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Abstract

Title: Interaction of Listeria monocytogenes and Streptococcus pneumoniae with
ciliated epithelium

by
Mina Fadaee-Shohada

Cilia are hair-like structures that extend from the surface of cells, including the lining of
the respiratory tract and the ependymal surface of brain ventricles. Cilia have a role in
host defence as the coordinated beating of cilia keeps the epithelium layer clear of
debris and pathogens. Defects in the ciliary structure are associated with a wide range of
human diseases, including meningitis and primary ciliary dyskinesia (PCD).

This thesis describes the effect of Listeria monocytogenes, a model pathogen that causes
meningitis and encephalitis, on rat brain ependymal cilia. This interaction resulted in an
altered behaviour of both ependymal cilia and listeria, but was dependent on the listeria
strain used. Commonly, listeria attached to cilia and formed aggregates which reduced
the ciliary beat amplitude (the distance between the maximum forward position of the
cilia tip and the maximum backward position of the ciliary tip). Cilia outside the
aggregates also displayed reduced ciliary beat amplitude but this was not as low as
those cilia associated with aggregates. Ciliary beat frequency within the aggregates was
unchanged. The formation of listerial aggregates appeared to be dependent on a
transcription factor that regulates virulence (PrfA), since mutants with a PrfA deletion
did not form aggregates.

Secondly, this thesis investigated the effect of Streptococcus pneumoniae on respiratory
epithelium from PCD and healthy individuals. PCD is a chronic respiratory disease
where cellular output of nitric oxide is very low. Pneumococcal challenge of healthy
ciliated epithelium resulted in an increase in nitric oxide, which was not observed in
ciliated epithelium from PCD patients. Conversely, ciliated epithelium from PCD
patients displayed significantly higher levels of some cytokine and chemokines both
before and after pneumococcal infection, compared to healthy ciliated epithelium.
Interestingly, ciliated epithelium from PCD patients with a ciliary static phenotype
displayed the highest levels of cytokine and chemokines, both at basal level and
following pneumococcal infection. As with listeria, pneumococci were also shown to
bind to cilia and form aggregates. This phenomenon appeared to be initiated by
pneumococcal binding to the tip of the cilium. The formation of aggregates was
dependent on neuraminidase A (NanA), a key virulence factor that aids adherence, since
NanA mutants did not form any aggregates.
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Chapter one - Introduction

This chapter is divided into three main sections; in part A the ciliary structure, function
and their relation to disease will be described. Part B is dedicated to the genetic
disorder, primary ciliary dyskinesia and in part C Streptococcus pneumoniae and
Listeria monocytogenes as model organisms that infect the respiratory and ependymal

cilia respectively will be described.

Part A: Cilia

1.1 Cilia

Cilia are hair-like structures that protrude from the surface of cells. Cilia are found
throughout the body in, for example, the upper and lower respiratory tract, Eustachian
tube and sinuses, the middle ear, the lining of the ependymal surface of the brain
ventricles, and in the reproductive tracts in both male and females (Schidlow 1994).
Most of our knowledge regarding cilia comes from the study of model organisms such
as Chlamydomonas (a biflagellated, unicellular algae) or Caenorhabditis elegans (a
free-living, transparent nematode) (Witman et al. 1978, Barr 2005, Wang et al. 2006).
Defects in the ciliary structure are associated with a wide range of human diseases,
including hydrocephalus, primary ciliary dyskinesia (PCD), some forms of retinal
degeneration, and polycystic liver and kidney disease (see reviews: (Afzelius 2004,

Badano et al. 2006, Fliegauf et al. 2007)).

1.2 Classification of cilia

Cilia are classified as either motile or primary cilia. Over the last decade cilia have
regained the attention of the scientific community, mainly due to the recognition of the
importance of primary cilia (see reviews: (Vogel 2005, Benzing and Walz 2006)).

2
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However, mammalian motile cilia remain an important cellular component with
multiple functions. This thesis focuses on motile cilia particularly ependymal and
respiratory cilia. However, before discussing motile cilia in detail, a brief description of

primary cilia is given below.

1.2.1 Primary cilia

Primary cilia are single nonmotile cilia (except motile nodal cilia in vertebrates) and
have a similar structure to that of motile cilia (see 81.3), except they lack inner and
outer dynein arms and the central pair; hence they are termed “nine+zero” cilia. Primary
cilia were first described by Zimmerman more than 100 years ago (Zimmermann 1898)
and for a long time they remained an organelle of obscure function. Over the past few
years this outlook has dramatically changed and primary cilia are now recognised as
sensory organelles for transmission and detection of chemical and mechanical
information from the cell’s extracellular environment. For example, the primary cilia in
the kidney-tubule epithelial cells have been shown to detect flow of urine by bending,
resulting in the transmission of a calcium-mediated signal to the cell (Praetorius and
Spring 2001, Nauli et al. 2003). In a similar manner, motile cilia in the embryonic node
are thought to detect fluid flow, to signal the establishment of left-right asymmetry
during early development (Nonaka et al. 1998, McGrath and Brueckner 2003, Okada et
al. 2005). For a more detailed view on the function of sensory cilia see the recent

review by Badano and colleagues (Badano et al. 2006).

Various diseases have been associated with primary non motile cilia. Abnormal
monocilia may be responsible for diseases such as, Bardet Biedl syndrome,

nephronophthisis and Alstrom syndrome (Badano et al. 2006). Dysfunction of sensory
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primary cilia has been demonstrated in polycystic kidney disease (Nauli et al. 2003,

Yokoyama 2004).

1.2.2 Motile cilia

Motile cilia in humans are located on the apical surface of ependymal cells within, the
central nervous system, on ependymal cells of the ventricles and the spinal canal; the
upper and lower respiratory tract, reproductive organs, including the oviduct, testes and
as sperm flagellae (Ferkol and Leigh 2006). Many diseases are associated with defective
motile cilia. Primary ciliary dyskinesia is one of the most prominent genetic
abnormality involving cilia in the respiratory tract and is discussed in detail in part B of

the introduction. A detailed description of the structure of cilia is given below.

1.3 Ciliary ultrastructure

Cilia are composed of ~250 polypeptides organised into specific multiprotein structures
(Satir 1989, Afzelius 2000, Ostrowski et al. 2002). The axonemes of motile cilia are
constructed from nine doublet microtubules, dynein arms and radial spokes surrounding
a central pair of singlet microtubules (Figure 1.1). This forms the 9+2 arrangement
which extends from the basal body (see §1.3.3.6). The axoneme is a uniform structure
that repeats exactly every 96nm along the ciliary axoneme. The repetitive unit consists
of four outer dynein arms, three inner dynein arms, three radial spokes, and one pair of
interdoublet links (Satir and Sleigh 1990). Each component of the ciliary axoneme will

be discussed in detail below.
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Outer doublet microtubule

AN

Microtubule B Microtubule A

Ciliary membrane

Radial spoke

Inner sheath

Nexin link

Outer dynein arm

Central micvotubule pair Inner dynein arm
with bridge
Figure 1.1 The normal ciliary ultrastructure illustrating the classical ‘9+2’ arrangement. Two
central microtubules (central pair) are enclosed within a central sheath to form the central axis of the
axoneme. This is surrounded by nine microtubule doublets. The doublets consist of an A and B
microtubule. Each doublet is connected by nexin links to the next. From the A doublet, inner and outer
dynein arms project to the adjacent doublet. Radial spokes connect the central sheath to the outer

microtubule doublets.
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1.3.1 Ciliary membrane

Ciliary axonemes are ensheathed by a membrane that extends from, and is continuous
with, the plasma membrane. However, the ciliary membrane is structurally and
functionally distinct from the cell membrane. The ciliary membranes of all cilia contain
specific ion channels and receptor proteins that initiate signalling pathways that
ultimately lead to regulating differentiation, migration, and cell growth during

development and adulthood (Satir and Christensen 2007).

Within the ciliary membrane of mammalian respiratory cilia are two transmembrane
complexes. The first is the ciliary crown (Figure 1.2 A) which was first observed in the
mouse oviduct (Dirksen and Satir 1972) and subsequently in thymic cysts of nude mice
(Cordier 1975), and in the mammalian trachea (Kuhn and Engleman 1978). The ciliary
crown is composed of two regions: An electron dense cap tightly bound to the central
and each peripheral subfibre A microtubule. Dense filaments radiate from this cap to the
second region, the plate or ciliary crown. The crown is composed of 3 to 7 fibres
(bristles) that project out onto the ciliary membrane, have a mean length of 31nm, width
of 9nm and show a periodic structure (Dentler and LeCluyse 1982, Foliguet and
Puchelle 1986). The crown is only present on fully mature cilia, suggesting it may
function as a cap to prevent further ciliary elongation (Kuhn and Engleman 1978,
Dentler and LeCluyse 1982). It has been suggested that the ciliary crown may be
involved with several functions associated with microtubule assembly, as well as ciliary

transport and mucociliary transport (Foliguet and Puchelle 1986).

The second transmembrane complex is the ciliary necklace (Figure 1.2 B and C), which

consists of multiple strands of intramembrane particles extending distally 0.25 um from
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the base of the cilium. The necklace is formed from membranous particles in two to six
parallel rows, 30nm apart, at the base of the ciliary shaft (Gilula and Satir 1972, Dute
and Kung 1978, Thai et al. 2002). The ciliary necklace may have a role in energy
transduction or timing of the ciliary beat, by regulating localised membrane
permeability (Gilula and Satir 1972). It may also assist in attaching the basal body to the
transition zone and ciliary membrane (Dentler 1981, Arima et al. 1985). Evidence to
support this has come from experiments using calcium shock treatment to cause
deciliation. A calcium binding protein, centrin, is found in the area of the ciliary
necklace and following calcium shock it was found that the cilia broke at a point above

the ciliary necklace (Dentler 1981, Satir and Sleigh 1990, Wanner et al. 1996).
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Figure 1.2 (A) Organisation of the surface glycocalyx on the tips of oviduct cilia. The top arrow is
pointing to the ciliary crown and the bottom arrow is pointing to the ciliary cap. Scale bar represents
100um. (B) Longitudinal section of cilia showing the structure of the ciliary membrane in the
transition region. The arrows indicate the regularly arranged surface proteins found on the membrane in
this region. C = longitudinal section of cilia; B= basal body, MV= microvillus and T= transition region.
Scale bar represents 100um. (C) Longitudinal section through the base of the cilia. The arrows are
pointing to six regularly spaced projectors that are extending from the membrane from both sides of the

cilium. Scale bar represents 100um. Taken from (Anderson and Hein 1977).
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1.3.2 Microtubular structures

The microtubules of the 9 + 2 axoneme polymerise from tubulin heterodimers
composed of a- and B-tubulin subunits (Nogales 1999) with the fast polymerising (+)
end at the ciliary tip. The dimers organise in a linear pattern with a slight helical pitch

(Carson and Collier 1988).

Central pair

The central pair of microtubules (Figure 1.1) are two single asymmetric microtubules
that are biochemically distinct (Porter and Sale 2000) and each has a wall composed of
13 protofilaments (Afzelius 2000). The distal portion of the central pair terminates in
the ciliary crown (Dentler 1981) and the proximal portion ends in the axosome (Dute
and Kung 1978). A double bridge spanning 8nm, which repeats every 14nm, is found

between the two central microtubules (Warner 1976).

Peripheral microtubule doublets

The two microtubules of each peripheral pair are more complex than the central pair
and are constructed from two subfibres, A and B (Figure 1.1). Subfibre A is a complete
microtubule composed of 13 parallel protofilaments (A1-A13) onto which the inner and
outer dynein arms attach. Subfibre B is incomplete and contains only 10 protofilaments
(B1-B10). Three intermediate filament proteins, known as tectins A, B and C, as well as
linker proteins, originally named Sp77 and Sp83 in the sea unrchin, are found in the
midwall area common to both the A and B microtubules (Downing and Sui 2007).
Tectin has been shown to be important in the structural stability of the microtubule
doublet, and may control ciliary length (Hagiwara et al. 2000). It is thought that the

linker might regulate axoneme movement by undergoing significant conformational
9
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changes (Downing and Sui 2007). The B microtubule unit ends at the ciliary tip,
however the A microtubule continues as a single filament and attaches to the ciliary
crown (Dentler 1981). The base of the microtubule doublet attaches to a complex
known as the ciliary necklace (Satir and Sleigh 1990). Figure 1.3 gives a detailed image

of the relationship between microtubule doublets and other proteins in the axoneme.

|:| Tubulin protofilament =:| ™

I:I Bridge: Tektin A, B and C proteins

I:I LRaker ApT A /8pE3 :l Inner dynein /
- e - Outer dynein

[ orc B Radial spoke

Figure 1.3 Schematic showing the relationship between microtubule doublets and other proteins in
the axoneme. Subfibre A is a complete microtubule composed of 13 parallel protofilaments onto which
the inner and outer dynein arms attach (numbers 1 to 13 in blue). Subfibre B is incomplete and contains
only 10 protofilaments (numbers 1 to 10 in red). Locations of dynein arms, tubulin protofilaments and
other proteins within the doublets, including nexin, tektin and linker proteins are given. The numbers
represent the subunits. DRC=Dynein regulatory complex. Taken from (Downing and Sui 2007).

10
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1.3.3 Microtubule associated proteins

1.3.3.1 Dynein arms

Dynein is a high molecular protein and functions as a motor to generate the force
needed for motility. The force is generated through adenosine triphosphate hydrolytic
activity sites, which are conserved within nucleotide binding motifs called P-loops
(Gibbons 1995). In the axoneme, dynein complexes are visualised as inner or outer
“arms” and are attached to the A tubule and project towards the B tubule of each
microtubule doublet (Figure 1.1 and 1.3). Both dynein arms are present on each of the
nine peripheral microtubule doublets. During ciliary beating the dynein arms interact

with adjacent microtubules and move the microtubules relative to each other.

Dyneins are members of a large family composed of axonemal and cytoplasmic
dyneins, which are classified according to their size, as heavy, intermediate and light
chains. Around two-thirds of the C-terminal heavy chain makes up the motor domain.
The N-terminal region of the heavy-chain interacts with different intermediate and light
chains to form either an outer or inner dynein arm. As the dynein arms are highly
conserved across phyla, the green ciliated alga, C. reinhardtii, has served as an
important tool for understanding the function and structure of human cilia (Gibbons

1995, Harrison and King 2000).

1.3.3.2 Radial spokes

The membrane sheath surrounding the central microtubule pair is joined to the outer
doublets with T-shaped radial spoke proteins. Each radial spoke consists of a "stalk" and

"head" and these structures are made up of many protein subunits (Yang et al. 2001).

11
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Radial spokes are known to contain at least 17 different proteins, 5 are located in the
head and 12 make up the stalk (Yang et al. 2001). Figure 1.1 shows the stalk structure
of radial spokes binding to the A-tubule of each microtubule doublet, with the spoke
head facing in towards the centre of the axoneme (Yang et al. 2001, Yang et al. 2006).
Radial spokes are known to play a role in the movement of the cilium and also influence
the bending pattern of the cilium. It has been shown that mutant organisms, that lack
functioning radial spokes, have immotile cilia (Yang et al. 2006). It is not understood
how radial spokes carry out their functions, although they are thought to interact with
both the central pair microtubules and the dynein arms. RSP3, is one of the radial spoke
subunits and an anchor protein, which is thought to hold a protein kinase A that
interacts with dynein arms and regulates ciliary beating (Figure 1.4) (Wirschell et al.

2008).

<«—— M-dynein

«—— Radial spokes

Figure 1.4 Model showing the RSP3 dimer at the base of the radial spoke stalk. RSP3 is required for
anchoring the radial spoke to the A tubule of the outer doublet. PKA=protein kinase A. Adapted from
(Wirschell et al. 2008).
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1.3.3.3 Nexin links

The adjacent outer doublet microtubules are connected by a flexible linker protein
called nexin. Figure 1.3 shows nexin linking the A9-A11 protofilaments of the A tubule
in one doublet to the B2 protofilament in the adjacent B-tubule doublet (Nicastro et al.
2006, Sui and Downing 2006). Nexin is proposed to be part of the regulatory process
that maintains a regular ciliary beat (Woolley 1997). It is thought that due to the zigzag
structure and its close relationship to the dynein regulatory complex, the stretching of
nexin may play a role in the regulation and coordination of the dynein arms (Woolley

1997).

1.3.3.4 Dynein regulatory complex

The dynein regulatory complex is thought to mediate signals between dynein arms,
nexin links and radial spokes to regulate ciliary beating (Gardner et al. 1994, Meeks and
Bush 2000, Porter and Sale 2000). This complex is a group of seven polypeptides,
several of which are clustered on subfibre A, located at the tip of the base of the second
radial spoke in close association with the inner dynein arm (Figure 1.3) (Gardner et al.

1994, Woolley 2000).

1.3.3.5 Other microtubule associated proteins

Dynein is not the only molecular motor within the ciliary axoneme. The proteins Kinesin
and myosin have been associated with inner singlet microtubules and the basal bodies,
respectively (Wanner et al. 1996). Other molecular processers and messenger systems
have also been identified as structural components within the axoneme (Smith 2002).

Examples are kinases, phosphatases and calcium binding proteins that are bound to the
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axoneme and are thought to have a role in ciliary function. Table 1.1 lists these

molecules.

Table 1.1 Kinases, phosphatases and calcium binding proteins bound to the ciliary axoneme.

Kinase Location

Protein kinase A axoneme (Smith 2002)

A-kinase anchor proteins  central microtubules and radial spokes (Kultgen et al. 2002)

Calmodulin binding kinase radial spokes (Porter and Sale 2000)

Casein kinase outer doublets (Kultgen et al. 2002)

Centrin/catractin inner dynein arms (Smith 2002)

1.3.3.6 Basal body

At the base of the cilium is the basal body, which is held within the apical domain of the
cell cytoplasm by a macromolecular complex. The basal body consists of nine
microtubule triplets; each triplet is composed of one complete A tubule and incomplete

B and C tubules (Haimo and Rosenbaum 1981).

1.4 Mechanism of motion

The beat pattern of cilia is asymmetric and consists of two main strokes: a fast forward
effective stroke (power stroke), followed by a slower recovery stroke (Chilvers and

O'Callaghan 2000a). During the effective stroke the cilium is fully extended and during
14
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the recovery stroke the cilia bends 90° and sweeps back to the starting point (Figure 1.5)
(Chilvers and O'Callaghan 2000a). The mechanism of ciliary motion depends on the
molecular motors (outer and inner dynein arms) built into the axoneme which act to
produce force that cause the doublet microtubules to slide with respect to one another
(Satir 1989). The C terminus of B1, B4 and B5 tubules of the microtubule A doublet
(Figure 1.3) have been shown to be critical for this interaction as antibodies against
these structures have been shown to inhibit the movement of isolated bovine axonemes
(Vent et al. 2005). Analysis of ciliary beating patterns in patients with PCD has
revealed that mammalian cilia regulate their bending form by means of inner arms and
their frequency by means of outer dynein arms (de longh and Rutland 1995, Chilvers et
al. 2003a). The central pair divides the axoneme into opposite halves. The motors on
one side of the axoneme are mainly active during the effective stroke while the motors
on the other side are predominantly active during the recovery stroke (Antunes and
Cohen 2007). The stroke orientation is dictated by the orientation of the basal body of
the axoneme (Satir 1999, Lee et al. 2005). In addition, ciliary activity accelerates in
response to a variety of chemical (Wong et al. 1990, Jain et al. 1993), mechanical
(Sanderson and Dirksen 1986), hormonal (Sanderson and Dirksen 1989, Jain et al.
1995, Gheber et al. 1998) and thermal stimuli (Mwimbi et al. 2003), through second
messenger cascades resulting in alterations of the phosphorylation status of axonemal

proteins (Wang and Satir 1998, Zagoory et al. 2002, Gertsberg et al. 2004).
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Figure 1.5 Planes of view used to observe and record the ciliary beat cycle and beat frequency. (A)
Side profile of the ciliary beat pattern. (B) Beat angle a, the cilium is viewed beating forward from the
plane of the paper. The beat angle is formed by the point of maximum deviation of the cilium during the
recovery stroke from the path the cilium travels during the power stroke. Taken from (Chilvers and

O'Callaghan 2000a).
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1.5 Ciliogenesis

Ciliogenesis is a complex series of events involving the production and docking of basal
bodies at the apical membrane, followed by generation of the ciliary axoneme (Pan et al.
2007). More and more mutations in genes with roles in ciliogenesis have been
implicated in human diseases (Ibanez-Tallon et al. 2003). Environmental factors such as
respiratory viruses and cigarette smoke also affect cilia, causing ciliary loss and require
intact mechanisms of ciliogenesis for repair (Sisson et al. 1994, Look et al. 2001,
Ibricevic et al. 2006). Mechanistically, many concepts of ciliogenesis and cilia
assembly are based on the analysis of transmission electron micrographs from

developing ciliated airways provided over a quarter of a century ago (Sorkin 1968).

One of the earliest known steps marking the onset of ciliogenesis is the generation of
centrioles through a process that requires y-tubulin nucleation (Dutcher 2003). The
centrioles then become basal bodies upon docking at the apical membrane of the cell,
where axoneme assembly follows (Pan et al. 2007). This stage requires an active
remodelling of the cytoskeleton to provide a dense actin net or web at the apical
membrane for basal body docking (Pan et al. 2007). The establishment of this actin net
in ciliated airway epithelial cells relies heavily on small GTPases, and particularly
RhoA (Pan et al. 2007). Some genes that regulate ciliogenesis have been identified.
Transcription factor Foxj1 is required for docking basal bodies at the apical membrane
and subsequent axoneme production (Brody et al. 2000, You et al. 2004). It has also
been shown to promote RhoA activity and is required for apical actin localisation (Pan
et al. 2007). Transcription factor, hepatocyte nuclear factor 3/forkhead homolog 4

(HFH-4), has been shown to be involved in regulating the morphogenesis of
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mammalian motile cilia (Brody et al. 2000). Transcription factors TTF1 and Foxa2
(HNF-3B) have also been shown to be expressed in ciliated epithelial cells prior to

ciliogenesis (Stahlman et al. 1998).

Axoneme assembly occurs as multiprotein complexes are transported along the
microtubules bidirectionally for assembly and maintenance of cilia in a process termed
intraflagella transport (Kozminski et al. 1993). Intraflagella transport studies have
revealed that dyneins, and other building blocks of cilia, dock at the basal body while
awaiting transport to the distal axoneme by kinesin motor proteins (Brody 2004). After
the cargo is deposited and axonemal turnover products picked up, the complexes are
moved back towards the base by a cytoplasmic dynein (Rosenbaum and Witman 2002,
Scholey 2003). This process in which proteins are loaded onto the intraflagella transport
particles at the ciliary base, and are transferred across the ciliary compartment, is known
as compartmentalisation ciliogenesis (Avidor-Reiss et al. 2004). The intraflagella
transport process also controls ciliary length. Figure 1.6 shows a schematic of
intraflagella transport. Mutations or deficiencies in intraflagella transport components
are hypothesised to be the basis of defects in sensory cilia in some forms of polycystic
kidney disease and retinitis pigmentosa (Brody 2004, Wilson 2004, Zhang et al. 2004).
In motile cilia, mutations in dyneins may also result in a “traffic jam” at the basal body
or proximal axoneme, leading to failed transport of ciliary motor proteins and
subsequently a PCD phenotype (Fliegauf et al. 2005). These studies emphasise the
impact of a dynein mutation and provide one mechanism for failure of dynein arm

formation in PCD. For more information see the review by Eggenschwiler et al. (2007).
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Figure 1.6 Diagram showing the main features of intraflagella transport. (A) IFT complexes and the
associated cargo required for cilia assembly and maintenance gather around the base of the growing
cilium awaiting transport to the distal tip. (B) Transport to the distal tip is powered by the motor protein
kinesin Il. This is known as anterograde transport (transport of molecules from the cell body, mediated by
kinesins). (C) Once at the distal tip complex, the anterograde cargo is unloaded, turnover cargo is picked
up, and the kinesin Il motor is inactivated for transport back to the cytoplasm. (D) Then the cytoplasmic
dynein 1b, itself an anterograde cargo protein, is activated to power the retrograde trip back to the
cytoplasm. Retrograde transport involves the transport of molecules back to the cell and is mediated by
dynein proteins. (E) At the base, the retrograde apparatus is disassembled, potentially allowing IFT
components to be reused. Adapted from (Eggenschwiler and Anderson 2007).
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1.6 Ependymal cilia

The ependyma is a single, uninterrupted, layer of squamous to columnar ciliated cells
that lines the cerebral ventricles, cerebral aqueducts and the central canal of the spinal
cord (Del Bigio 1995). Figure 1.7 shows the ciliated ependymal cells from the fourth
ventricle of a rat brain. Ependymal cells arise from the germinal matrix in the
developing brain surrounding the ventricular system (Sturrock and Smart 1980, Gould
et al. 1990). Each ependymal cell has approximately 40 cilia, approximately 8 um long,
that beat continuously at a frequency of around 40 Hz (Del Bigio 1995, O'Callaghan et
al. 1999), moving the CSF and cellular debris close to the ventricular wall in the
direction of CSF flow (Cathcart and Worthington 1964, Shimizu and Koto 1992). Other
recognised functions of the ciliated ependymal cells include, acting as neural stem cells
(Johansson et al. 1999), and locally mixing the CSF thus minimising the unstirred CSF
layer over the ependyma and optimizing the distribution of neuronal messengers in the
CSF (Roth et al. 1985). By keeping the surface of the brain and aqueducts clear of
debris the ciliated ependymal cells may have a role in host defence (Mohammed et al.

1999, Hirst et al. 2003).
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Figure 1.7 Scanning electron micrograph of ciliated ependyma of the fourth ventricle in a rat brain.
The arrow is pointing to cilia. The brain slice is 200um thick. Scale bar represents 100 um. This image

was taken by Andrew Rutman, University of Leicester.
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1.6.1 Cerebral spinal fluid (CSF)

The cerebrospinal fluid (CSF) is located within the ventricles, spinal canal, and
subarachnoid spaces (Han and Backous 2005). The CSF is secreted from two sources at
the rate of 0.35 ml/min (Jorgensen 1988). First it is actively secreted by the choroid
plexus, present in each of the four ventricles and second, as the CSF travels along the
brain vasculature, it picks up an additional contribution of volume derived from the
products of brain metabolism (Bradbury and Lumsden 1979). The CSF makes up 10-
20% of brain weight (Bradbury and Lumsden 1979). The choroid plexus has an
epithelial lining with highly vascularised tissue and forms a barrier between the CSF
and blood by tight junction coupling (Grondona et al. 1998). CSF moves within the
ventricles and subarachnoid spaces under the influence of hydrostatic pressure
generated by its production (Johanson et al. 2008). The movement of CSF through the
ventricular system occurs from the lateral ventricles to the third ventricle via the
foramen of Munro, then through the Sylvain aqueduct to the fourth ventricle and finally
into the cisterna magna of the subarachnoid space and the central canal of the spinal
cord (Figure 1.8) (Picketts 2006). CSF fluid is then removed through the arachnoid villi

into the venous circulation (Picketts 2006).

