and B) a two-way ANOVA test, and
relate to differences as compared to the concentration of pneumolysin used for co-incubation with HBECs and the effect
of the toxin on electrical resistance. **P<0.01, ***P<0.001/P<0.05, $¥P<0.01/%¥$P<0.001.
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At two hours, cell viability was reduced at all toxin concentrations at and above 10 ng/ml
(figure 55A). The drop in viability relative to untreated wells was 5% for both HBECs and
HA at 10 ng/ml, 10% loss for HBECs and 8% for HA at 20 ng/ml, 15% loss for HBECs
and 10% for HA at 50 ng/ml and 20% loss for HBECs and 15% for HA at 100 ng/ml
(*p<0.05). TEER was significantly reduced at both 1 and 2 hours post incubation with all

doses of pneumolysin, as compared to untreated wells (figure 55B).

5.3.2 Interactions of the genetically detoxified variant of pneumolysin (PdB) with a
human Blood-Brain Barrier model

The genetically detoxified variant of pneumolysin; PdB has only 0.01% hemolytic activity
in comparison to wildtype native pneumolysin [337]. PdB was used to determine whether
the effects of pneumolysin on cell viability and TEER derived from the toxin pore forming
hemolytic activity or another undetermined function. As previously with pneumolysin,
PdB was used in a range of doses (0-100 ng/ml) and incubated for 2 hours. Cell viability
was not significantly reduced at 2 hours post incubation for any dose of PdB (figure 56A),
nor was significant TEER loss observed, suggesting that pore formation is a key factor in

loss of TEER (figure 56B).
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Figure 56| Trans-endothelial electrical resistance and cell viability of HBECs and HA co-cultured with PdB A)
Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazol-3-ium bromide (MTT) and
Bicinchoninic acid. The percentage of viability was calculated when all dosages were compared against the untreated
cells for a total of 2 hours. B) Trans-endothelial electrical resistance of cells incubated with PdB for 2 hours. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM).
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5.3.3 Interactions of pneumolysin or the genetically detoxified variant of
pneumolysin (PdB) when co-cultured with Streptococcus pneumoniae serotype-2
isogenic pneumolysin deficient mutant (PLN-A)

In this experiment, 100 ng/ml of purified pneumolysin or PdB were co-incubated with
1x10” CFU/mI PLN-A in the BBB model. CFU counts of PLN-A increased in the top
compartment of the model when co-incubated with pneumolysin but decreased when co-
incubated with PdB (figure 57A). Two-way ANOVA analysis confirmed that the type of

toxin used in the experiment was significant in determining its outcome (p<0.01).

Pneumococci co-incubated with pneumolysin successfully crossed to the lower
compartment of the model and CFUs were recoverable up to 3 hours post infection (~3.0
log CFU/mI). Pneumococci co-incubated with PdB did not cross to lower compartment of

the model (figure 57B).
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Figure 57| Growth of Streptococcus pneumoniae serotype-2 (PLN-A) in co-culture with PLY or PdB A)
Streptococcus pneumoniae PLN-A/PLY* & PLN-A/PdB growth in the top compartment of the BBB model. B)
Streptococcus pneumoniae PLN-A/PLY* & PLN-A/PdB growth in the lower compartment of the BBB model. Before
the addition of the pathogen in the model, 100 ng/ml of pneumolysin or PdB were introduced to the top side of the
model. Immediately after, the pathogen was also added in the top side at 1x107 CFU/ml with an hourly monitoring of
bacterial growth on both sides for up to 3 hours. The experiment was repeated 3 times (n=3). The standard error of the

mean was calculated (SEM).
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5.4.0 Streptococcus pneumoniae PLN-A adherence when co-cultured with
pneumolysin or PdB

Pneumococcal adherence in the upper compartment was significantly increased when
PLN-A was co-cultured with pneumolysin, as compared to co-culture with PdB.
Significant differences were observed immediately after the addition of the pneumococcus
(*Pp<0.05), at 2 hours (*p<0.05) and at 3 hours post incubation (**p<0.01). Pneumococcal
adherence in co-culture with PdB declined over time (figure 58A). No adherence to cells
in the lower compartment was observed under any condition or at any time point (figure
58B). A two-way ANOVA test confirmed that the type of toxin used was significant in

determining the outcome of the experiment (p<0.001).
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Figure 58| Adherence of Streptococcus pneumoniae serotype-2 (PLN-A) in co-culture with PLY or PdB A)
Adherence of PLN-A/PLY & PLN-A/PdB to cells in the top compartment of the BBB model. B) Adherence of PLN-
A/PLY & PLN-A/PdB to cells in the lower compartment of the BBB model. Before the addition of the pathogen in the
model, 100 ng/ml of pneumolysin or PdB were introduced to the top side. Immediately after, the pathogen was also
added in the top side at 1x10” CFU/ml with an hourly monitoring of pneumococcal adherence in both sides for up to 3
hours. The experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant
differences are determined using a two-way ANOVA and relate to comparisons of pneumococcal adherence of PLN-A
over the course of time when using two different forms of pneumolysin. *P<0.05, **P<0.01.
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5.4.1 Streptococcus pneumoniae PLN-A invasion when co-cultured with
pneumolysin or PdB

Pneumococci co-cultured with pneumolysin invaded HBECs in the top compartment of
the model by 1, 2 and 3 hours post incubation (**p<0.01 for 1 and 2 hours post incubation,
*p<0.05 3 hours post incubation) (figure 59A). Pneumococci co-cultured with PdB did
not invade cells during the course of this experiment (figure 59A+B). A two-way ANOVA

test showed that the type of toxin used, was significant in determining invasion (p<0.001).
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Figure 59| Invasion of Streptococcus pneumoniae serotype-2 (PLN-A) in co-culture with PLY or PdB A) Invasion
of PLN-A/PLY & PLN-A/PdB to the cells in the top compartment of the BBB model. B) Invasion of PLN-A/PLY &
PLN-A/PdB to the cells in the lower compartment of the BBB model. Before the addition of the pathogen in the model,
100 ng/ml of pneumolysin or PdB were introduced to the top side. Immediately after, the pathogen was also added in
the top side at 1x107 CFU/ml with an hourly monitoring of pneumococcal invasion in both sides for up to 3 hours. The
experiment was repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences
are determined using a two-way ANOVA and relate to comparisons of pneumococcal adherence of PLN-A over the
course of time when using two different forms of pneumolysin. *P<0.05, **P<0.01.
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5.5.0 Trans-endothelial electrical resistance of BBB cells co-cultured with PLN-A
and pneumolysin or PdB

The BBB model infected with PLN-A and co-incubated with pneumolysin showed a
significant drop in TEER over time in comparison to the untreated model (**p<0.01 for
1, 2, and 3 hours post incubation) (figure 60A). By contrast, the TEER of the BBB model
infected with PLN-A and co-incubated with PdB did not differ significantly from
uninfected controls (figure 60B). A two-way ANOVA test showed that the type of toxin
used, as well as the duration of the experiment were significant factors determining

outcome (p<0.05 for both comparisons).
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Figure 60| Trans-endothelial electrical resistance of HBECs co-cultured with Streptococcus pneumoniae serotype-
2 (PLNA) and pneumolysin or PdB A) Trans-endothelial electrical of cells challenged with PLN-A/PLY during
bacterial growth, adherence and invasion for up to 3 hours. B) Trans-endothelial electrical resistance of cells challenged
with PLN-A/PdB during bacterial growth, adherence and invasion for up to 3 hours. The experiment was repeated 3
times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined using a two-
way ANOVA test, and relate to differences on electrical resistance as compared to the use of pneumolysin or PdB for

co-incubation with PLN-A. **P<0.01.
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5.6.0 Detection and quantification of pneumolysin levels

The concentration of pneumolysin was measured via a custom ELISA (see materials and
methods —section 2.11.1). Initially, samples (supernatant) were collected at 2 hours post
agent exposure from the top compartment, containing the endothelial cell layer, of the
model. Replicate experiments (n=3) were measured per condition. In order to determine
the amount of pneumolysin carried by each serotype, the pneumococci were lysed at the
initial infection dose (1x107 CFU/ml) and the concentration of pneumolysin was
measured. Median concentration of pneumolysin among unexposed cells and following
exposure to each agent is presented in figure 61 where D39 released significantly higher
concentration of the toxin in comparison to 6B and PLN-A (**p<0.01 for both
comparisons). Serotype 6B released 8 times less pneumolysin than D39. At 2 hours the
concentration of pneumolysin in the supernatant was reduced (to almost half) compared

to the initial concentration applied to the cells (100 ng/ml).

At the initial infection dose, the concentration for pneumolysin carried from D39 was
significantly higher in comparison to 6B and PLN-A (**p<0.01 for both comparisons). A
10-fold difference was observed when comparing D39 against 6B. S1 exhibited the
highest pneumolysin concentrations among the compared strains (***p<0.001 for
comparisons with PLN-A and 6B/**p<0.01 for comparisons with D39). No pneumolysin
was detected in unexposed cells or cells exposed to the isogenic mutant of serotype-2,

PLN-A, which was used as a negative control in this assay (figure 62A).
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Figure 61| Level of pneumolysin released from Streptococcus pneumoniae serotype-2, and 6B 2 hours post
infection The recombinant pneumolysin isolated during this experiment derived from the supernatant of the model 2
hours post infection (100 ng/ml). The PLN-A was used as the negative control for this experiment. The experiment was
repeated 3 times (n=3). The standard error of the mean was calculated (SEM). Significant differences are determined
using a Mann-Whitney U test and relate to differences in pneumolysin concentration as compared to the type of
pneumococcal serotype used. **P<0.01.The median concentration of pneumolysin carried within each initial bacterial
inoculum and per bacterium is presented in figure 7B. D39 carried the highest average amount of toxin, 8.00
fg/bacterium. In contrast, 6B carried relatively small amounts of toxin, 0.65/bacterium.
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Figure 62| Levels of pneumolysin carried from pneumococcal serotype-1, -2 and 6B at the initial dose of infection
A) Pneumolysin levels of each serotype at the infection dose of 1x10” CFU/mI. B) Pneumolysin carried by a single
bacterium. The PLN-A was used as the negative control. The experiment was repeated 3 times (n=3). The standard error
of the mean was calculated (SEM). Significant differences are determined using Mann-Whitney U test and relate to
differences in pneumolysin concentration as compared to the type of pneumococcal serotype used. **P<0.01,
***pP<(0.001.
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5.7.0 Size determination of serotype 2 (strain D39, and PLN-A) and 6B

The capsular size of each pneumococcal serotype was measured using a FITC-Dextran
exclusion assay. The median value was acquired by averaging the number of the mono-
coccid population (see materials and methods — section 2.13.0). The bacteria were
visualized on a Nikon Eclipse 80i fluorescence microscope with 100x objective lens and
photographed by a Hamamatsu C4742-95 camera. Pixel number was used as a proxy

marker for bacterium size (total area).
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Figure 63| Pneumococcal surface determination of serotype-2 and 6B Average capsular surface area of D39, 6B,
PLN-A and ST217. All the single coccids from each serotype were averaged in order to acquire the median value. The
values were calculated in square pixels. The experiment was repeated 3 times (n=3). The standard error of the mean was
calculated (SEM). Significant differences are determined using Mann-Whitney U test and relate to differences in
capsular size as compared to the type of pneumococcal serotype used. *P<0.05, **P<0.01.
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Total area per bacterium, as measured by mean pixel number, was 365, 265, 184 and 498
pixels for D39, 6B, PLN-A and S1 respectively (figure 63) where D39 significantly
differed from PLN-A in capsular size (*p<0.05). Additionally S1 exhibited the highest
pixel value, which significantly differed from PLN-A and 6B (**p<0.01 and *p<0.05

respectively).

*** Serotype 1 (ST217) was not used with the BBB model. Its presence in figures 62&63
is to enable me to compare between?2 clinical isolates.
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5.8.0 Discussion

In this chapter, the growth, adherence and invasion of various Streptococcus pneumoniae
serotypes in a BBB model was evaluated. Serotype-2 (D39 and its pneumolysin negative
mutant PLN-A) was found to behave differently in comparison to monoculture
incubations. Serotype-6B adhered, invaded and crossed to the lower compartment of the

BBB model.

The contribution of pneumolysin to bacterial growth and junctional breakdown was
evaluated. TEER significantly declined over time due to presence of the toxin. When co-
incubated with PLN-A, pneumolysin enhanced pneumococcal growth, adherence and
invasion of this pneumolysin deficient mutant. A new element was revealed in regards to
virulence and pneumolysin, since serotype 6B (the virulent isolate in this study) contained

the least pneumolysin concentrations at the infection dose of 1x10” CFU/m.

It was evident that co-incubation of pneumolysin with PLN-A significantly increased

adherent and invaded bacteria in the BBB model. During CFU monitoring | observed:

- When pneumococcal adherence reached or exceeded 50% of the initial infection
dose, pneumococcal invasion was present.
- When pneumococcal invasion reached or exceeded 50% of the adherent

pneumococci, transfer to the lower compartment of the model was observed.

I postulate, therefore, that a specific CFU threshold needs to be met by the pneumococcus

in order for infection to progress.

For the serotypes that produce active toxin, two different scenarios were observed:
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1) Serotype-2 strain D39 exhibited declining CFUs over time. Adherent and invaded
pneumococci were observed for a short period of time. Pneumococci did not cross
to the lower compartment of the model.

2) Serotype-6B exhibited increasing CFUs over time. Adherent and invaded
pneumococci were observed in high numbers during the course of the experiment.
Serotype-6B successfully crosses to the lower compartment of the model, and

continues with adherence and invasion.

Initial observations lead to the hypothesis that pneumolysin could be increasing bacterial
replication or providing an environment conducive to replication and growth. When PLN-
A was co-incubated with pneumolysin, pneumococcal CFUs increased. Figure 63-ex
shows a proposed mechanism of action, which is designed in line with the data acquired

so far.
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Figure 63-ex| Bacterial growth and its relationship to pneumolysin a) Proposed mechanism of Bacterial growth: The presence of PLY enhances bacterial growth, which allows
the bacteria to surpass their initial numbers. Adherence exceeding 50% of the initial bacterial load, leads to bacterial invasion. Invasion exceeding 50% of the adhered bacteria leads
to successful crossing of the bacteria to the abluminal side. b) Absence or low presence of PLY is associated with reduced bacterial growth. Adherence occurs but does not exceed

the 50% threshold. Little or no bacterial invasion is observed leading eventually to bacterial depletion.
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5.9.0 Conclusions

Since pneumolysin is essential for pneumococcal survival in the BBB infection model,
my initial hypothesis was that D39 releases pneumolysin at lower concentrations than
serotype-6B. Surprisingly the opposite was true, and D39 exhibited the highest
concentrations of pneumolysin, whereas 6B showed significantly lower amounts of the
toxin. This observation was based on the same CFUs. The concentration of pneumolysin
released in the supernatant during infection correlated with the concentrations of

pneumolysin in the initial infection dose.

