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Abstract

There are 90 different serotypes of Strepfococcus preumoniae and cuirent pneumococceal
vaceines are somewhat limited in their protection against invasive pneumococcal disease.
The adult pneumococcal vaceine is composed of capsule polysaccharide from 23 of the
most common disease causing serotypes. Infants are the major ‘at risk’ group from
preumococeal disease; however, polysaccharide-based vaccines are not protective in this
age group. This has led to the development of a paediatric conjugate vaccine, which is
composed of polysaccharide from seven of the most prevalent disease causing serotypes
individually conjugated to a carrier protein. Although the conjugate vaccine is highly
efficacious, it only elicils prolection against disease caused by the seven homologous
pneumococcal serotypes. Serotype specific immunisation is only a short-term solution to
combating pncumococcal disease. Problems with serotype replacement have already
arisen within five years since licensure of the paediatric vaccine, with non-vaccine
serotypes replacing the eliminated vaccine serotypes. A solution to this is the development
of pnewmnococceal vaccines containing a species wide pneumococcal protein to elicit non-

serotype specific protection,

Pneuwmolysin, the pore-forming toxin produced by S. preumoniae, may have an application
in future pneumococcal vaccines as it is produced by all invasive isolates, is a major
virutence factor and has been demonstrated to confer non-serotype specific protection
against pneumococcal disease. The toxicity of pneumolysin is problematic in terms of
vaccine use and existing pneumolysin mutants possess residual cytotoxicity. By mutating
a region involved n protein oligomerisation, pneumolysin pore formation was abelished.
This resulted in a non-~toxic form of pneumolysin that retained the immunogenicity of wild
type pneumolysin without the associated effects such as hypothermia, inflammatory

cytokine production and vascular leakage following intranasal administration to mice.




Vaccination of mice with this pneumolysin toxoid elicited high titres of neutralising

antibody, which significantly protected animals from pneumococcal infection.

Conjugation of the pneumolysin toxoid to capsule polysaccharide from serotype 4 S.
preunioniae clicited full protection against infection from the homologous serotype. This
indicated that the pneumolysin toxoid was as effective as the carrier protein used in the
current pneumococcal conjugate vaccine.  Active vaccination with free pneumolysin
toxoid significantly increased survival times in mice following challenge with & non-
vaccine serotype. This research implics that combining conjugated and free pneumolysin
toxoid may be more efficacious than current vaccines in protection against pneumococcal

disease.

The importance of the pore-forming property of pneumolysin in pathogenesis of
pneumococcal discase was investigated by construction of a pneumococcal strain carrying
the same mutation used to construet the pneumolysin toxoid for vaccination. Pore
formation was found not to be important for pathogenesis during murine pacumococcal
pneumonia. This was further supported by the identification of scrotype 1 strains from
clinical disease that expressed non pore-forming pneumolysin yet were isolated from

patients with invasive pneumococcal disease.
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Chapter 1 Introduction

1.1. Streptococcus pneumoniae

Streptococeus preumoniae {the pneumococcus) is a Gram-positive facultative anaerobe
that was discovered simultaneously by Pasteur in France and Sternberg in America in
1880. It has since been found to be the predominant cause of fatal infcctions such as
bacterial pneumonia and meningitis. Pneumococei can be divided into 90 serotypes
depending upon the immunochemistry of their capsular polysaccharide (Henrichsen 1995).
The classification of pneumococcal serotypes was originally by chronclogical order of
discovery (Dochez et al. 1913), however, many of the capsule polysaccharides are cross-
reactive and this has led to the reclassification of serotypes using the Danish system of
nomenclature. Where serotypes 1 and 2 remain the same but serotypes that have similar
capsules, for cxample scrotypes 6 and 26 by American nomenclature, are now termed
serotypes 6A and 6B (belonging to serogroup 6) (Smart 1987). The Quellung (literally
‘swelling’} reaction developed by Neufeld in 1902 allows the determination of serotypes
by their reactivity with antibodies raised against homologous capsule pelysaccharide. This
technique is still employed in reference laboratories today. llowever, cross reactivity
hinders the quelling reaction resulting in some isolates being mistyped or nonserotypeable
(duc to the lack of capsule cxpression). Molecular serotyping techniques are currently
under investigation in attempt to develop serotyping techniques that are more accurate in
determining serotype rather than serogroup and are less expensive and easier to perform
(Batt et al, 2005; Pai et al. 2005a). Multiplex PCR has recently been shown to provide an

accurate high through-put approach to the serotyping of pncumococci (Pai et al. 2000).

With the advent of Multi T.ocus Sequence Typing (MLST), pneumococei can now be
genetically categorised (Enright et al. 1998). MLST involves the sequencing of seven
housekeeping genes (aroFE, gdh, ghi, recP, spi, xpt and ddf) where each allele is assigned a
number depending upon its sequence using the MLST website (http://www.mlst.net), This
results in a seven digit ‘barcode’ for each isolate known as the sequence type (8T). MLST
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is a powerful tool in pneumococcal characterisation, providing an electronic form of
molecular typing that allows standardisation between laboratorics. It has become evident
that different STs exist within one serotype and that polysaccharide capsules can switch
(Coffey et al. 1998; Coffey et al. 1999; Jefferies et al. 2004), making MLST a more
accurate tool for the genetic surveillance of pnewmococcal disease on a global scale. More
in depth analysis can be achieved using microarray to compare whole genomes. ‘This
allows assessment of genc content in individual isolates, however this technique provides
an overwhclming amount of data and remains 100 expensive and labour intensive for
routine clinical use. Microarray analysis of pneumococcal isolates has indicated that there
are genetic differences within an individual sequence type (Silva et al, manuscript
submitted), highlighting that variation occurs within a group considercd identical by
MLST. Supplementary sequencing of essential virulence genes in addition to the seven
housekeeping genes may make MLST more _powerful in reference laboratories (FHanage et

al. 2005) until microarray technology becomes more accessible.

1.2. Carriage of S. pneumoniae

S. preumonige colonises the upper respiratory tract of most of the human population at
{east one time in their lives. Nasopharyngeal colonisation is an evolving and transient
process with different species and serotypes present at different times. This niche is a
highly competitive environment with Haemophilus influenzae, Moraxclla cattarrhalis,
Neisseria meningititis, Staphylococcus aureus and other Streptococcal spp. all colonisers
of the nasopharynx (Bogaert et al. 2004). S. preumoniae has been shown to produce HO,
which inhibits or kills other microfiora in the nasopharynx giving the pneumococcus a
campetitive advantage for colonising this environment (Pericone et al. 2000). The
nasopharynx is the source of transmission from host to host and also where S. preumoniae,
which is highly transformable, is thought to pick up genes from other bacterial species. An
example of this is the pueumococcal acquisition of genes that encode low affinity

18
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Chapter 1 Introduction

penicillin-binding proteins from other species such as Streptococcus mitis (Dowson et al.

1994} to confer penicillin resistance.

There are a number of factors that are associated with an increased frequency of
pneumococcal carriage and thercfore disease including overcrowding (as found in day care
centres, large families in cramped housing, homeless shelters and prisons), smoking,
antibiotic use and ethnicity (DeMaria et al. 1980; Kurtti ct al. 1997; Obaro 2000; Bogaert
et al. 2004). The most common serotypes isolated from nasopharyngeal swabbing of
Furopean children are 6A, 6B, 9V, 14, 18C, 19F and 23F; and the range of carried
serotypes declines with age (Bogaert et al. 2004). Thesc scrotypes are also some of the
most common disease causing serotypes in Europe, indicaling that carriage preludes

disease.

1.3. Diseases caused by 8. preumoniae

Although usually asymptomatically carried, S. preumonice can causc non-invasive
diseases such as otitis media, sinusitis and bronchitis and the more severe and aften fatal
invasive discases: pneumonia, meningitis and bacteracmia. In 2003, The World Health
Organisation {(WHO) estimated that at least one child dies from preumococcal disease
every minute (http://www.who.int/vaccines/en/pneumococcus.shtml).  Host—pathogen
interactions during pneumococcal pneumonia, bacteraemia, meningilis and otitis media are

discussed in sections 1.7 to 1.9,

Although there is an overlap in pneumococcal strains that cause disease and those
associated with carriage, some serotypes are more likely to be recovered from invasive
disease (serctypes 1, 4, 14 and 18C) and others are morc commonly isolated from
nasopharyngeal swabbing of healthy individuals (serotype 3 ST180, 6B, 19 and 23F)
(Brueggemann et al. 2003a). Invasive pneumococcal disease (IPD) has been shown to
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originate from a serotype with which the host was already colonised (Lloyd-Evans et al.
1996). though in some cases this colonisation period may be brief, e.g. with serotype 1
{Brueggemann et al. 2003b). The factors involved in a carried strain becoming invasive
are not fully understcod. There is increasing evidence that viral infections are the
predisposing factor in converting pneumococcal carriage to invasive disease (McCullers et
al. 2002; Ishizoka et al. 2003; van der Sluijs el al. 2006). However, the host-pathogen
interaction is complex and mechanisms by which internalised pneumococci escape
endocytosis-mediated killing is not clear (Tuomanen et al. 1997). It is known that the
inflammatory cytokines IL-1 and TNF-«, produced during viral infections, up-regulate
expression of receptors on host cells, which facilitates pneumococcal binding. One
identified receptor is the platelet-activating-factor receptor (PATT) on epithelial and
endothelial cells that pneumococcal cell surface phosphorylcholine binds to (Cundell et al.
1995; Tuomanen 1999). This interaction is thought to result in the internalisation of the
bacteria, permitting the translocation through the respiratory epithclinm and vascular

endotheliuvm (Cundell et al. 1995; McCullers et al. 2002).

1.4. Serotype 1 pneumococci

Serotype 1 S. preumoniae, initially classified in 1913 (Dochez el al. 1913), remain onc of
the most prevalent invasive serotypes with reports of increases in serotype 1 IPD in
Scotland (McChlery et al. 2005), Sweden (Henriques Normark et al. 2001) and Denmark
(Konradsen et al. 2002) and a high prevalence of serotype 1 disease throughout Europe,
South America, Africa and Asia (Scott et al. 1996; Hausdor{T et al. 2000a; Hausdorfl et al.
2000b). Interestingly, serotype 1 disease has been reported to be decreasing in North
America (Feikin et al. 2002) [ranked 17" (Brueggemann et al. 2003b)] and Egypt (Wasfy
et al. 2005). In developing countries, serotype 1 is associated with meningitis (Koek et al.
2005; T.eimkugel et al. 2005) whereas in westernised countries serotype 1 is associated
with pneumonia, complicated pneumonia, pulmonary cmpycema, peritonitis and salpingitis
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(McFarlane el al. 1979, Westh et al. 1990; Sirotnak et al. 1996, Tan et al. 2002; Eltringham
et al. 2003; Sjostrom et al. 2006). Serotype 1 and 7F have recently been identificd as
‘primary pathogens’ in that these serotypes arc most commonly isolated from IPD patients
with no underlying disease, whereas other serotypes, such as 11A, were only found to
cause disease in immunocompromised patients and have been termed ‘opportunistic
pathogens’ (Sjostrom et al. 2006). The primary pathogens, although predeminant in the
study group and rarely found in carriage, were less likely to cause death compared with the
opportunistic serotypes that arc usually more carriage associated. Along with serotypes 5
and 7, serotype 1 is associated with higher ratio of hospitalisation versus ambulatory care
compared with pneumococcal infections from other serotypes (Alpern et al. 2001).
Scrotype 1 is one of the few serotypes linked with non-hospital ouibreaks of pneumococcal
discase, such outbreaks have occurred in over crowded institutions and/or where
alcoholism is a problem (DeMaria et al. 1980; Mercat et al. 1991; Gratten et al. 1993;

Dagan et al. 2000).