The CSF has many roles including, acting as a cushion for the brain, allowing the
distribution of neuroactive substances, and is the "sink" that collects the waste products
produced by the brain (Han and Backous 2005). It is thought that the flow of CSF may
also be crucial for neuronal function, although it is not known how the direction of CSF
movement in the ventricles is established, or its associated functional consequences
(Killer et al. 2007). Recently, Sawamoto et al. found that the CSF flow correlated with

the planar polarity of the ependymal cells that line the ventricles and the orientation of
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neuroblasts migration (Sawamoto et al. 2006). Also, the chemorepulsive factors present
in the choroid plexus are distributed in a gradient that corresponds to the direction of
CSF flow and neuronal migration (Sawamoto et al. 2006). Neuroblasts in the adult brain
are formed in the subventricular zone and then travel to their final destination in the
olfactory bulb. In Tg737°% mutant mice, which have severe defects in ciliary motility,
the CSF flow is abnormal and only around 9% of the neuroblasts generated in the
subventricular zone reach the olfactory bulb (Sawamoto et al. 2006). Therefore,
Sawamoto and colleagues proposed that the coordinated beating of the ependymal cilia,
and thus the CSF flow, produces a chemorepulsive gradient in the subventricular zone

that may help guide neuroblasts towards the olfactory bulb.
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Butarachnod space

Caontral canal of
spinal oced

Figure 1.8 Diagrammatic section through the human brain showing the CSF flow. The movement of
CSF thorough the ventricular system occurs in a rostrocaudal direction, from the lateral ventricles to the
third ventricle via the foramen of Munro, then through the Sylvain aqueduct to the fourth ventricle and
finally into the cistern magna of the subarachnoid space and the central canal of the spinal cord. CSF fluid

is then removed through the arachnoid villi into the venous circulation. Taken from Picketts (2006).
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1.6.2 Regulation of ciliary beat frequency (CBF) and CSF flow in the ependyma

It is thought that the CBF is regulated by an increase in cytosolic Ca ** levels (Nguyen
et al. 2001). Nguyen and colleges have shown that the CBF of ciliated ependymal cells
is mediated by the activation of serotonin (5-HT) receptors, resulting in 1Pz (inositol
1,4,5-triphosphate) mediated release of Ca ** from intracellular Ca 2* stores (Nguyen et
al. 2001). The initial elevation of cytosolic Ca ** levels then causes a prolonged increase
of intracellular Ca ** due to the opening of Ca °* release-activated Ca ** (CRAC)
channels in the plasma membrane (Nguyen et al. 2001). It is also thought that the
binding of ATP to a purinergic receptor, which activates adenylate cyclase to generate
CAMP, inhibits ciliary beating (Nguyen et al. 2001, Monkkonen et al. 2007). Figure 1.9
presents a model by Nguyen et al. (2001) for these pathways. Other regulatory
mediators of CBF include the Gaj; G protein, which is localised in the ventricular
regions including the ependymal cilia (Monkkonen et al. 2007). Monkkonen and
colleagues have shown that knockdown of Gai, by specific antisense oligonucleotides
resulted in ciliary stasis on cultured rat ependymal cells in vitro and hydrocephalus in
the rat in vivo (Monkkonen et al. 2007). This demonstrates an essential role of Gai, in
ciliary function and CSF volume (Monkkonen et al. 2007). Other studies have also
demonstrated a role for pituitary adenylate cyclase-activating polypeptide type 1
receptor (PACL1) in the regulation of CSF circulation and development of hydrocephalus
(Lang et al. 2006, Picketts 2006). Activation of PAC1 receptors with pituitary adenylate
cyclase-activating polypeptide, has also recently been shown to reduce ciliary beat
frequency and ciliary amplitude in primary cultures of rat brain ependymal cilia

(Mnkkonen et al. 2008).
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Figure 1.9 Two independent pathways, involving 5-HT and ATP, with opposing effects on ciliary
beating of ependymal cells. In the first pathway exposure to 5-HT increases ciliary beating by activating
a 5-HT receptor, that triggers the generation of intracellular IP3, which releases Ca®* from intracellular
Ca”" stores. The released Ca** mediates the opening of CRAC channels that results in the influx of Ca*
from the extracellular environment. The increases in Ca®* ultimately increase CBF by an as yet
unidentified mechanism. In contrast in the second pathway, ATP binding activates the production of
intracellular cAMP, which inhibits CBF by a still to be identified mechanism. Adapted from (Nguyen et
al. 2001).
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1.6.3 Ependymal ciliary defects and disease

Abnormal movement of the ependymal cilia, and thus the CSF flow, has been strongly
linked to the development of hydrocephalus (Shimizu and Koto 1992, Picco et al. 1993,
Hirst et al. 2003, Ibanez-Tallon et al. 2004, Banizs et al. 2005, Sawamoto et al. 2006).
Hydrocephalus is a progressive pathological condition characterised by excessive
accumulation of CSF in the brain ventricles. Hydrocephalus can be caused in a number
of ways; impaired CSF flow, excess CSF production or lack of CSF reabsorption (Bruni
et al. 1985, Garton and Piatt 2004). Damage of the ciliated ependyma by bacteria such
as S. pneumoniae or L. monocytogenes can also lead to hydrocephalus (Grafe et al.

2001, Hirst et al. 2003).

Hydrocephalus is also seen in patients and small animals with primary ciliary
dyskinesia (Koto et al. 1987a, Koto et al. 1987b). Primary ciliary dyskinesia is an
inherited condition in which all of the cilia are immotile or beat in a dyskinetic fashion
(Chodhari et al. 2004), making them inefficient in propelling fluid or mucus (see part B
of the introduction). Further insight into the connection between dysfunctional cilia and
the development of hydrocephalus was recently demonstrated. Banizs and colleagues
have shown that severely dysfunctional and malformed cilia in the choroid plexus
resulted in disturbed cAMP-regulated chloride transport, leading to excess CSF
production and hydrocephalus (Banizs et al. 2005). Also, Omran and colleagues have
shown that dysfunction of the axonemal dynein heavy chain (Mdnah5) inhibited
ependymal flow leading to hydrocephalus formation (Ibanez-Tallon et al. 2004). An
inhibitor of ciliary movement, metavanadate, has also been shown to induce

hydrocephalus in rats (Nakamura and Sato 1993).
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1.7 Lung/ Respiratory cilia

The lung is the largest epithelial surface exposed to the environment and is constantly at
risk of exposure to respiratory pathogens and toxic environmental agents (Chilvers and
O'Callaghan 2000b). The respiratory epithelium primarily consists of two types of cells,
mucus producing goblet cells and ciliated cells (80%) (Antunes and Cohen 2007).
Epithelial basal cells have the potential to divide and differentiate and are the main
airway epithelial progenitor cells from which ciliated columnar epithelial cells, goblet
cells and clara cells derive (Inayama et al. 1988, Hong et al. 2004). Basal cells have a
cobbled stone like appearance and do not extend up to the surface layer; consequently
the respiratory epithelium has a pseudostratified structure (Widdicombe et al. 1985,

Liedtke 1988) (Figure 1.10).

Approximately, 200 cilia project from the respiratory cell surface (Rhodin 1966), with a
density of around 6-8um™ (Figure 1.11). Each cilium is approximately 6-7 um long in
the trachea and 2-3 um long in the lower airways (Wanner et al. 1996, Houtmeyers et
al. 1999), although the width of the cilium is constant, at around 0.2-0.3um in diameter
(Breeze and Wheeldon 1977, Sleigh et al. 1988, Kim et al. 1997). However, recent
research suggests that the ciliary length is maintained in the distal airways with normal
ciliary beat frequency and beat pattern (personal communication with Professor Chris
O’Callaghan). The respiratory epithelium provides a protective barrier and is composed
of two surface liquid layers: the periciliary liquid layer which is a watery fluid that
surrounds the cilia on the apical surface of the ciliated cell and provides an ideal
environment (low viscosity) for cilia to beat at a frequency of 11 to 14 Hz (Salathe et al.

1997, Knowles and Boucher 2002, Chilvers et al. 2003b), and the mucus layer which is
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rich in mucins and overlays the periciliary layer (Matsui et al. 1998a). The vast majority
of the ciliary stroke occurs in the periciliary fluid with only the distal tip of the cilia

when fully extended making contact with the outer mucus layer.

Figure 1.10 Light microscope image showing the cobbled stone appearance of Human respiratory
basal cells in culture. Scale bar represents 20um.
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Figure 1.11 Scanning electron micrograph of human ciliated respiratory epithelium. Scale bar

represents 100pum. Taken by Andrew Rutman, University of Leicester.

1.7.1 Respiratory mucus and mucociliary clearance

The lung and nasal passages are constantly at risk of exposure to respiratory pathogens
and toxic environmental agents, and have evolved a very effective defence system
(Stannard and O'Callaghan 2006). A primary innate airway defence mechanism is via the
mechanical clearance of mucus and microbes trapped therein (Boucher 1994b, Boucher

1994a, Wanner et al. 1996).

Mucus is produced by goblet cells and submucosal glands found in the surface
epithelium of the upper and lower respiratory tract (Antunes and Cohen 2007). They
secrete high molecular weight mucous glycoprotein’s, termed mucins, to protect the
epithelial lining from the battery of dust, fumes, microorganisms and other inhaled

debris (Antunes and Cohen 2007). The mucins are the product of at least two distinct
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genes, MUC5AC and MUCS5B (Verdugo et al. 1983b) and these proteins mix with other
proteins, lipids and glycoconjugate components in fluid to form mucus. Mucus is
approximately 1% NaCl, 1% free protein and 1% mucins, with the remainder being
water (Houtmeyers et al. 1999). Additionally, mucus contains innate immunity proteins,
such as lactoferrin and lysozyme which aid in the local immune defences (Sleigh et al.
1988). Mucus interacts with the tips of beating cilia and is moved towards the mouth
and swallowed. Particles trapped in the mucus are thereby removed from the airways, a
process termed mucociliary clearance (Wanner et al. 1996). This requires appropriate
mucus/periciliary fluid production and coordinated ciliary activity to function

effectively (Wanner et al. 1996)

The lung also possesses an additional mechanism, namely cough clearance, to clear
mucus from the lung. This is independent of ciliary action. However, the periciliary
liquid layer has been shown to be an important contributor to the efficiency of cough
clearance (Zahm et al. 1989). In particular, the lubricating function of the periciliary
liquid layer facilitates mucus movement along airway surfaces in response to cough
(Knowles and Boucher 2002). Various studies have demonstrated complex interactions
among cilia, the periciliary liquid layer and the mucins in the mucus layer (Matsui et al.

1998a, Matsui et al. 1998Db).

1.7.2 Regulation of CBF in the airways

Regulation of ciliary beat frequency is important as it has a direct effect on mucociliary
clearance. For some time, it has been thought that the engagement of the ciliary tip with
the mucus layer in the airway is critical for adequate mucociliary clearance (Salathe

2007). Tarran and colleagues have shown that the periciliary fluid level appears to
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remain reasonably stable if mucus is present, and the addition of fluid to the system
seems to swell the mucus layer, with little influence on the periciliary fluid level (Tarran
et al. 2001). However, the efficiency of mucus transport is improved by the addition of
fluid to the system (Tarran et al. 2001). Pseudohypoaldosteronism is a genetic disease
resulting in an increased amount of airway surface liquid, and mucociliary clearance in
these patients is the highest measured (Kerem et al. 1999). These data therefore suggest
that mucociliary clearance in the airways does not operate at full capacity under normal

conditions.

When measured in vitro, human respiratory cilia beat at approximately 12-15 Hz at
body temperature. Cilia seem to beat in a coordinated manner (metachronal waves),
although the mechanism for this coordination is still speculative (Braiman and Priel
2008). It has been suggested that the close spatial relationship of cilia is important for
some coordinated beating (Salathe 2007). Also, as at least in part the environment in
which cilia beat consists of fluid, significant hydrodynamic forces must exist between
beating cilia. It is thought that these hydrodynamic interactions are the most important
factor for ciliary coordination on epithelial surfaces (Gheber et al. 1998) and may
explain why the lengths of metachronal waves are limited (Sanderson and Sleigh 1981,

Gheber and Priel 1989).

The changes in airway CBF in vivo are mediated mainly through the stimulation of
receptors by naturally released ligands. Most effects stem from the activation of G
protein—coupled receptors (e.g., P2Y2, adenosine, bradykinin, and muscarinic
acetylcholine receptors), although mechanical influences may also play a role

(Sanderson et al. 1994). Also, ATP (Homolya et al. 2000, Kawakami et al. 2004),
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acetylcholine (Racke and Matthiesen 2004) and hyaluronan (Lieb et al. 2000, Forteza et
al. 2001) are a few of the known, endogenously produced, molecules that regulate

human CBF from the luminal side of the airway.

1.7.2.1 Regulation of CBF by cyclic nucleotides

Cyclic adenosine monophosphate (cCAMP) and cyclic guanosine monophosphate
(cGMP) are both cyclic nucleotide messengers with regulatory roles for ciliary beat
frequency (Wanner et al. 1996, Wyatt et al. 1998). Cyclic AMP is synthesised by
activation of adenyl cyclase following receptor stimulation (Wyatt et al. 1998).
Intracellular increases in CAMP concentration cause an increase in ciliary beat
frequency (Di Benedetto et al. 1991b, Wyatt et al. 1998). This is thought to occur via
activation of cCAMP-dependent protein kinase A, which then alters phosphorylation of
specific axonemal target proteins, such as the dynein light chains (Lansley et al. 1992,
Wanner et al. 1996, Uzlaner and Priel 1999). There are numerous lines of evidence
linking protein kinase A and a cAMP-dependent phosphorylation-mediated event to
CBF increases in the mammalian cilium. First, an A-kinase anchoring protein has been
found in human airway cilia (Kultgen et al. 2002). Also, protein kinase A and protein
kinase A activity have been found in mammalian cilia from multiple species (Salathe et

al. 1993, Sisson JH 2000, Wyatt and Sisson 2001, Kultgen et al. 2002).

Cyclic GMP has been shown to be involved in CBF regulation, at least in some
mammalian species (Geary et al. 1995, Wyatt et al. 1998, Uzlaner and Priel 1999,
Zhang and Sanderson 2003). However, how cGMP regulates CBF remains unknown

and it is not as well understood as the cAMP-dependent pathway.
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1.7.2.2 Role of protein kinase C

Protein kinase C is resident in the cell membrane and is activated by diacyl glycerol, a
bi-product formed when inositol triphosphate is generated from the hydrolysis of
phophatidylinositol 4,5- bisphosphate (Poole et al. 2004). In contrast to protein kinase
A, protein kinase C activation causes a reduction in beat frequency and this observation
has been consistent in all mammalian cilia examined (Wanner et al. 1996, Wong et al.

1998, Wyatt et al. 2000).

1.7.2.3 Role of calcium in ciliary beat regulation

Intracellular calcium, [Ca*'];, plays a key role in regulating ciliary beat frequency and is
tightly controlled (Braiman et al. 1998, Uzlaner and Priel 1999). Elevation of [Ca®"]; is
associated with an increase in CBF (Verdugo 1980, Girard and Kennedy 1986,
Sanderson and Dirksen 1989, Villalon et al. 1989, Sanderson et al. 1990, Di Benedetto
et al. 1991a, Lansley et al. 1992, Salathe and Bookman 1995). Similarly, a fall in [Ca®*];
causes a decrease in CBF (Salathe and Bookman 1995, Wanner et al. 1996). The
calcium that mediates the increase in CBF can stem from either intracellular stores or
from calcium influx through the plasma membrane (Salathe et al. 1997, Barrera et al.
2004). There is still no agreement how calcium regulates CBF but several mechanisms
have been proposed. One of the suggested mechanisms in calcium mediated regulation
of CBF involves calmodulin and a calcium/calmodulin-dependent kinase, as calmodulin
inhibitors blocked calcium-mediated increases in CBF (Verdugo et al. 1983a, Di
Benedetto et al. 1991a). However, calcium/calmodulin-dependent kinase targets have
not been found in mammalian cilia and the calmodulin inhibitors used in previous

studies were found to be ciliotoxic (Salathe 2007). Also, other calmodulin inhibitors
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have been shown not to inhibit calcium’s ability to increase CBF (Salathe and Bookman
1999). Thus, these data do not support a role for calcium/calmodulin-dependent kinase

and calmodulin in calcium's regulation of mammalian CBF.

1.7.2.4 Regulation of CBF by intracellular pH

Sutto and colleagues have shown that relatively small changes of intracellular pH, have
profound effects on CBF and these changes influence the axoneme directly (Sutto et al.
2004). Their data show that intracellular alkalization results in faster ciliary beating in
human tracheobroncal epithelial cells, whereas intracellular acidification attenuates
CBF (Sutto et al. 2004). There is also evidence for direct axonemal beat regulation by
intracellular pH. Keskes et al have shown that human spermatozoa lacking outer dynein
arms failed to exhibit higher beat frequency during mild alkalisation, in contrast to
normal spermatozoa (Keskes et al. 1998). This suggests that the outer dynein arm

activity, which is determining ciliary frequency, may be directly sensitive to pH.

1.7.3 Nitric Oxide in the respiratory tract

The presence of nitric oxide in the respiratory tract was first demonstrated by the
discovery of nitric oxide in exhaled air (Gustafsson et al. 1991). Nitric oxide is a
signaling molecule, produced from L-arginine by nitric oxide synthases (CNOS) present
in epithelial cells (Asano et al. 1994, Watkins et al. 1998). Three mammalian isoforms
have been identified: nNOS (neuronal NOS), INOS (inducible NOS) and eNOS
(endothelial NOS) and all are expressed within the respiratory tract (Moncada and Higgs
1993). eNOS and nNOS are primarily expressed in endothelial and neuronal cell types,
respectively, and require calcium and calmodulin for their activation. These two

isoforms are highly dependent on increases in intercellular Ca** for enzyme activation
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(Gaston et al. 1994). In the bronchial epithelium, eNOS is localized at the basal
membrane of ciliary microtubules, and mediates regulation of ciliary beat frequency (Li
et al. 2000, Gertsberg et al. 2004). nNOS generates nitric oxide as a major mediator of

smooth muscle relaxation (Belvisi et al. 1992).

The third isoform, iINOS, is induced during inflammatory conditions and is present in
cells of the inflammatory immune system (Alderton et al. 2001). Patients with allergic
rhinitis have been shown to have increased iNOS in nasal epithelial cells, suggesting a
role in affecting the inflammatory process (Kawamoto et al. 1999). iNOS activity has
also been reported to promote airway epithelial cell migration and wound repair
following epithelial injury (Bove and van der Vliet 2006). Although under normal
conditions iNOS is continuously expressed in human airway epithelial cells (Guo et al.

2000).

Within the nose and respiratory tract the postulated functions of nitric oxide include
antimicrobial activity (Croen 1993, Braun et al. 1999) and upregulation of ciliary

motility (Jain et al. 1993, Runer et al. 1998).

1.7.4 Respiratory ciliary dysfunction and disease

Mucociliary clearance relies on normal ciliary function and mucus composition, and
diseases arise if any of its components are compromised (Antunes and Cohen 2007).
The abnormal movement of airway cilia is seen in patients with primary ciliary
dyskinesia (PCD). This is due to various ultrastructural defects (Chilvers et al. 2003a),
resulting in the dyskinetic cilia markedly reducing the ability of cilia to propel fluid or
mucus (impaired mucociliary clearance). As a result PCD patients often present with

chronic airway infections and recurrent middle ear infections (Eliasson et al. 1977).
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Other conditions such as an influenza infection can also lead to impaired mucociliary
clearance leading to secondary ciliary dyskinesia (Marcelo et al. 2009). Also, in patients
with cystic fibrosis the height of the periciliary layer is significantly reduced, due to
abnormal mucus production, leading to impaired mucociliary clearance and therefore
facilitating the persistent growth of bacterial pathogens (De Rose 2002). Figure 1.12
shows an electron microscope image of healthy human ciliated epithelium and Figure

1.13 shows damaged epithelium as a result of disease.
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Figure 1.12 Transmission electron microscopy image of healthy ciliated human airway epithelilium.
The cell membrane is intact. The scale bar represents 2um. Taken by Andrew Rutman (NCG PCD
clinical referral service in Leicester).
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Figure 1.13 Transmission electron microscopy image of damaged ciliated human airway
epithelilium. The cells are dying and separating from one another. The scale bar represents 2pum. Taken
by Andrew Rutman (NCG PCD clinical referral service in Leicester).
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Part B: Primary Ciliary Dyskinesia (PCD)

1.8 History

The first people to describe a syndrome of sinusitis, bronchiectasis and situs inversus
were Siewert in 1904 and Kartagener in 1935 (Meeks and Bush 2000). This triad is
known as Kartagener’s syndrome and is caused by a congenital reduction or absence of
ciliary function (Meeks and Bush 2000). In 1976, Afzeilus was the first to associate this
triad with structural defects in the dynein arms of the respiratory tract cilia (Afzelius
1976). He coined the term “‘immotile cilia syndrome’’. Primary ciliary dyskinesia is
now the preferred term as it is now recognised that ciliary motility is not always absent,
but can be reduced and the cilia may move in a dyskinetic fashion in this condition

(Greenstone et al. 1988).

1.9 Pathophysiology

Respiratory cilia have the most relevance in the pathophysiology of primary ciliary
dyskinesia (Schidlow 1994). The epithelia of the upper and lower respiratory tract is
covered with motile cilia that function to constantly move inhaled particles, cell debris,
and microbes towards the throat (Fliegauf et al. 2007). This process is termed
mucociliary clearance. Due to lack of mucociliary clearance in PCD patients, recurrent
infections of the upper and lower respiratory tract ultimately cause permanent lung
damage such as bronchiectasis (Meeks and Bush 2000, Geremek and Witt 2004).
Deficiencies in dynein arms on the outer microtubular doublets of cilia are the most
common ciliary abnormality associated with PCD (Afzelius 1976). There are a number

of other deficiencies including a lack of the inner or outer dynein arms, or a complete or
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partial lack of both inner and outer dynein arms (Chao et al. 1982). Less common
causes of PCD have also been reported such as, a radial spoke defect (Sturgess et al.
1979) a lack of central core structures in cilia (Afzelius 1979), and a microtubular
transposition (Sturgess et al. 1980). Electron microscopy images from cross sections of
the ciliary axoneme from a healthy subject and PCD patients are shown in Figures 1.14,
1.15 and 1.16. Table 1.2 summarises the reported axonemal defects associated with
PCD. It is likely that due to the multiple polypeptides that compose the cilium, further
defects exist which are beyond the resolution of the electron microscope (Chao et al.

1982, Biggart et al. 2001).
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Figure 1.14 Transmission electron microscopy images of a cross section through the axoneme of
cilia from human airway epithelial cells. The cross sections reveal A) the classic 9+2 microtubule
structure from a normal individual. Nine peripheral microtubule pairs with their associated inner and
outer dynein arms surround the central microtubule pair (circled area). B) Axoneme from a PCD patient
demonstrating absent inner and outer dynein arms (circled area). C) Axoneme from a PCD patient
demonstrating absent outer dynein arms (circled area). D) Axoneme from a PCD patient demonstrating
absent inner dynein arms and axonemal transposition due to radial spoke defect (circled area). E)
Axoneme from a PCD patient demonstrating central microtubular agenesis, in which the central
microtubule pair is absent (circled area). F) Axoneme from a PCD patient demonstrating ciliary
transposition. A peripheral outer microtubule doublet and its dynein arms have transposed to the centre of
the axoneme to replace the absent central microtubule pair (circled area). Bar is 100 nm. Taken by
Andrew Rutman (NCG PCD clinical referral service in Leicester).
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Figure 1.15 Transmission electron microscopy image of cilia from human airway epithelial cells.

The longitudinal sections reveal A) normal peripheral microtubule structures. B) abnormal axoneme
demonstrating ciliary transposition. A peripheral outer microtubule doublet have transposed to the centre
of the axoneme (arrow). The scale bar represents 100 nm. Taken by Andrew Rutman (NCG PCD clinical

referral service in Leicester).
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Figure 1.16 Electron microscopy images of cilia from human airway epithelial cells. A rectangular
box has been placed surrounding the central pair axoneme to show ciliary orientation. The cross sections
reveal A) normal ciliary orientation. B) abnormal ciliary orientation from a PCD patient. Al and B1) for
clarity the axonemes have been removed and the ciliary orientation displayed. Taken by Andrew Rutman

(NCG PCD clinical referral service in Leicester).
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Table 1.2 Reported axonemal defects associated with PCD

Structure Defect Reference
No outer (Neustein et al. 1980, Levison et al.
1983)
Dynein arms
No inner (Greenstone et al. 1988)
No outer and inner (Afzelius 1976, Pedersen and Mygind
1976)
Ciliary disorientation (Rutman et al. 1993, Rayner et al.
1996)
Transposition defects (Sturgess et al. 1980)
Axoneme Abnormally long (Afzelius et al. 1985, Niggemann et
structures

al. 1992)

Abnormally short

(Rautiainen et al. 1991)

Ciliary aplasia

(Richard et al. 1989, DeBoeck et al.
1992)

Central microtubular agenesis

(Stannard et al. 2004)

Defective radial spokes/inner arm
defect

(Sturgess et al. 1979, Antonelli et al.
1981)

Basal apparatus

Abnormal

(Lungarella et al. 1985)
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These ultrastructural abnormalities within the ciliary axoneme, result in cilia that are
either stationary or beat in a slow dyskinetic fashion. Slow motion videos (S1-S3) of
beating respiratory cilia are given in appendix A (see CD with thesis) showing normal
(S1), dyskinetic (S2) and static cilia (S3). Evidence from humans and Chlamydomonas
suggests that the outer dynein arms mainly determine ciliary beat frequency and force,
whereas inner dynein arms appear to determine ciliary bending pattern (Zariwala et al.
2007). Ineffective movement of the cilia leads to impairment in the mucociliary
clearance, resulting in mucous retention. This leads to recurrent chest infections,
progressing to chronic sinusitis and bronchiectasis which are the leading causes of
morbidity and mortality in PCD patients (Rossman and Newhouse 1988). The main
reason for recurring infections in PCD patients is an increased burden of bacteria in the
middle ear, paranasal sinuses and airway (Rossman and Newhouse 1988).

Congenital disorders, such as retinal degeneration, hydrocephalus, sensory hearing
deficits, and mental retardation, have also been reported in PCD patients (Ibanez-Tallon
et al. 2003). Around half of PCD patients exhibit situs inversus (Afzelius 1976). This is
due to dysfunction of the monocilia at the embryonic node which are responsible for the
establishment of left-right asymmetry during early development (Nonaka et al. 1998,

McGrath and Brueckner 2003).

PCD patients often have fertility issues, in male patients reduced fertility is due to
sperm dysmotility and/or reduced sperm count (Afzelius and Eliasson 1983, Munro et
al. 1994). Female patients with PCD may have fertility problems due to the lack of
ciliary movement in the Fallopian tubes (Zariwala et al. 2007). Also, in some older
patients lithoptysis (stone expectoration) and pulmonary calcium deposition have been

observed (Kennedy et al. 2007).
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1.10 Genetics and inheritance

The incidence of primary ciliary dyskinesia is approximately one in 10,000-20,000,
although the precise incidence is not known (Afzelius 1976). As primary ciliary
dyskinesia exhibits an autosomal recessive pattern of inheritance, the disease prevalence
increases where consanguineous marriages are customary and those that are isolated for
geographical or cultural reasons (Jeganathan et al. 2004, O'Callaghan 2004). The
incidence of PCD has been reported to be one in 2,200 people, in British Asian
populations where there is a high rate of consanguineous marriages (O'Callaghan et al.

2009).

As mentioned, PCD is usually inherited in an autosomal recessive pattern, although
some rare cases of autosomal dominant or X-linked inheritance are known (Narayan et
al. 1994, lannaccone et al. 2003, Krawczynski et al. 2004, Moore et al. 2006). An
association between X-linked recessive retinitis pigmentosa (RPGR) and sensory
hearing deficits with PCD have also been identified (Moore et al. 2006). In addition,
Budny et al. (Budny et al. 2006) described a single family with a new syndrome that is
caused by oral-facial-digital syndrome type 1 (OFD1) mutation and characterised by X-

linked recessive mental retardation, macrocephaly and PCD.