In conclusion, hemolytically active pneumolysin is key in driving pathogenesis and the
variations in virulence amongst different pneumococcal serotypes need to be taken into

account in order to secure efficacy in future therapeutics.
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6.0 Aim

To use the gene library available for identifying significant genes related to host immune
responses. ldentification of genes that have not been previously associated to
pneumococcal infection, could allow me to link the existing information with my findings,
and increase my knowledge around pathways related to pneumococcal infections in the

BBB.

6.1.0 Selection of a time point for microarray analysis

To assess the impact of the pneumococci used previously and the host’s response due to
infection, the second hour of the experiment was selected. The reason of my selection
was that serotype-6B and PLN-A co-cultured with pneumolysin showed better survival,
adherence and invasiveness 2 hours after incubation, without compromising cell viability

(see chapter 5 of the thesis).
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PLN-A exhibited less invasiveness in comparison to D39 and serotype-6B; | sought to
investigate gene expression of cells infected with PLN-A in order to identify cell-repair
mechanisms. Having a strain with its isogenic mutant was ideal for identifying cell
responses that occur exclusively from serotype-2 and are not related to pneumolysin.
Additionally, challenging cells with recombinant pneumolysin would allow me to
investigate gene expression that relates exclusively to the toxin. The ability to explore
multiple variables would enable me to identify if TEER of cells treated with 6B and

pneumolysin exhibited similar gene expression patterns (figure 64).
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Figure 64| Trans-endothelial electrical resistance of HBECs co-cultured with Streptococcus Pneumoniae
serotype-2, -6B, the toxin pneumolysin and the toxin mutant PdB A) Trans-endothelial electrical resistance values
of the model when challenged with the strains D39, 6B, PLN-A, PLN-A/PLY, PLN-A/PdB and untreated during
bacterial growth, adherence and invasion in a total of 3 hours. Significant differences are determined using a two-way
ANOVA. **P<0.01 / %P<0.05, *¥P<0.01.
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The untreated cells associated with these experiments were embedded in the microarray
analysis as the background expression, whereas cells infected with D39, PLN-A, 6B and

pneumolysin (at 100 ng/ml), were used as the different comparison groups.

6.2.0 Isolation of Human Brain Endothelial Cells RNA

RNA extracted from untreated cells used was used as the baseline of the microarrays.
RNA extracted from cells infected with pneumococci or pneumolysin derived from the
same experiment as the untreated cells. Several RNA samples of the same condition
(replicates) were pooled to achieve stronger gene signal and higher diversity. RNA
purity was considered of high standards since the reading ratios from the RNA evaluation

(A260/280 and A260/230) ranged around the recommended values (~1.6 — 2.0) (Table 4).
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Table4 RNA content of Human Brain Endothelial Cells isolated from a BBB model at t = 2h

Strains/Conditions  Isolated RNA (ng/ul) A 260/280ratio A 260/230 ratio  Cy3/Cy5 (pmol/ul)

Control 224.92 1.75 2.22 n/a
PLY 196.58 1.76 2.34 n/a
PLNA" 253.38 1.77 2.33 n/a
D39 221.85 1.74 2.34 n/a

6B 192.46 1.78 223 n/a
Control - Cy3 116.97 n/a n/a 1.93
PLY - Cy5 41.98 n/a n/a 0.51
PLNA™ - Cy5 67.65 n/a n/a 0.94
D39 - Cy5 58.78 n/a n/a 0.91
6B - Cy5 76.90 n/a n/a 1.21

Table 4] RNA content isolated from Human Brain Endothelial Cells 2 hours post infection a) The cells used during
the experiments (both treated and untreated) were isolated and purified accordingly (see methodology chapter). The
content exceeded the minimum requirements and the A260/280 — A260/230 readings revealed that the RNA isolated
from the cells was of high purity. The collected RNA was tagged with cyanine florescent dye 3 (untreated) & cyanine
florescent dye 5 (treated), and amplified to increase its content. Further purification of the RNA occurred and the
amplified RNA exceeded the minimum requirements of amplified RNA (min. Of ~20ng/ul of RNA and 0.50 pmol/ul
of the dye tagged to the RNA).

RNA extracted from cells was labeled with florescent detection dyes (Cy3 & Cy5). The
labeled RNA was amplified and purified. The average value of RNA labeled with Cy3
was 61 ng/ul (for all comparison groups). The average value of RNA labeled with CY5

was 64 ng/pl.
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6.3.0 RNA hybridization and two-color microarray

62966 genes embedded in a custom designed microarray chips were screened for
expression. The initial analysis which was carried through the Agilent Scanner®, presented
the up- and down-regulated genes in a generic form. The significantly up-regulated genes
are presented as red scatters, the significantly down-regulated genes are presented as green
scatters; the not-differentially expressed genes are presented as yellow scatters, and the

genes used to normalize the data are presented as blue scatters (figure 65A-D).
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Figure 65| Gene expression array initial analysis of the RNA isolated during treatment of Human Brain
Endothelial Cells in a BBB model Two-color microarray graphical representation of Human Brain Endothelial cells
when challenged with A) 100 ng/ml pneumolysin, B) PLN-A, C) D39 and D) 6B. Red dots show the up-regulated genes,
green dots show down-regulated genes, yellow dots show the not- differentially expressed genes, and the blue dots are
the genes which were used to normalize the data presented in these images during infection. All the acquired results are
in a Log Ratio scale and range from -1.2 to 1.2.

When observing the different images in figure 65, an obvious variation between results
that were acquired from different conditions was observed. Up- and down regulation of
genes was presented in a log ratio form which extends from log -1.2 to 1.2. Further
statistical analysis was required in order to identify the specific genes, which were

positively or negatively expressed.
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6.4.0 Gene classification of the two-color microarray expressed genes

After initial presentation of the significantly expressed genes, it was considered important

to further analyze the data, in order to acquire information about the genes separately.

The first step was to introduce the acquired data in the Collapser® software which
identified the replicates of the same gene. Further on, the software combined the replicates
of each gene and calculated the average value. Post calculation, the database contained
only one of each gene. From the 62966 genes, 20429 genes were found to be replicates of
the same gene. The remaining 42537 genes were loaded in the Cluster 3.0® software. The
Cluster 3.0% assigned each gene to a gene family. In the form of a dendrogram, the genes
were further classified into specific sub-families where interactions between them could
occur (part of a specific mechanistic pathway). The outcome of the gene clustering was
subject to the parameters set for the calculations. For example the gene vector removed
all genes that had standard deviations of observed values less than X. For example, if the
gene vector was set at the value of 0.25 then the genes, which had a standard deviation of
0.25 or higher, accounted to 2513. If the gene vector was set at the value of 0.15, then the
genes, which had a standard deviation of 0.15 or more, increased to 14482. With more
genes assigned to sub-families, the processing of the data became more complex for the
computer during the analysis. The simultaneous calculations prevented the software from
functioning correctly when the gene vector was set below 0.15. Thus, | decided not to set

the gene vector value below 0.15.

One type of analysis was to investigate how gene expression differed when the cells were

challenged with various serotypes. A strategy was formed where the 14482 genes would
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go under significant analysis of microarray (SAM). The SAM® software was specifically
designed for microarray data. It can measure the gene expression of the data, but it can
also measure how the condition, which was set in the experiment, affects this expression.
The computation of a statistic Xj for each gene j is the function of SAM. This computation
showed how strong the relationship between the gene and the condition was. The ability
of the software to use repeated permutations of the data, allowed the determination of the
significance for expressed genes in relation to the condition used. The decision on how
significant each gene was, lied with the user of the software. The tuning parameter delta
(d) allowed the user to choose the false positive rate of the genes. A greater delta value
would reduce the rate of false positive genes whereas a reduced delta value would increase
the rate of the false positive genes. All 14482 genes isolated from the initial clustering
were either up- or down-regulated. The SAM software assumed which genes were
significant according to what the delta value given by the user was. That immediately
excluded genes, which mathematically may not be considered significant, but in vita they
might have contributed into a cascade of a protein-protein reaction. A fixed false
discovery rate of 5% will be used to identify the significant genes calculated by the SAM
software. The 5% false discovery rate indicates that there is a 5% chance that the total
gene number analysed appears as a false positive. This also indicates that the p value of
these genes will not exceed 0.05, thus, achieving statistical significant. All compared
conditions were used under the same values and ratios in order to identify different up-

and down-regulated genes.

When a condition was analyzed against the other conditions, it was always named as

“group 2”. All genes deriving from the analysis, showed how much more, over or under-
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expressed the same genes are, for the specific condition. This type of analysis generated

4 combinations:

- Pneumolysin vs. PLN-A, D39, 6B
- PLN-A vs. Pneumolysin, D39, 6B
- D39 vs. Pneumolysin, PLN-A, 6B

- 6B vs. Pneumolysin, PLN-A, D39

6.5.0 Significant Analysis of Microarrays for a false discovery rate of 5%

Firstly the 14482 genes were filtered through the assigned false discovery rate. The 4
conditions revealed different amounts of significant genes. When pneumolysin was
compared against the other three conditions it displayed the highest amount of

significantly expressed genes (Table 5).

5 able B Significant Analysis of Microarrays (SAM) calculations for all four conditions used

Conditions False Discovery Cut-Off Rate Number of Significant genes
PLY vs. PLNA;, D39, 6B 5.00% 790
PLNA-vs. PLY, D39, 6B 5.00% 39
D39 vs. PLNA, PLY, 6B 5.00% 4
6B vs. PLY, PLNA;, D39 5.00% 289

Table 5| Significant Analysis of Microarrays for all conditions used All 4 conditions of infection used in the bc-
BBB model presented different false discovery rates and different d-values. The reason behind this is the different
amount of genes falling in the importance threshold set, in an effort to define these genes as statistically significant.
With an FDR of 4.93% and a d-value of 0.55 the pneumolysin condition revealed 788 significant genes. The PLN-A
condition with an FDR of 3.02% and d-value of 0.78 showed 31 significant genes. The D39 condition showed only four
genes with no FDR value and a d-value of 0.58. The 6B condition with an FDR value of 4.88% and a d-value of 0.61
showed that 289 genes were considered significant. All these genes were used further for a pathway analysis.
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Through SAM analysis for the pneumolysin condition, 790 genes were considered
significantly up- or down-regulated (figure 66A). Only 39 genes were significantly up- or

down-regulated when PLN-A challenged endothelial cells (figure 66B).
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Figure 66| SAM genes analysis from the RNA isolated during treatment of Human Brain Endothelial Cells in a BBB model. The plots presented are significant genes with a
false discovery rate of 5%. The Red and Green scatters in the plot represent the genes that match or exceed the delta value threshold (either positively or negatively). The black
scatters in the plot are all the up- or down-regulated genes, which are not considered significant by SAM. The conditions shown in the graph are from cells that were challenged with
a) 100 ng/ml pneumolysin, b) PLN-A, c) D39 and d) 6B. All the acquired results are in a Log (base2) scale.
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Serotype-2 strain D39 displayed only 4 significantly up- or down-regulated genes (figure

66C). Serotype 6B displayed 289 genes significantly expressed genes (figure 66D).

The TreeView® software was used for the visualization of the clustered genes in the form
of heat maps. The TreeView® software presented the expressed genes as colored squares.
According to the gene’s state the square took the color red (up-regulated), green (down-

regulated) or black (not differentially expressed).

Hierarchically clustered genes that were in close proximity and were expressed in the
same way, displayed a firm band on the heat map. These genes could be compared against
different conditions in order to identify if pneumolysin or a pathogen affects a gene by
driving its expression. Selection of a band through all conditions used for the experiment
allowed for individual gene identification. Since the majority of genes for cells challenged
with either D39 or PLN-A did not significantly deviated from untreated cells, | decided to
focus my analysis specifically to genes that were expressed when pneumolysin or 6B were
used. Figure 67A shows genes that were up-regulated due to exposure of the cells to
pneumolysin, whereas figure 67B shows genes that were down-regulated because of

pneumolysin.
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Figure 67| Clustered genes analysis from RNA isolated during infection of Human Brain Endothelial Cells with
pneumolysin in a BBB model - presentation in the form of a heat-map Heat map-like representation of Human Brain
Endothelial cells at 100% magnification when A) pneumolysin drives specific genes to up-regulate their processes and
B) when the toxin down-regulate the process of specific genes. The red squares show up-regulated genes, green squares
show down-regulated genes whereas black squares show genes that did not deviated from the expected expression.
Different intensity in colour shows different expression levels (intense color shows strong expression — weak color
shows less expression). All the acquired results are in a Log (base2) scale.

In the same manner, figure 68A shows the genes that were up-regulated due to exposure
of cells to serotype 6B, whereas figure 68B shows genes that were down-regulated due
exposure to the specific pneumococci. During my heat-map analysis, | observed that when
a gene was up-regulated due to pneumolysin, the same gene would be found to be down-

regulated when serotype 6B was used and vice versa.
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Figure 68| Reverse effects on gene expression when Human Brain Endothelial Cells were challenged with
pneumolysin or 6B in a BBB model - presentation in the form of a heat-map Heat map-like representation of Human
Brain Endothelial cells at 100% magnification. When pneumolysin drives specific genes to down-regulate their
processes (left heat-map), the same genes are down-regulated when 6B is used. In contrast when the toxin up-regulates
the processes of specific genes, 6B is found to do the exact opposite to those same genes (right heat-map). The red
squares show up-regulated genes, green squares show down-regulated genes whereas black squares show genes that did
not deviated from the expected expression. Different intensity in colour shows different expression levels (intense colour
shows strong expression — weak colour shows less expression). All the acquired results are in a Log (base2) scale.

I sought to further analyze the data in order to see how these genes contributed in pathways

that relate to immune responses, cell-cell interactions as well as infectious diseases.
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6.6.0 Gene pathway analysis of the significantly expressed genes during infection
with pneumolysin and serotype 6B

The gene ontology (GO) is a project that was created in order to enhance knowledge about
the contribution of genes in molecular functions, biological processes, as well as cellular
components. This information has 3 different categories (ontologies). The use of GO terms
is fortified with the combination of various gene databases. Shared information allows the
unification of the databases, but even more effort is now put to this project in order to keep
up with the change in knowledge and find a way to smooth information of gene acquired
from different databases. An additional analysis, which derives from the GO analysis, is
a Gene Ontology (GO) over-representation analysis (ORA). The ORA analysis can show
a list of genes or proteins for GO terms, which appear more frequent in the dataset than
expected by chance. The accumulation of this frequency, distinguishes the significance of
the genes in regards to important biological processes, cellular components or molecular

functions.