Nasopharyngeal swabbing of healthy patients rarely resulis in the isolation of serotype 1
pneumococci, because of this and a global association with IPD, serotype 1 is said to have
a high attack rate (Brueggemann ct al. 2003b). It may be that serotype 1 pneumococci
have a different niche, i.c. adenoid tissue, which is not swabbed during collection of
carriage isolates. Indeed, Escherichia coli O157:117 huas recently been shown to have a
highly specific niche in cattle (Naylor et al. 2003). Tt may be that carriage of serotype 1 is
short lived as it remains sensitive to antibiotics (Brueggemann et al, 2003b) unlike strains
associated with carriage that are thought to be under antibiotic pressure and in an
environment which allows transfer of antibiotic resistance genes. During outbreaks of
serotype 1 disease, the carriage rate increases, indicating that brief nasopharyngeal

colonisation may occur with serotype 1 pneumococei.
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1.5. Virulence Factors of S. preumoniae

S. preumoniae produces an array of virulence factors involved in pathogenesis including

capsule polysaccharide, cell surface-associated proteins and toxins.

Signature-tagged

mutagenesis and full genomic sequencing studies have resulted in the identification of

many putative virulence factors (Polissi et al. 1998; Lau et al. 2001; Tettelin et ai. 2001,

Hava et al. 2002). The more characterised pneumococcal virulence factors and their roles

1n diseuse are listed in Table 1.1.

Table 1.1. Pneumococcal virulence factors

Virulence factor Location | Fanction
Autolysin A (LytA) Cell wall | Releases other virulence factors, e.g. Ply, by
breaking down cell wall
LytA knockout strain is less virulent (Berry et
al. 1989a)
Involved in transition of pneumococei from
nasopharynx to lower respiratory tract
(Orihuelz et al. 2004)
Required for pneumococcal swvival and
replication in the lungs (Orihuela et al. 2004)
Autolysin B (LytB) LytB and C are involved in nasopharyngeal
Autolysin C (LytC) colonisation (Gosink ct al. 2000)
Capsule polysaccharide | Cuter Anti-phagocytotic
(CPS) surface Masks cell surface antigens from host immune
system
Expression levels are altered during disease
(Hammerschmidl et al. 2005)
Cell Wall Beneath Inflamunatory: activates complement cascade
(including teichoic i capsule and cytokine production
acids, Provides a surface for anchoring surface-
phosphorylcholine, exposed proleins
peptidoglycan and
lipoteichoic acidg)
Choline binding protein | Attached | Involved in immune cell recruitment (Murdoch
A (ChpA, ’spC, SpsA) | to cell et al. 2002)
wall Has a major role in adhesion of pneumococci

to nasopharyngeal cells (Rosenow et al. 1997)
and translocalion of pneumococci across
human nasopharyngeal epithelial cells and for
transition from nasopharynx to lower
respiratory tract (Zhang et al. 2000; Orihuela ct
al. 2004)
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Cbp D
Chbp E (or Pce)
CbpG

Binds human complement factor H to avoid
attuck and opsonophagocytosis (Quin et al.
2005)

Inthibits sIgA Ab binding to pneumococci

CbpD, E and G are involved in nasopharyngeal
colonisation (Gosink et al. 2000)

CbpD is involved in triggering the release of
Ply from non-competent pneumococci {Guiral
et al. 2005)

CbpE and G are involved in adherence to
human ceils (Gosink et al. 2000)

CbpE removes phosphorylcholine from the
cell wall (de las Rivas et al. 2001)

CbpG has a role in sepsis (Gosink et al. 2000)

Caseinolytic protease C
(CIpC)

ClpP

Cytoplasm

Involved in autolysts in some strains and
pneutnococcal  growth in the lungs and
bloodstream (Ibrahim et al. 2005)

Involved in virulence, thermotolerance and
resistance to oxidative stress (Jbrahim et al.
2005)

Hyaluronidase (Hyl) . Surface Breaks down hyaluronic acid in mammalian
| (secreted) | connective tissue possibly to  promote
! pneumococcal dissemination (Paton et al.
; 1993) ]
High temperature | Cytoplasm | Essential for virulence in pnewmonia and
requirement A ([TtrA) bacteraemia, involved in resisting oxidative
stress and high temperatures (Ibrahim et al.
2004)
Hydrogen peroxide Produced | Inhibits/kills other bacterial species competing
(H202) during to colonise the nasopharynx (Pericone ot al.
aerobic 2000)
growth
IgAl protease Cytoplasm | Cleaves human IgAl (Poulsen et al. 1996;
Wani et al. 1996), possibly counteracts
mucosal defences (Polissi et al. 1998) enabling
phcumococci to persist on mucosal surfaces
{Weiser et al. 2003)
Neuraminidase (Nan A) | Surface Cleaves N-acetyl mneuraminic acid from
exposed lipoproteins, glycolipids and oligosaccharides
(Camara | on mammalian cells and breaks down mucin
et al. on mucosal surface thereby exposing receptors
1994) on cell surface allowing pneumococci to bind
to host cells (Tonyg et al. 2000)
Thought to be involved in spread of
pneumococci from the nasopharynx to the lung
(Orihuela et al. 2003)
Important in colonisation and AOM (Tong et
al. 2000) but not meningitis (Winter et al.
Pili Surface Initial adhesion to host cells and important for
¢ (extends ability to invade host (Barocchi et al. 2006)
: beyond
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CPS)

Pneumococcal  surface | Surface Manganese ABC transporter required for
adhesin A (PsaA) competence and virulence (Dintilhac et al.
1997)

Binds to host cells, protects pneumococci from

‘oxidative damage (Tseng ct al. 2002)
Pneumococeal  surface | Surface Binds pneumococci to host cells and inhibits
protein A (PspA) complement activation on pneumococcal cell

surface (Tu et al. 1999; Ren ¢t al, 2004)

Binds to lactoferrin (protein involved in iron
acquisition) al respiratory mucosal sites
(Hammerschmidt et al. 1999)

May be involved in  nasopharyngeal
colonisation (l.eMessurier et al. 2006)

Pneumolysin (Ply} Cytoplasm | Potent toxin

Facilitates host tissug invasion and spread of
disease (Orihuela et al. 2004)

Interferes with phagocyte function
{Houldsworth et al. 1994)

Slows ciliary beating (Feldman et al. 1990)
Disrupts integrity of human respiratory
epithelium (TFeldman et al. 1990)

Required for pneumococcal survival and
replication in the lungs (Orihuela et al. 2004)
(see Table 1.2 for detailed list of roles of Ply)

Pyruvate oxidase Cytoplasm | An enzyme responsible for hydrogen peroxide
(encoded by spxB) production. It decarboxylates pyruvate (o give
acctyl phosphate + HxO; + CO;

Involved in adhesion of pneumococei to host
cells, spxB knockout strains are less able to
colonise and are less virulent (Spellerberg et
al. 1996; Orihuela et al. 2004)

Required for pneumococcal survival and
replication in the lungs (Orihuela ct al. 2004)

Streptococcal Surface Lipoprotein involved in colonisation of the
lipoprotein rotamase A nasopharynx and protects pneumococci from
(SIrA) phagocytosis (Hermans et al. 2006)

Zinc metalloprotease Surface Induces inflammation in respiratory tract (Blue
(ZmpB) ct al. 2003)

1.5.1. Capsule

The capsule polysaccharide of S. preumoniae is a major virulence factor that enables the
micro organism to resist phagocytosis (Jonsson et al. 1985). Unencapsulated strains are

generally avirulent with rare cases of unencapsulated sirains being recovered from
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immunocompromised hosts or from conjunctivitis patients (Muller-Graf et al. 1999;
Ishizuka et al. 2003; Martin et al, 2003). Changes in colony phenolype from iransparent {0
opaque are due to thickening of the capsule. The transparent phenotype is adapted to
colonisation of the nasopharynx with a thin capsule layer that allows cell wall
phosphorylcholine to bind to the platelet activating factor receptor (PAFr) on respiratory
epithelial cells. This permits colonisation of the host. Opaque colonies are usually
recovered from the bloodstream and are unable to adhere to PAFr. These phenotypes are
reversible and thought to aid the progression from carriage to invasive disease (Tuomanen
1999; Hammerschmidt et al. 2005). Although 90 capsule polysaccharide types have been
identificd (Henrichsen 19895), less than 20% of scrotypes are the major cause ol discase

{Hausdortf et al. 2000b).

The capsule has long been thought of as the first point of contact with host cells. However,
pneumococci have recently been shown 1o possess pili that protrude the capsule
polysaccharide and are responsible for the initial adhesion to host cells (Barocchi et al.
2006). Using mutant strains (rlrA”) that did not have pili, it was shown that pili also

factlitate the ability of the pathogen to cause invasive disease in mice.

1.5.2. Cell wall and surface-exposed proteins

The pneumococcal cell wall is important in the attachment of the organism to host
respiratory cells and is comprised of an array of surface-associated virulence factors. The
pneumococcal cell wall is composed of peptidoglycan, teichoic and lipotcichoic acids.
Phosphorylcholine, which is a component of the teichoic and lipoteichoic acids, acts as an

adhesin for the platelet-activating factor receptor (PAFT) of host cells (Cundell et al. 1995).

There are three major groups of pneumococcal surface-exposed proteins: choline-binding

proteins, lipoproteins and TLPXTG-anchored proteins. Based on genome data, different
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pneumococcal strains have been shown to vary in the proportion of these surface proteins
(Bergmann et al. 2006). Choline-binding proteins are non-covalently anchored to the
phosphorylcholine of the cell wall by carboxy terminal repeats. Pneumococci produce 13
to 16 different choline-binding proteins including pneumococcal surface protein A (PspA),
choline binding protein A (CbpA, also termed pneumococcal surface protein C), and the
autolysins (LytA, N-acetyl-muramoyl-L-alanine amidase; LytB, F-N-
acetylglucosaminidase and LytC, p-N-acctylmuramidasc {lysozyme]) (Bergmann et al.

2006).

Pneumococcal surface exposed lipoproteins are involved in substrate ransport and include
pneumococcal surface adhesin A (PsaA), the substrate-binding protein of a manganese
ransport system (Dintilhac et al. 1997), pneumococcal iron acquisition protein A (PiaA)
and pneumococcal iron uptake protein A (PiuA) (Brown et al. 2001), Streptococcal
lipoprotein rotamase A (SIrA) involved in colonisation of the host (Hermans et al. 2000)
and putative proteinasc maturation protein A {(PpmA) involved in pneumococcal

pneumonia (Overweg et al. 2000).