PCD is caused by mutations in one or more of a number of different genes and is
therefore genetically heterogeneous (Blouin et al. 2000, Chodhari et al. 2004, Geremek
and Witt 2004). Due to the molecular complexity of the axonemes of cilia and sperm
there are a large number of potential candidate genes. Table 1.3 lists genes identified as
responsible for PCD. The majority of the genes identified so far encode outer dynein

arm components (Wilkerson et al. 1994, Pennarun et al. 1999, Bartoloni et al. 2002,
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Olbrich et al. 2002), whereas only one gene has been shown to be required for
cytoplasmic preassembly of axonemal dyneins (Omran et al. 2008). Further studies are

needed to identify other genes responsible for PCD patients.
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Gene Locus Electron Microscopy | Exons | Hot spot Phenotype Reference
DNAH5 5p15-pl4 Outer dynein arm 79+1 exons 34, 50, 63, 76, 77 PCD+Kartagener syndrome (Olbrich et al. 2002)
c. 10815delT founder mutation
DNAI1 9pl13-p21 Outer dynein arm 20 exons 13, 16, 17 PCD+ Kartagener syndrome (Pennarun et al. 1999)
IVS1 + 3insT founder mutation
DNAH11 | 7p15.3-21 | Normal 82 exon 52 PCD+ Kartagener syndrome (Bartoloni et al. 2002)
DNA12 17925 Outer dynein arm 14 exon 11 PCD+ Kartagener syndrome (Loges et al. 2008)
TXNDC3 | 7pl4.1 Outer dynein arm 18 Not known Kartagener syndrome (Sadek et al. 2003)
RPGR Xp21.1 variable ~25 Not known PCD with retinitis pigmentosa | (van Dorp et al. 1992)
Xpll4
KTU 14921.3 Outer dynein arm & 3 Not known PCD+ Kartagener syndrome (Omran et al. 2008)
inner dynein arm
OFD1 Xp22 Not known 23 Not known PCD with mental retardation | (Budny et al. 2006)
RSPH9 6p21.1 Radial spoke 5 exon 5 PCD+ Kartagener syndrome (Castleman et al. 2009)
€.801_803delGAA founder mutation
RSPH4A 6022.1 Radial spoke 6 Not known PCD+ Kartagener syndrome (Castleman et al. 2009)
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A brief description of the genes identified as responsible for PCD is given below. For a

more detailed description the reader is referred to (Barbato et al. 2009).

DNAH5: The DNAH5 gene located on human chromosome 5p15.2 encodes a heavy
chain dynein. Within the critical genetic region on chromosome 5p15, the human
ortholog (DNAH5) of the Chlamydomonas y-heavy chain was identified (Olbrich et al.
2002). Mutations in the Chlamydomonas ortholog result in slow-swimming algae with
ultrastructural outer dynein arm defects (Wilkerson et al. 1994). Mutations in DNAH5
have been regularly associated with outer dynein arm defects, randomization of left-
right asymmetry and male infertility (Olbrich et al. 2002, Fliegauf et al. 2005, Hornef et
al. 2006). It is thought that DNAH5 mutations predominantly cause outer dynein arm

defects (Hornef et al. 2006).

DNAI1: DNAIL is a gene for a human axonemal dynein intermediate chain 1 and is
located on chromosome 9p21-p13 (Pennarun et al. 1999). All mutations in the DNAI1
gene are associated with outer dynein arm defects (Pennarun et al. 1999, Guichard et al.

2001, Zariwala et al. 2001, Zariwala et al. 2006).

DNAH11: Homozygous mutations in the DNAH11 gene on human chromosome 7, can
cause PCD (Bartoloni et al. 2002). Mutational analysis, by direct sequencing, revealed a
homozygous nonsence mutation (R2852X) in exon 52 in a patient with cystic fibrosis,
situs inversus and severe respiratory phenotype. However, electron microscopy revealed
normal respiratory cilia axonemes without any apparent ciliary ultrastructural defects
(Olbrich et al. 2002). Most recently, in a second family the R2852X mutation was also

reported with no apparent ciliary ultrastructural defects (Schwabe et al. 2008).
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However, high-speed video microscopy revealed a hyperkinetic dyskinetic ciliary

beating pattern in the affected members of the family (Schwabe et al. 2008).

DNA12: Loges et al. (Loges et al. 2008) identified homozygous loss-of-function
DNAI2 mutations in four individuals from a family with PCD and outer dynein arm
defects. Protein expression analysis of the outer dynein arm intermediate chain DNAI2
showed sublocalization throughout respiratory cilia. Electron microscopy showed that
respiratory cells from these patients lacked DNAI2 protein expression and exhibited

outer dynein arm defects.

KTU: Chromosome 14 open reading frame 104 gene (KTU) was first identified in a
mutant medaka fish, and has also been found to be mutated in two PCD families with
both inner and outer dynein arm deficiencies (Omran et al. 2008). This protein is
required for cytoplasmic pre-assembly of dynein arm complexes before intraflagellar
transport carries them to the ciliary compartment. This mutation leads to immotile

respiratory cilia and sperm tails (Barbato et al. 2009).

TXNDC3: This gene represents the human ortholog of the sea urchin intermediate chain
1 gene that encodes a component of sperm outer dynein arms (Olbrich et al. 2002,
Sadek et al. 2003). In 47 patients with either functional or ultrastructural ciliary
abnormalities, screening of the eighteen TXNDC3 exons revealed sequence variants in
only one patient (Afzelius 1976). The girl had chronic respiratory disease and situs
ambiguous. The ciliary beat frequency appeared normal, and transmission electron
microscopy revealed that 66% of her respiratory cilia had shortened or absent outer

dynein arms (Afzelius 1976). The disease probably results from the unusual
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combination of a nonsense mutation and a common intronic variant found in 1% of

control chromosomes (Afzelius 1976).

RPGR: Retinitis Pigmentosa is a genetically heterogeneous disorder in which
abnormalities of the photoreceptors on the retinal pigment epithelium lead to
progressive loss of vision (van Dorp et al. 1992). Patients with X-linked Retinitis
Pigmentosa have been shown to have mutations in RPGR (RP guanosine triphosphatase
regulator). RPGR is expressed in human rods and cones and is essential for
photoreceptor maintenance and viability. The RPGR gene is located on chromosome
Xp21.1 and families in which RP cosegregated with PCD have been shown to harbour
mutations in RPGR (van Dorp et al. 1992, Dry et al. 1999, Hong et al. 2003,
lannaccone et al. 2003, Zito et al. 2003, Hong et al. 2005, Moore et al. 2006).
Ultrastructural analysis showed diverse abnormalities of ciliary structure, including
outer dynein arm defects with or without inner dynein arm defects, and central-complex

and nexin linked defects (Zariwala et al. 2007).

OFD1: Oral-facial-digital type 1 syndrome is an X-linked dominant human
development disorder characterised by digital abnormalities, mental retardation,
craniofacial malformations and male lethality (Ferrante et al. 2001). Mutations in
OFD1, a gene located on chromosome Xp22, are responsible for this disorder (Budny et
al. 2006). Budny et al. (2006) reported a large Polish family with a novel X-linked
recessive mental retardation syndrome comprised of macrocephaly together with ciliary
dysfunction in males. High speed video microscopy later confirmed PCD with severely
disorganized ciliary beat pattern in an index case. Linkage analysis in the affected
families led to the identification of a frame shift mutation in the OFD1 gene (Budny et

al. 2006).
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RSPH9 and RSPH4A: These genes were recently discovered using whole-genome

single-nucleotide polymorphism based linkage analysis in seven consanguineous
families with PCD and central-microtubular-pair abnormalities (Castleman et al. 2009).
Their study identified positional candidate genes, RSPH9 on chromosome 6p21.1 and
RSPH4A on chromosome 6g22.1. Both RSPH9 and RSPH4A encode protein
components of the axonemal radial spoke head. Investigation of the effect of
knockdown or mutations of RSPH9 orthologs in zebrafish and Chlamydomonas indicate
that radial spoke head proteins are important in maintaining normal movement in
motile, "9+2"-structure cilia and flagella (Castleman et al. 2009). Disturbance in
function of these genes was not linked to defects in left-right axis determination in

humans or zebrafish (Castleman et al. 2009).

1.11 Associations with primary ciliary dyskinesia

Nitric Oxide

An interesting PCD phenotype that is possibly related to ciliary function is low nasal
and exhaled nitric oxide. Several studies have shown that individuals of all ages with
PCD have 10-20% of the normal nitric oxide levels in their lower airways (Wodehouse
et al. 2003, Corbelli et al. 2004, Noone et al. 2004). Interestingly, in parents of the PCD
patients who are obligate heterozygote’s, nasal nitric oxide levels were intermediate
between levels in PCD and normal individuals (Noone et al. 2004). These low levels of
nitric oxide are found regardless of the underlying ciliary ultrastructural defect
(Lundberg et al. 1994, Karadag et al. 1999, Narang et al. 2002, Wodehouse et al. 2003,
Noone et al. 2004). There are two other known conditions with reduced airway nitric

oxide concentrations: cystic fibrosis (Balfour-Lynn et al. 1996) and systemic sclerosis
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with pulmonary hypertension (Kharitonov et al. 1997). This is in contrast to other
causes of bronchiectasis and diseases such as asthma, where raised levels of exhaled

nitric oxide have been reported (Kharitonov and Barnes 2000).

The mechanisms behind the low levels of nitric oxide in PCD are not fully understood
and further studies are needed to determine whether these low values are primary or
secondary to the cilia defect. Possible explanations are that the production of nitric
oxide is absent or the diffusion of nitric oxide into the airway lumen is reduced in some
way (Lundberg et al. 1994). If the low levels are due to reduced production, this could
be explained by deficient nitric oxide synthesis in the superficial structures of the nasal
airways (81.7.3). Recently it has been shown that some PCD patients exhibit a
polymorphism in the promoter of iINOS and a missence mutation in exon 7 of eNOS
(Zhan et al. 2003). As mentioned in 81.7.3, eNOS is localized at the basal membrane of
ciliary microtubules and mediates regulation of ciliary beat frequency (Li et al. 2000).
Also in another study it was confirmed that the levels of both nNOS and eNOS are very
low in children with PCD (Narang et al. 2002). Therefore, it is possible that ciliary
dysfunction and impaired nitric oxide synthesis seen in PCD could be interrelated.
However, the situation may not be straight forward. Despite low levels of nasal and
exhaled nitric oxide in children with PCD, the levels of exhaled nitric oxide metabolites
(NO7", NO3  and S-nitrosothiol) did not differ from levels in healthy controls (Csoma et
al. 2003). Also when Loukides and colleagues administered arginine, the precursor of
nitric oxide, as an aerosol into the nose, the mean ciliary beat frequency in both healthy
controls and in PCD patients with a baseline ciliary beat frequency less than 8Hz
increased (Loukides et al. 1998). However, the PCD nitric oxide levels were still lower

than the normals.
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Another hypothesis for these low nitric oxide levels stems from the observation of low
levels of nitric oxide production by myocytes in patients with Duchennes muscular
dystrophy. It has been suggested that mutations in the dystrophin gene result in
uncoupling of nitric oxide synthase from the contractile apparatus, with loss of function
by some mechanism yet to be determined (Jain et al. 1993). Cilia, like myocytes, also
contain mechanochemical ATPases and it may be that loss of ciliary function results in
reduced nitric oxide synthase output by a similar mechanism (Jain et al. 1993). Also,
recently it was shown that the expression of muscle membrane-associated nitric oxide
synthase (NOS1) was significantly impaired in Duchene muscular dystrophy (Straub et
al. 2002). Therefore indirectly suggesting that NOS1 may contribute significantly to

fractional exhaled nitric oxide, in healthy children (Straub et al. 2002).

Neonatal respiratory distress

Infants with PCD may present unexplained respiratory distress in the neonatal period

and require ventilation (Whitelaw et al. 1981, Holzmann et al. 2000, Coren et al. 2002).

Neurological

Unexplained hydrocephalus within the neonatal period and mental retardation in older
children has been reported (Greenstone et al. 1984, De Santi et al. 1990, al-Shroof et al.
2001). These abnormalities may be due to abnormalities of ependymal cilia lining the
ventricular surface resulting in impaired flow of cerebrospinal fluid (O'Callaghan et al.

1999, Ibanez-Tallon et al. 2004).
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Leukocytes

Microtubules are found within leucocytes and are thought to assist with cell motility
(Koh et al. 2003). PCD patients have been shown to have abnormal neutrophil
orientation, migration and chemotaxis (Valerius et al. 1983, Fiorini et al. 2000, Koh et

al. 2003).

Other associations

Other associations seen with PCD are trachea-oesophageal fistula (Engesaeth et al.
1993), oesophageal stricture and midgut volvulus (Ozgen et al. 2000), gastro-
oesophageal reflux (Engesaeth et al. 1993), polycystic kidneys (Saeki et al. 1984),
complex congenital heart disease (Pedersen and Stafanger 1983, Engesaeth et al. 1993)

and biliary atresia (Gershoni-Baruch et al. 1989).

1.12 Diagnosis of primary ciliary dyskinesia

It is thought that early diagnosis of PCD is likely to have a significant effect on both
short term and long term morbidity (Ellerman and Bisgaard 1997, Noone et al. 2004).
Currently, the diagnosis of PCD is based on the presence of typical clinical phenotypes,
plus specific ultrastructural defects of cilia identified by transmission electron
microscopy. However, as secondary inflammation and infection can produce ciliary
defects which may result in a misdiagnosis of PCD, one should be extremely cautious in
making a diagnosis if the clinical symptoms do not fit. When our understanding of
genetic mutations associated with PCD is better understood and definitive genetic
methods are developed, genetic tests may become a fast and effective way to diagnose

PCD.
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Diagnosis of PCD is often delayed, despite the presence of typical symptoms early in
life (Coren et al. 2002). This is in part due to the symptoms presented in PCD (cough,
rhinitis, secretory otitis media) being common in children (Bush et al. 1998) and
mimicking clinical features of other respiratory diseases, such as asthma or cystic
fibrosis. Various studies have shown that despite the early onset of PCD respiratory
symptoms shortly after birth, the mean age of PCD diagnosis is around 4 years of age
(Bush et al. 1998, Coren et al. 2002, Noone et al. 2004). Chronic cough, persistent early
onset rhinitis, and situs inversus are common clues to underlying PCD, that may lead to
poor feeding and failure to thrive (Ferkol and Leigh 2006). For details of the

conventional diagnosis of PCD, see the recent review by Bush et al. (Bush et al. 2007).

Part C: Pathogenic bacteria

Although the majority of bacteria are beneficial or harmless, some are responsible for
global diseases. An important feature of pathogenic bacteria is their virulence factors.
These virulence factors are essential for causing disease and interact directly with the
host tissues or conceal the bacterial surface from host’s defence mechanisms

(Tuomanen 1999, Gosink et al. 2000).

This thesis focuses on the pathogenic bacteria Streptococcus pneumoniae and Listeria
monocytogenes. S. pneumoniae asymptomatically colonizes the human naso-pharynx
but also accounts for approximately one-quarter of community acquired pneumonia in
both children and adults (Fernandez-sabe 2003). Also, S. pneumoniae is one of the most
common bacteria isolated from the respiratory tract of patients with PCD (Xu et al.
2008). L. monocytogenes is an intracellular pathogenic bacterium that invades the

ciliated brain parenchyma leading to meningitis (Seeliger 1986, McLauchlin 1997).

57



Chapter one - Introduction

Bacterial pathogens, including L. monocytogenes and S. pneumoniae, are known to form
structured populations of microorganisms, adhered and embedded in an extracellular
matrix consisting mainly of exopolysaccharides (biofilms) (Hall-Stoodley and Stoodley
2009). It is thought that these biofilm structures protect the bacteria from host immune
responses as well as different antimicrobials (Stewart 2001). Bacterial biofilms have
been shown to occur in a sequential process generally involving, 1) initial attachment of
individual cells to the surface 2) formation of aggregates 3) further cell proliferation and

biofilm maturation (Allegrucci et al. 2006).

Below a more detailed description of each bacterium is given.

1.13 Streptococcus pneumoniae: The pneumococcus

S. pneumoniae (often referred to as the pneumococcus) is a Gram-positive,
encapsulated, haemolytic, coccus of approximately 1um in diameter (Bannister 1996).
The Streptococcus genus comprises over 250 species, which include several human
pathogens. S. pneumoniae was first isolated more than 120 years ago (Sternberg 1981),
yet today it remains a major cause of morbidity and mortality in both the developing

and developed worlds.

S. pneumoniae is the causative agent of several infectious diseases, including
pneumonia, septicaemia, meningitis and otitis media (Magee and Yother 2001). In
addition, pneumococci have been reported in a variety of other diseases including
arthritis, osteomyelitis, endocarditis, endophthalimitis, abscesses, necrotising fasciitis,

and sinusitis (Oggioni et al. 2006).
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The mortality and morbidity caused by pneumococcal infection is very high in the
developed world and alarmingly high in the developing world (Greenwood 1999,
Lesinski et al. 2001). This is despite the use of antibiotics to which the pneumococcus is
sensitive and the use of steroids as an adjunctive therapy (Hirst et al. 2003). According
to The World Health Organisation (WHO), S. pneumoniae claims around 1.6 million
lives per year worldwide, mainly in young children, immunocompromised patients and
the elderly (Attali et al. 2008). In the United Kingdom, S. pneumoniae is the most
common bacterial respiratory pathogen, causing community acquired pneumonia, which
in patients with concurrent pneumococcal septicaemia has mortality rates of more than

20% (Balakrishnan et al. 2000, Lim et al. 2001).

1.13.1 Pneumococcal carriage and colonisation

Like many microorganisms, carriage plays an important role in the aetiology of
pneumococcal disease (Obaro 2001). Pneumococcal infections begin with the
colonisation of the nasopharynx, which allows progression of pneumococci into the
lower parts of the respiratory tract, ultimately leading to systemic disease (Rayner et al.
1995, Barthelson et al. 1998). Furthermore, colonisation of pneumococci in the upper
respiratory tract serves as a key reservoir of transmission to other susceptible
individuals (Kadioglu et al. 2002). The scale of colonisation can differ between
individuals, although up to 40% of the general population are thought to carry it in
small numbers (Austrian 2000, Tuomanen and Masure 2000). The carriage rate of
pneumococci can vary from 5 to 70% depending on the age of onset, the environment of
the host, and the presence of underlying respiratory infections (Austrian 1986, Obaro et
al. 1996, Wu et al. 1997). Examples of host tissue ligands that the pneumococci have

been suggested to bind include, the platelet-activating factor receptor (pafR) that has
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been suggested to serve as a ligand in the lung (Tuomanen 2000) and the polymeric
immunoglobulin receptor (pigR) with a same role in the nasopharynx (Sollid et al.

1987).

1.14 S. pneumoniae virulence factors

A number of virulence factors have been described for pneumococci, although we do
not know which interact with cilia. During the course of this study, attention was paid to
pneumococcal virulence factors, pneumolysin and the neuraminidase, NanA. Therefore,

a summary of some of the literature regarding these virulence factors is given below.

1.14.1 Pneumolysin

Pneumolysin is a 53Kd protein and the major pneumococcal toxin that is produced by
all clinical isolates of S. pneumoniae (Kalin et al. 1987, Paton et al. 1993). Pneumolysin
forms oligomers that embed in the lipid-bilayer of target cells leading to the creation of
pores in the target cell membranes (Paton et al. 1993, Rossjohn et al. 1998). This leads
to cell lysis and contributes to the invasive capacity of pneumococci (Gilbert et al.
1999). As pneumolysin is inhibited by cholesterol, this suggests that membrane
cholesterol is the receptor for this toxin (Paton et al. 1986, Andrew et al. 1997,

Rossjohn et al. 1998).

Analysis of the primary amino acid sequence of pneumolysin does not reveal a
distinctive secretion signal sequence (Mitchell 2004). It was previously suggested that
for pneumolysin release and thus virulence, the cells needed to undergo autolysis (Berry
et al. 1989a). Autolysis is characterized by cell wall degradation by a peptidoglycan

hydrolase (autolysin). However, in the recent years it has been demonstrated that

60



Chapter one - Introduction

pneumolysin can be released independently of autolysin (Balachandran et al. 2001,

Price and Camilli 2009).

Pneumolysin exhibits a wide range of activities that are consistent with a role in
virulence. This is supported by studies in vivo and in vitro showing that pneumolysin-
deficient pneumococci exhibit reduced virulence in the mouse, with slower growth in
the lungs and delayed development of the cellular inflammatory response (Canvin et al.
1995, Kadioglu et al. 2000, Hirst et al. 2008). Mice infected with pneumolysin deficient
pneumococci were shown to have reduced mortality and morbidity compared with the
wild-type pneumococci (Berry et al. 1989b). Also, Kadioglu et al have shown that in a
mouse model of acute pneumonia, the absence of pneumolysin was associated with
significantly lower numbers of pneumococci in the nasopharynx, trachea, and lungs
(Kadioglu et al. 2002). Furthermore, Feldman and colleagues demonstrated that
injection of recombinant pneumolysin into the rat lung resulted in severe pneumonia
that was identical to that caused by the injection of S. pneumoniae (Feldman et al.

1991).

A few studies have investigated the impact of pneumolysin on human respiratory
mucosa. Pneumolysin has been shown to be cytotoxic to bronchial epithelial cells. In
organ cultures with air interface, after 48 hours of infection with pneumococci, the
ciliary beat frequency was reduced, tight junctions disrupted and ciliary disorganization
and epithelial damage occurred (Rayner et al. 1995). This disruption reduced the ability
of ciliated epithelial cells to clear mucus from the lower respiratory tract, thus,
facilitating propagation of pneumococci (Rayner et al. 1995). Pneumolysin has also

shown to be important for colonization. Pneumolysin-deficient pneumococci have been
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shown to attach significantly less well to respiratory epithelial cells (Rubins et al. 1998,

Kadioglu et al. 2002).

The role of pneumolysin has also been studied using ciliated ependymal cells. Ciliated
ependymal cells cover the ventricular surface of the brain and cerebral agueducts
separating the neuronal tissue from cerebrospinal fluid which is infected in meningitis
(See 81.6). Using both ex vivo and in vivo studies, Hirst et al showed that pneumolysin
inhibited ciliary beat frequency or was very toxic to the ependymal cells, causing
opening of the gap junctions between the cells (Mohammed et al. 1999, Hirst et al.
2000b, Hirst et al. 2003). The effects of pneumococci seen ex vivo were abolished with
an anti-pneumolysin antibody (Hirst et al. 2004b). Also more recently, Hirst et al have
shown that to cause meningitis in the adult rat, pneumococci need to produce
pneumolysin, confirming the important role of pneumolysin in the pathogenesis of
pneumococcal meningitis (Hirst et al. 2008). Friedland and colleagues reported that in
rabbits a pneumolysin deficient strain caused less meningeal inflammation than that
induced by the parent wild-type strain (Friedland et al. 1995). A summary of the in vitro

activities of pneumolysin is listed in Table 1.4.
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Table 1.4 Examples of in-vitro biological properties of pneumolysin. Adapted from (Hirst et al. 2004a).

Activity

Reference

Inhibition of polymorphonuclear cell respiratory burst, random migration and chemotaxis

(Paton and Ferrante 1983)

Inhibition of mitogen-induced proliferation and antibody production by human lymphocytes

(Ferrante et al. 1984)

Activation of classical complement pathway

(Boulnois et al. 1991)

Lysis of erythrocytes

(Mitchell et al. 1989)

Inhibition of ciliary beat of respiratory mucosa

(Feldman et al. 1990)

Toxic to pulmonary alveolar epithelial cells

(Rubins et al. 1993)

Stimulation of TNF-a and IL-15 production from human monocytes

(Houldsworth et al. 1994)

Activation of phospholipase A, in pulmonary endothelial cells

(Rubins et al. 1994)

Separation of epithelial cell tight junctions

(Rayner et al. 1995)

Initiates nitric oxide production from macrophages

(Braun et al. 1999)

Reduces ciliary beat frequency of cerebral ependymal cells

(Hirst et al. 2000b)

Induces production of IFN-y in spleen cells

(Baba et al. 2002)

Induces synthesis and release of 1L-8 from neutrophils

(Cockeran et al. 2002)

Generates multiple conductance pores in the membrane of nucleated cells

(El-Rachkidy et al. 2008)

Induces polymorphonuclear leukocyte migration across the pulmonary endothelium

(Moreland and Bailey 2006)
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1.14.2 Neuraminidases

Neuraminidases (also known as sialidases) are one of the key virulence factors of
pneumococci as they remove sialic acid from host cell-surface glycans, thus unmasking
certain receptors to facilitate pneumococcal adherence and colonization (Paton et al.
1993, Kadioglu et al. 2008). Sialic acid is a generic term for a large family of nine-

carbon monosaccharides of naturally occurring analogues of N-acetylneuraminic acid.

S. pneumoniae encodes at least three neuraminidase genes, nanA, nanB and nanC
(Camara et al. 1994, Berry et al. 1996), with a recent study revealing nanA to be present
in all clinical strains (Pettigrew et al. 2006). Neuraminidase A is highly expressed at the
transcriptional level (Berry et al. 1996, Manco et al. 2006), and its expression is up-
regulated upon interaction with host cells (LeMessurier et al. 2006, Oggioni et al. 2006,
Song et al. 2008). Yesilkaya et al. recently have shown that neuraminidase A also plays
an important role in mucin utilization and that growth of pneumococci in mucin resulted
in an increase in NanA transcription (Yesilkaya et al. 2008). A NanA deficient
pneumococcus did not grow when mucin was used as the sole carbon source (Yesilkaya
et al. 2008). Gene-knockout studies in mouse models have shown that both NanA and
NanB are important for survival of the pneumococci in the respiratory tract and the
blood stream (Manco et al. 2006). Further support for a role for NanA in pneumococcal
survival in the host comes from Pettigrew et al. (2006), who analysed the distribution of
neuraminidase genes among 342 pneumococcal paediatric clinical and carriage isolates
and found that the nanA gene was present in 100% of the S. pneumoniae strains.
Whereas nanB and nanC were present in 96% and 51% of strains examined,
respectively (Pettigrew et al. 2006). This high prevalence of nanA suggests that it is an

essential gene for survival and pathogenesis in all pneumococcal strains (Pettigrew et al.
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2006). Other studies have also suggested that NanA mutants colonise the rodent
respiratory tract less efficiently than wild-type strains (Orihuela et al. 2004, Tong et al.
2005). Moreover, recently using an in vitro model of biofilm formation incorporating
human airway epithelial cells, Parker et al. demonstrated that small-molecule inhibitors

of NanA blocked biofilm formation (Parker et al. 2009).

1.14.3 Other pneumococcal virulence factors

Other examples of pneumococcal virulence factors are listed below with a brief
description. Reviews of these can be found in (Jedrzejas 2007, Kadioglu et al. 2008).

Figure 1.17 shows these virulence factors on the pneumococcus.

Capsule

In S. pneumoniae the polysaccharide capsule is an important virulence factor by virtue
of its antiphagocytic activity (Tuomanen and Masure 1997). These polysaccharides
form a negative shell around the bacterium (Kamerling 2000a), which provides
protection against phagocytosis and acapsular mutants have been shown to be avirulent
(Tuomanen and Masure 1997). S. pneumoniae expresses at least 90 different
polysaccharide (PS) capsules one at a time (Henrichsen 1995). Differences in the
composition of the capsular types is thought to be responsible for alteration in virulence,
although the reason for this remains unknown (Kamerling 2000a). Each pneumococcal
serotype is defined by the antigenic structure of the capsular material. The serotyping
technique, known as the Quellung (Neufeld) reaction, causes pneumococci to appear to

swell in the presence of specific antiserum (Heineman 1973).
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Hyaluronidase (Hyl)

Hyaluronidase is a major surface protein (Berry et al. 1994). It breaks down the
hyaluronic acid component of mammalian connective tissue and extracellular matrix
(Humphrey 1948). The degradation of hyaluronic acid is thought to aid bacterial spread
and colonisation, as demonstrated by in other microorganisms (Fitzgerald and Repesh

1987).

N-acetyl-muramoyl-1-alanine amidase (LytA)

LytA is the main autolysin in the pneumococcus (Lopez et al. 1997). LytA-negative
mutants have been shown to have reduced virulence in murine models of bacteraemia,

pneumonia and meningitis (Berry et al. 1989a, Canvin et al. 1995, Hirst et al. 2008).

Pneumococcal surface protein A (PspA)

PspA is located on the cell surface of pneumococci (McDaniel et al. 1984, Yother and
White 1994) and found in every characterised pneumococcal strain (Crain et al. 1990).
There is evidence suggesting that PsaA has at least two virulence functions. These
include inhibition of killing pneumococci by host lactoferrin and inhibition of
complement C3 activation and decomposition of C3 fragments (Tu et al. 1999, Ren et
al. 2003, Shaper et al. 2004). PspA is variable in structure as PspA from different
isolates usually differ in molecular weight varying from ~67 to 99 kDa (Waltman et al.