216



Chapter 6

6.6.1 Infection with pneumolysin

Gene Expression Studies

The 6 most significant pathways were selected (3 up-regulated pathways and 3 down-

regulated pathways). The sources of the generated pathways were KEGG and

REACTOME (Table 6).

Table 6 Pathway over-representation of statistically significant genes: Infection with PLY

Pathway Source Genes involved in pathway p-value p-value (corrected)
Regulation of Actin KEGG ARPC2/GNA13/ITGB2/MAPK3 0.0076 0.0243 +
Cytoskeleton
Leukocyte KEGG CXCR4/ITGB2/JAM3 0.0092 0.0283 +
trans-endothelial migration
Gap Junction KEGG MAPK3/PBLC2 0.0421 0.0607 +
Collagen degradation REACTOME COL4A2/COL7A1/MMP10 0.0266 0.4175 +
MMP2/MMP3
Degradation of the REACTOME ADAMTS1/COL4A2/COL7AL/CTSL2 0.0152 0.3538
extracellular matrix MMP10/MMP2/MMP3/SPP1
Activation of MMPs REACTOME CTSL2/MMP10/MMP2/MMP3 0.0113 0.3046

\

Table 6| Pathway over-representation analysis when the bc-BBB is infected with pneumolysin During the analysis
of the significant genes, six pathways were selected and a total of 15 genes were involved in these pathways. The values
with an upright direction arrow show the p-values of pathways that are up-regulated whereas the values with an
downright direction arrow show down-regulated p-values of the pathways. Many pathway information providers can be
found online, but KEGG and REACTOME were selected as the providers with the most information in regards to

pathways.

In total, 15 genes generated these 6 pathways of which 7 were down-regulated and 8 were

up-regulated (Table 7).
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Table 7 Significant Analysis of Microarrays (SAM) up- & down-regulated genes: Infection with PLY

Organism Gene name Regulation Score (d) g-value (%)
Homo Sapiens ARPC2 + +1.9971 2.8600
Homo Sapiens GNA13 + +1.8007 4.4435
Homo Sapiens ITGB2 + +1.8506 3.8074
Homo Sapiens MAPK3 + +1.8393 3.8074
Homo Sapiens CXCR4 * +1.8877 3.8074
Homo Sapiens JAM3 * +2.1126 21172
Homo Sapiens PLCB2 * +2.0816 21172
Homo Sapiens COL4A2 + -1.4968 2.4490
Homo Sapiens COL7A1 + -1.7437 0.8235
Homo Sapiens MMP10 + -1.4382 3.1569
Homo Sapiens MMP2 + -1.3086 4.9329
Homo Sapiens MMP3 + -2.3017 0.0000
Homo Sapiens ADAMTS1 + -1.4133 3.1569
Homo Sapiens CTSL2 + -2.4806 0.0000
Homo Sapiens SPP1 + -1.3929 3.8074

Table 7| Significant analysis of microarrays (SAM) calculations of the genes involved in pathways when the bc-
BBB was infected with pneumolysin From these 15 significant genes, 6 pathways were generated. Seven genes showed
up-regulated activities whereas the other 8 genes showed significantly down-regulated activity. The score (d) signifies
the correlation of the compared groups (pneumolysin vs. PLN-A, D39, 6B) g-value represents the chance of the specific
genes to be considered as false positives.

6.6.2 Significantly expressed genes when the BBB model is challenged with
pneumolysin

A detailed description of the genes’ function and relationship to pneumolysin infection is

presented below.
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ACTIN-RELATED PROTEIN 2/3 COMPLEX, SUBUNIT 2 - ARPC2 gene:

It has been demonstrated that localisation of the Arp2/3 protein complex occurs
due to pneumolysin interactions with the specific complex [346], which confirms
previous work performed with the toxin. The ARPC2 gene is part of the Arp2/3
protein complex found in humans. It has 7 subunits and ARPC2 encodes one of
them. This protein complex was found to be involved in the polymerization of

actin in cells [347, 348].

GUANINE NUCLEOTIDE-BINDING PROTEIN, ALPHA-13 - GNA13 gene:

lliev et al., demonstrated that binding of pneumolysin on the cell membrane
activates GTPases [84]. Migration of fibroblasts and endothelial cells is induced
by the activation of a tyrosine kinase receptor, which is believed to be associated
with the presence of GNA13 [349]. The GNA13 gene encodes G proteins, which
regulate correct transfer of information from the receptors found on a cell’s surface
to the internal components of the cell. G proteins are trimeric and upon their
activation GTP is exchanged for GDP [350]. GNA13 was found to interact with
Hax1, which favours GNA13 cell migration [351]. The activation of GNA13 due
to toxin infection is a novelty in this thesis and it was not previously described in

the literature.

INTEGRIN, BETA-2 - ITGB2 gene:
It has been shown that pneumolysin up-regulates p2 integrins in epithelial cells

[352]. The activation of ITGB2 in endothelial cells is considered a novelty and
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verification that epithelial and endothelial cells share similar functional
characteristics. Activation of endothelial cells with various inflammatory
cytokines increases T-cell transendothelial migration suggesting that cytokines
may create a binding complex of ITGB2-JAM1 enabling leukocyte migration past

the endothelium [45].

e MITOGEN-ACTIVATED PROTEIN KINASE 3 - MAPK3 gene:
It has been demonstrated that pneumococci and pneumolysin are capable of
inducing phosphorylation of ERK [353] something that was verified by my
findings during this experiment. MAPKSs are also characterized as ERK1/ERK2.
Upon expression of epidermal growth factor, ribosomal transcription is activated
through the ERK1/ERK2 complex whereas blockage of the complex leads to
ribosomal transcription being deactivated, suggesting that MAPKS3 have a key role

in ribosome biogenesis in regards to growth regulation [354].

e CHEMOKINE, CXC MOTIF, RECEPTOR 4 - CXCR4 gene:
Down-regulation of CXCR4 was observed when endothelial cells were treated
with TNF-a, INF-y, or IL1B. The levels of CXCR4 expression remain low for 48
hours during inflammatory responses [355, 356]. The CXC cytokines function
through the G protein-coupled receptors such as interleukin-8 receptors ILSRA
and IL8RB [357]. Inthe pathway of figure 7, CXCR4 is shown to be acting outside
of the cells. Nevertheless it has been demonstrated that CXCR4 is also found in

endothelial cells and is responsible for cellular processes as well as a receptor to
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infectious agents [358]. The activation of this gene proves the existence of CXCR4

in endothelial cells and confirms its contribution towards infection.

e JUNCTIONAL ADHESION MOLECULE 3 - JAM3 gene:
The up-regulation of this gene in my experiments confirms previous studies, where
adhesion molecules showed up-regulation of their expression when exposed to
pneumolysin [91]. M JAMS strongly interacts with JAM2. Blocking the C domain
of the protein increased transmigration of monocytes through the endothelial cell
monolayer. Mutation of the JAM3 gene leads to brain injury by hemorrhage [359,

360].

e PHOSPHOLIPASE C, BETA-2 - PLCB2 gene:
Instabilities of calcium levels due to pneumolysin have previously been observed
when calcium influx driven by the activation of GTPases [84]. The specific up-
regulation of PLCB2 shows the significance of this gene in calcium influx
processes. Deficiency or absence of the PLCB2 gene promotes instabilities in

cytoplasmic calcium levels [361-365].

e MATRIX METALLOPROTEINASE 10 - MMP10 gene:
MMP10 has been previously shown to be down-regulated upon use of cytolysins
[366], but not specifically due to pneumolysin, which is considered to be a novelty.
MMP10 is closely associated with the HISTONE DEACETYLASE 7A gene

(HDACT7A). Down-regulation of MMP10 by HDACT7A was crucial for the correct
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function of MMP10 whereas deletion of the HDAC7A gene significantly up-
regulated MMP10 concentrations, resulting in vascular damage in mouse
endothelium [367]. MMP10 is part of the MMPs family and is capable of
degrading most components of the extracellular matrix as well as the basal
membrane in order to progress to tissue remodelling. MMP10 can specifically
degrade laminin, elastin, proteoglycan core protein, fibronectin, gelatins, as well

as various types of collagen [368].

e MATRIX METALLOPROTEINASE 2 - MMP2 gene:
Similarly to MMP10, MMP2 was also down-regulated when cytolysins were used
on cells [366] but no previous experiments were performed to prove the impact of
pneumolysin specifically. The MMP2 proteinase is associated with integrin alpha-
V and integrin beta-3 which are predominantly expressed on the surface of blood
vessels. These two integrins are responsible for the suppressed activity of MMP2
in order to maintain correct vascular function and prevent inflammation [369,
370]. MMP2 is widely known as type 1V collagenase since it specifically cleaves

type 1V collagen, which is fundamental to the creation of basement membranes.

e MATRIX METALLOPROTEINASE 3 - MMP3 gene:
MMP3 expression was activated when neonatal rats suffered from bacterial
meningitis [371]. MMP3 is produced upon activation of IL1B as well as the
epidermal growth factor [372, 373] MMP3 is produced predominantly by cells that

have connective tissue characteristics. It can degrade fibronectin, laminin,
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proteoglycan as well as type IV collagen but not type I collagen. My findings have
shown deactivation of this gene which contradicts the findings supported by the

literature.

e CATHEPSIN L2 - CTSL2 gene:
Instability of cathepsins levels leads to hydrogen peroxide production. Oxidative
stress has been previously associated with bacterial meningitis in humans [285],
which may progress to tissue degradation (matrix degradation) [374]. Although
the down-regulation of this gene confirms the general knowledge around oxidative
stress, it was not previously described to be directly associated with the BBB.
Cathepsins are papain cysteine proteinases and are involved in many cellular

processes.

e COLLAGEN, TYPE IV, ALPHA-2 - COL4A2 gene:
Interactions of the pneumococci with the extracellular matrix have shown type IV
collagen binding by the bacteria [375]. Down-regulation of COL4A2 leads to
neuronal inflammation and parenchymal hemorrhage [376]. The use of the toxin
alone during this experiment shows that COL4A2 is directly interacting with
pneumolysin during adherence processes with the pneumococci, something that
was not previously characterized. COL4AZ2 is related to proteoglycans, which
form the membrane layer between the epithelium or between the endothelium.
Entactin, laminin and heparin sulphate are proteoglycans directly associated to

type IV collagen [377-379].
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COLLAGEN, TYPE VII, ALPHA-1 - COL7A1 gene:

Down-regulation of COL7A1 can lead to the dissociation of some extracellular
matrix components [380]. Down-regulation of COL7A1 has never been associated
to pneumolysin. The COL7A1 gene is responsible for the expression of the alpha-
1 chain in type VII collagens. The basal lamina consists of fibrils, which have as

a main component collagen type VI [381].

A DISINTEGRIN-LIKE AND METALLOPROTEINASE WITH
THROMBOSPONDIN TYPE 1 MOTIF, 1 - ADAMTS1 gene:

Absence of ADAMTS1 due to pneumococcal infection leads to improper cleavage
of multimers released by the brain endothelium and causes microangiopathy [382].
These innovative findings show that the ADAMTS gene can be independently
silenced by pneumolysin during pneumococcal infection. The ADAMTS proteins
are found on the extracellular matrix and interact with other matrix components.

Activation of ADAMTSL leads to angiogenesis disruption [383].

SPHINGOSINE-1-PHOSPHATE PHOSPHATASE 1 - SPP1 gene:

The SPP1 gene encodes the enzyme that catalyses the dephosphorylation of
sphingosine-1-phosphate, a lipid that has an important role in cell proliferation,
angiogenesis and apoptosis [384]. With SP1 usually found in relatively low
concentrations, it is believed that recycling of the SP1 lipid distorts normal SP1
quantities and leads to increased vascular permeability and cytoskeletal instability

[384, 385]. The deactivation of this gene due to toxin infection is a novel finding,
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since instabilities of its expression have never been associated with infection

before.

6.6.2 Infection with Streptococcus pneumoniae serotype-6B

The 3 most significant pathways (only 3 available) were selected (3 up-regulated

pathways). The sources of the generated pathways were KEGG and REACTOME (Table

8).

Table § Pathway over-represantattion analysis of statistically significant genes: Infection with 6B

Pathway Source Genes involved in pathway p-value p-value
(corrected)
Type | diabetes KEGG HLA-DPA1/HLA-DQB1/IL12A 0.0001 0.0134 +
Melitus IL12B/PTPRN
Cytokine-cytokine KEGG CXCR6/EGFR/IL12A/IL12B 0.0160 0.1114 +
interactions IL17RB/IL1RAP/IL6ST
T-cell receptor signalling KEGG CBLB/FYN/PAKT7/VAV3 0.0235 0.1193 +

pathway

Table 8| Pathway over-representation analysis when the bc-BBB is infected with 6B During the analysis of the
significant genes, three pathways were selected and a total of 14 genes were involved in these pathways. No down-
regulated pathways could be detected. The values with an upright direction arrow show the p-values of pathways that
are up-regulated. Many pathway information providers can be found online, but KEGG was selected as the provider

with the most information in regards to pathways.

A total of 14 genes contributed to the generation of the 3 pathways and all these genes

were significantly up-regulated (Table 9).
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Table 9 Significant Analysis of Microarrays (SAM) up- & down-regulated genes: Infection with 6B

Organism Gene name Regulation Score (d) g-value (%)
Homo Sapiens HLA-DQB1 + +2.3735 1.3378
Homo Sapiens HLA-DPA1 * +1.9945 2.6584
Homo Sapiens IL12A * +1.9160 2.6584
Homo Sapiens IL12B + +2.0326 2.3364
Homo Sapiens PTPRN * +1.8210 3.5906
Homo Sapiens CXCR6 * +2.6150 0.0000
Homo Sapiens EGFR * +1.8679 2.9928
Homo Sapiens IL17RB * +2.4873 0.0000
Homo Sapiens ILIRAP * +1.8340 3.1749
Homo Sapiens IL6ST * +1.8392 3.1749
Homo Sapiens CBLB * +2.3314 1.3378
Homo Sapiens FYN + +1.8082 3.5906
Homo Sapiens PAK7 + +1.7506 3.9186
Homo Sapiens VAV3 * +1.7311 4.4915

Table 9| Significant analysis of microarrays (SAM) calculations of the genes involved in pathways when the bc-
BBB was infected with 6B All 14 were involved in the generation of three pathways. The score (d) signifies the
correlation of the compared groups (6B vs. pneumolysin, PLN-A, D39) g-value represents the chance of the specific
genes to be considered as false positives.