[.LPXTG anchored proteins are covalently attached to peptidoglycan in the cell wall by
sortases that recognise the LPXTG motif of such proteins. Different sortases are involved
in processing the different surface-exposed proteins (Ilava et al. 2002: Paterson et al.
2006b). Hyaluronidase (Hyl) and neuraminidase A (NanA) are two well-characterised
LPXTG-anchored proteins.  Neuraminidases cleave the terminal sialic acid from
glycolipids, glycoproteins and oligosaccharides on the cells of the host tissue and fluids
providing a means of invasion for the pneumococci (Tong et al. 2000). Hyl hydrolyses
hyaluronic acid, which is found in mamunalian connective tissue, permitting pneumococceal

invasion of the host tissues (Paton et al. 1993).
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Protective immunity from pneumocaccal infection has been demonstrated with a number
of these pneumococcal cell surface exposed proteins, this is discussed in section 1.14 and

potential vaccine candidates are given in Table 1.5,

1.5.3. Pneumolysin

Pneumolysin (Ply) is a pore-forming cyloplasmic toxin that belongs to the family of
cholesterol-dependent cytolysins (see section 1.12). Ply is a multifunctional toxin
produced by all disease causing isolates (Kalin ct al. 1987) and is an important
pneumococeal virulence factor with many roles in the pathogenesis of disease (Mitchell et
al. 1997). There are two major functions associated with Ply: cytolysis by forming pores
in membranes {Alouf 2000) and the ability (o activate complement in the absence of
specific antibody (Paton et al. 1984; Mitchell et al. 1991). Duc to Ply’s ability to form
pores in cholesterol containing membranes, it is cytotoxic to all eukaryotic cells tested to
date including pulmonary epithelial and endothelial cells (Steinfort et al. 1989; Feldman et
al. 1990; Rubins et al. 1992; Rubins et al. 1993; Rayner ¢t al. 1995), cerebral epithelial
cells (Zysk et al. 2001) and ciliated ependyma (Mohammed et al. 1999). Ply has been
detected in the cerebrospinal fluid (CSF) of meningitis patients (Spreer et al. 2003b),
middle ear fluid from otitis media cases (Virolainen et al. 1994), lung sputum from
pneumonia patients (Wheeler et al. 1999) and lung tissue from mice with experimental
pneumonia (Canvin et al. 1995). When Ply is administered intranasally to mice there is an
immediate response with damage to lung integrity (hat results in vascular leakage (Maus et
al. 2004). Ply is thought to have an essential role in pncumococcal pneumenia (See section
1.7.1) and has been shown to induce inflammatory responses in the host lung similar to
that caused by S. preumoniae (Feldman et al. 1991). [nterestingly, although Ply has
distinct roles in the pathogenesis of pncumococcal disease, a study of virulcnce gene
expression during pneumocaoccal infection of mice found ply expression to be constantly
up regulated in all niches from the nasopharynx to the bload. The authors suggest that it is
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the controlled timing of Ply release that is important for pneumococcal dissemination
rather than ply expression (l.eMessurier et al. 2006). At sub-lytic concentrations, which
are more likely 1o be found during pneumococeal infection, Ply has a plethora of roles in

pathogenesis that are detailed in Table 1.2.

A recent microarray study compared cDNA from human monocytes following treatment
with either WT S. preumoniae or a Ply negative strain to assess Ply-dependent gene
expression (Rogers et al. 2003). The authors found that of the 4133 genes assessed, 116
were up regulated and 26 were down regulated in response to Ply. Up-regulated genes
included those involved in synthesis of lysozyme, an antimicrobial enzyme that induces
autolysis of pneumococei and enhances the phagocytic activity of neutrophils (Cottagnoud
et al. 1993, Ibrahim et al. 2001). Mannose-binding lectin genes were also up regulated in
monocytes incubated with the Ply positive strain, this molecule is involved in
phagocytosis, cytokine production and complement activation and the authors imply that it
could also be a core mediator in the inflammatory response {o S. preumoniae. Chemokines
involved in inflammation, chemotaxis and cell adhesion were also up regulated m response
to Ply, confirming existing data. Such experiments provide a valuable insight into genetic
responses to Ply and offer the possibility of investigating whole host responses through the

use of host based microarray chips, an area that will probably expand in the near future.

Table 1.2 details information derived from investigation of the eflect of Ply in vifro and
usually with only one cell type. Of course, this is not the case i vivo with cell to cell
signalling and it may be that during infection some of the cells listed in Table 1.2 are never
exposed to Ply. Studies on the in vivo effects of Ply, either by treatment of animals with
purified toxin or by comparisons of animals treated with wild type (WT) S. preumoniae
and a Ply negative derivative, therefore reveal more about the role of Ply during infection

and are discussed in the following sections.
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Table 1.2, Effects of sub-lytic levels of recombinant Ply on cells

endothelial cells

Ply Target Effect Potential role in pathogenesis
Alveolar and Disrupts cells (Rubins et al. | Facilitates pneumococcal growth
bronchial epithelial | 1993) and inhibits cilial and dissemination in the lungs
cells beat (Steinfort et al. 1989;

Feldman et al. 1990;

Adamou et al. 1998)
Pulmonary Disrupts integrity (Rubins | Breaches endothelial barrier

etal. 1992)

Activates phospholipase A
(Rubins ct al. 1994)

Microglial and
| neuronal cells

Induces apoptosis (Braun et
al. 2002)

‘Possible role during meningitis

possibly facilitating dissemination
from Iung to bioodstream (Rubins
et al. 1992)

May contribute to tissue damage
and inflammation

N éuﬁ;oph.ilé

Inhibits respiratory burst
and migration (I’aton el al.
1983a; Nandoskar et al.
1986)

Induces necrosis (Zysk et
al. 2000) and calcium influx
(Cockeran ¢t al. 2001b)

Decreascs ability of neutrophils to
migrate {owards and phagocytose
preumococci

Damages neutrophils

Fc fragment of

Activates classical

Reduces serum opsonic activity

antibody complement cascade in the | (Mitchell et al. 1997)
absence of specific anti-Ply | Complement attack resulfs in
antibady by binding to Fe inflammalion of host tissue
(Paton et al, 1984; Mitchell | (Mitchell et al. 1997), which
et al. 1991). facilitates disscmination of
pathogen
Monocytes Stimulates TNF-o and IL- | May facilitate pneumococcal
1B release (Houldsworth et | adherence by up regulating binding
al. 1994) receptors on host cells
Inhibits respiratory burst Prevents pneumococcal clearance
and phagocytosis
(Nandoskar et al. 1986) Facilitates transmediated
Up regulation of ICAM-1 endocytosis of neutrophils for
(Thornton et al. 2005) prneumococcal clcarance, the
henefit to pneumococci is not clear
Dendritic cells (DC) | Induces DC apoptosis DCs are critical for primary

(Colino et al. 2003)

immune response to pathogens
therefore this permits evasion of
imnune system

Spleen cells

Stimutatcs IFN-y and Nitric
Oxide release (Baba et al.
2002),

Alteration in aduptive immunity?

I But can be used as a vaccine? Is

B cells Inhibits antibady production
{Ferrante el al. 1984) adjuvant important?
Lymphocytes Blocks proliferation of cells | Prevenis T-cell proliferation,

in response to mitogens
(Ferrante et al. 1984)

thereby altering adaptive immunity
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1.6. Role of Ply in pneumococcal carriage

Ply has been to shown to facilitaic adhcrence of S. preumoniae to human epithelial cells
but it was not essential for successful colonisation of the host (Rubins et al. 1998). Another
study suggested that Ply was essential for colonisation of the nasopharynx in serotype 2 but
not serotype 3 S. preumoniae (Kadioglu et al. 2002). A recent study has suggested that Ply
elicits inflammation during carriage, which actually promotes clearance of pneumococci
(van Rossum ct al. 2005). The authors suggest that the reason a virulence factor would aid
clearance is that the induced inflammation facilitates the spread of pneumococci, therefore
sacrifice of some of the population may be required to allow the rest to disseminate and

cause infection in susceptible hosts.

Ply has recently been shown to intcract with Toll-Like Receptor (TLR} 4 and is thought to
be essential in preventing pneumococcal colonisation from progressing to invasive disease
(Malley et al. 2003). This Interaction is suggested to result in tolerated carriage of the
poeumococeus, however, what is not clear is what happens when hosts get IPD. Mice with
defective TLR-4 (C3/Hel) were shown to be morc susceplible to fatal pneumococcal
infection than WT mice (C3/HeOul), highlighting an essential role for TLR-4 in host

innate immunity against pneumococcal infection.

To assess whether the cytolytic property of Ply was essential for TLR-4 activation,
peritoneal macrophages from C3/HeJ (TLR4 -/- mice) and C3/I1IeOu) mice were treated
with either WT Ply or PAT (a mutant form of Ply that carries 3 amino acid substitutions
D385NC428GW433F that abrogates the haemolytic activity and complement-activating
properties of the toxin, discussed in section 1.15.1). PdT was still found to interact with
TLR-4 to produce the inflammatory cytokine TNF-o., as C3/HcOulJ mice elicited a TNF-
response to PAT (and Ply) whereas the C3/I1eJ strain did not. Therefore the presence of
Ply, but not its haemolytic or complement activating activities is important for activation of
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TLR-4 dependent inflammatory responses. This is in contrast to another study that
claimed strains expressing Ply promoted clearance of the pneumococci and this was in a
TLR-4 independent manner {van Rossum et al. 2005). These studies differ in that
recombinantly purified Ply was used in one and a Ply knockout strain was used in the
other. Further investigation into the interaction between Ply and TLR-4 suggests that
apoptosis is involved (Srivastava ct al. 2005). Ply induced apoptosis of macrophages was
shown to be mediated by TLR-4 and that administration of an inhibitor of apoptosis into
the nasopharynx of mice significantly increased their susceptibility to II’D (Srivastava et
al. 2003). From this work the authors suggest that Ply induced apoptosis and interaction
with TLR-4 in the nasopharynx is an inpatc immune response against pneumococcal

disease.