1990).

Pneumococcal surface antigen A (PsaA)

PsaA is a 37-kDa divalent metal-ion-binding lipoprotein genetically conserved among

all S. pneumoniae serotypes (Morrison et al. 2000) and is essential for S. pneumoniae
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virulence (Berry and Paton 1996). PsaA is the lipoprotein component of an ATP-
binding cassette transport system (Dintilhac et al. 1997) and this complex transports
manganese ions and mutations in psaA cause decreased adhesion to cells, decreased
virulence, and increased sensitivity to oxidative stress (Berry and Paton 1996, Ogunniyi
et al. 2000, Marra et al. 2002). Immunization with PsaA was shown to protect mice
against nasopharyngeal carriage and lung colonization (Briles et al. 2000a, Briles et al.

2000b).

PiaA and PiuA

These are the lipoprotein metal binding components of ATP-binding cassette transporter
operons that mediate iron uptake in pneumococci. Mutations in either piaA or piuA lead
to decreased virulence in models of pneumonia and bacteraemia. Although the double

mutant has shown to be attenuated to a greater extent (Brown et al. 2002).

Pneumococcal adhesion and virulence A (PavA) and B (PavB)

Pneumococci have several types of adhesins that bind to fibronectin, including PavA
and PavB. Both are essential for virulence and are thought to be involved in bacterial
colonization and spread from the nasopharynx and lungs to the blood stream and the

nervous system (Pracht et al. 2005).
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Figure 1.17 Streptococcus pneumoniae virulence factors. Diagram showing important virulence factors
of pneumococci. These include: the capsule and cell wall; pneumolysin; LPXTG-anchored surface
proteins, including Hyaluronidase (Hyal) and neuraminidase proteins; choline-binding proteins, including
pneumococcal surface proteins A and C (PspA and PspC) and autolysin A (LytA); metal-binding
lipoproteins including, pneumococcal surface antigen A (PsaA), pneumococcal iron acquisition A (PiaA)
and pneumococcal iron uptake A (PiuA); Fibronectin binding proteins including, pneumococcal adhesion

and virulence A (PavA) and enolase (Eno). Taken from (Kadioglu et al. 2008).
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1.15 Listeria monocytogenes

Listeria monocytogenes is a Gram positive, non-spore forming, facultative intracellular
bacillus, first discovered as a causative agent of septicaemia in rabbits (Murray 1926).
It was later discovered to be a human pathogen, in 1929, when a case of listeriosis was
identified in Denmark (Vazquez-Boland et al. 2001b). Listeriosis can result from
ingesting contaminated food products and mainly effects immunocompromised patients,
such as those with AIDS, pregnant woman and newborns (Jurado et al. 1993).
Listeriosis results in death in 25-30% cases, as it manifests as gastroenteritis,
meningitis, encephalitis, mother-to-mother infections and septicaemia (Hamon et al.
2006). However, the incidence of human listeriosis is very low, with around 2-8
sporadic cases annually per million population in the United States and Europe (Farber
and Peterkin 1991, Tappero et al. 1995). In epidemic situations, the incidence in the
target population has been shown to increase by a factor of 3 to 10 (Schlech et al. 1983,
Linnan et al. 1988, Schwartz et al. 1989). The diverse clinical manifestation of infection
with L. monocytogenes reflects its ability to cross three tight barriers in the human host.
Following ingestion, L. monocytogenes crosses the intestinal barrier by invading the
intestinal epithelium, thereby gaining access to internal organs (McLauchlin 1997).
When L. monocytogenes crosses the blood-brain barrier, this results in infection of the
meninges and the brain, and in pregnant woman, crossing the fetoplacental barrier leads

to infection of the fetus (Seeliger 1986, McLauchlin 1997).

1.14.1 Intracellular infectious cycle and associated virulence factors

L. monocytogenes has two distinct lifestyles: saprophytic, primarily in decaying
vegetation in soil and parasitic in the tissues of mammals and birds, in which it can
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cause serious foodborne illness (listeriosis) (Gray and Killinger 1966, Vazquez-Boland

et al. 2001a).

The infectious cycle begins with adhesion of the bacterium to the surface of the
eukaryote cell following penetration into the host cell. L. monocytogenes enters
nonphagocytic cells in a zipper-like entry mechanism, in that the bacteria are engulfed,
by gradually sinking into dip like structures in the host cell surface (Vazquez-Boland et
al. 2001a). During this process the target cell membrane closely surrounds the bacterial
cell, as seen in Figure 1.16 A. The initial attachment to host cells requires L.
monocytogenes ligands to recognise eukaryotic receptors, including the transmembrane
glycoprotein E-cadherin, the Met receptor for hepatocyte growth factor (HGF), the C1q
complement component, and components of the extracellular matrix such as heparin
sulphate, proteoglycans and fibronectin (Niemann et al. 2004). The listerial ligands
identified are surface proteins, which include internalin A and B (InlA and InIB), the
actin polymerising protein ActA, and p60 (Cossart and Lecuit 1998, Lecuit et al. 1999,

Lecuit et al. 2001).

Thirty minutes after entry, the bacteria disrupts the phagosome membrane; a process
that is essential for listerial intracellular survival and proliferation (Goebel and Kreft
1997). The bacteria escape by secreting a pore-forming haemolysin known as
Listeriolysin-O (LLO) (Figure 1.16 B) (Kuhn et al. 1988, Portnoy et al. 1988, Gedde et
al. 2000). Also, a phosphatidylinositol-specific phospholipase C (PI-PLC) contributes to
escape from the phagosome (Wadsworth and Goldfine 1999, Goldfine et al. 2000,
Wadsworth and Goldfine 2002). When in the cytoplasm, the bacteria replicate with a
doubling time of approximately 1 hour and host actin polymerises at one end of the

bacterium, facilitating movement through the host cytosol (Figure 1.16 C and D)
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(Tilney and Portnoy 1989, Tilney et al. 1990, Kocks et al. 1993). This actin filament-
based movement depends on a listerial membrane anchored surface protein ActA
(Domann et al. 1992, Kocks et al. 1992). Some bacteria eventually come into contact
with the cell plasma membrane at which point they produce protrusions into
neighbouring cells (Figure 1.16 E). These protrusions are engulfed in a new vacuole,
creating a double membrane vacuole, and the process starts over again (Figure 1.18 F
and G). Two additional enzymes contribute to the cell-to-cell spread. A
phosphatidylcholine-specific phospholipase C (PC-PLC), which breaks down the
double membrane vacuole (Vazquez-Boland et al. 1992), and a Zn-dependent
metalloprotease that processes the PC-PLC propeptide to a mature form (Yeung et al.

2005).

L. monocytogenes infection has been a useful model for evaluation of the host-pathogen
cellular interactions and cell biology: see the following reviews (Pamer 2004, Hamon et

al. 2006).
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Figure 1.18 Scheme of the intracellular life cycle of Listeria spp. A) entry of Listeria into the host cell
by induced phagocytosis B) Listeria escaping from the host phagosomes C) cytosolic replication D)
recruitment of host cell actin to facilitate movement throughout the cytosol E) formation of protrusions
into neighbouring cells F) formation of a double membrane phagosome G) escape from the secondary

phagosome and reinitiating of the cycle. Taken from Vazquez-Boland et al, 2001.

72



Chapter one - Introduction

1.15.2 PrfA: the regulatory switch for virulence

The expression of genes required for invasion, intracellular survival and listerial cell to
cell spread is dependent upon a transcriptional activator known as PrfA (positive
regulatory factor A) (Mengaud et al. 1991, Chakraborty et al. 1992, Freitag et al.
1992). It is thought that PrfA serves as a switch enabling L. monocytogenes transition
from the outside environment into an animal host (Freitag 2006). A summary of some

of the information regarding PrfA activity and regulation is given below.

The absolute requirement of PrfA for L. monocytogenes virulence has been
demonstrated, as has the requirement for several genes within the PrfA regulon
(Leimeister-Wachter et al. 1990, Freitag et al. 1993). Strains with mutations within the
PrfA gene failed to replicate within the cytosol of host cells or failed to spread into
adjacent cells (Leimeister-Wachter et al. 1990, Mengaud et al. 1991). These mutants
also were severely attenuated for virulence in murine models of listeriosis (Leimeister-

Wachter et al. 1990).

PrfA was first identified as a regulatory factor required for listeriolysin-O transcription
and has since been shown to regulate the expression of a large number of bacterial gene
products directly associated with virulence (Scortti et al. 2007). To date, only 10 of the
2,853 coding sequences of the L. monocytogenes EGDe genome (Glaser et al. 2001)
have been confirmed to be directly regulated by PrfA (Milohanic et al. 2003, Marr et al.
2006). A list of these 10 genes and their function is given in Table 1.5. These genes are
organised into seven transcriptional units, of which four are clusted together in LIPI-1, a
pathogenicity island essential for Listeria virulence (Figure 1.19). The other three PrfA

dependent transcriptional units include inlAB (encodes internalins A and B), inlC and
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the hpt locus and are present at different points of the L. monocytogenes chromosome
(Figure 1.17). See review by (Vazquez-Boland et al. 2001b) and (Portnoy et al. 2002)

for a more detailed description of listerial pathogenesis and virulence determinants.
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Table 1.5 List of genes regulated directly by PrfA and their function.

Gene Putative function Reference

llo Encodes the haemolysin listeriolysin O, a pore forming toxin that causes disruption of the phagocytic vacuole (Armstrong and Sword 1966)

plcA Encodes phosphatidylinositol-specific phospholipase C and together with prfA cooperate with LLO and PIcB in phagocytic | (Goldfine et al. 1995)
vacuole disruption

prfA Encodes positive regulatory factor A (Chakraborty et al. 1992)

mpl Encodes a metalloprotease involved in the extracellular maturation of the plcB product (Zinc metalloproteinase precursor) (Poyart et al. 1993)

actA Encodes the actin-polymerising surface protein A, which mediates bacterial actin-based motility and cell to cell spread (Kocks et al. 1992)

plcB Encodes a phospholipase C with a broad substrate range that cooperates with LLO in disruption of the phagosome and lysis of | (Smith et al. 1995)
the double membrane vacuole

hpt Encodes a hexose phosphate transporter required for rapid bacterial growth in the host cell cytosol (Chico-Calero et al. 2002)

inlC Encodes internalin C a secreted internalin homologue required for virulence in mouse. Its role in pathogenesis is yet to be | (Engelbrecht et al. 1996)
determined

inlA Encodes internalin A, a surface protein that mediates invasion of non-phagocytic cells (Hamon et al. 2006)

inlB Encodes internalin B, a surface protein that mediates invasion of non-phagocytic cells (Hamon et al. 2006)
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Figure 1.19 The PrfA virulon of L. monocytogenes. The Figure shows the physical organisation of the
listerial pathogenicity island-1 (LIPI-1) genes and the three other PrfA regulated loci, inlAB, inlC and
hpt, in the L. monocytogenes EGDe genome. Genes pointing to the right are on the positive strand and the
PrfA boxes are indicated by black squares. (Adapted from Scortti et al, 2007).
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1.16 Outline of this thesis

This thesis initially focused on learning the techniques associated with growing rat brain
ciliated ependymal cells in culture and measuring ciliary beat frequency and ciliary beat
amplitude. This was because ependymal cilia are easy to obtain, cheap and quick to
culture. Also, preliminary experiments in our group had shown an interesting interaction
of Listeria with ependymal cells. Therefore, the interaction of Listeria with ependymal
cilia was further investigated and these results are presented in Chapter three. The rest
of this thesis focuses on the main topic of interest which was to study the interaction
between pneumococci and human respiratory cells in healthy and PCD cultures and the
results are presented in chapters four and five. The sequence of experiments was logical,
as they enabled me to develop my expertise in studying ciliary interactions with bacteria
in the ependymal cells. Then when | became fully competent in the study of cilia in the

laboratory, the precious human ciliated tissue was used.

Chapter two provides details of the materials and methods used to culture ependymal
and respiratory ciliated cells and various methods used to measure the interaction of
Listeria and pneumococci with these cells. The aim of Chapter six was to contextulise
the findings of this thesis with the known literature and to provide the reader with an

indication of future research ideas.

Little is known about the importance of ciliary dysfunction in PCD patients in terms
of the direct interaction of respiratory pathogens with host respiratory cells. This project
therefore underlines the holistic investigation of the role of cilia in defending respiratory
cells against respiratory pathogens, specifically Listeria and pneumococci. The

hypotheses tested in this thesis will be:
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A) That Listeria form aggregates in the presence of ciliated ependymal cells

B) That PCD patients are more suseptable to pneumococcal infection, due to low

nitric oxide levels and absent/reduced mucociliary clearance

Aspects of the underlying mechanisms of respiratory infections in PCD patients will

also be undertaken. The hypothesis tested will be:
C)  That pneumococcal damage to respiratory cells is pneumolysin dependent

Also, mechanistic investigations in the ability of respiratory cells from PCD patients to

fight bacterial challange will be undertaken. The hypothesis tested will be:

D) Due to conditioning of the PCD epithelium to recurrent infections they have up-

regulated cytokine and chemokines levels.
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CHAPTER TWO - MATERIALS

AND METHODS
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2.1 Chemicals

Unless stated in the text all chemicals were from Sigma-Aldrich Ltd (UK), tissue
culture media from Invitrogen (UK) and Sigma-Aldrich Ltd (UK) and bacterial growth

media from Oxoid Ltd (UK).

2.2 Bacterial growth media

Culture media were prepared in deionised water, autoclaved at 121°C for 15 minutes at
1.5 bar pressure and stored at room temperature until used. A list of growth media used

for L. monocytogenes and S. pneumoniae is shown in Table 2.1.

Table 2.1 Media composition for bacterial cultures

Medium Composition Bacteria Oxoid Product
number

Tryptone Soya broth  Tryptone Soya Broth, 3% L. CMO0876

(TSB) (wWhv) monocytogenes

Tryptone Soya Agar Tryptone Soya Agar, 4% L. CM0131

(TSA) (wWhv) monocytogenes

Brain Heart Infusion Brain Heart Infusion, 3.7%  S. pneumoniae B0O0366

(BHI) (whv)

Blood Agar Base Blood Agar Base, 4.0% S. pneumoniae CMO0055

(BAB) (wWhv)

Blood Agar (BA) Blood Agar Base, 95% S. pneumoniae CMO0055
(VIV).

Defibrinated horse blood,

506 viv) SF0050C
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2.3 Preparation of tryptone soya agar and blood agar plates

Once autoclaved, the tryptone soya agar and blood agar were allowed to cool to ~50°C.
To the blood agar base, 5% v/v defibrinated horse blood was added. If antibiotics were
required (see §2.5), the appropriate amount was added at ~40°C. The agar was then
poured (~15ml) into 90mm single vent Petri dishes and left to set and dry at room

temperature and then stored at 4°C for up to 6 months.

2.4 Bacterial strains and growth conditions

Table 2.2 lists all the bacterial strains used in this thesis.

Listeria monocytogenes was inoculated (by spreading 500ul volume) on to tryptone
soya agar plate and incubated overnight at 37°C. The next day, colonies were used to
inoculate 200ml tryptone soya broth which was incubated overnight at 37°C with
shaking at 200 rpm. The next day the ODsoo was adjusted by adding tryptone soya broth
until it was between 0.8-1.0 (equivalent to mid exponential phase). The culture was then
separated into universal tubes (10ml per tube) containing 10% v/v glycerol and frozen at
-70°C until required. Numbers of viable bacteria in the stock (10ml universal tubes)
were determined by colony counting on tryptone soya agar plates (82.7). Before use,
frozen stocks were thawed at room temperature and the bacteria were sedimented (4,000
X g for 10 min) and re-suspended in 10 ml medium 199 (experimental buffer) and
diluted to the required concentration. For growth of EGDe AprfA and 10403S AprfA,

5mg/ml erythromycin was added to the tryptone soya agar and tryptose soya broth.

Streptococcus pneumoniae was grown on blood agar plates in a CO; jar (BBL GasPak

system, USA). A candle was lit and placed inside the jar, the lid tightly closed and
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incubated at 37°C overnight. The candle was placed to create anaerobic conditions by
eliminating any oxygen present. Colonies from the blood agar plate were used to
inoculate 100ml BHI which was then incubated overnight at 37°C. The next day the
ODsgo Was adjusted by the adding BHI until it was between 0.8-1.0 (equivalent to mid
exponential phase). The culture was then separated into Eppendorf tubes (1ml per tube)
containing 10% v/v glycerol and frozen at -70°C until required. Numbers of viable
bacteria in the stock were determined by colony counting on blood agar plates (82.7).
Before use, frozen stocks were thawed at room temperature and the bacteria were then
sedimented (4,000 X g for 10 min) and re-suspended in 1ml basal epithelial base

medium (BEBM, Lonza, UK) and diluted to the required concentration.
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Table 2.2 Bacterial strains used in this thesis. The following strains were chosen because they were

either reference strains, or they were mutated in genes thought to be involved in or to regulate host cell

attachment.

Bacterial Strain

General description

Source or
reference

L. monocytogenes 10403S

wild-type laboratory strain

(Freitag et al. 1993)

L. monocytogenes C52

wild-type laboratory strain

(Mueller and Freitag 2005)

L. monocytogenes EGDe

wild-type laboratory strain

(Murray 1926)

L. monocytogenes
10403SAprfA

prfA gene disrupted by integration of Tn 917

in a 10403S background

Kindly provided by
Professor Dan Portnoy,
University of California,
USA

L. monocytogenes
EGDeAprfA

prfA gene disrupted by integration of
pAUL51-10 in a EGDe background

Kindly provided by
Professor Trinad
Chakraborty, University of
Giessen, Germany.

L. monocytogenes
10403SABAP

BAP gene disrupted by integration of
pSJoo4

(Jordan et al. 2008)

S. pneumoniae (D39)

Wild type laboratory strain, serotype 2

National Collection Type.
Culture 7466,London, UK

S. pneumoniae
D39APLY

Serotype 2 strain with deletion of
pneumolysin gene

(Berry et al. 1989b)

S. pneumoniae (TIGR4)

wild-type laboratory strain, serotype 4

Kindly provided by Tim
Mitchell, University of
Glasgow, UK

S. pneumoniae

D39ANanA

NanA gene disrupted by integration of

PR 410 in a D39 background

(Yesilkaya et al. 2008)

Irradiated

S. pneumoniae (D39)

Pneumococci were killed by exposure to a
source of cobalt 60 at approximately 250
Gray/hr for 4 hours

Kindly done by Graham
Eaton, Dept. of
Biochemistry University of
Leicester, UK.
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2.5 Antibiotics and media supplements

All media supplements are shown in Table 2.3. Those dissolved in water were filter-
sterilised through a 0.2 um acrodisc filter (Acrodisc, Gelman Laboratories, USA),

aliquoted and stored at -20°C.

Table 2.3 Antibiotics and media supplements.

Media supplements Stock Final concentration in medium
Erythromycin 100 mg/ml in ethanol 150 pg/ml
Gentamicin 100 mg/ml in water 150 pg/ml
Penicillin 10000 1U/ml in water 100 1U/ml
Streptomycin 10000 mg/ml in water 150 pg/ml
Fungizone 1250 mg/ml in water 2.5 pg/mi

2.6 Serotyping pneumococci

Serotyping was done by the capsular reaction test (Quellung reaction) using diagnostic
pneumococcal antiserum (Heineman 1973). A loop of overnight culture of S.
pneumoniae was smeared onto a microscope slide and allowed to air-dry. 10ul 1 % wi/v
methylene blue in water was placed onto a coverslip and mixed with 10ul of undiluted
specific anti-pneumococcal capsular polysaccharide antiserum (Statens Serum Institute,

Copenhagen, Denmark). A coverslip was then placed onto the slide. Bacteria were
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examined under x1000 oil objective and were compared to a control slide prepared with
heat-inactivated foetal calf serum (non-immune serum). Heat inactivation of foetal calf
serum was performed by raising the temperature of the serum to 56°C for 30 minutes.
Bacteria were counted as reactive if the capsule was distinctly outlined around the blue

stained cells.
2.7 Viable counts

Viable counts were calculated as average colony forming units (cfu) formed from
duplicate 50 ul volumes plated onto an appropriate agar plate (Miles and Misra 1938),
following ten-fold serial dilutions in sterile PBS. The cfu/ml was determined by the
following equation; cfu/ml = y x 109 x 20, where y is the average colony count in 50l

and d is the dilution factor.
2.8 Ependymal cell culture

An adaptation (Hirst et al. 2000a) of a previously described method (Weibel et al. 1986)
was used to grow the ependymal cells. Eight-well (25 x 35 mm) tissue culture trays
(Fisher Scientific, UK) were coated with bovine fibronectin (1pg/cm?) (Sigma-Aldrich,
UK) and were incubated at 37°C in 5% v/v CO, for 2 hours before use. Newborn (1 to 2
day old) Wistar rats (Biomedical Services, University of Leicester, UK) were killed by
cervical dislocation and their brains were removed. The cerebellum was removed, as
were small (3 mm) edge regions of the frontal cortex and the left and right cortical
hemispheres of the brain. The remaining brain regions (containing ependymal cells and
ventricles) were mechanically dissociated by passing the tissue through an 18-gauge

needle in 2 ml of 20mM Hepes buffered medium199. Dissociated tissue from each brain
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was seeded into the wells of 25 x 35 mm tissue culture trays (500 pl/well): each well
contained 2 ml of serum-free minimum essential medium containing penicillin (100
IU/ml), streptomycin (100 pg/ml), fungizone (2.5 pg/ml), bovine serum albumin (5
pg/ml), insulin (5 pg/ml), transferrin (10 pg/ml), selenium (5 pg/ml) (Invitrogen, UK)
and from day 3 onward, thrombin (0.5 IU/ml) (Sigma-Aldrich, UK). The medium was
completely replaced on day 3 after seeding. Thereafter, the adherent ependymal cells
were fed by the replacement of 2 ml of medium, three times a week (Hirst et al. 2000a).
The ciliated ependymal cell colonies were identified at day 5 by visual identification of
beating cilia using an inverted microscope and were used for experiments when cells

were between 14-17 days old (Weibel et al. 1986).

2.9 Infection of ependymal cells

Before use, the medium from the ependymal cell cultures was completely removed from
each well and the cells were washed 5 times with warm phosphate buffered saline
before 1ml of 20mM Hepes buffered medium 199 was added to each well. For
infection, 1ml of L. monocytogenes suspension (2x 10° cfu/ml) was added to give a final

concentration of 10% cfu/ml.

2.10 Nasal respiratory cell culture

The details of all the reagents used for the respiratory cell cultures are given in Table

2.4.
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2.10.1 Subjects

Subjects diagnosed with primary ciliary dyskinesia (n=50) from the diagnostic clinic at
Leicester United Kingdom were used. Healthy controls (n=60) were recruited from staff
and by local advertising at the University of Leicester. PCD was diagnosed based on the
consensus recently published by Bush and colleagues (Barbato et al. 2009). Normal
subjects were non smokers who had no history of respiratory disease for at least 6
weeks at the time of study. The study protocol was approved by the Leicestershire and
Rutland Regional Ethics Committee and written informed consent was obtained from all

subjects.

2.10.2 Collagen coating

PureCol solution of collagen was prepared as a 1% wi/v solution in phosphate buffered
saline (500ul in 50ml phosphate buffered saline). A sufficient volume of PureCol
solution was added to completely cover the surface of plates, flasks, glass-slides and
transwells where appropriate. After incubating for 5 hours at room temperature, they
were washed with nano pure water, left to air dry and then stored in a sealed bag at

room temperature until used.
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Table 2.4 List of reagents used for the respiratory cell culture.

Reagents

Source/Catalogue number/info.

Hepes buffered medium 199

Invitrogen, UK, 21180-021

PureCol solution (collagen)

Nunclon, Holland, 5409

Bronchial epithelial cell base medium (BEBM);

Lonza, Switzerland, CC-3171

Dubco minimal essential media (DMEM)

Invitrogen, UK 41966-029

Trypsin/EDTA

Sigma, UK, T3924

(BEGM SingleQuots) contains:

Bovine pituitary extract (BPE)

Insulin, bovine

Hydrocortisone (HC);

Gentamycin Sulfate and Amphotericin-B (GA-1000)
Retinoic Acid

Transferrin

Tri | odothyronine (T3)

Epinephrine

Epidermal growth factor, human recombinant (hEGF)

Lonza, Switzerland,T3924
CC-4009
CC-4021
CC-4031
CC-4081
CC-4085
CC-4205
CC-4211
CC-4221

CC-4230

Nunc 8-well tissue culture chambers

Fisher, UK, 177402

T80 Flasks

Sigma, UK, 156499

12-well plates

Sigma, UK, 150628

Clear transwells

Corning, USA, 3460

Trans retinal (100mg)

Sigma, UK, R-7632
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2.10.3 Brush biopsy

Nasal brushing is the most common and least invasive method for sampling ciliated
epithelium (Rutland et al. 1981, MacCormick et al. 2002). After blowing the nose, a
2mm nylon cytology brush was used to brush the side of the nasal turbinate in an
anterior and posterior direction and then withdrawn. Typically, a good biopsy yielded
about 1mg of ciliated tissue. Each tissue strip contained rows of 10-50 ciliated cells.
The epithelial strips obtained were then dislodged by agitating in 2ml of 20mM Hepes
buffered medium 199 (pH 7.4), containing penicillin (100 1U/ml), streptomycin (100
pg/ml) and fungizone (2.5 pg/ml), and kept in the fridge overnight. This allowed time
for the antibiotics and fungizone to work and clear any potential deep cellular

infections.

2.10.4 Basal cells

An adaptation of a previously described method was used to grow respiratory basal cells
(Gray et al. 1996). The bush biopsy contained a heterogeneous population of both
differentiated and undifferentiated respiratory epithelial cells. The contents of the brush
biopsy (unknown number of cells) was placed in a collagen-coated well from a 12 well
plate in 1ml of basal epithelial growth medium (BEGM) (BEBM+SingleQuots see
Table 2.5), containing penicillin (100 1U/ml), streptomycin (100 pg/ml) and fungizone
(2.5 ug/ml), at 37°C. The basal cells were fed every other day by removing the medium
and replacing it with Iml BEGM. When the cells were 90 to 100% confluent (after 7-10
days) the entire medium was removed and the cells were washed with 0.3ml
Trypsin/EDTA solution (0.5g porcine trypsin and 0.2g EDTA per liter of Hanks'

Balanced Salt Solution with phenol red) and left at room temperature for about 2-3
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minutes, occasionally agitating the tray. As soon as the cells began to detach, they were
suspended by pipetting the Trypsin/EDTA solution over the cell surface. Cells were
then placed in a 15ml tube containing 1ml BEGM to inactivate the trypsin. The well
surface was then washed with 3ml of BEGM (to recover all the cells) and this also was
placed in the 15ml centrifuge tube. The cells were then centrifuged (2,000 X g for 10
min) and the supernatant was removed. The pellet was resuspended in 1ml BEGM,
making sure that there were no clumps by vigorous pipetting. The cell suspension was
then added to a T80 (80cm?) collagen-coated flask containing 14ml BEGM. When the
cells in the T80 flask were 90 to 100% confluent (up to 4-7 days), the entire medium
was removed and the cells were washed with 1.4ml Trypsin/EDTA solution and left at
room temperature for about 2-3 minutes, agitating the flask occasionally. As soon as the
cells detached, 8ml BEGM was added and the cells were suspended by pipetting the
medium over the cell surface. The cell suspension was pipetted into a 15ml tube and the
cells were centrifuged for 5 minutes at 4,000g. The supernatant was removed and the
pellet resuspended in 1.8mI BEGM. Half of the cell supernatant was used for basal cell
studies (900 pl) in which the cells were either divided between the wells of a 12-well
collagen coated plate (70 ul in each well) or up to 20 wells of 8-well collagen coated
glass chamber slides (40 ul in each well). The basal cells were fed with fresh BEGM
medium, 1ml in the 12-well plates and 400l in the 8-well glass chamber slides, every
other day until confluent monolayers were obtained. Confluent 12 well plate wells

contained ~ 10’ cells and the glass chamber slides contained ~ 10° cells.