6.6.3 Significantly expressed genes when the BBB model is challenged with 6B

A detailed description of the genes’ function and relationship to pneumococcal infection

is presented below.
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CHEMOKINE, CXC MOTIF, RECEPTOR 6 - CXCRG6 gene:

It has been previously shown that CXCRG6 is expressed on microvascular
endothelial cells and its expression is dependent on IL-1B concentrations [386].
The presence of IL-12 leads to the up-regulation of CXCR6 whereas the
chemokine was reduced in the presence of IL-4. CXCR6 may also have a key role
in effector T-cell trafficking, which facilitates inflammation [387]. The activation

of this gene in the BBB due to serotype 6B was not previously described.

EPIDERMAL GROWTH FACTOR RECEPTOR - EGFR gene:

It has previously been shown that phosphorylation and up-regulation of EGFR
during bacterial infection lead to increased bacterial invasion [388] which was
confirmed in my findings during this experiment.

The EGFR is a receptor assigned as a cell-signalling molecule. This receptor is
responsible for cell proliferation, development and survival [389]. The EGF
receptor binds to the EGF, which is associated with signalling of the previously

mentioned Rho family.

INTERLEUKIN 17, RECEPTOR B - IL17RB gene:

Expression of IL17RB is critical since inhibition of expression of this receptor
leads to higher uptake of pneumococci [390]. The activation of this gene confirms
the need of the BBB to reduce the uptake of pneumococci during infection.
Overexpression of IL17RB showed increased production of IL8, suggesting that

the protein is associated with proinflammatory processes [391]. IL17RB is
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member of a group of proteins relating to structure and cell assembly and interacts

with a homolog member called IL17BR.

e INTERLEUKIN 1 RECEPTOR ACCESSORY PROTEIN - IL1RAP gene:
ILIRAP is directly associated with toll-interleukin 1 receptor accessory protein
(TIRAP) which was activated in individuals suffering from severe pneumococcal
infection [392]. This is also found during my experiments with serotype 6B.
Activation of IL1 in an in vitro model showed the formation of the ILLIRAP:ILIRA
complex initiating a signalling cascade for IL1B production. Overexpression of
IL1IRAP leads to the inability of Interleukin 1 Receptor Associated Kinase (IRAK)
to form the ILIRAP:IL1IRA complex. Lack of the IRAK protein was shown to
reduce production of INF-y [393]. This gene encodes a transmembrane protein,

which is important for I1L1 signalling during infection [394].

e INTERLEUKIN 6 SIGNAL TRANSDUCER - IL6ST gene:
The IL6ST gene encodes the glycoprotein 130 (gpl130), which is a signal
transducer for IL6, IL11, oncostatin M (OSM), leukaemia inhibitory factor (LIF)
and ciliary neurotrophic factor (CNTF) [395]. The gp130 receptor was shown to
trigger the activation of YES —Associated Protein (YAP) and the transmembrane
receptor Notch. IL6ST is involved in brain barrier immune responses as well as
brain development [396]. These two proteins are responsible for the regeneration
as well the growth of tissue. The coexistence of YAP-Notch-gp130, stimulates the

epithelial/endothelial proliferation, and aids in the preservation of mucus in
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epithelial cells [397]. This is an innovative finding since the IL6ST gene was not

previously associated with pneumococcal infection.

e CAS-BR-M MURINE ECOTROPIC RETROVIRAL TRANSFORMING
SEQUENCE B - CBLB gene:
Absence of the CBLB gene leads to the release of cytokines and chemokines
involved in sepsis. CBLB is also responsible for toll-like receptor-4 regulation
(TLR4) during a septic episode [398]. The CBLB gene controls the tolerance of
peripheral immunity by reducing T-cell activity [399]. CBLB thus, has the ability
to prevent chronic inflammation and autoimmunity. In the current experiments the
activation of the gene proves its importance in regulating inflammatory responses

during infection.

e FYN ONCOGENE RELATED TO SRC, FGR, YES - FYN gene:
In the absence of the gene, function of nuclear factor kappa-B (NFKB) pathways
and B-cell development is impaired [400]. The FYN gene is part of the protein-
tyrosine kinase family and it was shown to be essential for successful cell growth.
The activation of this gene is another confirmation of the BBB ability to respond

to infection in an effort to maintain stability in the system.

e PROTEIN-ACTIVATED KINASE 7 - PAKY gene:
This kinase is abundantly expressed in the brain and was found to regulate the

dynamics of the cell cytoskeleton, cell death, cell cycle, and cell signaling. It

229



Chapter 6 Gene Expression Studies

promotes neurite development (end-feet of neuronal cells) [401, 402]. Although
the above were also seen in my model it was not previously shown that PAK7 gene

is activated due to pneumococcal infection.

e VAV 3 ONCOGENE - VAV3 gene:
The VAV3 protein is closely linked with receptors related to tyrosine kinases.
Mutated versions of the VAV3 gene lead to malformation of cells and impairment
in cytokinesis [403]. The gene was previously investigated and it was shown to
be up-regulated in patients with colorectal cancer [404] but it was never associated

with pneumococcal infection.

e MAJOR HISTOCOMPATIBILITY COMPLEX, CLASS II, DP ALPHA-1 -
HLA-DPAL gene:
The HLA-DPAL gene is one of the three major isotypes of the human class Il
major histocompatibility complex (MHC) molecules [405]. The HDLA-DPA1
gene was shown to be an essential regulator of normal immune responses in
humans [406]. The HLA-DPAL was not previously associated with pneumococcal

infection.
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MAJOR HISTOCOMPATIBILITY COMPLEX, CLASS II, DQ BETA-1 - HLA-
DQB1 gene:

HLA-DQB1 is expressed on the surface of endothelial cells and drives immunity
via interactions with T-cells of the circulatory system [407]. It was previously
shown that the HLA class Il molecules could determine the immune reaction
against invasive pneumococcal disease [408] and my data confirm these findings.
Patients expressing the HLA-DQB1 gene were less likely to develop severe
systemic disease [408]. The HLA-DQB1 gene encodes parts of the MHC class 11

complex and is found anchored in the cell membrane.

INTERLEUKIN 12A - IL12A gene:

IL12, a proinflammatory cytokine associated with type 1 immune responses has
been previously detected in patients suffering with pneumococcal meningitis
[409]. The activation of these genes during my experiments confirms the previous
findings. Interestingly, IL12A also forms a component (together with EBI3) of the
cytokine IL35 that has been associated with T regulatory cell function. Both
IL12A and EBI3 showed increased expression in GFP+ cells from fork-head box
p3 (FOXP3) eGFP transgenic mice. Furthermore, immuno-precipitation of EBI3
and IL12A occurs in T-regulatory cells (Tregs) but not in effector T-cells. EBI3 is
a downstream target of FOXP3 and it has been demonstrated that Treg cells

produce IL35, which enhances their suppressive abilities [410].
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INTERLEUKIN 12B I1L12B gene:

During a gene expression analysis of European American and African American
patients, it was shown that 1L12B was highly expressed in people suffering from
invasive pneumococcal disease [411]. Activation of IL12B was also observed
during my experiments with serotype 6B IL12B is one subunit of IL23 (together
with p19) (IL23A) [412]. Disruption of the normal functions of IL12B leads to

impaired production of interferon-y (INF- y) [413].

PROTEIN-TYROSINE PHOSPHATASE, RECEPTOR-TYPE, N - PTPRN
gene:

It has been demonstrated that activation of the PTPR complex leads to increased
endothelial cell permeability [414]. The PTPRN gene was found to interact with
spectrin beta non-erythrocytic 4 (SPTBN4), which encodes a protein responsible
for the organization of cell transmembranes and organelles [339]. The PTPRN
gene encodes proteins from the tyrosine phosphatase family (PTP). These proteins
are responsible for the regulation of processes such as cell growth, cell
differentiation as well as cell mitosis [339]. The PTRPN gene was not previously

associated with pneumococcal infection.
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6.7.0 Discussion

6.7.1 Generation of pathways when the BBB model was incubated with
pneumolysin

*** |t is important to point out that all comparisons for up- or down-regulated genes
relate to gene expression that deviates from untreated cells. As previously mentioned, the
RNA collected from untreated cells was used as the background during the microarray

analysis. Figures of these pathways are in the appendix of the thesis marked as “Ap”.

6.7.2 Up-regulation of Actin Cytoskeleton

Cell movement is a crucial process and the actin cytoskeleton contributes to embryonic
morphogenesis, angiogenesis, monitoring of the immune system, and regeneration of
damaged or dead tissue. Preserving the correct dynamics in the actin cytoskeleton allows
these processes to be executed correctly [415]. The four protein products of genes related
to these pathways that were up-regulated during infection were extracellular signal-
regulated kinase (ERK), G12/G13 alpha subunits (Gaizi13), integrin (ITG) and the actin-
related complex 2/3 (Arp2/3) (figure Apl). A recent report demonstrated that upon pore
formation of pneumolysin, actin polymerization was enhanced suggesting that actin co-

localizes with pneumolysin [346].
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6.7.3 Up-regulation of Leukocyte trans-endothelial migration pathways

Leukocyte migration from blood into tissues is a key process in the fight against infection
and in inflammation. The leukocytes bind to endothelial cell adhesion molecules (CAM)
and further on migrate across the vascular endothelium. During the migration process,
alpha/beta2 integrin activates RhoA (through VAV), which subsequently activates the
kinase p160ROCK. ROCK activation leads to the retraction of the actin cytoskeleton.
Leukocytes are also responsible for the endothelial cell retraction during localized
dissociation of the endothelial cell junctions [341]. The protein products of the three genes
related to this pathway up-regulated were JAM3, ITGB2 and CXCR4. Although the
pathway shows up-regulation of genes that are not directly found on endothelial cells, an
immediate relationship of those genes is observed with the receptors found on the
endothelial cells (figure Ap2). ROCK activation was also present when cells were co-

infected with pneumolysin [84].

6.7.4 Up-regulation of Gap Junction genes

Gap junctions contain intercellular channels that allow direct contact between the cytosol
of adjacent cells. These channels enable small molecules such as amino acids, nucleotides
and ions to be transferred between adjacent cells. This internal communication is crucial
for many biological processes, such as homeostasis of tissue, transport of metabolites, cell
apoptosis, electrical coupling or even embryonic development. Applying voltage between
the junctions, changing the pH or the level of calcium cations in the cell (Ca%") is
something that would initiate gap junction communication in order to preserve

equilibrium in the cells [341]. Pneumolysin has been shown to dissociate gap junctions in
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a rat pneumococcal meningitis model [416]. The two protein products of genes associated
with this pathway that were up-regulated were Phospholipase C (PLC), and the

extracellular signal-regulated kinases complex 1&2 (ERK 1/2) (Figure Ap3).

6.7.5 Down-regulation of MMP activation pathway

MMPs play key roles in the remodeling of tissue, homeostasis and morphogenesis. MMP
expression is associated with several diseases, such as cancer, atherosclerosis and
encephalitis [417]. Four genes involved in this pathway were found to be down-regulated
during infection. These encode the proteinases MMP2, MMP3, and MMP10 (figure Ap4).
It has been previously shown that MMPs degrade pore-forming toxins [366]. Down-
regulation of MMPs could void protection of neutrophils against the pneumococci and
allow them to progress in the tissue [418], thus, the process of MMP down-regulation may
be pathogen-driven. Most MMPs are bound on the membrane of the cell but others can be
found to have interactions with proteins intracellularly [419]. Usually the MMPs are not
activated unless they are released. The degree of their activation is dependent on cellular
transcription, other associated MMPs or the tissue inhibitors of metalloproteinases
(TIMPSs). When activated, MMPs degrade the extracellular matrix (ECM) and remove its

components.

6.7.6 Down-regulation of Collagen degradation pathway

Matrix metalloproteinases (MMPs) have a crucial role in collagen degradation as well as
degradation of other macromolecules found on the extracellular matrix. Degradation of

collagen leads to the dissociation of the endothelial monolayer and eventually the BBB
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breakdown [420]. Five genes related to this pathway were down-regulated in infection,

and these encode MMP2, MMP3, MMP10, COL4A2 and COL7AL (figure Ap5).

6.7.7 Down-regulation of extracellular matrix degradation pathway

Decomposition of the ECM releases growth factors, which are connected to the ECM
[421]. Eight genes involved in this pathway were down-regulated (figure Ap6). Inhibition

of MMPs was observed when interacting with pore-forming cytolysins [418].

6.7.8 Generation of pathways when the BBB model is challenged with 6B

6.7.9 Up-regulation of cytokine-cytokine interaction pathways

Cytokine expression has been shown to be associated with pneumococcal meningitis,
causing inflammation and tissue damage [259]. They are very important regulators of the
host immune response and their role extends to both innate and adaptive responses.
Cytokines have a role in cell repair, homeostasis, and angiogenesis and in cell
development. Released by various types of cells, cytokines are part of many activating
cascades and according to their receptors and target cells, can be divided into different
families [341]. The protein products of the 7 genes involved in these pathways that were

significantly upregulated during 6B infection are shown in figure Ap7.

6.7.10 Up-regulation of T-cell receptor signalling pathway

Although no T-cells were used in the model, it has been demonstrated that endothelial
cells have class | and Il MHC-peptide complexes on their surface, which regularly interact
with T-cells in the circulatory system [407]. Various phosphatases, GTP-binding proteins

and tyrosine kinases contribute to the initiation of a cascade where T-cells and cytokines
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interact to drive inflammatory response [341]. Four genes involved in this pathway encode

were up-regulated in serotype 6B infection (figure Ap8).

6.7.11 Up-regulation of Type | Diabetes Mellitus pathway

Although the pathway relates to type | diabetes mellitus, the immunological responses of
this pathway could be applied to other cell types and conditions. The online software
generates the pathways according to which genes are linked by interactions and what
diseases are often associated with these genes [341]. As previously mentioned, endothelial
cells have class | and 11 MHC-peptide complexes on their surface [407]. Additionally it
was shown that endothelial cells could affect the function of B cells, a process driven by

laminins [422]. Five genes related to this pathway were up-regulated (figure Ap9).

6.8.0 Conclusions

In this chapter | investigated gene expression of endothelial cells when different
pneumococcal serotypes or pneumolysin are used in the BBB model. High numbers of
significant genes were observed when the BBB was challenged either with pneumolysin
or 6B. A very low number of significant genes were identified when the BBB model was
challenged with D39 or its isogenic mutant PLN-A thus, my studies were focused on

serotype-6B and the recombinant pneumolysin used with the model.
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7.0 Aims

To investigate host factors that may influence BBB integrity during pneumococcal
infection. | have demonstrated that TEER of cells declines during pneumococcal infection
in-vitro. TEER loss has been linked to damage to the host cells and inter-cellular junctions

of the BBB [423].