1.7. Pneumococcal pneumonia and bacteraemia

Prneumonia is characlerised by fluid in the lungs, which hinders oxygen from reaching the
bloodstream through the alveoli. According to WHO

(www,who.int/vaccines/en/pneumococcusshimt), more children die each year from pneumonia

than any other infectious disease including AIDS and Malaria, S. preumonige is the
leading cause of pneumonia and is thought to be responsible for the deaths of I million
children every year, mostly in developing couniries. In industrialised countries, S.
prewmonive is also the most common cause of community acquired pneumonia with
100,000 cascs/population and a 10-20% mortality rate, though this is greater in high-risk
groups such as infants, the clderly and 111V patients (Johnston 1991; Amdahl et al. 1995).
Recently differences in serotype distribution have been identified, wilh IPD trom serotype
1TA exclusively associated with adult patients with underlying diseases such as cancer and
HIV whereas serotype 1 was more likely to cause disease in otherwise healthy adults

(Sjostrom et al. 2000).
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Bacteraemia is characterised by the presence of bacteria in the bloodstream and is a
condition that progresses rapidly. There is a high mortality rale associated with
pneumococcal bacteraemia and it is often associated with pneumonia, after the
pneumococei  enter the bloodstream. Antibiotiecs (in particular penicillin and
clarithromycin) are usually effective in the treatment of pncumonia and bacteraemia
though with the rise of antibiotic resistant strains, this may not be the case for much longer.
Vaccines offer the most effective protection against pneumococcal disease (see section

1.13).

1.7.1. Role of Ply in pneumococcal pneumonia and bacteraemia

Ply knockout strains of 8. pneumoniae are less virulent than WT strains during
pneumococeal pneumonia (Berry et al. 1989b) and bacieraemia (Berry et al. 1989b; Berry
et al. 1992), indicating an important role of Ply in the pathogenesis of these diseases. Itis
thought that Ply significantly contributes to stimulation of the host inflammatory response
during pneumonia, as mice infected with Ply negative S. preumoniae have a delayed and
less intense cell influx into the lungs (Kadioglu et al. 2000). Ply has been shown to be
particularly important during the carly stages of pneumococcal pnewmonia and bacteraemia
(Benton et al. 1995; Canvin et al. 1995). The inflammation caused by the release of Ply is
thought to fucilitate pneumococcal dissemination throughout the host (van Rossum et al.
2005). It is thought that Ply prevents the initiation of host immunity for the first few hours,
possibly diverting the immune system, to allow the pneumococcei to establish within the

host.

One of the major host responses {o pneumococcal pneumonia is the recruitment of

neutrophils from the vascular space to the alveolar airways by cytokines such as TNF-«,
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IL-1 and TI.-8 (or KC in mice). Neutrophils are the major immune cells responsible for
clearance of the pneumococci from the lung (Jones et al. 2005) and neutrophil recruitment
during pneumocoecal pnevmonia has been shown to be Ply dependent (Jounblat et al.
2003; Moreland ¢t al. 2005), demonstraled in Figure 1.1, Neutrophil recruitment from the
circulation has also been identified in the nasopharynx in response to pneumococcal

colonisation {van Rossum et al. 2005).

Recruitment of leukocytes (meutrophils, monocytes, eosinophils, Iymphocytes and
basophils) to sites of infection involves cell adhesion molecules, in particular ICAM-1
(intracellular cell adhesion molecule-1). Expression of 1CAM-1 on the leukocyie cell
surface adheres the leukocytes to the vascular endothelium enabling the leukocytes to
migrate to sites of inflammation (Figure 1.1). Ply has been shown to up regulate the
expression of JICAM-1 in human monocytes using both recombinant Ply and comparing
serotype 3 (WU2) and serotype 2 (D39) S. preumoniae with isogenic ply knockout mutants
(Thornion et al. 2005). However, another rescarch group found that both WT and a Ply
negative mutant of D39 S prneumoniae up regulated ICAM-1 in endothelial cclls,
indicating that at least for endothelial cells ICAM-1 expression is not Ply dependent

(Moreland ct al. 2005).

The regulation of cell adhesion molecules is controlied by inflammatory cytokines such as
TNF-ot and IL-8 (See section 1.10 for ¢ytokines involved in pneumococcal infection). It is
possible that the induction of cytokine release (e.g. 1L-8 and the murine homolog KC) from
monocytes and neutrophils by Ply (Cockeran ct al. 2002; Rijneveld et al. 2002b; Thornton
et al. 2005; Kirkham et al. 2006a), results in the up regulation of ICAM-1 to recruit
leukocytes to the site of infection. In contrast to other studies, 1L-8 production by
endothelial cells was not found to be Ply dependent (Morcland et al. 2005). The variation

in results may be due to the different cell types investigated.
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Alveolar macrophages are the predominant cell type in bronchoalveolar space of healthy
animals and there is a rapid recruitment of macrophages during inflammation (Reynolds
1987). These cells are involved in the immune response to pueumococcal pneumonia by
phagocytosing invading bacteria and also inducing pulmonary intlammatory responses by
secreting inflammatory mediators such as TNF-a and IL-6 that recruit other cells types,

induce phagocytosis and anligen presentation (Reynolds 1987; Cavaillon 1994).

Previously, amino acid substitutions have been introduced into Ply in order (o investigate
whether it is the cytolytic (haemolytic) activity or complement activating ability of the
toxin that contributes o pneumococeal virulence (Berry ot al. 1993), These mutants are
detailed in section 1.15.1. The cytolytic activity of Ply was demonstrated to be more
important for virulence during bactcracmia rather than complement activating activity.
The complement system is essential to innate immunity by protecting hosts from bacterial
infections {Walport 2001). Humans with complement deficiencies are more susceptible to
preumococcal infeetion (Alper et al. 1970; Alper ct al. 2003). During pneumococcal
pneumonia, the complement protein C3 has been shown to be important for host survivat
during the initial stages of infection (Kerr et al. 2005b). By constructing a single amino
acid substitution (D385N), the complement activating ability of Ply is abrogated (Mitchell
et al. 1991). Cytolytic activity was shown to be important during early bacterial growth at
3h and 6h and for acute lung injury, whereas, (he complement activating function was
important for bacteraemia at 24h post infection (Rubins et al. 1996). The complement-
activating factor of Ply has been shown to affect T cell accumulation and the cytolytic
activity influences neutrophil recruitment into Iung tissue during pnewmonia (Jounblat ct

al. 2003),
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Figure 1. 1. Interaction of Ply and the host immune system during pneumococcal

pneumonia

1L-6 release

in response Tastophige

g o L J—
- ...
- mast cell

1: Pneumococci enter the lung airways via the upper respiratory tract. Phosphorylcholine of the
pneumococcal cell wall binds to PAF receptors on the respiratory tract epithelial cells to facilitate
pneumococcal invasion into the lungs (Cundell et al. 1995). 2: Upon entering the bronchoalveolar
airspace, pneumococci invade the lung epithelium, releasing the major virulence factor Ply. 3:
Mast cells are in abundance at the lung/airway interface (Abraham et al. 1997) and may form part
of the first defence against pneumococcal infection. They release prestored cytokines such as
TNF-o to recruit immune cells to the site of infection inducing production of more
proinflammatory cytokines. 4: Alveolar macrophages residing in the bronchoalveolar space are
also some of the first immune cells to attack pneumococci. They phagocytose pneumococci and
release inflammatory cytokines, which recruit more immune cells. 5: Pneumococci that
successfully evade such immune responses then disseminate throughout the host. Ply destroys lung
epithelial cells allowing pneumococcal invasion into the lung tissue. 6: Leukocytes in the blood
release IL-8 in response to Ply (Cockeran et al. 2002). Monocytes do not need to interact directly
with the bacteria, instead soluble inflammatory mediators such as those released by mast cells and

macrophages can up regulate cytokine release from monocytes. IL-8 is a neutrophil
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chemoattractant that directs the recruitment of neutrophils to the site of infection. 7: Ply up
regulates [CAM-1 expression on the cell surface of leukocytes (Thornton et al. 2005), probably
indirectly by Ply inducing IL-8 production. 8: Up regulation of ICAM-1 facilitates transmediated
cendocytosis of ncutrophils from the blood to the site of infection, e.g. the fung tissue in the case of
pncumococcal pncumonia.  The complement system is important in the innate immune delence
against pneumococca! invasion {Paterson et al. 2006a), including pneumonia (Kerr et al. 2003b).
Ply has been shown to activate the complement cascade (Paton et al. 1984) and the inflammation
induced by complement activation is thought to aid the spread of pneumococei. Complement
products C3a and later CSa, in addition to IL-8, are neutrophil chemoattractants. Neutrophils
phagoeytose the puneumococei via C3b complement based opsonophagocytosis, resulting in the
release of more cytokines, which induces further nentrophil (and macrophage) recruitment to the
gite of jnfection and therefore further phagocytosis of pneumococci (9). Ply release from
pneumococei has been shown to induce nitric oxide (NO) production in vitre from host cells
(Braun et al. 1999), this makes macrophages that have nndergone phagocytosis more susceptible to
apoptosis, resulting in clearance of engulfed pneumococci (Marriott et al. 2004). High levels of Ply
release may increase the survival of invading pneumococci by inhibiting neutrophil and monogyte
respiratory burst (Paton et al. 1983a). The mass influx of neutrophils into the lung and high levels
of NO are, at least in part, responsible for acute inflammation in the lung during pneumococcal
pneumonia (10). Acute inflammation results in oedema and release of serum proteins, which can
act as a nutrient source and mode of transport for the pneumococci, thereby facilitating their spread
throughout the host. I pneumococei are successful in evading the immune responses in the lung
they can enter the bloodstream and cause bacteraemia (11). (Schematic of Tungs from the oxford
illustrated scicnce encyclopaedia, www.oup.co.uk). This figure has been composed from in vive
experiments and 7» viiro analysis permitting hypothesis of the roles of cells during pneumococcal

disease,
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1.8. Pneumococcal meningitis

Meningitis ig characterised by inflammation of the meninges (fluid filled membranes that
surround the brain and spinal chord) and can be caused by viral or bacterial pathogens. S.
preumoniae causes the most severe form of meningitis with 40-75% of cases of
pneumnococedl meningitis in developing countries resuiting in death or disability

(www.who.int/vaccines/en/pneumococcus.shim!). There are oflen devastaling sequelae associated

with meningitis with high possibility of mental retardation, learning disabilities, focal
neurological difficulties and hearing loss in patients that survive the infection (Bobhr et al.

1984; Bohr et al. 1985).

The mechanism by which colonising pneumococci then cause meningitis remains unclear.
It was originally thought that pathogens must gain access to the blood prior to invading the
central nervous system (CNS), however, a recent report indicates that S. preumonice can
enter the CNS directly via the olfactory neurones (van Ginkel et al. 2003). Providing there
is no intervention by the immune system, circulating pneumococci can breach the Blood
Brain Barrier (BB13} and colonise the CSF. Once in the CSF there is a massive
inflammatory response by the host with intense leukocyle recruitment that ollen results in

brain injury (Hirst et al. 2004a).

1.8.1. Role of Ply in pneumococcal meningitis

Although Ply is a potent neurotoxin, a decade ago Ply was not considered to be essential
for the pneumococcus to cause meningitis (Friedland et al. 1995). It was shown that
although recombinant Ply caused inflammation in rabbits when injected intracisternally a
Ply negative strain of S. preumoniae caused similar levels of inflammation to the wild type
strain, However, further research has changed this view. Wellmer et al showed that

intracerebral infection of mice with a ply negative strain of S preumoniae was less virulent
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than the parent strain with reduced bacterial loads in the blood (Wellmer et al. 2002).
However the cerebellar bacterial titres and meningeal damage were similar following
infection whether Ply was present or not.  Zysk et al have indicated that Ply is imporiant
during meningitis and that it may aid in penetration of the BBB to allow the pneumococei
access o the CSF (Zysk et al. 2001). ‘This was demonstrated im vifro with brain

microvascular endothelial cells using both purified Ply and Ply expressing pneumococci.