The other half of the basal cell suspension was used for air liquid interface cultures (8

2.10.5).
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2.10.5 Air liquid interface (ALI) cultures

An adaptation of a previously described method was used to grow respiratory ciliated
cells (Gray et al. 1996). For the ALI cultures 0.25ml of basal cell suspension (~1 x 10°
cells/lem?) from the T80 flasks (see §2.10.4) was added into four collagen-coated
transwell inserts (0.4 pm pore size, 1.2cm? diameter) of a 12-well plate with 1ml BEGM
on the basolateral side. Until confluent, the cells were fed with BEGM every other day
by replacing medium on the apical and basal surfaces (300ul and 850ul respectively).
When the basal cells reached confluency the medium was removed from the apical
surface, exposing the cells to air, and the medium was also removed from the
basolateral well and replaced with 700ul of air liquid interface (ALI) medium [50:50
BEBM and DMEM (400nM glucose)] containing penicillin (100 1U/ml), streptomycin
(100 pg/ml), fungizone (2.5 pg/ml) and 10 nM trans-retinoic acid. Cells were fed every
other day by replacing the basolateral ALI medium completely. Mucus was produced
from the apical surface within the first two weeks and the first cilia emerged from
cultures from day 16 onwards. The apical surface of the cells was washed with 0.3ml
PBS if the cells were producing excess mucus. Fully mature cilia were present after 3

weeks in culture and the transwell contained ~ 2 x 10° cells.
2.10.6 Transepithelial electrical resistance measurements

To confirm the presence of mature healthy epithelium, transepithelial electrical
resistance (TEER) measurements were made using a chopstick EVOM voltohmmeter
(World Precision Instruments, Sarasota, FL, USA) after temporary addition of 0.5 ml of

culture medium to the upper insert.
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2.11 Infection of basal and ciliated respiratory cells

Before infecting the basal and respiratory cells, BEGM and ALI media containing
antibiotics were replaced with BEBM for 2 hours. Cells were then washed twice with
BEBM and infected with S. pneumoniae (10’ cfu). Basal cells were infected for 4 hours
with pneumococci that were diluted to the required concentration in 400ul BEBM.
Ciliated respiratory cells were infected for 2 hours with pneumococci that were diluted

to the required concentration in 200ul BEBM.

2.12 Interaction between microspheres and cilia

Positive, negative and neutral microspheres (Table 2.5) were diluted in relevant tissue
culture medium and added to the ciliated cells (BEBM for respiratory cells and Hepes
199 for ependymal cells). The surface charge of these microspheres was kindly
measured by Professor Samuel Lai, Department of Chemical & Biomolecular

Engineering, Johns Hopkins University, Baltimore, USA.
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Table 2.5 List of microspheres used in this study and their details.

Microsphere

Details Source
charge
Melamine formaldehyde, )
o ) microspheres-nanospheres,
Positive 1.53uM diameter, surface .
Cold Spring, NY, USA
charge of 24 +/- 1 mV.
Silicon oxide, )
] ] microspheres-nanospheres,
Negative 1.42uM diameter, surface ]
Cold Spring, NY, USA
charge of -98 +/- 3 mV
Kindly donated by Prof.
Samuel Lai Dept.of
latex microspheres, surface  Chemical & Biomolecular
Neutral

charge of 0 mv Engineering, Johns
Hopkins University,

Baltimore, USA.

2.13 Measurement of ciliary beat frequency (CBF)

Ciliary beat frequency was measured as previously described (Mohammed et al. 1999,
Hirst et al. 2000a). For better resolution of cilia, the transwell inserts were placed on a
purpose-made Perspex cassette containing four wells with fixed cover slips containing
500uL of BEBM. Trays of ependymal cells and the transwells on the Perspex cassette
were placed in a humidified (80 - 90% humidity) thermostatically controlled (37°C)
incubation chamber on a light microscope stage (Diphot; Nikon) and left to equilibrate
for 30 minutes. Using probes the solution temperature (Fluke 52 Il thermometer,
Everett, Washington, USA) and pH (Fisher, UK) was measured. All CBF measurements

were made with the solution temperature between 36.5 and 37.5° C and the pH between
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7.35 and 7.45. For viewing the ciliated respiratory cells and for the ependymal cells, a
50x water immersion lens a 32x lens objective were used respectively. Beating of cilia
was recorded (magnification x320) using a Troubleshooter 1000 high speed video
camera (Lake Image Systems Ltd, UK) at 500 frames per second. All video files were
created using the AVI video format. For viewing the AVI files, MiDAS 4.0 player

software (http://www.xcitex.com/html/downloads.php) was used. Video sequences were

played back either at reduced frame rates or frame by frame, and ciliary beat frequency
was determined by timing a pre-selected number of individual ciliary beat cycles. At
each time point, measurements of ten individual cilia from the same colony of cells

were made.

2.14 Measurement of ciliary beat amplitude

High-speed video recordings were made as described in section 2.13. From the slow
motion replay of the video recordings it was possible to determine the maximum
forward position of the cilia tip and the maximum backward position of the ciliary tip.
The distance travelled between these two points was measured, in mm, on a display

screen (10inch screen) and was defined as the ciliary beat amplitude.

For each experiment, five different regions of ciliated ependyma (approximately 60um
X 140pum) and respiratory cilia (approximately 50 pm x 100 pum) were chosen at
random. From each area, five measurements of ciliary beat amplitude were made. In
some experiments where bacterial aggregates covered the cilia five readings were taken
from cilia covered by these aggregates and five readings from cilia outside these areas.
The amplitude of the ciliary beat in the control, which was not exposed to bacteria, was

defined as 100%.
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2.15 Measurement of bacterial aggregation

Still video files were obtained at the end of the experiments. From still photographs,
projected onto the laptop screen, the perimeter of bacterial aggregates associated to the
cells was traced onto acetate sheets. Using a grid, the percentage of ciliated tissue
covered by bacterial aggregates was determined for each sample. The grid contained
100 squares and each square represented 1% coverage. Five different areas of ciliated

cells were chosen at random.

2.16 Scanning electron microscopy

Scanning electron microscopy was done in collaboration with Andrew Rutman
(University of Leicester). Ependymal cells were fixed with 4% v/v glutaraldehyde in
Sorensen’s phosphate buffer (0.1M, pH 7.4) before centrifugation for 5 minutes at 2239
(Hirst et al. 2000a). The pellet was then re-suspended in fresh Sorensen’s buffer for 1
hour and rinsed twice with distilled water. The cells were post-fixed in 1% w/v osmium
tetroxide for 1 hour, after which the sample was centrifuged (5 minutes, at 223g). Cells
were washed gently in fresh Sorensen’s buffer 3 times and re-centrifuged. The samples
were then transferred into Bijou pots (7ml) and dehydrated through a graded ethanol
series; 50% v/v for 5 minutes, 70% v/v for 5 and then 15 minutes, followed by 90% v/v
and 100% for 5 and 15 minutes. The samples were then rinsed with neat
hexamethyldisilazane (HMDS) for 30 minutes and then immersed in fresh HMDS
which was allowed to evaporate overnight, leaving the cells fixed to aluminium
scanning electron microscope stubs (Agar scientific). These were then sputter-coated

with gold prior to examination.
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2.17 Immunohistochemical characterisation of basal cells

Confluent basal cells, grown in glass chamber slides, as described in 82.10.4, were fixed
with 4% w/v paraformaldehyde in phosphate buffered saline for 10 minutes at room
temperature. The cells were then washed with 200l phosphate buffered saline for 20
minutes with three buffer changes. The last wash was replaced with 1ml 3% w/v BSA
(Bovine serum albumin) in phosphate buffered saline and left for 10 minutes at room
temperature and then washed three times with phosphate buffered saline. Cells were
stained for 2 hours with 200l mouse anti-cytokeratin peptide 14 (CK14) monoclonal
antibody (Sigma, UK.C8791), at a dilution of 1:200 in 1% w/v BSA in PBS at 37°C
(Jakiela et al. 2008). After three washes in phosphate buffered saline, FITC-Goat anti-
mouse 1gG, A, M (Zymed laboratories, 65-6411) was diluted 1:50 in 1% w/v BSA in
phosphate buffered saline and was added for 2 hours at 37°C. During the final 10
minutes, 1:1000 Hoechst stain (Sigma Aldrich, UK, H6024) was added to stain the
nuclei. After 3 washes with PBS, the chamber was removed and a few drops of
mountant (80% v/v glycerol, 3% wi/v n-propyl gallate in phosphate buffered saline) was
placed onto the slide, covered with a size 1.5 coverslip and sealed with nail varnish. The

cells were then visualised using a Nikon eclipse TE2000-U microscope.
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2.18 Fluorescent labeling of basal and ciliated cells infected with

pneumococci

Pneumococcal infected basal cells

Bacterial, cytoplasmic and nuclear staining of basal cells was performed prior to
infection studies. 2ug/ml Hoechst (Invitrogen, UK) was diluted in 300 ul of BEBM and
left in the dark covering the cells for 20 minutes (Mocharla et al. 1987). The basal cells

were then rinsed twice with BEBM.

After the nuclei staining, the plasma membrane of the cells was stained with 1,1'-
dioctadecyl-3,3,3",3 -tetramethylindocarbocyanine perchlorate (Dil; DilC18,
Invitrogen, UK) (Honig and Hume 1986). Dil (3ul of a 1mM solution) was diluted in
300ul of the appropriate medium which was added to the cells for 20 minutes at 37°C.

After incubation, the cells were washed three times with fresh medium.

Bacterial stocks were prepared as described in §2.4. S. pneumoniae stock cultures (1ml)
were spun at 600x g for 10 minutes and re-suspended in 1ml BEBM. The bacteria were
stained using mixed isomers 5-and-6-carboxy-2",7 -dichlorofluorescein diacetate
succinimidyl ester (CFSE; Invitrogen, UK) (Breeuwer et al. 1996). CFSE (3ul of a
1mM stock solution) was added to Iml of bacterial suspension and incubated at 37°C for
45 minutes. The bacterial suspension was then centrifuged as before and the pellet
washed three times by re-suspension in an equal volume of BEBM medium to remove
excess dye. The basal cells were infected with the stained pneumococci as mentioned in

§2.11.
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Pneumococcal infected ciliated cells

After each experiment, cells were fixed with 4% w/v paraformaldehyde overnight at
4°C. The next day, cells were washed with 200ul PBS for 20 minutes with three buffer
changes. After the last wash 1ml 3% w/v BSA in PBS was added and left for 10
minutes at room temperature and then washed three times with PBS. Cilia were labelled
with mouse anti-acetylated tubulin antibody (Sigma, UK, T6793) diluted 1:1000 and
pneumococci were labelled with rabbit anti-type 2 pneumococcal capsule antibody
(Statens serum institute, USA, 16745) diluted 1:40 in 1% w/v BSA in PBS. A 200 pl
solution of these primary antibodies diluted in 3% w/v BSA in PBS were added to the
cells for 2 hours at 37°C. After three washes in 200ul PBS, antibodies bound to the
tubulin protein of cilia were detected using goat anti-mouse alexafluor 594 (Invitrogen,
UK, A-11020) diluted 1:250 in 1% w/v BSA in PBS. Antibodies bound to the
pneumococcal capsule were detected using FITC goat anti-rabbit 1gG (Abcam, ab6717)
diluted 1:250 in 1% w/v BSA in PBS. A 200ul solution of these secondary antibodies
diluted in 1% w/v BSA in PBS was added to the cells for 2 hours at 37°C. During the
final 10 minutes, 1:1000 Hoechst stain (Sigma Aldrich, UK, H6024) was added to stain
the nuclei. After 3 washes with PBS, the membranes were excised from inserts using a
scalpel and mounted invertedly onto slides. After adding a few drops of mountant (80%
viv glycerol, 3% w/v n-propyl gallate in PBS) onto the membrane the cells were

covered with a size 1.5 coverslip and sealed with nail varnish.

Figure 2.2 A and B are spectrums showing the fluorescent excitation and emission
maxima for each of the fluorophores used in the basal and ciliated respiratory studies,

respectively. Each peak is distinct and thus could be used for the studies.
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The respiratory basal and ciliated cells were viewed with a Leica TCS SP5 laser
scanning confocal microscope (X 63 Plan-APOCHROMAT 1.4 numerical aperture oil
DIC lens or X 40 Plan- NEOFLUAR 1.3 numerical aperture oil DIC lens). The lasers

for scanning were an Argon laser (488 nm), DPSS (561 nm) and blue diode laser (405

nm).
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Figure 2.2 Fluorescence Spectra used to confirm the compatibility of the fluorophores used. The X-
axis is the relative intensity and the Y-axis the wavelength. The light blue line in both images represents
the 488 laser. The peaks are representative of the absorption (dashes) and fluorescence emission
(unbroken) spectra. The grey bands show the emission band for each fluorophores/ analyses window. A)
fluorophores used for basal cell studies. Green is the CFSE stained bacteria, red is the Dil stained basal
cells and blue the Hoechst stained nuclei B) fluorophores used for ciliated cell studies. Green is the FITC
labelled bacteria, red is cilia labelled with anti mouse secondary alexafluor 594 and blue the Hoechst

stained nuclei. Obtained from Invitrogen website, the link is given below.

http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-SpectraViewer.html
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2.19 Image analysis software

To create a 3D surface representation of confocal z stack series from both infected basal
and ciliated cells a “3D volume render image’ using the blend mode of Imaris software

was generated (Bitplane AG, Switzerland, http://www.bitplane.com).

Using the Surpass feature of Imaris it was possible to create 3D surfaces for each
fluorescence channel. In this study 3D surfaces were only created for the cytoplasm
(red-Dil) and nuclei (blue, Hoechst). Also, using the ‘spot object” feature of Surpass, 1
um (bacteria) fluorescent objects were automatically recreated as spots, regardless of
the overall intensity. Thus, it was possible to define each bacterium adhered to the cells
as a 1um spot. Imaris detects an automatic threshold at which to insert the spots. The
number of spots in each image is calculated automatically. Also, by making the red
channel 20% transparent it was possible to locate those spots hidden by the cytoplasm.
Using a Leica laser scanning confocal microscope (X 63 objective) five random areas
were imaged by obtaining z sections. Each z section was approximately 0.4um. The
data from the five random areas were added together and represented as a ratio of
adhered bacteria per cell. Only bacteria in close proximately to the red channel were
included in the calculation. Web training for each feature used is available at

http://www.bitplane.com/go/web-training.

2.20 Assay of nitric oxide in culture

As described in 82.12, respiratory cells were infected with S. pneumoniae. Nitric oxide
(NOe) concentration in culture media was measured using a chemiluminescence

analyser (model 280, Sievers Instruments, Boulder, CO, USA) as previously described
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(Tsang et al. 2002). Briefly, nitric oxide was rapidly converted to nitrite (NO;) and
nitrate (NO3) in liquid medium. NOe was measured by chemiluminescence by reducing
NO, and NOj in the presence of vanadium (I1I) chloride. Between 5-10ul of cell
supernatant was injected into the first chamber of the Sievers chemiluminescence
analyzer, where NO3z" and NO," were reduced by vanadium (I11) chloride (in 1 mol/L
HCI) back to NOe. The latter was neutralised in 1M NaOH in the second chamber to
remove HCI vapours from entering the NOe analyzer. NOe was mixed with ozone in the
third chamber to produce ground-state NO, and excited-state NO,. The latter then
emitted a photon on returning to the ground state and the photon was detected by a
photomultiplier. Software supplied by the manufacturer allowed instant conversion of
the photon reading to the corresponding concentration of NOe. A 100mM nitrate

solution was used to prepare a standard curve.

2.20.1 Preparation of the glass vessel

Figure 2.3 shows the assembled nitric oxide analyser apparatus. Before taking
measurements, the valves of the glass vessel were closed. Then 15-20 ml of fresh 1M
NaOH was added through the tap labelled 3 on the diagram. The cap labelled 4 on the
diagram was then removed and 4-5 ml of saturated vanadium in HCI was added into the
vessel. Before closing the cap, a new inoculation disk was inserted. The last stage was
to turn on the two water baths, one was filled with ice cold water and the other was

filled with water at 95°C.

2.20.2 Preparation of the standards and unknown samples

To prepare for inoculation of standards and test samples, all valves to the glass vessel

were closed. The nitrogen cylinder was turned on and the pressure set to 5-8 psi. The
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valves were then turned in the following order, to avoid surge of pressure in the
analyser. First, valve 1 from the nitrogen cylinder, valve 2 between the vanadium vessel
and NaOH trap, valve 3 from the NaOH trap to the NOe analyser, which was opened
very slowly. The voltage of the NOe analyser rose when the pressure increased from the
glass vessel after opening valve 3 and then slowly fell to around 10mV. Regulating
valve 4, on the glass vessel was then turned on until a pressure reading of 5.7-5.8 psi

was obtained in the NOe analyser. The apparatus was then ready for use.

For sample analysis, first 100ul of ultra pure water was injected through disc A (Figure
2.3). The peak on the recorder screen raised and fell back to the baseline before the next
sample was added. Standard solutions (100ul) were then analysed in the order 200nM,
400nM, 600nM, 800nM and 1 uM nitrate. The test samples were then analysed. If the
height of the peak obtained for 100ul of a test sample was outside the standard range,
40ul of sample was injected into the analyser. At the end of the run the valves were
turned off in the order 3, 2 and 1. The vanadium waste was collected into a beaker by
opening the outlet valve. All the pressure tubing was removed and rinsed with ultra pure
water. The NaOH vessel was also rinsed and stored containing 15-20ml of ultra pure

water.

103



Chapter two — Material and methods

To Nitrogen Cylinder

Cold Water 2
Out __ T l
Cold Water
N —
A
I Filter
To analyser
\ A \1 l 0 analyse

Hot Water
Out — l

T 4
Hot Water \

In =
4
N

Vanadium
Waste Outlet

Figure 2.3 Diagram of the nitric oxide analyser glasswear. “A” shows the injection point.
The numbers indicate different valves (1) the valve from the nitrogen cylinder, (2) the valve
between the vanadium vessel and the NaOH trap, (3) the valve from the NaOH trap to the NOe

analyser and (4) the regulating valve on the glass vessel.
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2.21 Trypan blue assay

Trypan blue binds to DNA inside the cell and is a simple method to measure cell
viability (Freshney 1987). Viable cells with intact membranes exclude trypan blue and
are not coloured, whereas, dead cells absorb the stain and appear blue. A basal cell
suspension of 20ul (82.10.4) was placed in an eppendorf tube and added to 20ul of
0.4% wilv trypan blue solution (Sigma, T-8154). Of this suspension 10ul was added to
the chamber of a C-Chip disposable hemocytometer (Digital Bio, Korea) and using a

light microscope, the number of live and dead cells counted within 2-3 minute.

2.22 Measurement of cell viability

Damage to respiratory basal and ciliated cells following incubation with S. pneumoniae
was determined by measurement of lactate dehydrogenase (LDH) release. The lactate
dehydrogenase assay is a means of measuring membrane integrity as a function of the
amount of cytoplasmic LDH released into the culture medium, as a result of cell death.
The assay is based on the reduction of NAD by LDH. The resulting reduced NAD
(NADH) is utilized in the stoichiometric conversion of a tetrazolium dye. The resulting
coloured compound is measured spectrophotometrically. If the cells are lysed prior to
assaying the medium, an increase or decrease in cell numbers results in a concomitant
change in the amount of substrate converted. This indicates the degree of cytotoxicity
caused by the test material, in this case pneumococci. If cell-free aliquots of the medium
from cultures given different treatments are assayed, then the amount of LDH activity
can be used as an indicator of relative cell viability as well as a function of membrane

integrity.
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LDH in the cell culture supernatant was measured by an in vitro assay kit (Sigma, UK).
The cells were removed by centrifuging (at 2509 for 4 minutes) and 50ul of supernatant
transferred to a well of a flat-bottomed microtitre plate. To prepare the enzymatic lactate
dehydrogenase assay mixture equal amounts of LDH assay substrate, cofactor and dye
solution were mixed together. Of this assay mixture 100l was then added to each well
of the flat-bottomed plate containing the cell culture supernatant. The plate was then
covered with aluminium to protect from light and incubated for 30 minutes at room

temperature. 1 M HCL (15pul) was added to each well to stop the enzymatic reactions.

To measure the total LDH from infected cells, 1/10 volume of LDH assay lysis solution
per well (40 pl) was added to the cells and incubated at 37°C for 45 minutes. The cells
were then centrifuged and 50ul transferred to a well of a flat bottomed plate followed by

the same enzymatic analysis mentioned above.

Using an ELISA plate reader the absorbance was measured at a wavelength of 490nm.
The background absorbance was also measured at 690 nm and this value was subtracted
from the primary wavelength measurement. The results were presented as a percentage

of the LDH released from the fully lysed control wells.

2.23 Adherence assay

An adaptation of a previously described method was used to determine the adherence of
pneumococci to basal cells (Cundell et al. 1995). Basal cells were infected with 10 cfu
pneumococci for 4 hours at 37°C (82.12). To remove the loosely adhered bacteria after
the incubation period, the supernatant was removed and the glass slide was separated

from the plastic chamber. The glass slide was gently placed vertically in 50ml PBS for 1
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minute. The slide was then removed and placed into another pot containing 50ml PBS
for 1 minute. This procedure was repeated 5 times. After the last wash, the cells were
dislodged from the slide by the addition of 200 ul 0.1% v/v trypsin for 5 minutes and

then re-suspended in BEBM medium. Bacteria were counted by colony counting.

2.24 Invasion assay

An adaptation of a previously described method was used to assess the ability of
pneumococci to invade basal cells (Cundell et al. 1995). Basal cells were infected with
10" cfu pneumococci for 4 hours at 37°C (§2.12). After the incubation period, the cell
supernatant was removed and the cells were treated with 50ug/ml gentamicin in BEBM
medium for two hours to remove extracellular pneumococci. The cells were dislodged
from the slide by the addition of 200 ul 0.1% v/v trypsin for 5 minutes and then re-
suspended in BEBM medium. Viable intracellular bacteria were quantified by plating

lysed cells for colony counting (82.7).

2.25 Chemokine and cytokine analysis

Chemokines and cytokines were measured using a 96-well multi spot assay (Meso Scale
Discovery [MSD], Maryland, USA) according to the manufacturer’s instructions.
Briefly, the assay employs a sandwich immunoassay format where capture antibodies
are coated in a single spot, or in a patterned array, on the bottom of the wells of a multi-
spot plate (Figure 2.4). Samples or standards are incubated in the multi-spot plate, and
each cytokine binds to its corresponding antibody spot. When a potential is applied to
the electrode, bound labelled sulpho tag produces light and this is proportional to the

amount of inflammatory proteins in the sample. Unknown samples are calculated by
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comparing their light emitted to that of a known amount of the protein on the standard

curve.

Cytokines were measured using a human Thy/Th, standard 10 spot plate (Catalog
number NO1010A-1) and human chemokines were measured using a high band MS6000
10 spot plate (Catalog number N01001B-1), using SECTOR Imager 6000 (MSD,

Maryland, USA). For more details follow the following link. (http://www.meso-

scale.com/CatalogSystemWeb/Documents/Human 96 well Base.pdf). The lower limit of

detection was 1 pg/ml.
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Figure 2.4. Schematic showing the antibody sandwich system in MSD assays. Cytokine capture
antibody is pre-coated on specific spots of a multi-spot plate. Sample or standards are incubated in the
multi-spot plate, and each cytokine binds to its corresponding antibody spot. When a potential is applied
to the electrode, bound labelled sulpho tag produces light and this is proportional to the amount of
inflammatory proteins in the sample. Unknown samples are calculated by comparing their light emitted to

that of a known amount of the protein on the standard curve.
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2.26 Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad, San Diego, CA,
USA). The cytokine and chemokine data were analysed using one way analysis of
variance (Kruskal-Wallis test) and expressed as median + inter quartile range (IQR).
The rest of the data were analysed by using repeated measures one way analysis of
variance (ANOVA) and expressed as the mean + standard deviation. Between groups
comparisons were performed using the nonparametric Mann-Whitney U-test. Within
group comparisons were performed using a paired t-test. A p-value of <0.05 was taken
as the threshold for statistical significance. Advice on the use of statistical analyses was
given by Dr John Bankart (Statistician, Department of Health Sciences, University of

Leicester, UK).
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CHAPTER THREE - RESULTS

(ependymal cilia and Listeria)
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3.1 Overview

Listeria monocytogenes is a food-borne pathogen that, if ingested, has the potential to
enter the systemic circulation and move from the blood to penetrate the blood-brain
barrier to cause meningitis and meningoencephalitis, especially in the unborn and
newborn infant (Seeliger 1986, McLauchlin 1997). The risk of listeriosis is also
markedly increased in immunocompromised patients, such as those with AIDS (Jurado

et al. 1993).

In meningitis, bacteria in the cerebrospinal fluid are separated from the neuronal tissue
adjacent to the ventricular system and aqueducts, by the ependyma. The ependyma is a
single, uninterrupted, layer of ciliated cells that lines the cerebral ventricles, cerebral
aqueducts and the central canal of the spinal cord. Each ependymal cell has
approximately 40 cilia that beat continuously at a frequency of around 40 Hz, moving
the CSF close to the ventricular wall, in the direction of CSF flow (Shimizu and Koto
1992). In addition, the ependymal cilia are thought to act as a barrier to pathogen
infection of the underlying neuronal tissue (Del Bigio 1995). Prior to the entry of
Listeria into the cells of the brain the bacteria need to overcome this mechanical beating
of the cilia. Abnormal movement of the ependymal cilia has been strongly linked to the

development of hydrocephalus (Picco et al. 1993, Monkkonen et al. 2007).

During meningitis caused by L. monocytogenes, bacteria have been shown to be present
inside ependymal (Michelet et al. 1999) and neuronal (Drevets et al. 2004) cells, as well
as in the cerebrospinal fluid (Michelet et al. 1999, Deckert et al. 2001, Remer et al.
2001). However, the details of L. monocytogenes attachment to ciliated ependymal cells

and subsequent invasion are poorly understood. To improve our understanding of the
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patho-physiology of listerial meningitis, the effect of different strains of L.

monocytogenes on ependymal cilia was studied.

3.2 Interaction of wild-type L. monocytogenes and ciliated

ependymal cells

Wild-type L. monocytogenes 10430S (10° cfu), were incubated with ciliated ependymal
cells for three hours. Ciliary beat frequency (CBF) measurements were carried out at
defined times, after infection. During the first 30 minutes, the CBF was between 42 Hz
and 35 Hz and then stayed constant at around 40 Hz. However, after three hours the
cells started to detach from the tissue culture tray and for this reason, a three hour time

course was chosen for the subsequent experiments.

Ependymal cells from newborn Wistar rats were grown in culture until optimal ciliation
was reached (14-17 days) (Hirst et al. 2000a). Figure 3.1A is a low magnification
electron micrograph showing individual ependymal cells with tuffs of cilia. Figure 3.1B
is a high magnification of ciliated rat ependymal cells in vitro at 15 days in culture. As
mentioned in section 1.6 each ependymal cell has approximately 40 cilia, approximately
8um long and beat continuously at a frequency of around 40 Hz. A slow motion video
of beating ependymal cilia (Video S4) is given in Appendix A (See CD accompanied
with the thesis). Ciliated ependymal cells were then incubated with wild-type strains of
L. monocytogenes for three hours at 37°C. The behaviour of both the ependymal cilia
and the Listeria was altered in these co-cultures but the alterations were dependent on

the strain of L. monocytogenes.