7.1.0 Host inflammatory cytokine release

Human cells release inflammatory cytokines following bacterial infection [424]. Pro-
inflammatory cytokines have been reported to cause host and tissue damage [425].
Advancing on from my transcript abundance analyses, | decided to measure cytokine
protein abundance (i.e. the translational products) following exposure to each agent
(bacterial serotype or pneumolysin), and relate cytokine abundance to TEER among each
infection experiment. | focused on three key cytokines, IL-1p, IL-6 and IL-8 previously
reported to be upregulated during pneumococcal infection [241, 261, 278]. | also
examined transcript abundance (using my previous results) within the signaling pathways

for each of these cytokines.

7.2.0 Tight Junction Integrity

The adjacent endothelial cells composing the BBB are held closely together via the ‘tight
junction’ [9]. Loss of integrity within the tight junction has been reported to cause a drop
in TEER [426]. Zonula occludens 1 (ZO-1) is a critical component of the tight junction

[427]. An indirect marker of junction integrity is observation of ZO-1 in the walls of the
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endothelial cells forming the BBB [428]. | examined the presence, the location and
relative amount of ZO-1 protein in the endothelial cell monolayer, following agent

exposure in each experiment.

7.3.0 Host inflammatory cytokine measurement

The concentration of each secreted cytokine (IL-6, IL-1B and 1L-8) was measured via
enzyme-linked immunosorbent assay (ELISA). Samples (supernatant) were collected at 2
hours post agent exposure from the top compartment, containing the endothelial cell layer,

of the model. Replicate experiments (n=3) were measured per condition.

7.3.1 Interleukin 6 secretion using an ELISA assay

The median concentration for IL-6 in the supernatant from 3 replicate experiments per
condition was 808.60, 635.20, 92.45 and 27.57 pg/ml for 6B, PLN-A, pneumolysin and
D39 respectively (figure 69). The concentration for IL-6 was significantly higher
following exposure to 6B compared to either D39 or pneumolysin (p<0.001 and p<0.01
respectively). Similarly, the concentration for IL-6 was significantly higher following
exposure to PLN-A compared with either D39 or pneumolysin (p<0.01 and p<0.01

respectively). Significant differences were determined using a Mann-Whitney U test.
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Figure 69|Interleukin 6 levels when the BBB model was challenged with Streptococcus pneumoniae serotype-2, -
6B and the toxin pneumolysin During an ELISA assay, high concentrations of 1L-6 were observed when the model
was challenged with 6B or PLN-A. Challenging cells with 6B revealed a significant difference between the current
serotype and D39 or pneumolysin (***p<0.01). PLN-A was also significantly different from D39 and pneumolysin,
(**p<0.01). Significant differences are determined using a Mann-Whitney U test and relate to differences of interleukin
6 concentrations as compared to the type of pneumococcal strain. **P<0.01, ***P<0.001 at 95% confidence interval.

7.3.2 Interleukin 1p secretion using an ELISA assay

The median concentration for IL-1p in the supernatant from 3 replicate experiments per
condition was 2.14, 13.07, 28.75 and 26.01 pg/ml for 6B, PLN-A, pneumolysin and D39
respectively (figure 70). The concentration for IL-1f3 was significantly higher following
exposure to PLN-A compared to 6B (p<0.05). Significant differences were determined

using a Mann-Whitney U test.
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Figure 70|Interleukin 1p levels when the BBB model was challenged with Streptococcus pneumoniae serotype-2,
-6B and the toxin pneumolysin During an ELISA assay, high concentrations of IL-1 were observed when the model
was challenged with PLN-A or pneumolysin. Challenging cells with PLN-A revealed a significant difference when
compared to serotype-6B (*p<0.05). Significant differences are determined using a Mann-Whitney U test and relate to
differences of interleukin 1B concentrations as compared to the type of pneumococcal strain. *P<0.05 at 95% confidence
interval.

7.3.3 Interleukin 8 secretion using an ELISA assay

The median concentration for IL-8 in the supernatant from 3 replicate experiments per
condition was 1129.11, 226.28, 1068.93 and 175.78 pg/ml for 6B, PLN-A, pneumolysin
and D39 respectively (figure 71). The concentration for 1L-8 was significantly higher
following exposure to 6B compared to either D39 or pneumolysin (p<0.001 and p<0.01
respectively). Similarly, the concentration for IL-8 was significantly higher following
exposure to PLN-A compared with either D39 or pneumolysin (p<0.01 and p<0.01

respectively). Significant differences were determined using a Mann-Whitney U test.
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Figure 71|Interleukin 8 levels when the BBB model was challenged with Streptococcus pneumoniae serotype-2, -
6B and the toxin pneumolysin During an ELISA assay, high concentrations of 1L-8 were observed when the model
was challenged with 6B or PLN-A. Challenging cells with 6B revealed a significant difference when compared to D39
or pneumolysin (**p<0.01). PLN-A was also significantly different from D39 and pneumolysin, (**p<0.01).
Significant differences are determined using a Mann-Whitney U test and relate to differences of interleukin 8
concentrations as compared to the type of pneumococcal strain. **P<0.01, ***P<0.001 at 95% confidence interval.

7.4.0 Interleukin 6 gene expression and its contribution towards the Interleukin 6
pathway

As seen in the data acquired from the microarray experiment, up-regulation of 1L-6 was
observed when 6B or PLN-A (figure 72). When the total gene population was uploaded
to the REACTOME database, over-representation of specific transcripts appeared in the
analysis. There was a major difference in expression when the pathway was either
visualized with data acquired from 6B or PLN-A (pathway 1A+C). Specifically the IL6R-
2 gene was activated only when the cells were challenged with 6B or PLN-A. An overall
reduction in expression was observed when the cells were challenged with D39 or

pneumolysin (pathwayl1B+D).
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Gene expression of Interleukin 6

0.4

-

Expression value

-0.2 T T T T
6B D39 PLN-A PLY

Conditions
Figure 72|Interleukin 6 gene expression when the BBB model was challenged with Streptococcus pneumoniae

serotype-2, -6B and the toxin pneumolysin Interleukin 6 exhibited more expression when 6B or PLN-A were co-
cultured with the model. The data are shown in expression values, as acquired post calculation with the SAM® software.
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Pathway 1| Interleukin 6 signalling when the BBB model was challenged with Streptococcus pneumoniae
serotype-2, -6B and the toxin pneumolysin The pathway was generated without setting a threshold of significance.
No activation of the IL-6 transcript was observed during infection with pneumococcal 6B. Relevant transcripts to IL-6
were activated. The IL6R-2 transcript (in circle) was activated only when the cells were challenged with 6B or PLN-A
(more expression observed with 6B — dark grey color). The pathway was generated using only the positively regulated
genes from the gene expression assay. The pathway was generated using the REACTOME Pathway Database. The
colored ladder designates differences in expression in the form of the g-value (dark blue = highest expression — grey =
moderate expression - yellow = least expression — light blue = gene not present for this transcript). One or more genes
can contribute in the activation of a complex, and this is illustrated with different colored bars (variation in expression)
inside the complex. Although multiple complexes were activated during the generation of this pathway, | only
highlighted the transcript relevant to my observations in previous experiments.
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7.4.1 Interleukin 1p gene expression and its contribution towards the Interleukin 1p
pathway

As seen in the data acquired from the microarray experiment, up regulation of IL-1p was
observed when D39, PLN-A and pneumolysin were used (figure 73). The gene expression
for the IL1 pathway revealed that the interleukin 1 transcript showed maximal activation
for cells challenged with PLN-A (pathway 2C). Similar activation of transcripts was
observed for D39 and pneumolysin (pathway 2B+D) whereas the least activation of

transcripts in the pathway was observed for cells challenged with 6B (pathway 2A).
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Figure 73|Interleukin 1B gene expression when the BBB model was challenged with Streptococcus pneumoniae
serotype-2, -6B and the toxin pneumolysin Interleukin 1f exhibited more expression when PLN-A or pneumolysin
were co-cultured with the model. The data are shown in expression values, as acquired post calculation with the SAM®
software.
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Pathway 2| Interleukin 1f signalling when the BBB model was challenged with Streptococcus pneumoniae
serotype-2, -6B and the toxin pneumolysin The pathway was generated without setting a threshold of significance. It
was observed that the Interleukin 1 transcript (in circle) more expression when PLN-A was used as the infecting agent.
The pathway was generated using only the positively regulated genes from the gene expression assay. The pathway was
generated using the REACTOME Pathway Database. The colored ladder designates differences in expression in the
form of the g-value (dark blue = highest expression — grey = moderate expression - yellow = least expression — light
blue = gene not present for this transcript). One or more genes can contribute in the activation of a complex, and this is
illustrated with different colored bars (variation in expression) inside the complex. Although multiple complexes were
activated during the generation of this pathway, | only highlighted the transcript relevant to my observations in previous
experiments.
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7.4.2 Interleukin 8 gene expression and its contribution towards the Interleukin 8
pathway

As seen in the data acquired from the microarray experiment, up-regulation of I1L-8 was
observed when 6B or PLN-A (figure 74). Using the total gene population through the
REACTOME database, it was observed that the IL-8 transcript from the pathway was

activated only when cells were challenged by 6B or PLN-A (pathway 3A+C).
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Figure 74|Interleukin 8 gene expression when the BBB model was challenged with Streptococcus pneumoniae
serotype-2, -6B and the toxin pneumolysin Interleukin 8 exhibited more expression when 6B or PLN-A were co-
cultured with the model. The data are shown in expression values, as acquired post calculation with the SAM® software.
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Pathway 3| Interleukin 8 when the BBB model was challenged with Streptococcus pneumoniae serotype-2, -6B
and the toxin pneumolysin The pathway was generated without setting a threshold of significance. It was observed
that the IL-8 (in circle) was activated only when 6B or PLN-A challenged the cells (IL-8 expressed more with 6B). The
pathway was generated using only the positively regulated genes from the gene expression assay. The pathway was
generated using the REACTOME Pathway Database. The colored ladder designates differences in expression in the
form of the g-value (dark blue = highest expression — grey = moderate expression - yellow = least expression — light
blue = gene not present for this transcript). One or more genes can contribute in the activation of a complex, and this is
illustrated with different colored bars (variation in expression) inside the complex. Although multiple complexes were
activated during the generation of this pathway, | only highlighted the transcript relevant to my observations in previous

experiments.
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7.5.0 Detection of zonula occludens 1 (ZO-1)

Endothelial cell ZO-1 was fluorescent labeled using a fluorescent antibody. ZO-1
fluorescence intensity was measured at two hours post exposure and among unexposed
cell monolayers (n = 3 replicates per condition). During the ZO-1 fluorescent cell labeling,
nuclei were stained blue via 4',6-diamidino-2-phenylindole (DAPI - see chapter 2, section
2.12.0). In an effort to maximize visibility of cells under the microscope the assay was
done on cells cultured in a conventional 12-well plate. Among unexposed cells, ZO-1
diffusely stained the cytoplasm, with a relatively higher intensity of fluorescence at the

cell margins (figure 75A).

The intensity of ZO-1 staining was higher in the cytoplasm and lower at the cell margins
following exposure to either pneumolysin or D39. In contrast, intensity of ZO-1 staining
was lower following exposure to 6B compared to unexposed cells. Similarly, intensity of
ZO-1 staining was significantly lowest following exposure to 6B compared to

pneumolysin or D39.

When using the gene expression data against ZO-1 fluorescence it was observed that cells
challenged with pneumolysin and 6B showed up-regulation of important tight junction
genes 2 hours post exposure. Cells from all conditions exhibited claudin activation with
serotype 2 having more genes contributing towards claudin activation (in circle) (pathway
4B+C). Additionally, the JAM-A:PAR-aKPC is activated only when cells are exposed to
pneumolysin or 6B (in circle) (pathway 4A+D). It has been demonstrated that this
complex regulates the formation of cell-to-cell interaction and the formation of tight

junctions [429]. The F11 receptor (F11R) is also activated only when cells are exposed to
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pneumolysin or 6B (in circle) (pathway 4A+D). F11R encodes the JAM-A protein, which
is crucial in the formation of tight junctions. Additionally it has been demonstrated that

F11R interacts with ZO-1 [51, 430].

. Control~|
i il K

Figure 75|The effect of pneumococcal serotype-2, -6B, and the toxin pneumolysin on the Zonula Occludens
protein 1 (ZO-1) Endothelial cell ZO-1 was fluorescent labeled using a fluorescent antibody. ZO-1 fluorescence
intensity was measured at two hours post exposure and among unexposed cell monolayers (n = 3 replicates per
condition). During the ZO-1 fluorescent cell labeling, nuclei were stained blue via 4',6-diamidino-2-phenylindole
(DAPI). A) Among unexposed cells, ZO-1 diffusely stained the cytoplasm, with a relatively higher intensity of
fluorescence at the cell margins. B) Cells exposed to pneumolysin exhibited more ZO-1 protein in the cytoplasm and
less protein at the cell margins. E) Cells exposed to 6B also showed change in ZO-1 levels. Reduction of ZO-1 intensity
at the cell margins (arrows in panel E) derives from reduction in cell viability due to exposure of the monoculture to the
pneumococci.
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Pathway 4| Tight junction signalling pathway when the BBB model was challenged with Streptococcus
pneumoniae serotype-2, -6B and the toxin pneumolysin The pathway was generated without setting a threshold of
significance. It was observed that the JAM-A:PAR-aKPC was activated only when cells were exposed to pneumolysin
or 6B (in circle) (panel A and D). Similarly the F11 receptor was activated when cells were exposed to pneumolysin or
6B (in circle) (panel A and D). Cells challenged with serotype-2 exhibited higher expression in regards to occludin
proteins (panel B and C). The pathway was generated using the REACTOME Pathway Database. The colored ladder
designates genes of different significance in the form of the g-value (dark blue = 0% = significant - yellow = over 75.7%
= not significant). Different colors found in the same transcript or complex, show the contribution of more than one
gene to activate the transcript or complex, in different significant values.
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7.6.0 Discussion

In this chapter | observed that the concentration of IL-6 was significantly higher when the
model was infected with 6B, and PLN-A. This suggests that activation of IL-6 is not
associated with pneumolysin since the toxin did not significantly activate the cytokine.
Although the IL-6 transcript was not present in the gene expression assay for 6B, the
concentrations of the cytokine in the supernatant were significantly elevated. Interleukin
6 also binds to the glycoprotein 130 (gp130 or IL6ST), which forms a complex with IL-6
receptor (IL6R). I also observed that the IL6R-2 gene was up-regulated only when 6B or
PLN-A challenged the cells. This signifies that pneumolysin could be an inhibitor to the
specific gene, as pneumolysin and D39-derived pneumolysin were observed in high

concentrations 2 hours post infection.