Ply knockout strains have been used in a guinea pig model of pneumococcal meningitis to
demonstrate that hearing loss, as a result of cochlear damage, is Ply dependent (Winter ct
al, 1997). Purified Ply has also been demonstrated to be toxic to ependymal cells (the cells
that separate CSE from neuronal tissue) (Mchammed et al. 1999; ITirst et al. 2000) and to
mediate apoptosis of hwman microglial celis (Braun et al. 2002). Braun et al have also
shown that S. preumoniae deficient in Ply and H;O; production was unable to cause
apoptosis of brain cells in comparison with the wild type parent strain (Braun et al, 2002).
There arc concerns with B-lactam treatment of pncumococcal meningitis patients in that it
results in the release of Ply from the lysed pneumococci into the CSF and this may add to

neurclogical damage (Spreer et al. 2003a).

1.9. Acute Otitis Media

Acute otitis media (AOM) 1s a middle ear infection that is highly prevalent in children,
with an estimated 7 million cases of AOM in  America ecach ycar

(www.who.int/vaccines/en/pneumococeus.shim]) and even higher incidence rates in Australian

aboriginals with 25-50% of children suffering from AOM at least once in their lives
(Morris et al. 2005). Up to 50% of all AOM is caused by S. preumoniae (Prellner et al.
1999), which is thought to migrate along the Eustachian tube from the nasopharynx, Such
high levels of infection impose a significant burden on healthcare systems and there can be
problems with integration of children into school that have suffered hearing loss as a result
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of pneumococcal AOM. Serogroups 3, 19 and 23 may be more associated with an ability
to cause otitis media than other types (Hausdorff ct al. 2000a), however, other studies have

failed to identify AOM associated serotypes or clonal groups (IManage et al. 2004).

1.9.1. Role of Ply in AOM

The role of Ply in AOM is not known and it is thought that teichoic acids on the cell wall
are more involved in inducing inflammation than the toxin. The ability of a Ply negative
serotype 3 pneumococei to cause AOM in chinchillas was not significantly attenuatcd
compared with WT serotype 3 (Sato et al. 1996). Anti-Ply antibodies have however been
identified in the middle ear fluid of patients with AOM (Virolainen et al. 1995) and direct
instillation of Ply into the cochlea of guinca pigs damages the inner and outer hair cells,
suggesting that Ply is responsible for clinical outcomes such as deafness fotlowing AOM
and meningitis (Comis et al. 1993).  Purified streptolysin O (SLO), the cholesterol-
dependent toxin produced by Streptococcus pyogenes (see section 1.12) that is related to
Ply, has been shown to cause permeabilisation of the round window membranc of guinca
pigs (Engel et al. 1998). The authors suggest that SLO is the cause of hearing loss in

patients with otitis media caused by S. pyogenes.

1.10. Cytokines involved in pneumococcal infection

‘t'he host response to preumococcal infection involves the mediation of phagocytes as the
first line of the innate immune defence. During pneumococcal pneumonia, resident
alveolar macrophages and, a few hours later, recruited neutrophils are the two major cell
types involved in fighting infection (Figure 1.1). Recruitment of inflammatory cells to the
site of infection is orchestrated by soluble proteins known as cytokines and chemokines
(chemotactic cytokines} produced by the host immune system, Cytokines often function

synergistically to control immune responses and they have different functions depending
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on the cells involved, the stage at which they are prodnced and the combination of
mediators involved (Borish et al. 2003). Cytokine production is a feature of both adaptive
and innate immunity. During adaptive immunity, antigen-presenting ceils stimulate
cytokine production during the processing and presentation ol antigen to T cells. The
inmate inunune system uses paitern recognition receptors, such as Toll-like receptors
(TLR), on cell surfaces that stimulate cytokine production upon recognition of an antigen

(Borish et al. 2003).

Tumour Necrosis I'actor (TNI)-c, Interfeukin (1L)-1, IL-6, 11.-8, 1I.-10, TL-12, Interferon
(IFN)-y (though this does not play a protective role in pneumococcal pneumonia as it does
in pneumonia caused by other bacterial species), Macrophage Inflammatory Protein (MIP)-
2 and murine cytokine-induced neutrophil chemoatiractant KC (Ziegler-Heitbrock et al.
1992; Bergeron et al. 1998; Tlhong et al. 1999; Madsen et al. 2000; Rijneveld et al. 2002a;
Ling et al, 2003; Zwijnenburg ct al. 2003; Albiger ct al, 2005; Jonces ct al. 2005) have been
identified as being involved in the complex host response to pneumococcal infection,
though their exact roles remain undetermined. The balance of the host cytokine response
to infection is crucial to the outcome of pneumococcal disease, as discussed below for

TNF-o.

1.10.1. TNF-c.

Mononuclear phagocytes, neuirophils, mast cells, activated lymphocytes, natural killer
(NK) cells and endothelial cells produce TNF-o, This cytokine activates neutrophils,
controlling their adherence, chemotaxis, degranulation and cespiratory burst, A TNF-o
response to pneumococcal infection has been shown to be essential for survival as CBA
mice, that do not produce as much TNF-a in response to pneumococcal pneumonia as
BALB/c mice, succumb (o disease in confrast with BALB/c mice that survive infection
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(Kerr et al, 2002). Although TNF-o is essential in a successful immune response to
antigens, it also has detrimental e{ffects on the host including vascular leakage and it is the

main mediator involved in toxic shock and sepsis (Borish ct al. 2003).

1.10.2. IL-6

The greatest source of IL-6 is from mononuclear phagocytic cells but T and B cells,
endothelial cells, fibroblasts and hepatocytes also produce IL-6. IL-6 has pro and anti-
infllammatory properties however during pneumococcal infection it is thought to play an
anti-inflammatory role (Wang et al. 2000) by inhibiting TNF-o and IL-1B production.
Serum IL-6 and TNI-o levels are elevated in mice with pneumococcal sepsis (Albiger et
al. 2005). IL-6 has also recently been shown to induce the production of hepeidin from the
liver (Nemeth et al. 2004), which sequesters free iron in the blood making it unavailable to
pathogens ihereby inhibiting their growth in the host. IL-6 production and hepcidin

production have recently been linked during pneumococcal sepsis (Albiger et al. 2003).

1.10.3. KC

Produced by many cell types, KC (and the human homolog, IL-8) is involved in inducing
neutrophil recruitment to sites of infection and degranulation (Cockeran et al. 2002; Borish
et al. 2003). KC is a potent murine chemoattractant for ncutrophils and is found in high
levels in the lungs of mice with experimental pneumococcal pncumonia (Albiger et al.
2005). KC has also been shown to induce leukocyte recruitment into the CSF during
preumococcal meningitis (Zwijnenburg et al. 2003). The complexity of leukocyte
recruitment during pneumoccccal infection is an area currently under investigation,
however, it does involve Ply (Kadioglu et al. 2000; Thornton et al. 2005), scc section 1,7.1

and Figure 1.1.
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1.10.4. Role of Ply in cytokine induction

The stimulation of cytokine production during pneumococcal infection has been indicated
to be at least partly due to the release of Ply (Benton et al. 1998; Kerr et al. 2005a). IL-6,
KC and MIP-2 levels are high in mice following treatment with purified Ply and cytokine
production tends to be localised to the site of instiilation of the toxin {Rijneveld et al.
2002b). The stimulation of cvtokines may be a result of Ply’s pore forming activity as
mice treated with Ply carrying a point mutation that reduces haemolytic activity had lower
cytokine responses than WT treated mice (Rijneveld et al. 2002b). In tissue culture
experiments, IL~-1{3, TNIF-o (Houldsworth et al. 1994) and [FN-y (Baba et al. 2002) relcase
has been observed in response to treatment with Ply. However, when Ply was
administered intranasally to mice these cytokines were not detected in the BALF, lung
tissue homogenate or serum within 24h post treatment (Rijneveld et al. 2002b; Kirkham et

al. 2006a).

1.11. Cytokines involved in thermoregulation

Inducers of febrile responses in humans such as bacterial or viral infections often induce a
hypothermic response in rodents (Roberts 1979), for example pneumococcal infection
elicits a hypothermic response in mice {(Kerr et al. 2002) but humans usually develop a
febrile response. This may be due fo the inability of rodents to maintain their core body
temperature as they have a large surface area in comparison to body weight. Ambient
temperature, host genetic background and age have been shown to be important in
determining whether rodents develop a hypothermic or febrile response to LPS treatment
(Derijk et al. 1994; Romanovsky et al. 1998). Hypothermia or fever during infection is a
survival mechanism that can decease mortality (Romanovsky et al. 1998). ‘This has been
demonstrated with pneumococcal pneumonia in two strains of mice where the strain that

exhibited a hypothermic response survived the infeclion whereas the strain that did not
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elicit such a response succumbed to infection (Kerr et al. 2002). Hypothermia has been
shown to attenuvate lung injury by rcducing the number and function of cireulating
neufrophils (Lim et al. 2003) and this was the case during pneumococcal pneumonia where
animals that exhibited a hypothermic response had heightened TNEF-o responses and

different recruitment patterns of immune cells into the lungs (Kerr et al. 2002).

The main cytokines involved in the regulation and induction of hypothermia or fever are
TNE-o, IFN-y, IL-1 B, 1L-6 and 1L-10 (Leon 2004). TNF-a is involved in the initiation of
hypothermia whereas [L-6 is involved in thermorcgulation and anorcxia during sepsis
(Leon et al. 1998; Remick et al. 2005). Whether -6 is involved in hyperthermic or
hypothermic responses during infection is unclear as there arc many factors that can
influence thermogenesis. One major influence is the ambient room temperature as was
shown in an experimental sepsis model where mice maintained in a 30°C room developed
fever bul mice maintained at 22°C became hypothermic (Remick et al. 2005). In both
cases the mice had elevated I1-6 levels during sepsis. In a model of experimental sepsis in
ambient conditions, IL-6 -/- mice did not develop hypothermia but mortality was not
altered compared with WT mice that did exhibit a hypothermic response. IL-6 is therefore
involved in thermoregulation during infecction, however other factors determine whether
there is a hypothermic or hyperthermic response and also the outcome of disease. There
are indications that IL-6 is the main inducer of hypothermia during bacterial infection
(Leon 2004). IL-10 is an anti-inflammatory cytokine that is responsible for swilching off
inflammatory responses. IL-10 has been shown to modulate TNF-o production and

therefore control hypothermia (Leon 2004).