The first strain studied was L. monocytogenes 10403S. In the presence of ependymal

cells the bacteria aggregated and by three hours about 11% of the surface area of the
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ependymal cell culture was covered by listerial aggregates that were attached to the
underlying cilia (Table 3.1, and Appendix A video S5). Scanning electron microscopy
revealed that the vast majority of the 10403S aggregates consisted of bacteria within an
extracellular material (Figure 3.2A). The scanning electron microscopy image in Figure
3.2B shows strands of material between the individual 10403S bacteria after three hours
of co-culture with ependymal cells. Occasional aggregates of bacteria associated with

cilia, but without extracellular material, were also present (Figure 3.2C).
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Figure 3.1 Scanning electron microscope images. (A) low magnification of ciliated rat ependymal cells
in vitro. Scale bar represents 50pm, (B) high magnification of cilia on an ependymal cell in vitro. Scale

bar represents Spm.
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Table 3.1 Ependymal ciliary beat frequency and percentage of tissue covered with bacterial

aggregates in the presence of extracellular material.

L. monocytogenes ciliary beat frequency % of tissue covered by bacterial
strain (H2) aggregates in the presence of

extracellular material

Control 4142 NLA
10403S 44+5 1143™
C52 1642 NLA
EGDe 46+5 62410
10403SAprfA 42+3 NLA
EGDeAprfA 41+2 NLA
10403sABapL 41+2 1243

Rat ciliated ependymal cells were incubated with L. monocytogenes strains in vitro for 3 hours before
ciliary beat frequency was measured. Data are the mean + standard deviation of 8 experiments. *
Significantly different (p<0.05) from the control (non-infected ependymal cells). Also, percentage of
tissue covered with bacterial aggregates in the presence of extracellular material was measured. **
Significantly different from the C52 (p<0.05) and wild type EGDe (p<0.001) and *** indicates

significant difference from 10403S and C52 (p<0.001). NLA: No listerial aggregates.
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oL YN o G0

Figure 3.2 Scanning electron microscope images. (A) L. monocytogenes strain 10403S on ciliated
ependymal cells. Areas with extracellular material (black arrow) and bacteria (white arrow). Scale bar
represents 2um, (B) A strand of extracellular material (arrow) between cells of L. monocytogenes. Scale
bar represents 1um, (C) L. monocytogenes strain 10403S aggregate on a ciliated ependymal cell. The
arrow is pointing to an aggregate. No extracellular material is visible. The scale bar represents 2um.

117



Chapter four - Results (respiratory cilia and pneumococci)

At three hours post-infection there was no significant difference (p>0.05) in the ciliary
beat frequency of cells incubated with 10403S or the medium alone control (Table 3.1).
However, the amplitude of the beating cilia covered by bacterial aggregates was
significantly reduced (36% below that of the control value, p<0.001, Table 3.2). The
ciliary beat amplitude of cilia not covered by bacterial aggregates was also reduced
compared to control but to a much lesser extent (88% of the control value, p<0.001,

Table 3.2).

Table 3.2 Ependymal ciliary beat amplitude inside and outside the listerial aggregates.

L. monocytogenes Mean ciliary beat Mean ciliary beat
strain amplitude outside the amplitude inside the
listerial aggregates listerial aggregates
(% of control) (% of control)

Control 10040 NA
104035 88+6" 36:+4"
C52 "

61+4 NLA
EGDe .

81+6 36+3"
10403SAprfA 8046 NLA
10403sABapL 89+4" 41+4"
EGDeAprfA 77+2" NLA
EGDe 2 hours 89+3" 6216

Data are the mean + standard deviation of 5 experiments. All the data shown are after three hours
infection except the last row which is at two hours post infection. * Significantly different from the
control (p<0.05). ** Significantly different from other wild-type strains and the control (p<0.05).

* Significantly different from the ciliary beat amplitude outside the listerial aggregates. *** Significantly
different from the ciliary beat amplitude inside the listerial aggregates of EGDe at three hours (p<0.001).
There were no significant differences in the cilary beat amplitude outside the listerial aggregates between
the mutants and their respective wild-type control (p>0.05). NA: not applicable. NLA: no listerial
aggregates.
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To investigate if the findings with L. monocytogenes 10403S were strain specific, the
study was repeated with two other wild-type strains of L. monocytogenes, C52 and
EGDe. After three hours incubation with C52, in contrast to 10403S there was a
significant reduction in ciliary beat frequency (P<0.001, Table 3.1). The bacteria were
seen to be attached to and moving in time with the beat of the cilia but no extracellular
material or bacterial aggregates were seen. The amplitude of the cilia after incubation
with C52 was significantly reduced (61%, P<0.001, Table 3.2) compared to the control

value and the other wild-type strains studied.

After three hours incubation with EGDe, there was no decrease (p>0.05) in ciliary beat
frequency compared to the control (Table 3.1). Incubation with the EGDe strain, during
the first two hours, resulted in chains of bacteria attaching to the cilia, moving at the
same beat frequency as the cilia (Appendix A video S6). After three hours, large areas
of bacteria were aggregated in an extracellular material (Appendix A video S7).
Approximately 61% of the surface area of the ependymal cell culture was covered by
listerial aggregates in association with extracellular material. This observation was
significantly greater (p<0.001) than with 10403S. Figure 3.3A shows large areas of
extracellular material and EGDe bacteria. Figure 3.3B shows a large clump of EGDe
bacteria. Where aggregates were present, there was a 64% reduction in ciliary amplitude
(P<0.001, Table 3.2). Where cilia were not covered by listerial aggregates, the ciliary
beat amplitude was decreased by 19% (P<0.001, Table 3.2). The reduction in ciliary
amplitude appeared to be dependent on the size of the bacterial aggregates. The ciliary
amplitude at 3 hours co-culture with EGDe was markedly reduced compared to the
amplitude after 2 hours (Table 3.2), at which time the bacterial aggregates were smaller.

Incubation of each bacterial strain and spent supernatant (supernatant from a previous
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experiment) did not result in bacterial aggregate formation, indicating that bacterial

aggregates and extracellular material formed as a result of contact between the

ependymal cells and the bacteria.
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Figure 3.4 Scanning electron microscope images. (A) The presence of a thick layer of extracellular
material on ciliated ependymal cells after incubation with L. monocytogenes strain EGDe. The top arrow
is pointing to an area with extracellular material and the bottom arrow to an aggregate of bacteria. Scale
bar represents 10um, (B) L. monocytogenes EGDe aggregate in the presence of extracellular material.

The arrow is pointing to an area of extracellular material. Scale bar represents 10um.
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3.3 Role for PrfA?

The expression of gene products that facilitate invasion, replication and bacterial cell to
cell spread is dependent upon a transcriptional activator known as PrfA (positive
regulatory factor A) (81.15.2) (Mengaud et al. 1991, Chakraborty et al. 1992, Freitag et
al. 1992). Ciliated ependymal cells were incubated with AprfA mutants of EGDe and
10403S for three hours at 37°C. The C52 AprfA mutant was not available. In contrast to
the wild type strains, no aggregates or extracellular material were observed with the
AprfA mutants. As with the wild-types, the mutants had no effect on ciliary beat
frequency (p>0.05, Table 3.1). Although there was significant reduction in ciliary beat
amplitude of the cells incubated with EGDAprfA and 10403SAprfA compared to the
control (P<0.001, Table 3.2), it was not significantly different (P>0.05) from their

respective wild-type strains (Table 3.2).

3.4 Role for biofilm associated protein?

Various genes have been identified that are important for listerial attachment to
surfaces. The biofilm associated protein (bap-L) has recently been identified as being
involved in the attachment of Listeria to cells (Jordan et al. 2008). Mutations in this
gene have previously been shown to significantly reduce the ability of Listeria to adhere
to polystyrene (Jordan et al. 2008). Ciliated ependymal cells were incubated with a
10403S mutant that lacked the biofilm associated protein (ABapL). This mutant had no
effect on the ciliary beat frequency (Table 3.1) and the surface area of the ependymal
cell culture was covered by listerial aggregates that were attached to the underlying cilia
(Table 3.2). There was no significant difference (p>0.05) in the percentage of tissue
covered by 10403S and ABapL aggregates in the presence of extracellular material.

Also, similar to the wild-type strain, the amplitude of the beating cilia covered by
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bacterial aggregates was markedly reduced (41% of the control value, P<0.001, Table
3.2) compared to the control. Furthermore, also similar to the wild-type strain, the

ciliary beat amplitude of cilia not covered by bacterial aggregates was reduced (89% of

the control value, P<0.001, Table 3.2) compared to control.
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CHAPTER FOUR- RESULTS

(respiratory cilia and pneumococci)
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4.1 Overview

Streptococcus pneumoniae (pneumococcus) asymptomatically colonizes the human
naso-pharynx but also accounts for approximately one-quarter of community acquired
pneumonia in both children and adults (Fernandez-sabe 2003). It has previously been
shown that pneumococci and pneumolysin, the pore forming toxin released on lysis of
pneumococci, damage the lining of the airway and the mucociliary escalator of healthy
epithelium (Feldman et al. 1992, Rayner et al. 1995, Kadioglu et al. 2002). In the
United Kingdom, S. pneumoniae is the most common bacterial respiratory pathogen,
causing community acquired pneumonia, which in patients with concurrent
pneumococcal septicaemia has mortality rates of more than 20% (Balakrishnan et al.
2000, Lim et al. 2001). S. pneumoniae is also one of the most common bacteria isolated
from the respiratory tract of patients with primary ciliary dyskinesia (PCD) (Xu et al.
2008). PCD is a genetic disorder and is caused by one of a number of different ciliary
defects, each of which results in ineffective ciliary function (Schidlow 1994).
Respiratory cilia have the most relevance in the pathophysiology of primary ciliary
dyskinesia (Schidlow 1994). Motile cilia covering the epithelia of the upper and lower
respiratory tract function to constantly move inhaled particles, cell debris, and microbes
towards the throat (Fliegauf et al. 2007). Because PCD patients lack mucociliary
clearance, recurrent infections of the upper and lower respiratory tract eventually cause
permanent lung damage such as bronchiectasis in these patients (Meeks and Bush 2000,
Geremek and Witt 2004). There has been a distinct lack of fundamental research into the
pathophysiology of upper and lower airway infection in patients with PCD primarily
due to poor diagnostic facilities and a paucity of respiratory tissue and consequently

samples available for experimental purposes. Therefore, little is known on the
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interaction of pathogens and human ciliated airway epithelial cells in PCD. In order to
determine if PCD patients are more susceptible to pneumococcal damage, the
interactions of pneumococci with ciliated respiratory epithelium from PCD patients and

healthy individuals was investigated.

PCD is also associated with extremely low levels of nasal and exhaled nitric oxide
(Lundberg et al. 1994, Karadag et al. 1999, Narang et al. 2002, Wodehouse et al. 2003,
Noone et al. 2004). The mechanism that is responsible for the low levels of nitric oxide
in PCD is not fully understood. Nitric oxide has been shown to be involved in the up-
regulation of ciliary motility (Jain et al. 1993, Runer et al. 1998), it also has
antimicrobial effects (Braun et al. 1999), including killing pneumococci (Runer et al.
1998). Reduced amounts of nitric oxide can complicate the interpretation of data on
interaction of pneumococci with PCD patients. As a result this study also determined
how exposure to pneumococci alters nitric oxide production by the respiratory

epithelium of PCD patients and healthy controls.

4.2 Establishment of air-liquid interface epithelial cell cultures

As mentioned in §2.10.5, after seeding ~10° basal cells/cm? to obtain a confluent
monolayer, the cells were exposed to air and only fed from the basolateral side. Mucus
was produced from the apical surface within the first two weeks and the first cilia
emerged from day 16 onwards. The number of differentiated ciliary cells gradually
increased, and, in the majority of inserts, 30 to 50% of the surface was ciliated after 30
days of culture. Figure 4.1 summarises this process. Figure 4.2 shows scanning electron
microscopy images of full length cilia and early stage ciliogenesis where cilia are not

full length. After ~28 days the formation of mature epithelium was confirmed by visual
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inspection and the measurement of transepithelial electrical resistance (TEER)
(Appendix A video S8). Figure 4.3 shows the experimental set up during the
measurement of transepithelial electrical resistance. Cultures with a TEER measurement
between ~950-1600 ohms/cm?® were considered stable (when looked at under the
microscope no breaks were observed in the epithelial layer) and ready for use in

subsequent experiments. Table 4.1 summarises the TEER readings from10 cultures.
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0 —Transwell insert
Apical compartment  _| ___ Seeded

basal cells
/

Culture medium

Basolateral compartment

~2 Air liquid culture

~14 Mucus present

~16-30 Ongoing ciliogenesis
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Figure 4.1 Air-liquid interface culture of differentiated nasal epithelial cells. Initially cultures were
submerged basally and apically and by day 2 a confluent monolayer was obtained. At this point the cells
were exposed to air and only fed from the basolateral side. By day 14, mucus was produced from the
apical surface and the first cilia started to emerge from day 16 onwards. The cultures were used in studies
after 30-40 days of culture. The numbers in the arrow above represent the number of days after seeding
basal cells in the transwell insert. The SEM image was taken by Andrew Rutman, University of Leicester.

Scale bar represents 20 pm.
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Figure 4.2 Human respiratory cilia from air-liquid tissue culture. A) low magnification of full length
cilia (fully grown). Scale bar represents 1000 um. B) higher magnification, top arrow is pointing to full
length cilia and the bottom arrow is pointing to cilia undergoing early ciliogenesis, where cilia are not
fully grown. Scale bar represents 100 pm. These images were taken by Andrew Rutman, University of
Leicester.
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Figure 4.3 Experimental set-up showing a transwell filter insert, covered by ciliated epithelium,
during measurement of transepithelial electrical resistance using a chopstick electrode on an

electrical volt Ohm meter.

Table 4.1 Transepithelial electrical resistance (TEER) readings from 10 air-liquid interface

cultures.

Culture number TEER Q/cm’ (meant SD)

Culture 1 1069+320
Culture 2 1437+185
Culture 3 989+102
Culture 4 956+116
Culture 5 978+22

Culture 6 1343+355
Culture 7 1103+108
Culture 8 1243+121
Culture 9 968+53

Culture 10 1614+393
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4.2 Interaction of wild type S. pneumoniae with ciliated respiratory

cells

Wild-type S. pneumoniae D39, at a concentration of 10”cfu were incubated with ciliated
respiratory cells for 4 hours. Ciliary beat frequency (CBF) measurements were carried
out at defined times, namely 0, 60, 120, 180 and 240 minutes after infection (Figure
4.4). During the four hour period, the CBF of infected cultures was between 13-16 Hz
(Figure 4.4). This was not significantly difference from the control cells (p>0.05).
Despite a normal CBF, after two hours the cells started to lift off from the culture insert.
Figure 4.5 shows the transepithelial resistance of control and infected cultures at 0, 2
and 4 hours. The transepithelial resistance of the 4 hour infected cultures was
significantly different from the control and 2 hour infected cultures (p<0.001). These
data indicate that at four hours the epithelial layer is losing its integrity. As a result, a

two hour time course was chosen for the subsequent set of experiments.

25+
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20- . wild-type D39
pneumococci

E 15%%
o
3 104
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C T 1 1

0 100 200 300

Time (minutes)

Figure 4.4 Ciliary beat frequency measurements of respiratory ciliated cells incubated in BEBM
medium alone (control) or with 10" cfu S. pneumoniae D39. Each point is the mean # standard

deviation of 3 individual readings with cells from different healthy individuals.
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Figure 4.5 Transepithelial electrical resistance (TEER) readings from control and S. pneumoniae
infected air-liquid interface cultures. Respiratory ciliated cells were incubated with BEBM medium
as the control or 10’ cfu D39. Each line corresponds to cells from a different healthy individual. The
TER readings of the infected cells at 4 hours were significantly different from the control at 4 hours and
both 2 hour values (P<0.001).

The first strain studied was S. pneumoniae D39. In the presence of respiratory cells the
pneumococci attached to the cilia and by two hours about 6% of the surface area of the
respiratory cell culture was covered by pneumococcal aggregates that were attached to
the cilia (Table 4.2, and Appendix A video S9). At two hours post-infection there was
no significant difference (P>0.05) in the ciliary beat frequency of cells incubated with
D39 or the medium alone control (Table 4.2). However, the amplitude of the beating
cilia covered by bacterial aggregates was markedly reduced (43% of the control value,
P<0.001, Table 4.3). The ciliary beat amplitude of cilia not covered by bacterial
aggregates was also reduced compared to control but to a much lesser extent (89% of

the control value, P<0.001, Table 4.3).
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Table 4.2 Respiratory ciliary beat frequency and percentage of tissue covered with
bacterial aggregates.

S. pneumoniae strain ciliary beat frequency % of tissue covered by bacterial
(Hz2) aggregates

Control 15.7+1 NA

D39 14.9+1.5 6+1.6°

TIGR4 15.6+2 5.7+1

D39APLY 14.2+0.6 5.3+2"

D39 ANanA 14.1+2 NPA

Respiratory ciliated cells were incubated with S. pneumoniae strains in vitro for 2 hours before ciliary
beat frequency was measured. Also, percentage of tissue covered with bacterial aggregates was measured.
* Significantly different (p<0.05) from the control (non-infected respiratory cells). NA: Not applicable.

NPA: No pneumococcal aggregates. Data are the mean + standard deviation of 6 experiments.

Table 4.3 Respiratory ciliary beat amplitude inside and outside the pneumococcal

aggregates.
S. pneumoniae strain Mean ciliary beat Mean ciliary beat
amplitude outside the amplitude inside the
pneumococcal pneumococcal
aggregates aggregates

(% of control)

Control 10040 NA
D39 89+7" 43+8"
TIGR4 885" 46+5™
D39APLY 9042" 110"
D39A NanA 87+3 NA

Data are the mean + standard deviation of 6 experiments. * Significantly different from the control
(p<0.05). ** Significantly different from the respective ciliary beat amplitude outside the pneumococcal
aggregates (p<0.001). There were no significant differences in the ciliary beat amplitude outside the
pneumococcal aggregates between different bacterial strains (p>0.05). NA: not applicable. Data are the

mean + standard deviation of 6 experiments.
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In order to view pneumococcal attachment to cilia in more detail, the cilia and bacteria
were fluorescently labelled and viewed using a confocal microscope (82.18). Figure
4.6a shows a confocal image of a pneumococcal infected ciliated culture. The bacteria
appear to be attached to the tip of the cilia. Using Imaris image analysis software
(82.19) a 3D surface reconstruction of figure 4.6a shows this attachment in more detail
(Figure 4.4b and c). The bacteria appear to be bound to the side of the cilia towards the
tip. Figure 4.6d shows a clump of pneumococci attached towards the tip of the cilia.
Interestingly, only one bacterium from the bacterial aggregate is in contact with the cilia

(Figure 4.6d).

To investigate if the findings with S. pneumoniae D39 were strain specific and related to
the pore forming toxin pneumolysin; the study was repeated with another wild-type
strain of S. pneumoniae, TIGR4 and the pneumolysin deficient mutant D39APLY. After
two hours incubation with TIGR4 and D39APLY, similar to D39 there was no reduction
in ciliary beat frequency (P>0.05, Table 4.2). The bacteria were seen to be attached to
and moving in time with the beat of the cilia and covering around 5% of the surface area
of the respiratory cell culture. Also similar to D39, the ciliary beat amplitude of cilia not
covered by bacterial aggregates was reduced compared to control and reduced even
further where the beating cilia were covered by bacterial aggregates (Table 4.3). Next
the role of another pneumococcal virulence factor, neuraminidase A (NanA) was
investigated. Similar to D39 there was no reduction in ciliary beat frequency (P>0.05,
Table 4.2). The ANanA pneumococci were seen to be attached to the cilia although
interestingly, no bacterial aggregates were observed. The ciliary beat amplitude was

also significantly reduced compared to the control (Table 4.3).
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To determine if viable bacteria were necessary for adherence to cilia and aggregate
formation, pneumococci were Killed using irradiation (82.4). To insure the pneumococci
were dead, they were plated onto blood agar plates and no bacteria were recovered. This
study showed that the dead pneumococci were still able to adhere to the cilia, although

they did not aggregate.

4.2.1 Studing the surface charge of cilia

In this study the charge of the respiratory ciliary surface was investigated using
microspheres. Positive, negative and neutral microspheres were added to the respiratory
and ependymal ciliated cells. The positively charged melamine formaldehyde and
negatively charged silicon oxide microspheres (microspheres-nanospheres, Cold Spring,
NY, USA) both attached to the cilia (video S10 and S11 in Appendix A). The surface
charge of these microspheres was measured and silica particles had a surface charge of -
98 +/- 3 mV, whereas melamine particles had a surface charge of 24 +/- 1 mV (82.25).
Interestingly, neutral latex microspheres did not bind to the cilia. A summary of all the

data is given in table 4.4.
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20.um

Figure 4.6 Confocal images processed by Imaris software of pneumococci attached to respiratory
cilia. A) ‘3D volume render image’ using the blend mode of Imaris software, showing pneumococci (in
green) attached towards the tip of the cilia (in red). Bar is 20um. B, C and D are images generated using
the surpass feature of Imaris to create 3D surfaces for each fluorescence channel. B and C show the
bacteria attached towards the tip and at the side of the cilia (see arrows) C) shows an aggregate of
pneumococci attached to the cilia. Nuclei are in blue. Bar is 100 um. Immunostaining was performed as

described in §2.18.
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Table 4.4 Pneumococcal and abiotic particle attachment to respiratory and ependymal cilia and

the formation of aggregates. N=5,

Bacterial strain or particle Attachment Aggregate formation

D39 + +
TIGR4 + +
D39APLY + +
D39ANanA * ;
Dead D39 + -

Positively charged

melamine microspheres

Negatively charged +

silica microspheres

Neutral latex particles

4.3 Cytotoxicity of cilated respiratory cells induced by pneumococci

Cytotoxicity to ciliated respiratory cells was determined by measuring the release of
lactate dehydrogenase (LDH) after exposure of the cells to S. pneumoniae strain D39.
Ciliated cultures from both PCD and healthy individuals were grown in transwell inserts
as previously described (82.10.5). After two hours incubation with pneumococci there
was a significant difference (p<0.05) in LDH release from infected healthy normal and
PCD ciliated cells, compared to the control (uninfected cells) (Table 4.5). There was no
significant difference (p>0.05) in LDH release from infected PCD ciliated cells and

infected healthy controls (Table 4.5).
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Table 4.5 LDH release (% of fully lysed) as a measurement of cell damage.

S. pneumoniae strain Normal PCD
Control 8.1£3.4 4.8+3.8
10" D39 11+3.8* 6.9+3.8*

Respiratory ciliated cells from healthy normal and PCD patients were incubated with S. pneumoniae
D39 in vitro for two hours. Data are given as a percentage of the fully lysed cells (100%).
*Significantly different from the respective control (ciliated cells incubated with BEBM medium),
P<0.05. There was no significant difference (p>0.05) between normal and PCD patients. Data are the

mean + standard deviation of 6 experiments.

4.4 Nitric oxide release from ciliated respiratory cells

The nitric oxide released into the supernatant by cultured ciliated cells from PCD
patients, was not significantly different (P>0.05) from the healthy controls (Figure 4.7).
There was also no difference in nitric oxide levels in PCD patients once infected.
However, there was an increase in nitric oxide levels in normal ciliated cells after

incubation with 107 cfu D39 pneumococci for two hours at 37°C (Figure 4.7).
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Figure 4.7 Nitric oxide (measured as nitrate) release from ciliated cells after incubation with 10’ cfu
wild type pneumococcal strain D39. Each point represents cells from an individual donor. The full
circles represent normal donors and hollow circles PCD patients. * indicates significant difference from
the control and PCD data (P<0.001). The horizontal line is the mean.

In was then of interest to investigate if the increased nitrate levels seen in Figure 4.7
affected the viability of pneumococci. Therefore, D39 pneumococci at a concentration
of 10" cfu were incubated with 10pM sodium nitrate (value from Figure 4.7) or BEBM
medium (as a control) for 2 hours at 37°C. To determine viability, after 2 hours
pneumococci were plated onto blood agar plates. This was repeated three times and no
difference was observed between the bacteria recovered from incubation with sodium

nitrate and the control (Table 4.6).
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Table 4.6 Colony counts of recovered pneumococci (cfu/ml) after incubation with 10uM sodium

nitrate. The control pneumococci were incubated in BEBM medium.

Pneumococci incubated with Pneumococci incubated

BEBM (covtrol) with sodium nitrate
1x 10’ 1x 10’
1.6x 10’ 3x10°
1.2 x 10 8 x 10°

4.5 Number of recovered pneumococci following two hour exposure

to PCD and healthy ciliated respiratory cells

After infecting PCD and healthy ciliated cultures with pneumococci for 2 hours, the
supernatant and the cultures were re-suspended in 200ul BEBM medium. Following
ten-fold serial dilutions in PBS, the recovered supernatant was plated onto blood agar
plates. This experiment was repeated with 4 PCD and 4 healthy ciliated cultures.
Significantly more pneumococci (p<0.05) were recovered from the healthy ciliated

cultures (Table 4.7).
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Table 4.7 Colony counts of recovered pneumococci (cfu/ml) after infection of normal and PCD

ciliated epithelial cells.

Normal PCD
4.4x10% 1x10°
5x10% 35x10°
6.2x 10° 44x10°
6.5x 10% 2x10°

*Significantly different (p<0.05) from the recovered pneumococci of PCD ciliated cultures.

4.6 Pneumococcal induced chemokine release from ciliated cells

A panel of nine chemokines were chosen and measured after incubation of the cells
with S. pneumoniae (Eotaxin, Eotaxin-3, IL-8, IP-10, MCP-1, MCP-4, MDC, MIP-13
and TARC). Whilst extrapolating the data, PCD patients with a static ciliary phenotype
appeared to have higher values to other PCD phenotypes, thus the PCD patients were
separated into two groups, static and non-static. There was a significant difference
(p<0.05) in the resting levels of six of the chemokines studied from ciliated cells
cultured from PCD patients (non-static group) compared to healthy volunteers (Eotaxin,
IP-10, MCP-1, MDC, MIP-1b and TARC) (Table 4.8). Whereby, PCD ciliated cells
showed higher levels of chemokine release (p<0.05). This is compared to a significant
increase (p<0.05) in the resting levels of all of the chemokines studied from ciliated
cells cultured from ciliary static PCD patients compared to healthy volunteers and the

non-static PCD group (Table 4.8).

All chemokines released by PCD static ciliated cells following two hour incubation with

107 cfu S. pneumoniae were significantly higher (p<0.05) compared to healthy ciliated
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cells following the same stimulation with S. pneumoniae. Except for IL-8 and Eotaxin-
3, the non-static PCD ciliated cells following stimulation with pneumococci had similar
increased levels of chemokines compared to the healthy volunteers. Interestingly, the
cells from the static PCD group after incubation with pneumococci showed higher
(p<0.05) levels in 5 chemokines (Eotaxin, Eotaxin-3, IL-8, MDC and TARC) compared

to the cells from non static PCD patients.

In healthy volunteers following infection of the ciliated cells with pneumococci a slight
increase in several chemokines (IP-10, MDC, MIP-1p and TARC) was observed
compared to the uninfected control. Also, exposure of PCD ciliated cells (non static
group) to pneumococci resulted in increased eotaxin compared to the uninfected
control. Furthermore, exposure of PCD static ciliated cells to pneumococci resulted in
increased levels of Eotaxin, IL-8 and MDC compared to the uninfected control. Graphs
from each chemokine assayed in this study, is given in appendix B, where PCD data are

divided according to their phenotype (static and non-static).
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Table 4.8 Chemokine release by ciliated respiratory cells from healthy controls and PCD patients in response to S. pneumoniae.