When cells were challenged with 6B, almost no IL-1p was present. Although not
significantly different, IL-1p detection was higher for PLN-A and pneumolysin whereas
D39 showed lower concentrations of the cytokine. Confirmation of the findings derived
from the IL-1 pathway, where the interleukin 1 transcript showed higher expression for
PLN-A whereas no activation was observed for serotype-6B. Highest expression of IL-1p
derived from a strain that did not express the toxin. This suggests that the capsule might
activate other inflammasomes or early activation of the cytokine (prior to 24 hours of

exposure to the toxin) may not be associated to the toxin.

Cells challenged with 6B and PLN-A showed high concentrations of the cytokine,
suggesting that a thin bacterial capsule is related to the activation of the cytokine.

Additionally, as in the case of IL-6, pneumolysin may not be contributing to the activation
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of IL-8. The pathway of cellular senescence (deterioration of cellular functions) was
selected to investigate IL-8 contribution to infection. It was observed that during this

pathway, the IL-8 transcript was activated only when 6B and PLN-A were used.

Interestingly when cells were challenged with pneumolysin or 6B, the majority of the ZO-
1 protein was found in the cytosol, especially near the nuclei. On the contrary, cells
challenged with D39 or PLN-A showed expression of the ZO-1 protein at the junctions

and the nuclei, similarly to the untreated cells.

As seen in the tight junction pathway, cells challenged with D39 or PLN-A exhibited
higher activation of claudins in comparison to pneumolysin and 6B. Additionally, the
JAM-A:PAR-aKPC complex was activated only when cells are exposed to pneumolysin
or 6B. The F11 receptor (F11R) was also activated only when cells are exposed to
pneumolysin or 6B. Both transcripts are crucial for the formation of tight junctions and

their interactions with ZO-1.
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7.7.0 Conclusions

In this chapter | demonstrated that using all the genes (without setting a threshold of
significance) to generate pathways, revealed direct and indirect expression of IL-6, IL-1
and IL-8. Tight junction proteins, which have been previously associated to bacterial
meningitis and BBB dissociation were also expressed during this analysis. The virulence

of serotype 6B was in coherence to the results seen in all other chapters.
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8.0 Discussion

8.1.0 Streptococcus pneumoniae serotype-1, -2, -6B, survive and grow when in co-
culture with human brain endothelial cells and primary human astrocytes

Endothelial cells and astrocytes have been previously used in monoculture to assess

invasion and toxicity of pneumococcal infection of neuronal cells [431, 432].

The findings suggest that serotypes 1 and 6B are highly virulent and this is supported by
epidemiological data demonstrating that serotype 1 is a major cause of meningitis in sub-
Saharan Africa [433], whereas 6B is a highly invasive serotype in Europe and is
particularly associated with empyema [434]. Serotype-2 has not been considered a major
cause of invasive disease since the 1960’s, but a recent outbreak of serotype 2 in
Bangladeshi children suggests it retains the capacity for virulence under the right
conditions [435]. My findings are in accordance with the work of Chuck et al., who
observed that pathogens behave like particles in solution and that flow enhances their
adherence capabilities [436]. | therefore, reasoned that gravitational flow in a BBB model

could be significant in accelerating pneumococcal adherence to and invasion of host cells.

8.2.0 Cell migration in a Transwell® system, terminal velocity and mass-flow rate

Transwell® systems have previously been used by others [214]; Rat brain microvascular
endothelial cells adhering on the pore membrane were significantly larger than the ones |
used in my project (cells would remain on membrane with 12 um pores whereas | saw cell
migration using 3.0 pm pore membranes). Corning® classifies all inserts with 3.0 um pores

or greater, as systems suitable for cell migration studies [331]. Thus, I sought to determine
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how the pores size of this semipermeable membrane affected particle (in my example
cells) flow as well as media translocation from the upper compartment to the lower

compartment of the system.

8.3.0 Streptococcus pneumoniae serotype-2 are rapidly eliminated from a Blood-
Brain Barrier model

When serotype-2 pneumococci are cultured in the BBB model, CFUs decline over time;
this is a result that is the opposite to that observed in monoculture incubations. However,
serotype-2 adherence was greater in the BBB model than in monoculture incubations.
Similarly, serotype-2 successfully invaded HBEC cells in the BBB model but not in
monoculture, which may suggest acceleration of adherence and invasion due to
gravitational flow. Despite the increased adherence of pneumococci and successful
invasion, no pneumococci were observed in the lower compartment of the model at any

point during the course of the experiment.

The pneumolysin-deficient PLN-A strain successfully adhered to HBEC cells in the BBB
model immediately after pneumococcal infection, as well as at 1-hour post incubation.
Again, gravitational flow is likely to be important in accelerating pneumococcal
adherence.  However, no invasion was observed with PLN-A, suggesting that

pneumolysin plays an important role in this process.

258



Chapter 8 Discussion

8.3.1 Streptococcus pneumoniae serotype-6B is invasive in a Blood-Brain Barrier
model

Serotype-6B was the only pneumococcal serotype that displayed consistently high levels
of adherence and invasion in the BBB model. The high levels of adherence to and invasion
of HBEC cells in the top compartment of the model likely contributed to traversing of
serotype-6B to the lower compartment of the model. Additionally, adherent and invaded

pneumococci were also observed in the lower compartment.

8.3.2 Loss of Trans-endothelial electrical resistance when Streptococcus pneumoniae
serotype-2 and -6B is incubated in a BBB model

The integrity of the model’s monolayer was significantly compromised when serotype-
6B was cultured in the BBB model. TEER loss was 37% in comparison to untreated wells,
a loss that was not observed during infection with D39 or PLN-A (11% and 4% loss

respectively). Some of the reasons for the loss of TEER during 6B infection could include:

- The total number of pneumococci in the BBB model.

- The quantity of adherent or invaded pneumococci.

- The amount of pneumolysin released upon pneumococcal lysis.

- Differences in the host immune response to infection.

- Differences in bacterial virulence factors between serotypes. These may include
but are not limited to adhesion molecules (e.g. Pav-A), and pneumococcal

enzymes (e.g. neuraminidases).

According to what is known in the literature serotype 6B is mostly observed having a

transparent capsule rather than an opaque one [437]. As mentioned previously a
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transparent capsule allows more pneumococcal binding sites to initiate adhesion on
the mucosal epithelial layer. Thus, I am postulating that 6B is an excellent adhesive
serotype, which allows it to communicate with both the endothelial and epithelial
barriers in humans, enabling it to traverse to the bloodstream initially and then further

into the BBB.

8.3.3 Use of pneumolysin or PdB in co-culture with Streptococcus pneumoniae PLN-
A

When PLN-A was co-incubated with purified pneumolysin in the BBB model, a
significant decline in TEER was observed when compared to untreated cells, suggesting
that pneumolysin has a direct effect on the tight junctions of the cell monolayer. Along
with significant TEER loss, PLN-A proliferation was observed when co-incubated with
purified pneumolysin, suggesting that pneumolysin either enhances pneumococcal growth
directly (or by instigating the release of factors from host cells upon damage, which
sustain bacterial growth) or else allows pneumococci to thrive by inhibition of host
defence mechanisms. Pneumococcal adherence was significantly increased relative to
PLN-A infection alone and invasion was also observed. This was striking, as invasion
had not been observed in any previous experiment where PLN-A was used alone. PLN-A
co-cultured with pneumolysin successfully crossed to the lower compartment of the

model.

PLN-A co-incubation with the non-hemolytic pneumolysin toxoid PdB did not
significantly influence bacterial growth, adherence, invasion or translocation to the lower
compartment. This suggests that the pore forming activity of pneumolysin is key to driving

pneumococcal infection.
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8.3.4 Pneumococcal growth cycle and its association with pneumolysin

| suggest that rapid release of pneumolysin leads to its immediate use or degradation
rendering the toxin ineffective in promoting pneumococcal growth. My speculation is
supported by the declining CFUs of serotype-2 during the experiment. On the contrary,
6B exhibits low pneumolysin levels, but its constant presence in the supernatant was
essential for pneumococcal survival and growth. Hence, the balanced ratio of live to lysed
pneumococci [219] in 6B infection promotes pneumococcal growth, adherence and
invasion. Toxin added to the supernatant (100ng/ml) increased CFUs for PLN-A.
Eventually PLN-A adhered, invaded and crossed to the lower compartment of the model.
Despite the increase, PLN-A did not adhere or invade astrocytes in the lower
compartment. This is because the toxin irreversibly adheres to cholesterol on host cell
surfaces and is used for pore formation on endothelial cells and as such remains in the
supernatant and is unable to go through. Without the presence of pneumolysin in the lower
compartment, PLN-A exhibited similar invasiveness to its levels prior to pneumolysin co-

incubation.

8.4.0 Previous bacterial work with the Blood-Brain Barrier, common findings and
novelties

The first published results relating to bacterial work in BBB models was in 1998 by Ring,
A. et al. where immortalised rat and human brain microvascular endothelial cells
(BMECs) were used to investigate transcytosis of pneumococci. Transcytosis was
facilitated by the choline-binging protein A (CbpA) found on the pneumococcal surface

and the platelet-activating factor receptor (PAF) found on BMECs [214]. Opaque and
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transparent variants of serotype-6B were used during these experiments, but no significant
adherence or invasion was observed. This is in contrast to my findings where | saw high
levels of adherent and invaded pneumococci when using serotype-6B. Ring et al., used a
serotype-6B isolate, but it was not a meningitis CSF isolate like the one used in my studies.
It is possible that increased virulence is associated with meningitis isolates or that the Ring
et al., study used a non-invasive 6B carriage isolate. This idea is supported by data
generated Fuchs et al., who demonstrated that serotype 7F meningitis isolates exhibited a
higher rate of transmigration in comparison to non-invasive clinical isolates of the same
serotype. In this model, hBMECs and murine astrocytes were used in co-culture [438]. A
meningitis isolate (serotype 4) was also used in a BBB model carrying immortalised
hBMEC:s to investigate pneumococcal adherence over the course of time [439]. Having a
serotype-6B in my model from a meningitis isolate, | also observed increased adherence
and invasion of bacteria; the high virulence potential of this strain emphasises the

importance of its inclusion in commercially available vaccines [146].

Serotype-2 (strains D39 and PLN-A) were also used in the BBB model. | observed less
adherence and minimum levels of invasion from this serotype. Nevertheless, when PLN-
A was co-incubated with purified pneumolysin, | observed a substantial increase of
adherence and invasion in the BBB model. Pneumolysin expression is strongly associated
with virulence [87, 201, 337, 440, 441]. Absence of the toxin has been associated with
reduced infection in the lung [442] whereas increased levels of the toxin were associated
with prolonged colonization [93] and high mortality [94]. In order to identify the
importance of hemolysis by pneumolysin, | used the genetically detoxified variant PdB.

In co-culture with PLN-A, PdB did not enhance pneumococcal adherence or invasion, nor
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alter the resistance generated by cellular tight junctions. In concordance with my results,
it has been previously demonstrated that a pneumococcal serotype 1 of sequence type
(ST)306 expresses a non-hemolytic pneumolysin and is rarely found associated with
invasive disease [443]. ST306 carries more virulence factors in its genome in comparison
to serotype 1 of ST217; nevertheless ST217 is the leading cause of meningitis in sub-
Saharan Africa (meningitis belt), emphasising the importance of pneumolysin for
virulence [433]. A partially reduced immune response is also observed when ST306 is
compared to different serotypes that express WT pneumolysin, highlighting the antigenic

and immunostimulatory nature of pneumolysin [433, 441].

In comparison to other infection models, my BBB model exclusively uses human cells in
co-culture, which enables me to look at pneumococcal interactions with the model and
relate them directly to human immune responses or cellular processes. Additionally, 1
constantly monitored TEER whilst infecting my model with different pneumococcal
serotypes, something not previously attempted. However, in vitro models are limited in
the number of cell types they can accommodate. For example, it has been previously
demonstrated that bacterial injury in the BBB mediated leukocyte migration [444], a factor
not covered by my model. Similarly, in vivo meningitis models allow for a broader
spectrum of experimental variables to be considered [420]. Nonetheless, my findings
suggest that a significant reason for observing increased invasiveness with serotype-6B is
the presence of pneumolysin. Although significant in pathogenesis progression,
pneumolysin is not the only virulence factor required for infection. Garnier et al.,
identified a serotype 1 isolate which was unable to express pneumolysin, yet caused acute

infection in the upper pulmonary lobe to a woman suffering from pneumonia [445].
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Many important pneumococcal factors contribute to infection and disease progression.
One of those factors is pneumococcal protein CbpA. This pneumococcal surface protein
was the first recognised to adhere to host tissues. This is achieved through interactions of
the choline of teichoic acid or lipoteichoic acid with human cell glycoconjugates. This
process may be the way that the pneumococci advance from colonization to invasion
[446]. Neuraminidase (NanA) is another significant pneumococcal virulence factor. Its
function involves cleavage of sialic acid deriving from glycans such as glycoproteins,
mucin or glycolipids. Removal of glycans from the host cell surface allows the
pneumococci to adhere and interact with cellular surface receptors [447]. NanA has been
previously associated with brain endothelial cell activation through promotion of secretion
of chemoattractants such as IL-8, CXCL-1 and CXCL-2 [448]. Contributions of these
factors to virulence (along with pneumolysin) likely determine the ability of pneumococci

to adhere and invade the host.