Mild hypothermia modifies cylokine producltion from immune cells, favouring the
production of pro-inflammatory cytokines. This has been shown with isolated human

monccytes that are treated with LPS and incubated under hypothermic or normothermic
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conditions for 48h. Mild hypothermia was found to result in an increase in IL-1B, IL-G,
[L-12 and TNT-a production from monocytes treated with LPS (Matsui et al. 2006). The
clinical relevance of this remains unclear, as does the actual function of these inflammatory
cytokines during hypothermia. [f is not known whether during infection, changes in body
temperature result in the induction of pro-inflammatory cytokines or whether the
production of pro-inflammatory cytokines induees the change in body temperature. In
Dantzer’s review ‘How do cytokines say hello to the brain?® (Dantzer 1994), he points out
that if is inadequate to think of the symptoms of infection and inflammation to merely be
mediated by cylokines acting on the brain. Instead the interaction of cytokine activated
immune cells should be taken into consideration and the neural pathways involved that
then activate peripheral sensory nerves. It is generally thought that cytokines do not cross
the blood brain barrier but thal they interact with target cells at the circumventricular
organs, which rclecase signalling molccules such as prostaglanding that can diffuse
throughout the brain. Indeed, Ply has been shown to stimulate prostaglandin E; (PGE,)
production from human neutrophils (Cockeran et al. 2001a) and during pneumococcal
pncumoenia there is an abundance of PGE, produced in the lungs (N'Guessan P et al. 2006).

How such molecules control thermoregulation and behaviour is not yet clear.
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1.12. The Cholesterol-Dependent Cytolysins

The cholesterol dependent cytolysin (CDC) family comprises of toxins from at least seven
genera of Gram-positive bacteria. The toxins form large pores in cholesterol cantaining
membranes making these toxins cytotoxic to all mammalian cells (Palmer 2001, Gilbert
2002). Identified CDCs and the specics that produce them arc listed in Table 1.3, Ply is
different from all other CDCs as it has no secretion signal sequence and relies upon
autolysin A to degrade the cell wall to allow its release into the surrounding environment,
liowever, it has been indicated that LytA may not always be required for Ply release

(Balachandran et al. 2001).

The molecular basis of pore formation has been the focus of several studies. Following
membrane binding via cholesterol in a perpendicular manner (Ramachandran et al. 2005),
the CDC monomers oligomerise into ring-shaped structures of 30-50 monomers and insert
into the host cell membrane to create pores (Jedrzejas 2001; Palmer 2001; Gilbert 2002;
Giddings et al. 2003). The molecular structures of Perfringolysin O (PFO} (Rossjohn et al.
1997) and Intermedilysin (ILY) (Polekhina et al. 2005) have been resolved. Most Ply
structurc/function studics usc a homology model based on the PFO structure (Figure 1.2)
(Gilbert et al. 1999b). CDCs are composed of 4 domains and it is domain 4 that is

involved in host cell recognition and binding (see section 1.12.1).
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Figure 1.2. PFO model with domains and transmembrane helices highlighted

Structural model of PFO with transmembrane helices (TMH) highlighted in red (TMH1) and green

(TMH2) (Ramachandran et al. 2002). Domains are labelled D1 to 4 and the host cell-binding

domain is highlighted in blue.

1.12.1. Cholesterol as the binding receptor of CDCs

CDCs bind to eukaryotic cell membranes as well as synthesised cholesterol-containing
liposomes. A generally conserved wundecapeptide region of domain 4
(ECTGLAWEWWR) has been shown to be involved in host cell binding (Jacobs et al.
1999) and is widely thought to form the receptor for cholesterol recognition on eukaryotic
cells (Alouf 2000; Tweten et al. 2001). There is some variation at this region within the
CDCs (Billington et al. 2000), with ILY, the human specific CDC possessing the most
diverse sequence (GATGLAWEPW_R). This variation has been shown to be responsible
for the human specificity of ILY (Nagamune et al. 2004). The undecapeptide region forms
a loop that is thought to act as a dagger for insertion into lipid bilayers. It has been

suggested that cholesterol is involved in insertion of oligomers into the membrane rather
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than cell binding (Giddings et al. 2003). Recombinant forms of domain 4 of Ply or
Streptolysin O (SLO) can block binding and subsequent pore formation of the native toxin
to the host cell membrane (Baba et al. 2001; Weis et al. 2001). This demonstrates that
domain 4 controls host cell binding, however, domain 4 does not self-associate to create
pores, it is domain 3 that is instrumental in oligomerisation and pore formation.
Intermedilysin is an exception in the CDC family in that it is human specific and the
cytolytic action of this toxin is not blocked with pre-incubation with cholesterol
(Nagamune et al. 2004). In 2004, the complement control protein CD59 was identified as

the binding receptor for intermedilysin {(Giddings et al. 2004).
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Table 1.3. Bacteria that produce cholesterol dependent cytolysins (CDCs)

Species CDC produced

Arcanobacterium pyogenes Pyolysin

Bacillus anthracis Anthrolysin O

B. cereus Cereolysin

B. thuringiensis Thuringiolysin O

Brevibaciltus laterosporous Laterosporolysin

Clostridium perfringens Perfringolysin O

C. bifermentas Bifermentolysin

C. borulinum Botulinolysin

C. chauvoei Chauveolysin

C. histolyticum Histolyticolysin

C. septicum Septicolysin

C. tetani ‘Tetanolysin

C. novyi Novyilisin

Listeria ivanovii Ivanolysin O

L. monocytogenes Listeriolysin O

L. seeligeri Seeligeriolysin O

Paenibacillus alvei Alveolysin

Streptococcus canis Streptolysin O

S. equisimilis Streptolysin O

S. intermedius Intermedilysin

S. preumoniae IPneumolysin

S. pyogenes Streptolysin O
S, suls Suilysin

Data from a CDC review (Billington ct al. 2000), with the exception of Anthrolysin O produced by

Bacillus anthracis which was identified and characterised in 2003 (Shannon et al. 2003),

1.12.2. CDC oligomerisation and pore formation

Cysteine labelling of amino acids throughout PFO was used to reveal which parts of the
molecule are in hydrophilic or hydrophobic environments during pore formation (Shepard
et al. 1998). The cysteine in each mutant was derivatised with NBD, (N’dimethyl N
[iodeacyl]-N’~ [7 nilrobenz-2-oxa-1, 3-diazolyl] ethylenediamine). When the derivatised
cysteing is in a hydrophilic environment, the fluorescence is quenched but upon moving
into the hydrophobic lipid bhilayer, the fluorescence intensity increases. FFrom this work,
three a-helices in domain 3 were shown to move from the hydrophilic environment into

the hydrophobic membrane during pore formation; suggesting that the e-helices form an
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anti-parallel amphipathic -hairpin during oligomerisation. A year later another region in
domain 3 was identified to behave in a simitar manner (Shatursky et al. 1999). This led to
the theory that 2 hairpin loops (Figure 1.2) from each domain 3 monomer combine within
the oligomers to form a B-barrel pore within host ccll membrancs. In 2000, Tweten and
colleagues strengthened this data by showing that domain 3 of PFQ iunserts into the host

cell membrane following binding to initiate pore formation (Heuck ct al. 2000).

Cryo-Electron Microscopy has heen used with Ply (o reveal that domain 2 of the CDCs is
situated on the outside of the oligomers and domain 3 and 4 {ace inwards (Gilbert et al.
1999b), this is also the case in PFO (Dang et al. 2005a). Domain 4 also appears to rotate
during oligomerisation (Gilbert et al. 1999b). The mechanism by which CDC monomers
oligomerise and insert into the membrane to form pores is a subject of intense research

with two main theories as to how pores are formed.

1.12.2.1. Simultaneous binding and insertion theory

Weis and Palmer suggested that CDC monomers independently insert into the lipid bilayer,
‘skating’ around the membrane surface and colliding with other monomers to associate and
form multimers in a unidirectional or bi-directional manner (Weis et al. 2001). A
schematic is shown in Figure 1.3. Pores are then thought to form when oligomerisation is
stopped by a limiting factor, possibly toxin concentration or oligomer size. This stage may
be controlled by a conserved tryptopban in domain 4 of CDCs as Korchev and co-workers
showed that @ W433F subsiitution made in Ply increased the functional size of pores but
reduced their frequency (Korchev et al. 1998), This theory allows for an explanation of
arcs that are observed by EM on membranes treated with CDC toxins, Arcs may be

incomplete pores, however, it is difficult to imagine that a Iree edge of lipid is viable.
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Figure 1.3. Simultaneous binding, insertion and pore formation theory

4
\L!;l L =

Monomers of CDC toxin (in blue) bind to and insert into lipid membranes either independently or
as dimmers and trimers. As the oligomer grows so does the hole in the membrane. This process

may stop to form arcs or continue to form pores. The dashed line indicates the *free edge’ of lipid.

1.12.2.2. The ‘prepore’ theory

It has recently been proposed that CDCs oligomerise on the surface of membranes to form
‘a prepore complex’ prior to insertion of the pore into the lipid bilayer (Shepard et al.
2000), see Figure 1.4. This group have continued to strengthen this theory with intricate
investigation of the interaction of the domains of PFO and the host cell membrane (Hotze
et al. 2001b; Hotze et al. 2002; Heuck et al. 2003; Czajkowsky et al. 2004; Dang et al.
2005a; Ramachandran et al. 2005). Atomic force microscopy has been used to
demonstrate that the prepore collapses upon membrane insertion (Czajkowsky et al. 2004)
with a reduction in height between a mutant form of PFO that remains in the prepore form
(Hotze et al. 2002) and the inserted PFO pore. This theory has been further strengthened
by the use of Cryo-EM with Ply to directly observe the transition from prepore to pore
(Tilley et al. 2005). The prepore to pore theory can also explain data such as the ability of
Ply to independently form oligomers in solution (Gilbert et al, 1998). However, insertion

of such a large entity (the prepore) into the cell membrane would require a large amount of
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energy. Ramachandran proposed that the energy for this insertion comes from the
unfolding of two transmembrane helices in domain 3 upon oligomerisation which act as
coiled springs (Ramachandran et al. 2005). Arcs are not accounted for in this theory and
although they are evident in the figures of these papers (Czajkowsky et al. 2004; Dang et
al. 2005a), their existence is not addressed. Also, the fate of the lipid membrane following

pore insertion has not been investigated (Waltz 2005).

Figure 1.4. Prepore theory of CDC pore formation

CDC monomers (blue) bind to the lipid membrane surface but do not insert. The oligomer builds
up to form a complete prepore which then inserts into the membrane as one entity. Note the
change in height of the prepore as it ‘collapses’ upon insertion into the membrane (Czajkowsky et
al. 2004). What happens to the eliminated piece of membrane, represented with the dashed line, is

not known (Waltz 2005).

The prepore to pore theory seems to be more accepted with further research (Gilbert et al.
1999a; Tilley et al. 2005). Using FRET (Fluorescence Resonance Energy Transfer), Hotze
and colleagues suggested that insertion of the prepore into the membrane is an all or
nothing process and that monomers can not insert their transmembrane loops

independently (Hotze et al. 2001a; Hotze et al. 2002). This has been developed further
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with evidence that the TMHs are poised high above the membrane in the prepore and then

insert to form the pore (Ramachandran et al. 2005).