Chemokine Healthy controls PCD patients
pg/ml
Non statics cilia Static cilia

control 10" cfu D39 Control 10" cfu D39 Control 10" cfu D39
Eotaxin 26(0-107) 123(90-135) 170(76-352) 265(122-520)* 519(378-674)# 742(475-820)*#
Eotaxin-3 | 3269(1234-3878) 2240(1699-3058) | 3162(2054-4923) 4515(2342-11800) | 12523(9870-19020)# | 13511(9628-16282)#
IL-8 2795(1140-5725) 3082(1894-4660) | 2501(1100-4933) 3810(1564-19860) | 20735(15500-25742)# | 26516(20452-32633)*#
IP-10 189(112-213) 270(209-322)* 345(231-617) 438(295-894) 779(550-1199)# 1024(649-1443)
MCP-1 12(10-18) 21(18-39) 90(30-98) 71(38-124) 111(100-193)# 129(101-235)
MCP-4 190(163-295) 236(160-292) 270(205-319) 271(219-649) 661(450-698)# 713(598-805)
MDC 200(187-226) 296(244-344)* |  458(314-699) 491(374-946) 971(800-1476)# 1356(1101-1907)*#
MIP-1B 0 5(3-6) * 11(4-14) 15(6-40) 33(25-76)# 67(34-80)
TARC 69(21-84) 84(68-121) * 108(102-236) 187(97-472) 531(250-631)# 605(526-964)#

Data are medianz inter quartile range of 10 PCD (5 statics and 5 non statics) and 10 healthy normal donors. *significantly different (p<0.05) from respective control. #

significantly different from same data in the non statics. Significant differences (P<0.05) from same data in the healthy control ciliated cells, are highlighted in bold.
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4.7 Pneumococcal induced cytokine release from ciliated cells

The data for cytokine release in response to S. pneumoniae are given in Table 4.9. In
total 10 different cytokines were measured; INFy, IL-10, IL-4, IL-13, IL-5, IL-1B, IL-2,
TNFa, IL12p70 and IL-6. Similar to the chemokine data PCD patients with a static
ciliary phenotype seemed to have higher cytokine readings, thus they were separated

into two groups (static and non-static).

There was a significant difference (p<0.05) in the resting level of IL-6 from ciliated
cells cultured from PCD patients (non-static group) compared to healthy volunteers
(Table 4.9). Whereby, PCD cells released higher levels of IL-6 (p<0.05). This is
compared to significantly higher values (p<0.05) in the resting levels of INFy, IL-10,
IL-13, IL-5, TNFa, IL12p70 and IL-6 from ciliated cells cultured from ciliary static

PCD patients compared to healthy volunteers and the non-static PCD group (Table 4.9).

Except for IL-4 and IL-12 all cytokines released by PCD static ciliated cells following
two hour incubation with S. pneumoniae were significantly higher (p<0.05) compared to
healthy ciliated cells following the same stimulation with S. pneumoniae. In non-static
PCD ciliated cells following stimulation with pneumococci only IL-6 and IL-10 had
increased levels of chemokines compared to the healthy volunteers. Interestingly, the
cells from the static PCD group after incubation with pneumococci showed higher
levels in 4 cytokines (IL-6, INFy, IL-5 and IL-13) compared to the cells from non static

PCD patients.

In healthy volunteers following infection of the ciliated cells with pneumococci no
increase in cytokine levels was observed compared to the uninfected control. However,

exposure of PCD ciliated cells (non static group) to 10’ cfu pneumococci resulted in
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increased IL-6 and IL-10 compared to the uninfected control. Furthermore, exposure of
PCD static ciliated cells to 10 cfu pneumococci resulted in increased levels of IL-6, IL-
10 and IL-1B compared to the uninfected control. Graphs from each cytokine assayed in

this study, is given in appendix B, where PCD data are divided according to their

phenotype (static and non-static).
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Table 4.9 Cytokine release by ciliated respiratory cells from healthy controls and PCD patients in response to Streptococcus pneumoniae.

Cytokine
pg/ml

Healthy controls

control

10" cfu D39

Control

Non statics cilia
10" cfu D39

PCD patients

Control

Static cilia
10" cfu D39

IL-6
IL-10
INFy
IL-1p
IL-4
IL-5
IL-2
IL-13

IL-12p70
TNFa

187(137-258) 186(60-358)

36(27-57)
69(52-85)
16(10-20)
6(3-10)
13(10-15)
20(14-26)
48(39-68)

14(0-21)
91(71-94)

35(27-53)
69(41-102)
18(11-26)
6(3-8)
9(8-13)
18(13-36)
61(50-69)

18(10-31)
83(55-94)

695(381-937)
43(35-58)
57(39-76)

6(6-13)
4(3-5)
13(9-16)
22(16-33)
54(43-91)

17(12-23)
82(56-125)

2539(1209-3526)* | 5000(4000-6303) #

90(72-119)*
78(4-102)
13(9-26)
6(3-6)
12(10-21)
38(20-51)
51(43-91)

18(10-31)
77(34-127)

87(38-111) #
109(78-165) #
21(18-30) #
6(3-18)
21(16-29) #
43(21-54)
100(86-137) #

40(28-48) #
151(125-196) #

15481(10000-20209)* #
120(92-146)*
109(78-128) #

27(24-38)*
7(4-27)
25(20-40) #
45(40-70)
110(90-153) #

29(16-40)
145(123-200)

Data are median (inter quartile range) of 10 PCD (5 statics and 5 non statics) and 10 healthy normal donors. *significantly different (p<0.05) from respective control.

# significantly different from same data in the non statics. Significant differences (P<0.05) from same data in the healthy control ciliated cells, are highlighted in bold.
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CHAPTER FIVE - RESULTS

(Respiratory basal cells and
pNeumococci)
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5.1 Overview

In order to achieve successful infection bacteria must overcome multiple obstacles. In
the majority of cases, this requires bypassing the first line of host defence, the barrier
provided by epithelial surfaces. During the course of a respiratory infection the ciliated
epithelium is damaged, cilia striped away and the basal cells become exposed. PCD is
commonly associated with recurrent airway infections that are thought to be caused, at
least in part, by impaired mucociliary clearance. Infections of the airway commonly
cause destruction of the columnar epithelial cells, thus exposing the sensitive underlying
basal cells of the airway to bacterial toxins and host inflammatory mediators. Nasal
epithelial basal cells are the main airway epithelial progenitor cell from which ciliated
columnar epithelial cells, goblet cells and clara cells derive, however, little is known on
the interaction of S. pneumoniae and human basal airway epithelial cells in PCD. The
basal cells are known to react to infectious stimuli by releasing inflammatory mediators

but these responses are uncharacterised in PCD or during pneumococcal infection.

In order to determine if the respiratory epithelial cells of PCD patients were more
susceptible to pneumococcal damage the interactions of pneumococci with basal

respiratory cells from PCD patients and normal individuals were investigated.
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5.2 Basal cell culture

Initially, from the basal cell suspension mentioned in 82.10.4, cells were divided
between the wells of a 12-well plate coated with collagen (see §2.10.3). Between 60-
80 pl of basal cell suspension (contained ~ 4 x 10* cells) was added to each well
containing 1ml of BEGM. The cells were fed with fresh BEGM medium every other
day and by day 13-15 the cells were fully confluent. Only when the cells in the well had
reached confluency (~ 10° cells), were they used in experiments. Table 4.1 follows the

progression in cell confluency in 10 patients over 15 days.

Patients | Day3 | Day5 | Day 7 | Day 9 | Day 11 | Day 13 | Day 15
1 15% 60% 80% | 90% | 100%
2 15% 50% 85% | 90% 98% 100%
3 5% 5% 8% 10% 40% 85% 100%
4 8% 5% 15% | 30% 90% 75% 100%
5 8% 9% 10% | 40% 55% 70% 100%
6 5% 7% 15% | 60% 70% 70% 100%
7 3% 6% 9% 45% 50% 60% 100%
8 5% 10% 25% | 65% 80% 90% 100%
9 6% 8% 15% | 50% 80% 90% 100%
10 5% 20% 45% | 60% 90% 100%

Table 5.1 Progress in basal cell confluency in wells of a 12-well plate over 15 days. Basal cells were
seeded at day 1 and every other day by visual inspection, an estimated percentage of cell confluency was

recorded. By day 15 the majority of cells were 100% confluent. This data was recorded in 10 patients.

After the initial experiments, the majority of the experiments were carried out in Nunc
8-well tissue culture chambers. Each chamber slide was coated with collagen (see
§2.10.2). Around 40-60 ul of basal cell suspension (contained ~ 10* cells) from a

confluent T80 flask (see § 2.10.4) was added to each chamber that contained 400 ul of
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BEGM. By day 3 the majority of the wells were confluent (~ 2 x 10* cells) and if not
they were fed with fresh BEGM medium. In contrast to the first method, using this
method it was possible to get up to 20 confluent wells per patient. Table 4.2 follows the
progression in cell confluency in 10 patients for up to 5 days. To ensure that before the
start of any experiment the basal cells were viable, trypan blue was added to the
confluent basal cells from 10 patients. Greater than 95% viability was found in every

case.

5.3 Characterisation of basal cells

Immunohistochemical staining of the basal cells and immunoflouresence was used to
characterise basal cells. Single-cell basal layers were stained with the anti-cytokeratin
peptide 14 monoclonal antibody, ck-14. Immunohistochemical staining for cytokeratin
has been routinely used to identify basal cells (Zabner et al. 1996, Nakajima et al. 1998,
Jakiela et al. 2008). The ck-14 antibody reacts specifically with the basal layer of the
laryngeal epithelium (Zabner et al. 1996). Figure 4.1A shows Ck-14 positive cells (red).
To ensure there was no non- specific binding the secondary antibody was incubated on

the cells in the absence of the primary antibody (Figure 4.1B).
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Figure 5.1 immunofloueresent images showing the expression of ck-14 in basal respiratory

epithelial cells; A) basal cells stained with anti-CK-14 antibody (anti-mouse—IgM, red), the top arrow is
pointing to a CK14" cell and the bottom arrow to a CK14™ cell. B) Basal cells only stained with the

secondary antibody. The nuclei are stained with Hoechst (Blue). Original magnification x600.

5.4 Cytotoxicity of basal cells induced by pneumococci

Cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH)
after exposure to S. pneumoniae strain D39 and APLY. Respiratory basal cells were
grown in glass chamber slides as previously described (§2.10.4). After four hours
incubation there was no significant difference (p>0.05) in LDH release from uninfected
basal cells and cells of both normal and PCD patients incubated with 10° cfu/ml D39
bacteria. However, LDH release after infection with 10® and 10" cfu/ml wild-type D39
was significantly different from the control and from each other (p<0.001, Table 4.3).
Interestingly, there was no significant difference in LDH release from normal and PCD
basal cells either before or after exposure to pneumococci (p>0.05). Basal cells that
were infected with the pneumolysin deficient mutant APLY at the same concentrations
as the wild-type had significantly less (p<0.001, Table 4.3) LDH release than cells

incubated with the wild type D39 bacteria.
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Table 5.3. LDH release (% of fully lysed) as a measurement of cell damage.

S. pneumoniae strain Normal PCD

Control 4.4+3.4 4.1+2.7
10° D39 32.8+4.7" 38.85.5"

10° APLY 2.4+1.1 2.2+0.8
10’ D39 13.745.5" 14+6.5"

10" APLY 1.1+1.6 2.0+3.1
10° D39 5+2.1 6+2.8

10° APLY 4+2.4 2.5+1

Respiratory basal cells from PCD and normal patients were incubated with S. pneumoniae D39, a
pneumolysin negative mutant, APLY, in vitro for four hours. Data are given as a percentage of the
fully lysed cells (100%). *Significantly different from the control (Basal cells incubated with BEBM
medium), p<0.001. ** Significantly different from the control and cells infected with 10° D39 cfu/ml,

p<0.001. Data are the mean =+ standard deviation of 6 experiments.

5.5 Pneumococcal adhesion and invasion of respiratory basal cells

As mentioned in § 2.23 and § 2.24, after infecting the basal cells with 10" cfu D39 for 4
hours, the medium and the chamber was removed from the glass slide. The glass slide
was inverted vertically in successive 60ml polypropylene containers (sterilised by
irradiation, Fisher, FB51806) of PBS to remove the loosely adhered bacteria. The
number of recovered bacteria from each wash is given in Figure 4.2. By the 5" wash no
bacteria were recovered from the PBS. The remaining bacteria were assumed to be
adhered and the basal cells were removed using 0.1% w/v trypsin, resuspended in
BEBM and plated on blood agar plates. 0.1% trypsin was shown not to Kill

pneumococci. The number of bacteria adhered in a well to both PCD and normal basal
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cells are given in Figure 4.3. There was no significant difference (p>0.05) in the number
of adhered bacteria in PCD and normal basal cells. Viable intracellular bacteria were
quantified by plating lysed cells for colony counting after treatment with 50ug/mi
gentamicin for two hours to remove extracellular pneumococci (Cundell et al. 1995).
This experiment was repeated with basal cells from 10 PCD patients and 10 normals
and no bacteria were recovered. To ensure the gentamicin killed the pneumococci, 10’
cfu D39 pneumococci were incubated with 50ug/ml gentamicin for 2 hours and then

plated on blood agar plates. This was repeated 3 times and no bacteria were recovered.

20000+
15000+
10000+

5000+

Bacteria recovered from each wash

Figure 4.2 Graph showing the number of bacteria recovered from each wash of glass chamber
slide. This experiment was repeated six times with different basal cells (indicated by the different

colours). By the 5™ wash no bacteria were detected in the wash solution.
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Figure 4.3 Graph showing the number of bacteria adhered to basal cells from normal and PCD
individuals. Each point represents a separate individual and the horizontal line is the mean.

A second method, using confocal microscopy and Imaris image analyses, was also used
to study adhesion and invasion of pneumococci to basal cells (§2.19). Briefly, bacteria,
nuclei and the cytoplasm were stained before infecting the cells with the bacteria (82.17
and 18). The CFSE stain did not affect the viability of the pneumococci after 4 hours, as
assayed by colony counting. After 4 hours the cells were washed with PBS, fixed with
4% wi/v paraformaldehyde and viewed using a Leica SP5 laser scanning confocal
microscope. Random areas from each well (n=5) were imaged by obtaining 4 pum z
sections. Figure 4.4a is a confocal image of infected basal cells, created using the 3D
volume render and blend mode function of Imaris. In figure 4.4b the blue and red
channels were rebuilt using the 3D surface option of Imaris and the spot object feature
was used for the green channel. As seen in Figure 4.4c, by making the red channel 20%
transparent (cytoplasm) it was possible to visualise the internal number of spots

(bacteria). Thus the number of adhered and internal bacteria was quantified. The data
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from the five random areas were combined together to calculate the number of adhered

and internal bacteria per cell.

Figure 4.5 shows a graph with adhered and internal bacteria per cell for PCD patients
and normals. Similar to the results using colony counts, there was no significant
difference in the bacteria adhered to basal cells from normal and PCD individuals.
Interestingly, in contrast to the first method, internal pneumococci were detected in this
method. Furthermore, the number of internal pneumococci were significantly more

(p<0.01) in healthy individuals basal epithelium.
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Figure 4.4 Confocal images of infected basal cells A) Imaris blend image showing the pneumococci in
green, nuclei blue and the cytoplasm red. B) Analysis of image A using 3D and ‘spot object’ features in
Imaris software. Each bacterium is shown as a 1 um spot in green. C) Using the transparent feature in
Imaris software the cytoplasm in image B has been made transparent to observe the internal bacteria. The
arrows are pointing to bacteria (spots). Scale bar represents 20 um. Immunostaining was performed as
mentioned in 82.18.
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Figure 4.5 shows the ratio of pneumococci per cell counted from the confocal images. The full circles
are normal patients and hollow circles are PCD patients. There was no significant difference in the
number of adhered bacteria with normal and PCD basal cells. Normal patients had more internal bacteria

compared to the healthy basal cells.* significantly different from respective normal (p<0.05).

5.6 Nitric oxide release from basal cells

Respiratory basal cells were infected with S. pneumoniae as described in 82.11. Nitric
oxide production was measured using a chemiluminescence analyser as described in
82.20. Briefly, solution nitrate (NO3’) was reduced to nitric oxide with vanadium (I11),
and the nitric oxide was then detected by gas-phase chemiluminescence after reaction
with ozone.

Standard curve

Using the height of the peak after injecting 100ul of different standard solutions of
sodium nitrate a standard curve was produced (Figure 4.6). Unknown nitric oxide

concentrations (nM x-axis) were interpolated from their peak heights (mm y-axis).
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Figure 4.6 Standard curve of chemiluminescence vs. nitrate concentration. Each point represents the

mean of 3 individual readings. The regression coefficient (r’) is 0.99.

The nitric oxide release from cultured basal cells from PCD patients was significantly
lower than that from cells of healthy controls (Figure 5.7). However, there was no
increase (p>0.05) in nitric oxide levels released from normal and PCD patient’s basal
cells after incubation with 10°,10” and 10°® cfu/ml pneumococci for four hours at 37°C

(Figure 5.7).
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Figure
5.7 Nitric oxide (measured as nitrate) release from basal cells after incubation with the wild type
pneumococcal strain D39. Each point represents cells from an individual donor. The full circles
represent a normal donor and the hollow circles PCD patients. * indicates significant difference from the

respective normal (p<0.001). The horizontal lines are the means.n=6.

5.7 Pneumococcal induced chemokine release from basal cells

In total nine different chemokines were measured; Eotaxin, Eotaxin-3, IL-8, IP-10,
MCP-1, MCP-4, MDC, MIP-1b and TARC. There was no difference in the resting
levels of these mediators from basal cells cultured from PCD patients and healthy
volunteers (Table 5.4). Furthermore, following exposure to 10" cfu pneumococci, there
was no difference in chemokines released from PCD and control basal cells (Table 4.4).
Of the nine cytokines analysed only IL-13 and TNFa were above the limit of detection.
Both these cytokines were slightly increased following pneumococcal infection of the

basal cells (IL-1p, 3 (0-8) and TNFa, 2 (1-5)).
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Table 4.4. Chemokine release by basal cells from healthy controls and patients with PCD, in

response to Streptococcus pneumoniae.

Chemokine Healthy patients PCD patients
pg/ml

control 10" cfu pneumococci | control 10" cfu pneumococci
Eotaxin 64 (51-75) 75 (70-93)** 64 (56-85) 88 (69-113)

Eotaxin-3 | 715 (476-793) 1054 (834-1190)** | 828 (637-910) 1142 (1012-1467)**

IL-8 3(2-3) 15 (5-35) 2(2-3) 45 (19-49)**
IP-10 290 (272-355) 377 (347-404)** 340 (323-374) 387 (351-479)**
MCP-1 5(4-5) 6 (5-8)** 5(4-7) 6 (5-10)**
MCP-4 53 (37-65) 75 (64-101)** 67 (45-77) 99 (85-123)**
MDC 289 (248-335) 358 (332-378)** 326 (312-373) 439 (326-453)**
MIP-1b 0 3 (1-4)** 0 2(1-7)

TARC 17 (2-41) 41(25-65) 34 (16-56 41 (25-74)

Data as median (IQR). ** Significantly different from respective control. No significant differences between
PCD and healthy patients data.n=6.
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CHAPTER SIX - DISCUSSION
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In this chapter the results from chapters three to five will be discussed.

6.1 The behaviour of L. monocytogenes and ciliated rat ependymal

cells is altered during their co-culture

In this study the effect of L. monocytogenes on ependymal cilia was investigated to
improve understanding of the pathophysiology of listerial meningitis. Three aspects of
the results are noteworthy: the strain-specific effect of list Listeria eria on the
ependyma, the presence of aggregates of Listeria on the cilia and the dissociation of

ciliary beat frequency from beat amplitude.

The effect of ciliated ependymal cells on Listeria

Adherence of pathogens to host cells is pre-requisite for cell invasion (Hultgren et al.
1985, Rubino et al. 1993). In this study Listeria attached to ependymal cells and the
unexpected observation was the extensive aggregation of the Listeria attached to cilia.
The adhesion of Listeria to ependymal cilia and the marked aggregation of Listeria with
the formation of extracellular material may help to explain why CSF samples taken
clinically from patients with listerial meningitis contain relatively small numbers of
Listeria. Aggregates were only found physically attached to the cilia with no
aggregates in the culture medium or in spent culture medium. It seems that signalling
events are occurring, presumably after initial cilium/ Listeria attachment, which leads to
more bacteria binding. In some instances extracellular material was visible and where
present it may contribute to the formation of the aggregate but this material is not a
prerequisite for aggregation because aggregates were found in the absence of this

material. Other studies have also shown that L. monocytogenes produce extracellular
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material (Marsh et al. 2003, Jordan et al. 2008) and using ruthenium red (a carbohydrate

stain) have shown it contains polysaccharides (Borucki et al. 2003).

A strain-specific pattern was seen with bacterial aggregation around cilia, with EGDe
showing the greatest aggregation but there was no aggregation of C52. Bacterial
aggregates were most often seen in the presence of extracellular material. The reasons
for these strain differences are not clear. Although, considerable inter-strain variation in
listerial phenotype has been reported before, for example, in adhesion to abiotic
surfaces (Borucki et al. 2003) and in response to sodium chloride and low pH (Adriao et
al. 2008). Those results, and the data from this study, indicate that caution must be

observed when extrapolating from results with a single strain of L. monocytogenes.

The observation that the formation of aggregates and extracellular material was
abolished in two prfA mutants indicates that genes within the regulon of the central
virulence regulator, PrfA, are involved. The absolute requirement of PrfA for L.
monocytogenes virulence has been demonstrated before, as has the requirement for
several genes within the PrfA regulon (Leimeister-Wachter et al. 1990, Freitag et al.
1993), but the explanation of how the regulon determines the effects reported here
remains to be determined. To my knowledge there are no PrfA regulatory genes that
have been shown to be involved in aggregate formation. To determine the genes
involved in this process, studies using mutants of known PrfA-regulated genes could be
useful (see Table 1.5 for a list of these genes). Also, for finding unknown PrfA-
regulated genes, promoter mapping methods such as ChIP-chip (Aparicio et al. 2004)
could be used. Chromatin immunoprecipitation (ChlP) is a powerful method to measure

protein-DNA interactions in vivo, and it can be applied on a genomic scale with
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microarray technology (ChlIP-chip) (Wade et al. 2007). For more information into the

ChlIP-chip method, the reader is referred to a recent review by Wade et al. (2007).

Bacterial pathogens, including L. monocytogenes, are known to form structured
populations of microorganisms, adhered and embedded in an extracellular matrix
consisting mainly of exopolysaccharides (biofilms) (Hall-Stoodley and Stoodley 2009).
It is thought that these biofilm structures protect the bacteria from host immune
responses as well as different antimicrobials (Stewart 2001). Bacterial biofilms have
been shown to occur in a sequential process generally involving, 1) initial attachment of
individual cells to the surface 2) formation of aggregates 3) further cell proliferation and
biofilm maturation (Allegrucci et al. 2006). Therefore, it is possible that the aggregates
seen in this study are controlled by the same genes that have been shown to be
important for biofilm formation. In light of these data, the role of the cell wall-anchored
biofilm associated protein (Bap) was investigated in aggregate formation. Bap has been
implicated in biofilm formation of S. aureus (Cucarella et al. 2001) and recently been
shown to be involved in biofilm formation of L. monocytogenes to abiotic surfaces
(Jordan et al. 2008). However, the work from this study using the 10403SABapL mutant
suggests that Bap does not have a role in listerial aggregate formation. For more
information on listerial biofilms see the recent reviews by Bayles and Moscoso (Bayles

2007, Moscoso et al. 2009).

The effect of Listeria on ciliated ependymal cells

The introduction of high speed digital video imaging has allowed measurement of the
amplitude of beating cilia in an ependymal culture system and simultaneous

determination of their ciliary beat frequency (Chilvers and O'Callaghan 2000a, Chilvers
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et al. 2003b). At a concentration seen in the rat brain during listerial meningitis
(Michelet et al. 1999, Deckert et al. 2001, Remer et al. 2001), the three wild-type L.
monocytogenes strains studied decreased the ciliary amplitude. However, only strain
C52 significantly reduced ciliary beat frequency. The inhibition of ciliary beat
frequency by C52, a strain in which PrfA is in a constitutively activated state (Kreft and
Vazquez-Boland 2001, Marsh et al. 2003), indicates that expression of the PrfA regulon
prior to exposure of the ependymal cells, affects ciliary functioning. The genes under
the regulation of the PrfA regulon control the expression of genes whose products are
essential for virulence. As these products are up-regulated in the C52 strain, this may

explain the toxic effect it has on cilia compared to other strains studied.

Interestingly, a dissociation of ciliary beat frequency from beat amplitude was observed,
in that amplitude could be reduced without an effect on frequency. Such dissociation
has not been reported before. For cilia associated with listerial aggregates, a ‘drag’
effect due to the attached aggregates is likely to contribute to decreased amplitude.
However, this does not explain the reduced ciliary beat amplitude observed outside the
listerial aggregates. One explanation could be that the viscosity of the medium
surrounding the ependymal cilia is increased. Johnson and colleagues (Johnson et al.
1991) found that increasing the viscosity on respiratory and oviductal cilia resulted in
unpredictable ciliary activity; cilia stopped beating, slowed down or seemed to beat
more quickly with a short amplitude. Insight into the mechanism of autoregulation of
ciliary beat frequency following exposure to changes in viscosity was provided by
Andrade and colleagues (Andrade et al. 2005). They found that changes in mucous
viscosity activate vanilloid 4-like (TRPV4) channels that elevate intracellular Ca*. As
mentioned in §1.6.2, the release of Ca*? from intracellular Ca*? stores, increases the CBF
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of ciliated ependymal cells. Therefore, Andrade and colleagues proposed that elevated
intracellular Ca*? at high viscous loads may allow cilia to adapt to a wide range of
viscosities. However, these points do not explain the maintenance of beat frequency
seen in this study. Indeed, one may expect an increase in frequency if amplitude was
reduced. An unchanged frequency of the beat stroke, even when the distance travelled
(amplitude) decreases, suggests there is a fixed timing of intra-cilium events between

ciliary strokes.

6.2 The behaviour of S. pneumoniae and ciliated respiratory cells is

altered during their co-culture

In this thesis an in vitro model of differentiated nasal epithelium was used to analyze the
interaction between pneumococci and ciliated respiratory epithelial cells. Three aspects
of the results are noteworthy: binding of pneumococci and the formation of
pneumococcal aggregates on the cilia, dissociation of ciliary beat frequency from the
beat amplitude and the pneumolysin-dependent toxic effect of pneumococci on the

cells.

6.2.1 The effect of respiratory ciliated cells on S. pneumoniae

Pneumococcal binding to cilia

One of the key mechanisms to bacterial pathogenesis is their ability to adhere to
mucosal surfaces (Boyle and Finlay 2003). In the study reported here, some of the
added pneumococci were found to bind to respiratory cilia. Therefore, it appears that
pneumococcal binding to cilia may aid its colonisation of the respiratory tract, where it

would normally by cleared by mucociliary transport.
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After observing the pneumococcal binding to cilia the mechanism of this adherence was
further investigated. The role of pneumococcal virulence factors, specifically
pneumolysin and neuraminidase A (NanA) was investigated. Pneumolysin is the major
pneumococcal toxin, but from this work, at the two hour time point of this study, it
appears to have no role in pneumococcal binding to respiratory cilia. Pneumococcal
neuraminidases also are key virulence factors. It has been proposed that they aid
adherence by removing terminal sialic acid from host cell-surface glycans, thus
unmasking certain receptors to facilitate pneumococcal adherence and colonization
(Paton et al. 1993, Kadioglu et al. 2008). However, in this study the pneumococcal
NanA mutant was found to bind to the cilia, thus ruling out NanA as the sole adhesion
factor. To determine if viable bacteria were necessary for adherence to cilia,
pneumococci were Killed using irradiation and then added to ciliated cells. This study
showed that the dead pneumococci were still able to adhere to the cilia. This is in
agreement with previous data demonstrating that heat-killed B. Bronchiseptica were

able to adhere to ciliated canine tracheal cells (Bemis and Wilson 1985).