During my project, the ability to use different serotypes but also purified pneumolysin
proteins with various haemolytic activities allowed me to correlate virulence and
invasiveness with haemolysis, and tight junction alternations. The tight junctions formed
by endothelial cells were significantly affected when cells were co-incubated with
recombinant pneumolysin or serotype-6B. My initial assumption was that the amount of
toxin is what defines the severity of infection. Interestingly, serotype-6B did not release
high concentrations of the toxin. When comparing the 2 conditions, readings for TEER
were similar up to 3 hours post infection. It was evident that multiple factors contribute to
tight junction imbalances and thus, secure pneumococcal survival and progression in the

BBB. Serotype-2 D39 produced substantially more pneumolysin than 6B and yet no
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significant disruption in the junctions was observed. When determining the capsular
thickness of the pneumococci, serotype-2 capsule was significantly thicker than serotype-
6B. To compare 2 clinical isolates, S1 was also investigated for capsule thickness and
pneumolysin concentration. It was observed that S1 exceeded all other serotypes both in
capsule thickness as well as pneumolysin concentrations. | suggest that the amount of
pneumolysin carried pneumococci is proportional to its capsule thickness. It has been
previously shown that a small or thin capsule increases adherence, thus, capsule
differences may have accounted for the increased adhesion of serotype-6B in my model
relative to D39 [449]. This could explain why S1 is a bad coloniser bad lethal when
infection is establish in the host [152]. Although both the toxin and the capsule have a
significant role in pathogenesis, their co-existence in defined proportions is key to allow
the pneumococci to traverse through the BBB and cause further inflammation. Another
possible reason underpinning differences in invasiveness is the different structure of
pneumolysin carried by different serotypes. Crystallization of pneumococcal-derived
(rather than recombinant) pneumolysin has not been attempted so far and it would be a
significant step forward in determining toxin contribution to relative virulence of different

serotypes.

8.5.0 Interpretation of the up-regulated pathways when using pneumolysin

Increases in intracellular Ca®*" is one of the mechanisms that CNS cells use to
communicate with neighbouring cells [450]. Calcium efflux is a natural process for the
BBB where signalling to neuronal cells is initiated in order for the BBB to restore its role

as a nutrient controller and a metabolism regulator [451, 452]. Pneumolysin seems to
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trigger calcium efflux from endothelial cells upon pore formation [453]. Whilst the BBB
is trying to re-establish its integrity and regulate function, pneumococci can traverse
through the barrier not only by endocytosis, but also between the junctions, which have
been dissociated due to cytoskeletal rearrangements. Hyperpolarization of the cells can
also affect the gap junctions, which could be why the pathway is up-regulated in my
experimental conditions. The up-regulation of gap junctions might be indirectly because

of pneumolysin, but it is more likely to be due to the calcium efflux.

8.5.1 Interpretation of the down-regulated pathways when using pneumolysin

All the down-regulated pathways identified in my analysis are related to each other since
cleavage of collagen occurs following the activation of MMPs. This eventually leads to
ECM degradation. ECM degradation is part of a remodelling process that cells undergo
[454]. During the remodelling process, MMP levels are kept low in order to maintain a
controlled degradation of the matrix [455]. If degradation of ECM reaches a point where
a system (such as the BBB) is under threat, then MMP inhibitors are activated in order to
regulate  ECM breakdown [456]. | identified MMP down-regulation following
pneumolysin exposure and this may have reflected cellular attempts to control the
degradation occurring during infection. Interestingly though, ADAMTS1, one of the
MMPs inhibitors was also down-regulated due to pneumolysin. This may suggest that
pneumolysin is interrupting the inhibition process, in order to promote pneumococcal

progression through the BBB.
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8.5.2 Interpretation of the down-regulated pathways when pneumococcal serotype-
6B

As mentioned in the introduction of this thesis, pathogenesis progression involves
simultaneous steps both from the pathogen as well as the host. During infection of the
BBB model, cytokines as well as MHC-peptide complexes are activated in order to initiate
T-cell trafficking in the infected area. T-regulatory cells are also stimulated by the up-
regulation of IL12A. Simultaneously, activation of the EGFR gene leads to increased
invasiveness of the pneumococci whereas the IL17RB contributes to increased
pneumococcal uptake. Different inflammasomes must be activated when serotype-6B is
used, as TLR4 was activated due to the CBLB gene. TLR4 production leads to the
activation of ILLRAP gene in order to induce production of IL-1B. The IL6ST gene is
activated, and is a signal transducer for IL6. As IL6 increases permeability [262],
pneumococci begin to traverse through the BBB paracellularly. Remodeling and increased
permeability of the barrier occurs through the activations of the PTPRN gene. This further
allows the pneumococci to traverse paracellularly, but also initiate activation of B cells

due to the up-regulation of laminins.
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8.6.0 Further gene analysis using the total gene population of the microarray
experiment

In my project | have emphasized the statistically significant results of the gene expression
assay. Through these results, host immune elements were identified such as the IL6ST,
IL17RB, and IL1RAP. It has been previously shown that these genes are associated with
IL-6, IL-8 and IL-1B, which are present during pneumococcal infection and cause tissue
inflammation in pneumococcal meningitis cases. The decline in TEER, as well as the up-
regulation of important junctional proteins revealed possible tight junction activity. Thus,
| sought necessary to perform some immunological assays in order to determine the
concentrations of IL-6, IL-8, and IL1p secreted from the cells during infection.
Additionally, I performed a fluorescent detection assay to observe the levels of ZO-1

protein in the cell cytoplasm and the cell walls.

8.6.1 Interleukin 6, 1B and 8 when the BBB model was challenged with the
pneumococcal serotypes 2 (stains D39 and PLN-A), 6B and the toxin pneumolysin

It has been previously shown that up-regulation of IL-6 leads to tissue damage and an
immediate increase in vascular permeability [261]. It has also been shown that IL-6
disrupts the normal function of many proinflammatory and anti-inflammatory cytokines
[263]. Although the IL-6 transcript was not present in the gene expression assay for 6B,
the concentrations of the cytokine in the supernatant were significantly elevated.
Interleukin 6 also binds to the glycoprotein 130 (gp130 or IL6ST), which forms a complex
with IL-6 receptor (IL6R). This was expressed specifically when 6B or PLN-A were co-

cultured with the BBB model, suggesting that IL6R may serve as a marker for IL-6
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activation [457]. It has been previously demonstrated that IL-6 release was suppressed
when using serotype-6B in a human ex vivo sepsis model [458]. It was also shown that
IL-6 was kept in low concentrations when pneumococcal serotype 6B was present [459].
Absence of IL-6 or suppression of the cytokine increases inflammatory response in
pneumococcal infection [262]. Although gene expression and cytokine secretion do not
match in the case of IL-6, it is known that expression of a gene is not always in accordance

to protein secretion [460].

I also observed that the IL6R-2 gene was up-regulated only when 6B or PLN-A challenged
the cells. Specifically IL6R-2 was shown to increase susceptibility to respiratory tract

infections when up-regulated [461].

The IL-1B proinflammatory cytokine is readily secreted from meningeal macrophages
[241]. Although present during bacterial meningitis, the cytokine does not seem to be
associated with BBB disruption [217]. Leukocyte entry to the infected area is dependent
from the presence of IL-1p [259]. The IL1 receptor is also crucial for the survival of
organisms with meningitis [260]. It has been previously demonstrated that suppression of
IL-1B occurs in a human ex vivo sepsis model [458]. My result contradict the dogma
existing arount IL-1B8 and pneumolysin, since pneumolysin activates the NLRP3
inflammasome which is the main source of IL-1p [88]. In my case, highest expression of
IL-1p derived from a strain that did not express the toxin. This suggests that the capsule
might activate other inflammasomes or early activation of the cytokine (prior to 24 hours

of exposure to the toxin) may not be associated to the toxin.
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The IL-8 chemokine (CXCLS8) is known to be associated with bacterial meningitis since
it induces neutrophil chemotaxis when patients suffer with meningitis [278]. Leukocyte
migration is related to IL-8 levels, resulting in the secretion of chemotactic cytokines
[444]. Increased levels of IL-8 result in increased pleocytosis [462]. The pathway of
cellular senescence (deterioration of cellular functions) was selected to investigate 1L-8
contribution to infection. It was observed that during this pathway, the I1L-8 transcript was

activated only when 6B and PLN-A were used.

8.6.2 Fluorescent detection of the zonula occludens 1 (ZO-1)

It has been previously shown that when there is dissociation of the tight junction
connecting the endothelial cells, ZO-1 and ZO-2 translocate to the nuclei; this suggest that

they act as messengers in regards to cell-cell signalling [463].

The F11 receptor (F11R) was also activated only when cells are exposed to pneumolysin
or 6B. Both transcripts are crucial for the formation of tight junctions and their interactions
with ZO-1. It is important to clarify that the fluorescent detection assay was done in
monoculture (in an effort to resolve issues of visibility under the microscope) whereas the
cells isolated for gene expression where isolated from a BBB model. The fluorescent
detection assay was an additional experiment performed to acquire preliminary data on
the interactions of pathogens with the tight junction proteins of endothelial cells.
Additional tight junction proteins are going to be used in a future fluorescent detection
assay, in order to investigate in detail tight junction protein interactions during

pneumococcal infection.
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8.7.0 Limitations of gene and pathway analysis

All experiments that involve microarrays are user dependent. That is because the user is
the one setting the threshold of significance in the microarray analysis. Thus, the array
experiment has a lot of bias interpretations when performed. It is usually suggested to
verify the findings of a microarray experiment by either protein detection assays (such as
ELISAS) or g-PCR. As seen in the pathway analysis, there is a clear contribution of more
than one gene in proteins and cytokines of the investigated pathways. This makes the
analysis more complex, since each gene contributes to the specific cytokine in different
levels of significance. By not taking into account the statistical significance of each gene,
then more genes appear in the pathway, which makes the analysis even more difficult to
interpret. Additionally the amount of proteins contributing to a pathway is vast; thus, it is
advisable to focus on a single protein and its contributing genes, rather than try to identify

all genes from all pathways.
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8.8.0 General conclusions — novelties of this thesis

During this project, | have assessed the growth, adherence and invasion of various
Streptococcus pneumoniae serotypes and strains. Each serotype was found to behave
differently during co-incubation with either HBECs or HA. Serotype-6B grew, adhered
and invaded these cells in greater numbers and efficiency than the other serotypes tested.
The pneumolysin deficient strain was unable to adhere to or invade HBEC or HA cells,
suggesting that the toxin pneumolysin has a crucial role in pneumococcal adherence and
invasion to host cells. The comparison of multiple serotypes with multiple cells
constituting the BBB system is a novelty in the studies around infectious diseases and was

not previously attempted.

To progress my research in BBB studies, | established and optimised a novel BBB model
for experiments with Streptococcus pneumoniae. This system utilised 3.0 um pore
membranes. The terminal velocity of cells under creeping flow and the mass-flow rate
showed that the use of 150 pl of cell media increased cell adherence on the membrane and
no cell migration was observed. The model was adjusted to an antibiotic-free environment,
in order to be used for experiments with the pneumococci, and consisted of human brain

cells (endothelial cells and astrocytes).

The growth, adherence and invasion of various Streptococcus pneumoniae serotypes in a
BBB model were evaluated. Serotype-2 (D39 and PLN-A) was found to behave
differently in comparison to monoculture incubations. Serotype-6B adhered, invaded and

crossed to the lower compartment of the BBB model. The investigation of pneumococcal
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processes such as adhesion and invasion using various pneumococcal serotypes is

considered a novelty in the field.

The contribution of pneumolysin to bacterial survival, growth and junctional breakdown
was evaluated. TEER significantly declined over time due to presence of the toxin. When
co-incubated with PLN-A, pneumolysin enhanced pneumococcal growth, adherence and
invasion of the specific mutant. A pneumococcal CFU cycle was proposed, where
pneumococci reaching or exceeding the 50% threshold could adhere, invade and cross to
the lower compartment of the model. A hemolytically active pneumolysin is key in driving
pathogenesis and the variations in virulence amongst different pneumococcal serotypes
need to be taken into account in order to secure efficacy in future therapeutics.
Pneumolysin was not directly associated with BBB breakdown previously and the ability
to directly assess the endothelial resistance produced by the tight junctions was a science
gap in this area. To initiate the importance of investigating the tight junctions during

pneumococcal infection, | assessed ZO-1 at the junctions of brain endothelial cells,

Looking at the immunological aspects of the project, | investigated gene expression of
endothelial cells when different pneumococcal serotypes or pneumolysin are used in the
BBB model. The dominance of serotype-6B and pneumolysin was confirmed by the
amount of significant genes identified during various statistical tests. A very low number
of significant genes were observed when the BBB model was challenged with D39 or its
isogenic mutant PLN-A. Studying the host as well as the pathogen in equal proportions is
a time consuming task. | decided to investigate both in order to establish a library of

pathogen and host mechanistic pathways; this will allow me in the future to drive my
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research in specific interactions between the pneumococci and the cells of the BBB,

allowing for a more targeted approach in regards to possible therapeutics.

Gathering all data from this project | am suggesting a novel role of pneumolysin, where
pneumococcal survival, adherence and invasion are regulated by the toxins presence,
concentration and time of release. Cytoskeletal remodelling of cells due to pneumolysin
allows the pneumococci to invade the blood-brain barrier through multiple mechanisms
(transcellularly as well as paracellularly). Pneumolysin might also be associated with
pneumococcal capsule thickness as thin capsule with little or no pneumolysin exhibited
higher levels of 1L-6 and IL-8 and higher numbers of adherent bacteria [449]. A detailed
pathogenesis pathway was designed, showing all interactions identified in this project

between the pneumococci and the host (figure 76).

From all the novelties mentioned previously, | aim to take forward and expand the

following:

e Elaborate and explain further the adhesion/invasion mechanisms of the
different pneumococci strains used in a BBB model
I will achieve this by culturing astrocyte/neuronal cells in a novel 3D petri dish

(http://www.microtissues.com/3d-cell-culture-products.html), and cover them

with endothelial cells to form a “nano-brain”. This will allow me to infect the 3D
cell structure with pneumococci, and perform an X, Y, Z imaging to follow the

pneumococci’s route of infection throughout the system.
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Expand on the mechanisms that pneumolysin uses to sustain as well as
promote pneumococcal growth

As seen previously in chapter 5, PLN-A showed improved survival when co-
incubated with pneumolysin. | plan to repeat those experiments and during co-
incubation, inhibit pneumolysin’s action in order to see how pneumococcal
viability is affected. This experiment will be performed for all serotypes used
during my PhD thesis.