It is possible that what actually occurs is a combination of the two theories, as eluded to by
Gilbert (Gilbert 2005) or it may be that different CDCs have different mechanisms of pore
formation. Indeed, the two theories are based on studies with ditferent CDCs with
Tweten’s group using PFO and Palmer focusing on SLO as representative CDCs.
Although related, there may be differences in their interaction, Indeed PFO was shown to
exist in solution as an anti-parallel dimer whereas Ply exists as a monomer (Solovyova et
al. 2004) and ILY has a unique human—specific binding receptor though it shares
considerable structural homology with PFO (Giddings et al. 2004; Polekhina et al. 2005).
Studies, such as those reviewed here for the CDCs, which allow an understanding of the
mechanisms of action of virulence factors permits the rational design of vaccine candidates

such as genetically modified toxoids.

1.13. Pneumococcal vaccines

Protection against invasive disease was generally accepted to be antibody mediated, with
high circulating anti-pneumococcal antibodies (in particular anti-capsule antibodies) in
patients that survive pneumococcal infection. However, recent work has disputed this and
shown that protection against pneumococcal disease can he independent of antibodies but
requires functional CD4+ T cells (Lipsitch ct al. 2005; Malley ct al. 2005). This research
was instigated from the observation that the sharp decline in pneumococcal disease in
infants occurs hefore the natural acquisition of anti-capsular antibodies ([ipsitch et al.
2005). This finding may have major implications for future pneumococcal vaccine design,
although the research focuses on CD4— T cells providing protection from carriage rather

than protection against invasive disease (Malley et al. 2005). Currently, the basis of all
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licensed pneumococcal vaccines is aimed at raising protective antibodies to capsule

polysaccharide.

Advances i the development of pneumococcal vaceines are shown in Table 1.4, The first
pneumococcal vaccines were composed of killed pneumococei, but with the advent of
antibiotics in the 1940s, such vaccines were thought to no longer be required. With the
development ol antibiotic resistant pneumococei, which was first observed in Australia and
Papua New Guinea in the 1960s and by the 1970s multi-drug resistant strains were
responsible for hospital-acquired pneumococeal outbreaks in South Africa (Tomasz 1997),
new pneumococecal vaccines were introduced using purified capsule polysaccharide from
disease causing serotypes (section 1.13.1). The newest generation of pneumococcal
vacceines involve conjugation of capsule polysaccharides to a carrier protein to improve
their immunogenicity, especially in infants (section 1,13.2).  Although the new
polysaccharide protein conjugate vaccine is highly efficacious against disease caused by
the vaccine serotypes, protection is not afforded against non-vaccine serotypes. New
approachcs to pncumococcal vaccine design are currently being investigated with the
possible inclusion of conserved pneumococcal proteins to confer species wide protection
(section 1.14). Investigation into the use of killed unencapsulated pncumococci as a
vaccine has also re-emerged, which has been reported to prevent pneumococcal

colonisation and IPD in mice and rats (Hvalbye ct al. 1999; Mallcy ct al. 2001).

1.13.1. Pneumococcal polysaccharide vaccines

In 1977, the first pncumocoecal vaccine bascd on purificd capsulc polysaccharide (CPS)
was introduced and was composed of CPS from the top 14 disease cavsing serotypes. In
the 1980s the valency of the pneumococcal polysaccharide vaccine (PPV) was increased 1o
23 with the amount of polysaccharide for each serotype being reduced from 50ng to 251g
(French 2003). The 23-valent PPV is still administered to adults >65 years of age and to
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paticnts with immunc conditions such as asplenia, sickle ccll discasc énd HIV infection
where there is an increased risk of IPDD (Gebo et al. 1996; Fiore et al. 1999, Pebody et al.
2005). However, the efficacy of PPV in these patients requires further investigation as
immunisation trails of 23-valent PPV in Uganda of HIV infected patients proved that the
vaccine was ineffective at preventing IPD and in terms of efficacy against pnewmonia in
HIV patients, 23-PPV was considered detrimental (French et al. 2000). Although PPV
protects healthy immunocompetent adults (<65yr) from TPD, protection of the elderly is
disputable (Ortgvist ¢t al. 1998) and nonexistent for children <2yr. CPS from serotype 1 is
included in the 23-valent PPV vaccine yet it is poorly immunogenic in all age groups

(Scott et al. 1996).

Vaccination with free polysaccharide induces production of anti-CPS antibodies in a T-celt
independent manner (Weintraub 2003). The injected CPS stimulates the clonal expansion
of B-cells by binding and cross-linking slg on the B-cetl. This results in the maturation of
B-cells into antibody producing plasma cells. However, these cells have a short life span
{a few days) and no immune memory is created. The B-cell response is improved by
opsonins e.g. C3 cleavage products which bind to the CPS and act as ligands for CD21 (a
complement receptor), Children have poor CD21 expression levels and this may be a
reason why PPV is poorly immunogenic in children (Weintraub 2003). As memory B-
cells are not produced with PPV, boosting does not increase immunity. The antibody
levels produced to free CPS are not long lasting and revaceination is recommended
depending on the age/condition of patients. As PPV does not confer protection to infants,
the major age group at greatest risk to pneumococcal discase, an alternative to

polysaccharide vaccination has been developed (section 1.13.2).
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Table 1.4. Development of pneumococeal vaccines

Year | Advances in puneumococcal vaccines

1914 | Whole killed pneumococct prevented pneulnon'i'éimii“}' ‘South African
miners’

1930s | Antibodies developed in response to injection of CPS

1940s | Prevention of pncumonia by immunisation with particular serotypes

1970s | Protection from CPS proven, leading to the introduction of 14-valent
PPV in 1977

1980s | PPV was modified to include CPS from 23 serotypes

2000 | Licensure of Prevnar in the USA (7-valent PCV) T

2001 | Licensure of Prevenar in Europe

2001 | Re-emergence of investigation into a whole-cell based vaccine
(Malley et al. 2001)

2006 | Proposed introduction of Prevenar into the UK immunisation schedule

2007 | Proposed mtroduction of a 10-valent PCV (Streptorix,
GlaxoSmithKline)

Future | Plans to develop a 13-valent PCV (Wyeth)

Future { Predicted incorporation of pneumococcal proteins into the next
generation pncumococcal vaceines (sce section 1.14)

* from review in 2003 (French 2003)
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1.13.2. Pncumococcal conjugate vaccines

Conjugation of CPS to various proteins has been shown to improve the immunogenicity of
CPS and also elicits a T-cell dependent immune response in infants. The first conjugate
vaceine to be used in routine childhood vaccination was for protection against
Haemophilus influenzae type b (Hib b), the major cause of invasive H. influenzae disease
out of 6 serotypes (Kelly et al. 2004). The protein conjugated to CPS from H. influenzae
type b varies depending upon the company that producces the vaccine, however, vaccination
with these conjugates has successfully resulted in a 90-100% reduction in invasive disease
from serotype b H. influenzae (Peltola 2000, Kelly et al. 2004). The problem with §.
prneumoniae 15 the large number of serotypes and due to the complexity, and therefore
expense of the conjugation process, only a small number of polysaccharides can be
included in each PCV vaccine. In 2000, Wyeth Vaccines launched Prevnar, a heptavalent
PCYV using the diphtheria toxoid CRM 97 as the protein component to confer an inereased
immune response to the capsule polysaccharides in infants (Black et al. 2000, Pelton et al.
2003). Serotype coverage by Prevnar is limited and varies globally with pneumococcal
serotype prevalence (Hausdorff et al. 2000b; Spratt et al. 2000) as only seven out of a
possible ninety (Heunrichsen 1995) pneumococcal serotypes are included (serotypes 4, 6B,
9V, 14, 18C, 19F and 23F). In 2000, when Prevnar was first introduced the included
scrotypes covered almost 90% of IPD causing scrotypes in North America and Canada but
<60% of the predominant serotypes in Asia where serotypes 1 and 5 are the predominant

cause of IPD (Hausdorff et al. 2000b).

Prevnar is currently the most effective paediatric vaccine avaitable for protection against
pneumococcal discase.  However, the cxient of protection against pneumococcal
pneumonia (in comparison with protection observed against pneumococcal meningitis,
hacteraemia and otitis media) is difficult to determine due to the dilficulties in diagnosing

pncumonia with radiographs (Black ct al. 2000; Black et al. 2002; Obaro 2002}, In the
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Kaiser trial Black and co-workers found that overall, Prevnar was effective in reducing
poeumococcal pneumonia in children <5 years of age and that globally this vaccine could
offer considerable protection to this age group (Black et al. 2002). Prevnar has also been
found to be immunogenic in HIV infected adulis, regardless of previous exposure to 23-
PPV (Miiro et al. 2005) but (his vaccine is not as efficacious in elderly populations (Briles

2004).

Vaccination within a population not only protects those that are given the vaccine but can
protect non-vaccinated individuals by reducing carriage rates and transmission of disease.
This is known as herd immunity and is becoming apparent for pneumococcal disease in the
United States since the implementation of childhood vaccination with Prevnar.  Since
2000, there has been a dramaltic decrease in IPD in non-vaccinated adults from the seven
vaceine scrotypes. By 2004, a 53% decrease in the 18-39 year group and a 26% decrease
in the 40-64 year group of vaccine type IPD has been observed (Whitney 2005). In >65yr
olds in America, there has been a decrease in TPD from vaccine types by 75% since the
introduction of Prevnar (thought t© be due 0 herd immunity from vaccinated
grandchildren), however this coincides with a significant increase of 14% for [PD from
non vaccine types (Lexauw ct al, 2005). There was also a 50% reduction in vaccine type
IPD in children out with the vaccination range (<2months and >5-17years) (Whitney

2005),

In order to improve global protection with polysaccharide conjugate vaccines, separate
vaccives composed of the most invasive serotypes in each region would be required. The
problem with vaccinating against a subset of serotypes is that the serotypes that are
circulating in the population change. This has been observed in America since the
introduction of Prevnar, which has been so successful in terms of herd immunity, that now

coverage of IPD from the seven vaccine serotypes in the United States is currently only
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20% (Whitney 2005). This leads to the largest problem with vaccinating against a
subpopulation ol serolypes, which 1s vaccine evasion by the pathogen. Termed
‘replacement disease’ or ‘serotype replacement’, many studies have monitored serotype
distribution and have observed the replacement of vaccine serotypes with non-vaccine
gerotypes either in carriage or IPD in vaccinated children and in adults as a result of
contact with immunised children (Whitney 2005). Carriage studies in childten in the
United States over four years since Prevnar was introduced have revealed a 98% decrease
in vaccine serotypes and a 79% decrease in vaccine-related serolypes but this has
coincided with a 148% increase in carriage of serotype 19A (and an increase in 19A
disease) and a 45% increase in carriage of other non vaccine types (Pai et al. 2005b;
Whitney 2005). Serotype 19A is also becoming increasingly antibiotic resistant and more
frequently switching capsule with vaccine type strains (Pai et al. 2005b). In a study of pre
and post childhood immunisation with Prevnar, there was found to be an overall reduction
in IPD by 19% in adult HIV patients since introduction of the vaccine and a 62% decrease
in IPD from the seven vaceine types. However, a 44% incrcasc in IPD from non vaccine
scrotypes tn HIV patients was also observed over this time period (Flannery ct al. 2006).
Earlier vaccine trials of children vaccinated with Prevnar in Finland revealed a 57%
decrease of AOM caused by the seven vaccine serotypes, however, this coincided with a
34% increage in AOM caused by non-vaccine serotypes (Kipli et al. 2000). Such promoted
selection for non-vaccine serotypes is a major shorlcaming of current pneumococcal
vaceines, wilth an increase in serotype replacement reported by mosl couniries where PCVs
have been evaluated or introduced (Obaro et al. 1996; Kipli et al. 2000; McEllistrem M. C.