It is noteworthy that several other bacterial pathogens target ciliated cells for adherence,
including Mycoplasma pneumoniae (Krunkosky et al. 2007), Mycoplasma
hypopneumoniae (Hsu et al. 1997), Klebsiella pneumoniae (Fader et al. 1988),
Pseudomonas aeruginosa (Mewe et al. 2005), Moraxella catarrhalis (Balder et al.
2009), Bordetella pertussis (Tuomanen et al. 1988) and Bordetella bronchiseptica
(Anderton et al. 2004, Edwards et al. 2005). Some of these authors suggest that the
binding of bacteria to cilia is due to bacterial adhesins (surface proteins of the pathogen)
and toxins. For example, Edwards et al. (2005) have shown that loss of any of the three
identified adhesins (filamentous hemagglutinin, fimbriae, or pertactin) or the
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multifunctional toxin (CyaA) from B. bronchiseptica reduced the bacteriums capacity to
bind to cilia. In another study, P97 (a 97-kDa outer membrane associated protein) was
shown to have a direct role in adherence of M. hypopneumoniae to porcine cilia (Hsu et
al. 1997). Fader et al. (1988) have demonstrated that adherence of K. pneumoniae to
ciliated hamster tracheal cells is mediated by Type 1 Fimbriae. Type 1 fimbriae are
adhesion structures expressed by many Gram-negative bacteria and have been shown to
facilitate adherence to mucosal surfaces and inflammatory cells in vitro. Balder et al.
(2009) demonstrated that the M. catarrhalis surface protein hag (a key adherence
factor), is responsible for the tropism of M. catarrhalis for ciliated normal human
bronchial epithelial (NHBE) cells. Others have suggested a role for receptors (surface
carbohydrates of the target host cell) in the adherence of bacteria to cilia. For example,
Krunkosky et al. (2007) demonstrated that M. pneumoniae infection of differentiated
NHBE cells resulted in stimulation of intercellular adhesion molecule 1 (ICAM-1) gene

expression.

All the above studies were in Gram-negative bacteria and thus may be different from
the mechanism of the Gram-positive pneumococcus. However, the above studies
suggest that a complex set of adhesin and receptors are involved in bacterial adherence
to cilia. Thus, future work could include investigating major pneumococcal adhesins
that have previously been shown to be important in direct or indirect pneumococcal
binding to surfaces. These include, hyaluronidase, LytA, PspA, PsaA, PavA and PavB
which have been discribed in §1.14.3. Furthermore, to determine the receptors involved
in pneumococcal adherence to cilia, studies would include antibody staining for the
presence of receptors that have been shown to be important for pneumococcal
adherence to the cell surface and then blocking those receptors with antagonists. These

168



Chapter six- Discussion

receptors include, ICAM-1 (Murdoch et al. 2002) , Toll like receptors 2 and 4 (Malley
et al. 2003, Knapp et al. 2004), platelet-activating factor receptor (PafR) (Tuomanen

1997) and poly-immunoglobulin receptor (pigR)(Zhang et al. 2000).

Interestingly, the bacteria mentioned above have been shown to bind to different regions
on the cilia. For example, M. hypopneumoniae has been shown to adhere at the tips and
along the length of the cilia (Blanchard et al. 1992), whereas others have shown that M.
catarrhalis only associated with the tips of cilia (Balder et al. 2009). B. pertussis and M.
pneumoniae (Krunkosky et al. 2007) have been shown to associate primarily with the
base of the ciliary shaft, whereas P. aeruginosa preferentially locates at the tip. Taken
together, these studies indicate that receptors for all these pathogens are probably
clustered either at the ciliary tip or at the base of the ciliary shaft, specifically the sialic
rich regions termed the ciliary crown and necklace. In this study pneumococci appeared
to bind to the side of the cilia towards the tip (Figure 4.6b and c) suggesting this is

where the receptors for pneumococci are present.

A possible explanation for Gram-positive pneumococci not binding to sialic rich regions
on the cilia may be due to the presence of the negatively charged capsule. The
pneumococcal polysaccharide capsule that has been shown to reduce the entrapment of
pneumococci in mucus (Nelson et al. 2007), by repulsing the negatively charged sialic
acid rich mucopolysaccharides that are found in mucus (Kamerling 2000b). Thus, it is
also possible that the negatively charged pneumococci are repused from attaching to the
negatively charged tip and the base of the cilia. To confirm this hypothesis future work
would include the use of the pneumococcal un-capsulated R6 strain to determine if this
strain binds to similar regions as the D39 capsulated strain. However, this hypothesis

would only work if the sides of the cilium were positively charged. In this study with
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use of charged microspheres both positive and negatively charged sites were detected
on the respiratory ciliary surface. However, using light microscopy it was not clear
where these beads were binding to the cilia. Further work would include the use of
fluorescently labelled charged particles with the use of confocal microscopy combined

with 3D reconsruction using Imaris image analysis software.

Formation of pneumococcal aggregates towards the ciliary tip appears to be NanA

dependent

As described previously, pneumococcal aggregates were seen attached to respiratory
cilia. To my knowledge no other study has reported the presence of pneumococcal
aggregates on cilia. As seen in Figure 4.6, it seems that initial cilium/pneumococcal
attachment, may lead to more bacterial binding and the formation of aggregates. The
presence of bacterial aggregates adhered to cilia has previously been demonstrated
(Blanchard et al. 1992). In their study, Blanchard et al. (1992) showed that M.
hypopneumoniae adhered to ciliated cells that line the epithelial tract, forming

microcolonies at the tips of the cilia (Blanchard et al. 1992).

To determine if the pneumococcal aggregate phenomenon was strain specific, a
pneumococcal serotype 4 strain TIGR4, was compared to the results obtained from the
serotype 2 D39 strain. Also, the pneumococcal pneumolysin mutant, APLY, was used to
study the role of this toxin in aggregate formation. Both TIGR4 and APLY showed no
differences in their interaction with cilia compared to the D39 strain (all bacterial
numbers were 10’ cfu). Furthermore, although dead bacteria were found to bind to the
cilia they did not form any aggregates. This suggests that for aggregate formation the

pneumococci need to be viable.
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Previous studies have shown that mutants deficient in NanA are less virulent than the
wild-type pneumococci in mice (Mitchell et al. 1997) and that loss of NanA impaired
pneumococcal persistence in the nasopharynx (81.14.2) (Tong et al. 2000, Orihuela et
al. 2004, Manco et al. 2006). Consequently, the role of NanA in pneumococcal
aggregate formation was investigated and it was found to be NanA dependent. NanA is
highly expressed at the transcriptional level (Berry et al. 1996, Manco et al. 2006), and
its expression is up-regulated upon interaction with host cells and in the lung cells
(LeMessurier et al. 2006, Oggioni et al. 2006, Song et al. 2008). A recent study
demonstrated that the S. pneumoniae neuraminidase A is involved in biofilm formation
on plastic (Parker et al. 2009). In their study using an in vitro model of biofilm
formation, incorporating human airway epithelial cells, Parker et al. (2009)
demonstrated that the nanA mutant had a significantly reduced capacity to form
biofilms compared to the wild-type pneumococci. Furthermore, they showed that the
nanA mutant only attached to the microtitre wells and did not form macrostructures, as
seen with the wild-type, and small-molecule inhibitors of NanA blocked biofilm
formation (Parker et al. 2009). Also, in another study the expression of nanA has been
shown to be up regulated when S. pneumoniae are in a biofilm phenotype (Oggioni et
al. 2006). Interestingly, a P. aeruginosa neuraminidase mutant has also shown a
reduction in its ability to colonise the respiratory tract which was correlated with

diminished biofilm production (Soong et al. 2006).

To further confirm the role of NanA in bacterial aggregate formation, gene expression
studies would be of benefit. A recent study by Uchiyama et al. (2009) has shown that
NanA activity can be independent of its enzymatic activity. In their study the
contribution of pneumococcal NanA in invasion of human brain endothelial cells
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involved an adhesin function, in which the N-terminal lectin-like domain played a
critical role, and a small but significant contribution was due to its sialidase activity.
Therefore, to confirm the role of NanA in aggregate formation a future experiment
would include repeating the experiment with a mutant of the NanA protein which has
deletions in its active enzymatic sites. Furthermore, the expression of the capsular
polysaccharide has been shown to be essential for pneumococcal colonisation
(Allegrucci et al. 2006). Therefore, in support of this information it would be interesting

to see if the R6 uncapsulated pneumococcal strain forms bacterial aggregates.

6.2.2 The effect of S. pneumoniae on respiratory ciliated cells

In the presence of wild-type pneumococcal strains a dissociation of ciliary beat
frequency from beat amplitude was observed, in that amplitude could be reduced
without an effect on beat frequency. The amplitude of cilia under the bacterial
aggregates was reduced further compared to the cilia outside the aggregates. This
suggests that for cilia covered by pneumococcal aggregates, a ‘drag’ effect due to the
attached aggregates may contribute to the decreased amplitude. This is a likely
explanation as the NanA mutant did not form aggregates and the ciliary amplitude was
only slightly reduced. The reduction of ciliary amplitude outside the aggregates was not
due to the toxin pneumolysin as the pneumolysin negative strain also reduced the
amplitude. The studies mentined here suggest that there are two mechanisms behind the
reduction of ciliary amplitude. One that is due to the presence of bacteria and is not due
to the toxin pneumolysin and a second method that is mechanical and reduces the
amplitude further (presence of bacterial aggregates). Table 6.1 summarises these

pneumococcal strains and their effect on the cilia.

172



Chapter six- Discussion

However, these proposed mechanisms do not explain how the cilia maintain their ciliary
beat frequency once their amplitude is reduced. These abservations are similar to the
Listeria infected ependymal cells. And as mentioned in 86.1 an unchanged frequency of
the beat stroke, even when the distance travelled (amplitude) decreases, may suggest

there is a fixed timing of intra-cilium events between ciliary strokes.

Table 1.6 Summary of the pneumococcal strains that produced aggregates and their effect on the ciliary

beat amplitude

Pneumococcal Pneumococcal ciliary beat amplitude  ciliary beat amplitude under

strain aggregates the pneumococcal aggregates
Wild type D39 present reduced further reduced
D39 APLY present reduced further reduced
D39ANanA absent reduced Not applicable

In the study reported here toxicity to the respiratory epithelium was measured by LDH
release and was dependent on the pneumococcal concentration and pneumolysin. This is
agreement with previous studies suggesting that pneumolysin is cytotoxic to ciliated

epithelial cells (Rayner et al 1995).
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6.3 Comparisons between healthy normal and PCD basal and

ciliated respiratory cells in their response to pneumococci

6.3.1 Respiratory cells from PCD patients show no increase in nitric oxide

production following infection with pneumococci

In PCD patient’s nasal nitric oxide is low and this may be related to ciliary function.
Nitric oxide is an important signalling molecule produced from L-arginine by nitric
oxide synthases (NOS) present in epithelial cells (Asano et al. 1994, Watkins et al.
1998). Three mammalian NOS isoforms have been identified: nNOS (neuronal NOS),
INOS (inducible NOS) and eNOS (endothelial NOS) and all are expressed within the
respiratory tract (Moncada and Higgs 1993). Within the nose and respiratory tract the
postulated functions of nitric oxide include antimicrobial activity (Croen 1993, Braun et
al. 1999), regulation of ciliary motility (Jain et al. 1993, Runer et al. 1998) and down

regulation of the proinflammatory cytokine response (Walley et al. 1999).

Studies have consistently revealed low levels of exhaled nitric oxide in primary ciliary
dyskinesia; the low levels being attributed principally to the reduced bronchial iINOS
activity rather than the alveolar eNOS (Paraskakis et al. 2007, Shoemark and Wilson
2009). In another study it was confirmed that the levels of both NNOS and eNOS are very
low in children with PCD (Narang et al. 2002). There have been no reports in nitric oxide
levels released from PCD ciliated cells in culture. In the study reported here, nitric oxide
released into the supernatant from non-infected ciliated cultures of PCD patients was not
significantly different from healthy normal ciliated cultures. This was an unexpected result

as nitric oxide released from non-infected PCD basal cells was significantly reduced
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compared to non-infected healthy normal basal cells. The reasons for these differences in

nitric oxide levels between the basal and ciliated PCD cells are unclear.

Following infection with pneumococci, in healthy normal ciliated cells increased levels
of nitric oxide were detected. These are in keeping with previous studies that have
reported nitric oxide levels are increased once cells are exposed to bacterial products for
example, LPS (Weinberg et al. 1994, Cook and Cattell 1996). Interestingly, in PCD
ciliated cultures nitric oxide levels were not increased after infection with pneumococci.
This suggests that PCD patients may have a problem with iNOS stimulation, as INOS
is responsible for increases in nitric oxide during infections (Weinberg et al. 1994). The
data from a recent study supports this hypothesis, as some PCD patients have been
shown to exhibit a polymorphism in the promoter of iINOS (Zhan et al. 2003).
Therefore, it is possible that a lack of increase in nitric oxide levels seen in this study
following pneumococcal infection could in part be due to genetic abnormalities in the
INOS gene. Furthermore, as seen in Figure 6.1 activation of the transcription factor
nuclear factor kappa B (NF-xB) pathway by bacterial antigens results in iINOS
production. Thus any functional problems relating to the NF-«xB pathway could also

result in reduced nitric oxide production following bacterial stimulation.

In both normal and PCD basal cell cultures no increases in nitric oxide were detected
after infection of the cells with pneumococci. This may suggest that only fully
differentiated ciliated cells express INOS and are capable of increasing INOS

expression.

175



Chapter six- Discussion

6.3.2 Respiratory cells from PCD patients have increased levels of cytokine and

chemokines compared to respiratory cells from healthy individuals

Given that pneumococci are one of the most common pathogens isolated from PCD
patients, the cytokine and chemokine profile of respiratory cells from PCD patients
infected with pneumococci was investigated. In the study reported here, there was no
increase in cytokines and a slight increase in four of the chemokine levels after infection
of healthy ciliated cells with pneumococci for two hours. However, ciliated cells from
PCD patients released higher levels of some cytokine and chemokines, compared to
healthy ciliated cells, both before and after infection with pneumococci. Furthermore, in
PCD ciliated cultures there was an increase in some cytokine and chemokine levels after
infection of the cells with pneumococci. Whilst extrapolating the data, it was of great
interest to find that ciliated cell cultures from PCD patients with a static ciliary
phenotype, released higher levels of both cytokine and chemokines compared to the
other PCD phenotypes that had some ciliary movement. Before discussing these
cytokine and chemokines in more detail it is important to understand how they are

regulated.

The first physical barrier in the conducting airway which an inhaled microorganism,
such as S. pneumoniae, encounters is the respiratory epithelium. Once in contact with
the lung epithelium, pneumococci are detected by specific immune receptors (Koedel et
al. 2003, Opitz et al. 2004), that are capable of activating transcription factors such as
the ubiquitous transcription factor nuclear factor-kappaB (NF-xB) (Greene and
McElvaney 2005, Schmeck et al. 2006, Chapman et al. 2007). NF-«xB serves as a master
switch, transactivating various proinflammatory and chemotactic cytokines such as IL-6

and IL-8 and also up-regulates the production of mediators of the innate immune
176



Chapter six- Discussion

response such as nitric oxide (Strieter et al. 2003, Schmeck et al. 2004). Nitric oxide
has been shown to inhibit proinflammatory cytokine expression by down regulating NF-
kB that binds to the promoter region of these proinflammatory cytokine genes (Walley
et al. 1999). Activation of NF-kB by pneumococci has been demonstrated both in vitro
and in animal models (Spellerberg et al. 1996, Amory-Rivier et al. 2000, Schmeck et al.
2004, Jones et al. 2005). Figure 6.1 shows a proposed schematic diagram of the
pneumococcal stimulated NF-xB pathway resulting in activation of proinflammatory

cytokines and nitric oxide.
Pneumococci

Induce

NF-xB Down regulates

Promotes the
expression of

L-arginine

Proinflammatory
cytokines suchas — — > iINOS — > Nitric oxide

IL-6 and IL-8

Figure 6.1 Proposed schematic diagram showing the early immune responses to pneumococci.
Following exposure to pneumococci, specific immune receptors are activated that result in the activation
of NF-xB. NF-kf is a protein complex that promotes the expression of proinflammatory mediators such
as L-6, IL-8, and nitric oxide. iNOS is produced from L-arginine by constitutive nitric oxide synthase.
Nitric oxide has been shown to inhibit proinflammatory cytokine expression by down regulating NF-xB

that binds to the promoter region of these proinflammatory cytokine genes (shown in red).
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In the study reported here, increased levels of cytokine and chemokines were only
detected in PCD pneumococcal infected ciliated cultures. The increased levels of
proinflammatory cytokines, such as IL-6 and IL-8, from PCD ciliated cell cultures
suggests that the NF-«xB signalling pathway (Figure 6.1) has been activated. This may
imply that at 2 hours, PCD cultures are more sensitive to pneumococcal exposure
compared to healthy ciliated cultures that did not show any increases in
proinflammatory cytokines. It may be possible that efficient mucoccillary clearance in
the healthy cell cultures, as as opposed to PCD cell cultures, is preventing the
pneumococci to adhere and infect the cells and thus mount an inflammatory response.
This is further supported by the fact that PCD ciliated cultures with a static phenotype
had higher levels of cytokine and chemokines compared to non static PCD cultures
where there was some ciliary movement and thus pneumococcal clearance. These data
may suggest that a complete lack of mucociliary clearance further induces the release of
pro-inflammatory mediators, although it remains to be resolved why this is the case. It
would be interesting to decifer if PCD patients with a static ciliary phenotype suffer
from more infections than the non static PCD patients, as this has not been confirmed in

clinical studies.

Another explanation for a lack of increase in proinflammatory mediators in healthy
ciliated cultures, may be due to the increased levels of nitric oxide detected in the
healthy cultures following pneumococcal infection reported in this study. Nitric oxide
has been shown to down-regulate the inflammatory response (Kerr et al. 2004, Marriott
et al. 2006) by decreasing the amount of NF-kxb available for binding to the regulatory
region of proinflammatory cytokine genes (Walley et al. 1999). As pneumococcal
infected PCD ciliated cells did not result in any up regulation of nitric oxide this may
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result in over expression of NF-xb and thus proinflammatory cytokines. A similar
pattern of increased expression of proinflammatory cytokines, including 1L-6 and IL-8,
as a result of abnormalities within the NF-xb pathway has been demonstrated in
epithelial cells from patients with Cystic fibrosis (CF) and is thought to contribute to the
excessive inflammatory response in CF (Scheid et al. 2001). CF patients like PCD
patients suffer from recurrent chest infection and some patients have low nasal nitric
oxide levels (Steagall et al. 2000, Gomez and Prince 2007). Therefore, it is possible that
PCD patients may also have abnormalities within the NF-xb pathway and this may

explain the lack of an increase in nitric oxide and increased proinflammatory cytokines.

The biggest increase detected in proinflammatory cytokines following pneumococcal
infection of PCD ciliated respiratory cells was in IL-6. Increased IL-6 levels have been
associated with a range of diseases and is often linked to the severity of the disease
(Barnes 2009). Interestingly, the highest levels of IL-6 were detected in the cultures
from the static PCD group. Therefore, it would be of interest to decipher if PCD
patients with a static ciliary defect show more severe respiratory symptoms compared to
other PCD patients. Blocking proinflammatory cytokines including IL-6 with
monoclonal antibodies has proven to be of clinical beneficial in other chronic
inflammatory diseases such as rheumatoid arthritis and inflammatory bowel syndrome
(Nishimoto and Kishimoto 2006). Therefore, it is possible that a similar approach may

be useful in patients with PCD.

The study reported here is the first to investigate a detailed cytokine and chemokine
profile for PCD ciliated cultures. Currently, there is only one study in the literature that
has investigated IL-8 and TNF-o levels in nasal lavage fluid from PCD patients

compared to subjects with no respiratory problems (McShane et al. 2004). These
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authors found that IL-8 levels were increased in PCD patients. This is in keeping with
the data reported here as, PCD patients with a static ciliary phenotype had increased
levels of IL-8. However, McShane and colleagues do not mention the phenotype of their

PCD patients.

In summary, understanding the inflammatory response in PCD may allow determination
of mechanisms of tissue damage, and even allow monitoring of therapy. Furthermore,
the phenotype of the PCD patients seems to be important when assaying the

inflammatory response.

6.3.4 Pneumococcal adhesion and invasion of respiratory basal cells; a

comparison between basal cells from healthy normal and PCD patients

Infections of the airway commonly cause destruction of columnar epithelial cells, thus
exposing the sensitive underlying basal cells of the airway to bacterial toxins and host
inflammatory mediators (Mygind and Wihl 1977). S. pneumoniae is one of the most
common pathogens isolated from the sputum of children and adults with PCD
(Ellerman and Bisgaard 1997). Thus, it was of interest to see if PCD basal cells are
more susceptible to infection by S. pneumoniae compared to healthy normal basal cells.
Thus, the ability of pneumococci to adhere and invade basal cells was compared in the

two groups, using two different methods.

Using either colony count or microscopy no differences were observed in pneumococci
adhered to PCD and normal basal cells. However, the number of bacteria detected by
microscopy was 1000- fold greater than by colony counting. On average, as seen in
Figure 5.5, the ratio of pneumococci per cell was 0.3. Since, the number of basal cells in

a well at confluence was ~10° one may expect to have recovered ~10* pneumococci
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from each well. However, the average number of bacteria recovered by colony counting
was ~10° (Figure 5.3). The reasons for these differences are not known and require

further investigation.

The gentamicin protection assay (invasion assay) used in this study was based on
several observations made in the 1970s, whereby bacteria that were internalized inside
cells were shown to be protected by antibiotics on the cell surface (Mandell 1973,
Vaudaux and Waldvogel 1979). Although, this assay can severely underestimate the
number of intracellular bacteria as it is based on the recovery of viable bacteria after
their internalization by eukaryotic cells, and does not account for internal bacteria being
killed by the eukaryotic cells (Booth et al. 2003). Furthermore, prolonged treatment
with high concentrations of gentamicin may lead to significant endocytotic uptake of
the antibiotic and thus eventually contribute to the killing of intracellular bacteria (Pils
et al. 2006). Therefore, in some studies the antibiotic protection assays have been used
in parallel with microscopic evaluation of infected samples to detect both viable and
Killed intracellular bacteria (Heesemann and Laufs 1985, Drevets and Elliott 1995). As

a result in this study two methods were used to detect internal pneumococci.

Depending on the method used to study internal pneumococci, different observations
were recorded in that internal pneumococci were only detected using confocal
microscopy. Possible explanations for these different observations are; 1) gentamicin
has Killed the internal bacteria and therefore no bacteria are recovered in the colony
count. If in this study the permeability of the cells is increased in some way, it would
allow the gentamicin to penetrate the cells and kill the internal bacteria. 2) The detected
pneumococci from confocal microscopy images are not viable 3) the pneumococci are

viable but they are not culturable. Previously it was thought that bacteria are dead when
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they are no longer able to grow in culture media. However, in the recent years many
bacteria have been shown to lose their culturability, but remain viable and potentially
are able to multiply (Oliver 2005). Although to my knowledge, this viable but non
culturable state has not previously been reported in pneumococci. Therefore, further
experients are required to determine if pneumococci are capable of losing their
culturability. For more details on the viable but non culturable state of bacteria, see the

recent review by Oliver (2005).

Another interesting observation from the confocal images was the number of internal
pneumococci in normal and PCD basal cells. In healthy basal cells five times more
pneumococci were detected compared to PCD basal cells. One explanation for this
could be the presence of higher levels of nitric oxide in healthy normal basal cells. As
nitric oxide has been shown to up-regulate the Paf receptor, which once activated
internalises the pneumococci (Tuomanen 2000). To confirm this, antibody or gene
expression studies would be useful to determine if there is an up-regulation of Paf in

healthy respiratory basal cells compared to basal cells from PCD patients.

Another possibility stems from the observation that some viruses (Sodeik et al. 1997,
Suomalainen et al. 1999) and bacteria (Clausen et al. 1997, Hu and Kopecko 1999, Kim
et al. 2001) use host cell microtubules and cytoplasmic dynein proteins to promote their
invasion, replication and movement in host cells. Dynein proteins that are anchored to
the ciliary axoneme and help drive coordinated beating of cilia have been shown to be
defected in PCD patients. Therefore, it is possible that PCD patients may also have
defects in cytoplasmic dynein proteins. If so, these data may explain the reduced
number of internalised pneumococci observed in PCD basal cells from the study

presented here. However, currently no studies have investigated abnormalities in
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cytoplasmic dyneins in PCD patients and also linked pneumococcal invasion to

cytoplasmic dynein proteins.

Summary

Table 6.2 summarises the differences between basal and ciliated cultures from PCD and
healthy individuals in context to the experiments carried out in this thesis. From the
results of this study one cannot conclusively say that PCD patients are more suseptable
to pneumococcal infection. Although, the low nitric oxide levels and high levels of
inflammatory mediators observed in the PCD ciliated epithelium may aid pneumococcal

infection.
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Table 6.2 Summary of experiment carried out on ciliated and basal respiratory cultures from healthy and PCD individuals and their differences.

Cells LDH release Baseline Nitric oxide Chemokines Cytokines Adhered Pneumococcal
nitric oxide release after levels levels pneumococci invasion
levels pneumococcal
infection
Ciliated  No difference No difference Increased in Higher in PCD Higher in More recovered Experiment not
cells Healthy cultures cultures PCD cultures from healthy done
cultures

More detected in

Basal cells No difference Higher in No increase in both No Not detected No difference healthy cultures
healthy groups difference
cultures

184



Appendix A

APPENDIX A

185



Appendix A

In all videos the beating cilia were recorded (32x objective) using a troubleshooter 1000
high speed video camera (Lake Image Systems Ltd, UK) at 500 frames per second.
Video sequences were played back at a reduced frame rate. For viewing the AVI files,

MiIDAS 4.0 player software should be used http://www.xcitex.com/html/downloads.php

The details of the videos attached in the CD accompanied with the thesis are as follows:

Video S1-S3. Human respiratory cells from a nasal brushing

Slow motion videos of normal beating human respiratory cilia (S1), dyskinetic cilia (S2)

and static cilia (S3).

Video S4. Rat brain ciliated ependymal cells after incubation in tissue medium

199 for three hours (negative control)

A slow motion video of beating cilia on ependymal cells. Note the distance travelled by

the tip of each cilium; this is the ciliary amplitude.

Video S5. Rat brain ciliated ependymal cells after incubation with wild- type L.

monocytogenes strain 10403S for three hours

This slow motion video shows the listerial aggregates attached to and moving at the
same frequency as the cilia. Compared to the control, the ciliary amplitude is markedly

reduced where associated with the bacterial aggregates.

Video S6. Rat brain ciliated ependymal cells after incubation with wild- type L.

monocytogenes strain EGDe for two hours

This slow motion video shows long chains of the EGDe bacterial strain attached to and

moving at the same frequency as the cilia. The bacteria appear to form a network over
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the underlying cilia. The ciliary beat frequency is normal, however the amplitude of the

ciliary beat is reduced compared to the control.

Video S7. Rat brain ciliated ependymal cells after incubation with wild- type L.

monocytogenes strain EGDe for 3 hours

This slow motion video shows large areas of bacteria aggregated to extracellular
material and covering the cilia on ependymal cells. The bacteria are moving at the same
frequency as the cilia. The ciliary beat frequency is normal but the ciliary beat

amplitude is dramatically reduced compared to the control.

Video S8. Human ciliated respiratory cells in culture after incubation in BEBM

tissue culture medium for two hours (negative control)

Slow motion video of beating cilia on respiratory cells.

Video S9. Human ciliated respiratory cells in culture after incubation with wild

type S. pneumoniae strain D39 for two hours

This slow motion video shows a small pneumococcal aggregate attached to the cilia.
The bacteria are moving at the same frequency as the cilia. The ciliary beat frequency is

normal but the ciliary beat amplitude is reduced compared to the control.

Video S10. Rat brain ciliated ependymal cells after incubation with positively

charged melamine beads

Slow motion video of melamine beads attached to ependymal cilia.

187



Appendix A

Video S11. Rat brain ciliated ependymal cells after incubation with negatively

charged silica beads

Slow motion video of silica beads attached to ependymal cilia.
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Graphs related to 84.6 and 84.7, showing the chemokine and cytokine release by

ciliated respiratory cells from healthy control and PCD patients in response to

pneumococci. On the graphs each full circle represents a healthy normal ciliated culture.

The hollow circles represent PCD non static ciliated cultures and the hollow squares

PCD static cultures.

*Significantly different from the same data in the healthy control ciliated cultures. **

Significantly different from the same data in the control and the non static PCD

cultures. @ significantly different from respective control.
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