Investigate more about the role of Sphingosine-1 phosphate phosphatase in
the Blood-Brain Barrier during infection

SPP1 has been previously associated with autoimmune diseases but never with
infectious diseases. | aim to use the recombinant form of the lipid cleaved by this
phosphatase, block the receptor engaging with SP1 as well as inhibit the enzyme
cleaving this lipid. This will allow me to observe variations in permeability of the
BBB model and identify possible biomarkers that could lead to therapeutics.
Establish a novel human in vitro dynamic Blood-Brain Barrier model

I aim to apply for pump priming funding (pilot / seed corn funding) to acquire a
novel technology, which allows for automated TEER readings of cells under flow.
Then 1 will develop the model and perform preliminary experiments to prove its

efficacy.
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Use the novel Blood-Brain Barrier model to elucidate more around
pneumococcal meningitis

It is well evident (as previously discussed) that the introduction of flow in a static
system, models the brain better. This will allow me to investigate leukocyte
migration during infection, pharmacokinetics, as well as differences of

pneumococcal infection between a static model and a flow model.
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E Abluminal Side
Immune Response activation

11

Figure 76| Pathogenesis mechanisms for interactions of Streptococcus pneumoniae with the Blood-Brain Barrier During pneumococcal infection and exposure of the cells to
pneumolysin, concurrent events take place. Angiogenesis disruption is taking place due to oxidative stress initiated by the pneumococci (1). Pneumolysin forms pores (2) and promotes
cytoskeletal remodeling through tight junction lipids and proteins (3). An aftereffect of this event is calcium influx (4) and inhibition of MMPs (5), which subsequently leads to the
inhibition of extracellular matrix degradation (6). This allows the pneumococci to extend their presence around a cellular environment. Leukocyte migration is activated (7) and
strong immune responses are initiated involving cytokines and chemokines (8). The presence of pneumolysin as well as the increased numbers of pneumococci, allow the pathogen
to traverse through the Blood-Brain Barrier using the transcellular (9) and paracellular (10) routes. Dissociation of the Blood-Brain Barrier and invasion of leukocytes and cytokines
in the brain, trigger a new immune response within the brain, which leads to neuronal inflammation and neurological sequelae (11).
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Finally it is important to state that my study gives an overview of the interactions between
the pathogen and the host. Thus, it is important to expand on the findings and the novelties
of this thesis by testing each separately. With a library of elevated genes against
pneumococcal infection, many genes can be tested as biomarkers of disease or targets for
therapeutic intervention in order to contribute to translational medicine (a more bench to
bedside research). The new role of pneumolysin may be informative for the current efforts
in producing a vaccine. The speculation that pneumolysin might be promoting the
interruption of cation-channels in the cell to supply the pneumococci with nutrients, gives

a new insight into the importance of pneumolysin in virulence of the bacteria.

To conclude, | have shown that disease progression is dependent both on the host and the
pathogen. The ability of the pneumococci to avoid or neutralise parts of the immune
system and the damage occurring from the host inflammatory response leads to increased

severity of disease.

I would like to close the thesis by referring to a saying from my grandfather, which I will

always have as a beacon throughout my life:

“’With a good heart you always achieve your goals’’

«[Tavto KoAn kopdld Kot £Tot kévels 0Tt OEAEC.»

Koaiing Kovioopur Kapoakdota
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9.0 Appendix

9.1.0 Chapter 3 - Terminal Velocity in creeping flow calculations

In mathematical terms, a terminal velocity without the effects of buoyancy is given by

V = 2mg
PAC,

where

e Viisterminal velocity,

e mis the mass of the falling object

e g is the acceleration due to gravity (9.81m/s?)

e Cqisthe drag coefficient of the object (resistance force applied on an object found
in a fluid)

e pis the density of the fluid through which the object is executing a fall, and

e Ais the surface area of the object.

When the fluid itself has a very slow motion, the inertia forces related to the fluid are not
taken into account, hence providing the assumption that the fluid has no mass. That is

called terminal velocity in creeping flow and is given by

Vi=—(p,—p)
)7
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where

e dis the diameter of the spherical object
e g is the acceleration due to gravity (9.81m/s?)
ey isthe fluid viscosity

e pisthe density of the fluid through which the object is executing a fall, and

ps IS the density of the object itself.

All the variables in the equation mention above are known, where the density of both the

object and the fluid can be calculated by the formula

_m
P=y

where

e m s the mass of the object calculated (cell or fluid)

e Vs the volume of the where the object is found in

Variables and calculations

1) When acquiring the weight of the endothelial cells it was found that 1x10° cells
accounts to 1.114 g which accounts to 11.14 g per cell.

2) The density of the endothelial cells used in the specific experiment (1x10° cells/ml)
accounted to 1.114 g/ml (ps).

3) When acquiring the weight of the DMEM used to culture endothelial cells, it was
found that 1ml of DMEM weighs 0.992 g at 37°C hence the density was found to

be 0.992 g/ml (p).
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4) According to the literature the viscosity of a DMEM at 37°C is 0.77 cP
(centipoise).

5) The average diameter of endothelial cells before adhering on a surface was
acquired by images taken from a phase microscope at 4x, (see appendix for

calculations) and it accounts to 41.72um per cell.

For cells seeded in a total volume of 500 pl, the terminal velocity in creeping flow is:

2 2 -6 2
v =£(Ps )= 9.81m/s x(41.7_§x10 m) X([557 — 496]Kg / m)
184 18x(0.77x102Pa-s)
3
1.7075x10° 2T
= — x(81K—93)=9.978x10-5 Kg g _9078x10°— X9 _g978x10°m/s
1.386x102Pa-s = Pa-s X9 s
e XS

where for cells seeded in a total volume of 150 pl, the terminal velocity in creeping flow

is:
2 2 —6 2
v =£(ps—p)= 9.81m/s x(41.7_§x10 m) X([167.1-148.8]Kg / m’)
184 18x(0.77x10°Pa.-s)
3

1.7075x10° 2T
= 8 418389y - 2.254x0° K9 __2254x10° _ K9 5 osax0°mis

1.386x10 *Pa-s pr Pa-s LW

m- g?

9.1.1 Chapter 3 — Mass-flow rate calculations

Darcy’s law describes the kinetics of fluid flow through a porous membrane in relation to

the driving force as well as the permeability of the media.

The flow rate is given by the formula
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_KAP
L AL

where

Q is the flow rate (m%/s),

K is the permeability coefficient (m?),

w 1s the fluid viscosity (Pas).

L is flow length or thickness of test sample (m),

A is the area of cross-sectional area to flow (m?), and

In order to emphasise on the role that the size of the pore has, it was assumed that the

permeability coefficient (K) and the flow length (L) where both valued as one.

Having in mind from previous calculations that the DMEM viscosity is 0.77cP, the

equation is solved as followed:

For an endothelial cell media found in inserts of 3.0 um pores, the flow rate is calculated

as:

2
QZEEA: 1N n’js S X}m X[
4 AL 0.77x10°Pa-s 1
3
12987 M "8+ 01413x10°m? =1.835x10~

Pa-s

3.14x(3x10°m)? =

3
~1.835x10° -

where for an endothelial cell media found in inserts of 0.4 um pores, the flow rate is

calculated as:
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2 -6 2
Qo KAP L INmEs 1314040 M)’
4 AL 0.77x10°Pa-s 1 2
3 5 3
1208718y 0 2512510 2m? =3.262x10° XM "F _ 32695104 ™
Pa-s N-s s
m2

The mass-flow rate can be calculated according to the formula

m=p-Q

where

e pis the density of the fluid through which the object is executing a fall, and

e Qs the flow rate (m%/s).

According to the values of flow rate and density calculated above, the mass-flow rate for

an endothelial cell media found in inserts of 3.0 um pores is

. 3
m=p-Q=496-"9 x1 835x10 7 — 9 1016x102 K9
m® s s

where the mass-flow rate for an a media found in inserts of 0.4 um pores is

. 3
m=p-Q= 148.8% x3.262x10°° % =4.8538x10™* %
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9.2.0 Chapter 6 — Graphical representation of pathways generated during
incubation of the model with pneumolysin or pneumococcal serotype 6B

9.2.1 Figure Apl: Up-regulation of Actin Cytoskeleton pathway
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Figure Apl| Up-regulation of Actin Cytoskeleton during infection with pneumolysin With the use of significant
analysis of microarrays (SAM) and the online software InnateDB, it was observed that 4 genes were responsible for the
up-regulation of this pathway (ARPC2, GNAL3, ITGB2, MAPK3). These genes encode ERK, Gal2/13, ITG and
Arp2/3. The pathway was generated using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The red transcripts
are genes found to be significantly up-regulated. The intense-green transcripts (not present in this pathway) show the
genes, which down-regulate the transcript, whereas pale-green boxes are transcripts, which are not activated due to the
absence of the relevant genes. Pathway p-value and p-value (corrected) ***p<0.0076, *p<0.0243.
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9.2.2 Figure Ap2: Up-regulation of Leukocyte trans-endothelial migration pathway
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Figure Ap2| Up-regulation of Leukocyte trans-endothelial migration during infection with pneumolysin With the
use of significant analysis of microarrays (SAM) and the online software InnateDB, it was observed that 3 genes were
responsible for the up-regulation of this pathway (CXCR4, ITGB2, JAM3). These genes encode and up-regulate JAM3,
ITGB2, and CXCR4. The pathway was generated using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The
red transcripts are genes found to be significantly up-regulated. The intense-green transcripts (not present in this
pathway) show the genes, which down-regulate the transcript, whereas pale-green boxes are transcripts, which are not
activated due to the absence of the relevant genes. Pathway p-value and p-value (corrected) ***p<0.0092, *p<0.0283.
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9.2.3 Figure Ap3: Up-regulation of Gap Junction pathway
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Figure Ap3| Up-regulation of Gap Junction during infection with pneumolysin With the use of significant analysis
of microarrays (SAM) and the online software InnateDB, it was observed that 2 genes were responsible for the up-
regulation of this pathway (MAPK3, PBLC?2). These genes encode and up-regulate ERK1/2, and PLC. The pathway
was generated using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The red transcripts are genes found to
be significantly up-regulated. The intense-green transcripts (not present in this pathway) show the genes, which down-
regulate the transcript, whereas pale-green boxes are transcripts, which are not activated due to the absence of the
relevant genes. Pathway p-value and p-value (corrected) *p<0.0421, p<0.0607.
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9.2.4 Figure Ap4: Down-regulation of MMP activation pathway
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Figure Ap4| Down-regulation of MMPs activation during infection with pneumolysin With the use of significant
analysis of microarrays (SAM) and the online software InnateDB, it was observed that 4 genes were responsible for the
down-regulation of this pathway (CTSL2, MMP2, MMP3, MMP10). These genes encode and down-regulate MMP2,
MMP3, and MMP10. The pathway was generated using only the significantly expressed genes. The generation of the
pathway was achieved by using the REACTOME Pathway Database. The yellow colour in the transcripts designates
genes contributing to the transcript’s expression. Transcripts without any colour are not activated due to the absence of
the relevant genes. Pathway p-value and p-value (corrected) **p<0.0113, p<0.3046.
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9.2.5 Figure Ap5: Down-regulation of Collagen degradation pathway
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Figure Ap5| Down-regulation of Collagen Degradation during infection with pneumolysin With the use of
significant analysis of microarrays (SAM) and the online software InnateDB, it was observed that 5 genes were
responsible for the down-regulation of this pathway (COL4A2, COL7A1, MMP2, MMP3, MMP10). These genes
encode and down-regulate MMP2, MMP3, and MMP10, Collagen type VI fibril and cleaved Collagen type VI fibril.
The pathway was generated using only the significantly expressed genes. The generation of the pathway was achieved
by using the REACTOME Pathway Database. The yellow colour in the transcripts designates genes contributing to the
transcript’s expression. Transcripts without any colour are not activated due to the absence of the relevant genes.
Pathway p-value and p-value (corrected) **p<0.0266, p<0.4175.
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9.2.6 Figure Ap6: Down-regulation of extracellular matrix degradation pathway
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Figure Ap6| Down-regulation of the degradation of the Extracellular Matrix during infection with pneumolysin
With the use of significant analysis of microarrays (SAM) and the online software InnateDB, it was observed that 8
genes were responsible for the down-regulation of this pathway (ADAMTS1, COL4A2, COL7Al, CTSL2, MMP2,
MMP3, MMP10, SPP1). These genes encode and down-regulate MMP2, MMP3, MMP10, collagen degradation,
elastin, laminin-332, ADAMTSL1 and SPP1. The pathway was generated using only the significantly expressed genes.
The generation of the pathway was achieved by using the REACTOME Pathway Database. The yellow colour in the
transcripts designates genes contributing to the transcript’s expression. Transcripts without any colour are not activated
due to the absence of the relevant genes. Pathway p-value and p-value (corrected) **p<0.0152, p<0.3538.
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9.2.7 Figure Ap7: Up-regulation of cytokine-cytokine interaction pathway
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Figure Ap7| Up-regulation of Cytokine-Cytokine interactions during infection with 6B With the use of significant
analysis of microarrays (SAM) and the online software InnateDB, it was observed that 7 genes were responsible for the
up-regulation of this pathway (CXCR6, EGFR, IL12A, IL12B, IL17RB, IL1RAP, IL6ST). These genes encode and up-
regulate CXCR®, IL12, IL6ST, EGFR, ILIRAP and IL17RB. The pathway was generated using the Kyoto Encyclopedia
of Genes and Genomes (KEGG). The red transcripts are genes found to be significantly up-regulated. The intense-green
transcripts (not present in this pathway) show the genes, which down-regulate the transcript, whereas pale-green boxes
are transcripts, which are not activated due to the absence of the relevant genes. Pathway p-value and p-value (corrected)
**p<0.0160, p<0.1114.
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9.2.8 Figure Ap8: Up-regulation of T-cell receptor signalling pathway
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Figure 14| Up-regulation of the T-cell receptor signalling pathway during infection with 6B With the use of
significant analysis of microarrays (SAM) and the online software InnateDB, it was observed that 4 genes were
responsible for the up-regulation of this pathway (CBLB, FYN, PAK7, VAV3). These genes encode and up-regulate
FYN, CBL, VAV and PAK. These genes encode and up-regulate CXCR®, IL12, IL6ST, EGFR, IL1IRAP and IL17RB.
The pathway was generated using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The red transcripts are
genes found to be significantly up-regulated. The intense-green transcripts (not present in this pathway) show the genes,
which down-regulate the transcript, whereas pale-green boxes are transcripts, which are not activated due to the absence

of the relevant genes. Pathway p-value and p-value (corrected) **p<0.0235, p<0.1193.
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9.2.9 Figure Ap9: Up-regulati

on of Type | Diabetes Mellitus pathway
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Figure Ap9| Up-regulation of Type | Diabetes Mellitus pathway during infection with 6B With the use of significant
analysis of microarrays (SAM) and the online software InnateDB, it was observed that 5 genes were responsible for the
up-regulation of this pathway (HLA-DPAL, HLA-DQBL, IL12A, IL12B, PTPRN). These genes encode and up-regulate
IA-2, INF-y, MHCII and IL12. The pathway was generated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG). The red transcripts are genes found to be significantly up-regulated. The intense-green transcripts (not present
in this pathway) show the genes, which down-regulate the transcript, whereas pale-green boxes are transcripts, which
are not activated due to the absence of the relevant genes. Pathway p-value and p-value (corrected) ****p<0.0001,

**p<0.0134.
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