2003; Frazao et al. 2005); reviewed by Bernatoniene and Finn (Bernatoniene et al. 2005).

Capsule polysaccharide from serotype 1 pneumococci is not included in Prevnar and with
the rise in non-vaccine serotypes this situation needs to be closely monitored. Trials with a

9-valent and 11-valent vaccing containing serotype 1 CPS have shown increased protection
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against IPD causing serotypes (Klugman et al. 2003; Nurkka et al. 2004), and serotype 1
CPS will be included in the 10-valent PCV soon to be licensed by GlaxoSmithKline
(PneumoADIP, www.pneumoadip.org).  Although this will significantly increase
protection against pneumococcal disease, it will also increase the cost of what is already a
vaccine that is too expensive for use in developing countries. CPS from all 90
pncumococcal serotypes cannot be included in one vaccine (IKfein 1995}, and even within
the PCV some CPSs are less immunogenic than others (Kamboj et al. 2003). Therefore
research is focusing on alternatives to serotype specific vaccination such as the use of
species-common immunogenic pneumococcal proteins in future vaccines (Alexander et al,

1994, Michon et al. 1998; Briles et al. 2001; Ogunniyi et al. 2001).

1.14. Potential candidates for the next generation of pneumococcal

vaccines

The use of conserved pneumococcal proteins for vaccine production should confer broad
serotype-independent protection against pneumococcal disease in all age groups.
Recombinant protein vaccines are cheaper than the prohibitively expensive conjugate
vaccines ($30/dose), making protein-based vaccines globally accessible. The main vaccine
candidates are pneumococcal virulence factors, in particular surface proteins, as antibodies
raised against them are likely to protect against pneumococcal infection. Pneumococcal
surface proteins are of particular interest, as antibodies against them should promote
opsonophagocytosis of the pneumococci. IHowever, surface-exposed proteins are
subjected to more selective pressure and tend to be variable between serotypes.
Cytoplasmic proteins are more conserved as they are protected from such cnvironmental
pressure. Advances in genomics have opened up research of potential vaccine candidates
with lists of putative virulence factors being produced (Tettelin et al. 2001; Wizemann et
al. 2001). Potential vaccine candidates are shown in Table 1.5 with their homogeneity

throughout the 90 pneumocecccal serotypes given where known and also the protection
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elicited by each protein. Some proteins protect against colonisation such as PsaA (Briles et
al. 20004, Briles el al. 2000b) and others prolect aguinst bacteraemia and/or pneuwmonia
e.g. CbpA and Ply (Paton et al. 1983b; Ogunniyi et al. 2001). Protection is also dependent
upon the route of administration for example NanA protects animals against carriage when
administered intranasally (Tong et al. 2005) but it is not as protective when administered
infraperitonealy (Lock et al. 1988). Whether these proteins eliminate carriage or invasive
disease needs 1o be thoroughly investigated prior to inclusion in vaccines and also the

outcome of climinating carriage needs to be assessed,

‘the proteins that seem to have the most potential are PsaA and Ply due to their sequence
conservation throughout the serotypes and that they arc highly immunogenic in animai
models (Paton et al. 1983b; Talkington et al. 1996; Briles et al. 2000a; Ogunniyi et al.
2001). PspA was a promising vaccine candidate as it is highly immunogenic and can
confer protection agatnst carriage and TPD (Briles et al. 2003), however, when PspA
entered Phasc I of clinical trials it was found to sharc 27% sequence similarity with human

cardiac myosin (Maleckar 2004); further investigation has ceased.
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Table 1.5. Pneumococcal proteins that are potential vaccine candidates

Protein Sequence conservation | Protection studies (reference)
CbpA Only present in 75% of | Protects mice against bacteracmia and
(PspC, SpsA) | serotypes, highly carriage (Brooks-Walter et al. 1999,
variable N-terminus Ogunniyi et al. 2001)
(Berry et al. 2000)
ClpP - Protects against sepsis (Kwon et al. 2004)
LytA Present in all strains Partially protects mice against infection
{(Neeleman et al. 2004) when used alone (Berry et al. 1989a) or as
but sequence a carrier protein to 9V CPS (Lee et al.
conservation not 2001b)
determined
Nan A TTighly diverse (King et | Protects against pneumonia and sepsis
al. 2005) though not as well as Ply (Lock et al. 1988)
and protects chinchillas against
nasopharyngeal colonisation (Tong et al.
2005)
Pht proteins | Conserved Protect mice against lethal sepsis (Adamou
(Histidine et al. 2001)
i triad) PhpA protects mice against pneumonia
? (Zhang et al. 2001)
! PiaA & PiuA | Highly conserved Protects against bacteraemia (Brown et al.
(Whalan et al. 2006) 2001)
| Ply Originally thought to be | Humans with a-Ply IgG have reduced risk
highly conserved of bacteraemia
" (Mitchell et al, 1990), Human o-Ply 1gG passively protects mice
but further analysis has from challenge with type 1 and 4
revealed variation pnewmococci (Musher et al. 2001)
between and also within | Protects against pneumonia (Paton et al.
_ serotypes (Kirkham et 1983b) and bacteraemia (Ogunniyi et al.
. al. 2006b) (Jefferies et 2001)
al, manuseript in An effective carrier protein when
preparation) conjugated to CPS (Alexander ¢t al. 1994;
Lee et al, 2001b)
PpmA Limited variation Hyper-immune anti-PpmA serum is
(Overweg et al. 2000) effective in phagocytosis of pneumococei
(Overweg et al. 2000)
Immunogenic in humans (Vainio et al.
2006)
PppA Conserved Reduces colonisation (Green et al, 2005)
PsaA Variable (Berry et al. PsaA protects mice against pneumococcal
1996) colonisation (Briles et al. 2000a) and sepsis
(Talkington ¢t al. 1996)
PspA Serologically variable Anti-PspA antibodies protect against
(2 families, 6 clades) carriage and invasive disease in humans
(Palaniappan et al. 2005)
Mucosal immunisation protects mice
against carriage (Wu et al. 1997)
Confers protection against AOM (White et
al. 1999) and pneumonia (Briles et al.,
2003)
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CbpA, choline binding protein A; ClpP, caseinolytic protease P; Lyt A, Autalysin A; NanA,
neuraminidase A; Pht, pneumococcal histidine triad protein; PiaA, pneumococcal iron acquisition
protein A; Piu A, pneumococcal iron uptake protein A; Ply, pneumolysin; PpmA, putative
proteinase maturation protein A; PppA, pneumococcal protective protein A; PsaA, pneumococcal
surface adhesin A; PspA, pnewmococcal surface protein A; -, sequence conservation between

pheumococcal serotypes has not been determined.

1.14.1. Combinations of pncumococcal proteins may be more

efficacious

It may be that a combination of pnewnococcal proteins would provide the best protection
against pneumococcal disease. This area requires further investigation (hough some
groups are beginning to focus on this (in particular the research groups of David Briles in
Alabama and James Paton in Adelaide), see Table 1.6 for a list of vaceination studies with
combinations of pneumococcal proteins. There is also developing interest on mucosal
presentation of pneumococcal proteins to the host to clicit protection against carriuge or
preumonia. Mucosal immunity against pneumococcal pneumonia has been demonstrated
by vaccination with Lactococcus lactis ghosts displaying combinations of pneumococcal
proteins (van Selm et al. 2005). Anolher area of research is the use of DNA based
vaccines where DNA encoding the protein antigen is directly injected into the host to raise
a protective immune response. There have been a few studies using DNA encoding
pneumococcal antigens such as Ply, Lype 4 polysaccharide, PspA and PsaA (Lee et al.
2001%a; Lesinski ot al. 2001; Mivaji et al. 2001; Miyaji et al. 2002; Miyaji et al. 2003).
Generally the major problems with DNA. vaccination is that a large amount of DNA is
required to elicit a good immune response and although promising cell-mediated protection

was obscrved in animal vaceination models, this was not the case in human trials of DNA
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vaccination where antibody mediated immune responses were poor if raised at all (Dr. Gill

R. Douce, personal communication, 2006).

Table 1.6. Combinations of pneumococcal proteins that increase

protection

Protein combination Reports of additive protection against pneumococci

Ply (PdB) + PspA Improves protection against bacteraemia (Ogunntyi et al.
2000) and pneumonia {Briles et al. 2003)

Ply (’dB) - PsaA Protects against bacteraemia beilter than PdB alone

(Ogunniyi ¢t al. 2000)
Significantly improves profection against pneumoria
(Briles et al. 2003)

PspA + PsaA Elicits additive protection against bacteraemia (Ogunniyi
et al. 2000), pneumaonia (Briles et al. 2003) and carriage*
(Briles et al. 2000a; Briles et al. 2001)

Ply (PdB) + CbpA Protects against bacteraemia beiter than PdB alone
(Ogunniyi et al. 2001)
Suggested Ply + Hyl Double knockout of these genes attenuates pneumococei

(Berry et al. 2000)

Ily, pneumolysin; PdB, Ply with reduced cytolytic activity; PspA, pneumococcal surface protein
A; PsaA, pneumococeal surface adhesin A; CbpA, choline binding protein A, * when administered

mucosally; Iyl, hyaluronidase.

1.15. Potential use of Ply as a vaccine candidate

Pneumolysin, is of particular interest as a vaccine candidate as it is produced by all strains
ol S. preumoniae (Kalin el al. 1987) and is protective in animal models of vaccination
(Paton ct al. 1983b; Alcxander ¢t al. 1994; Kuo et al. 1995; Michon et al. 1998). Ply could
be uvsed alone (Paton et al. 1983b; Alexander et al. 1994) or as a carrier protein lo the
polysaccharides in current vaccine preparations (Paton et al. 1991; Kuo et al. 1995;
Michon et al. 1998), conferring increased protection against pneumococcal disease,

including pneumonia that is not well protected by the current conjugate vaccine.
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Generally, the amino acid sequence of pneumolysin was thought to be highly conserved
throughout all pneumococcal serotypes with little variance over time and geographic
distance {(Mitchell et al. 1990). However, in 1996 Ply from serotypes 7 and 8 was reported
to possess a threonine to isoleucine substitution at amino acid position 172 that reduces the
specific activity of the toxin (Lock et al. 1996). Ten years later, Ply from serotype |

clinical isolates has also been found to be variable (Kirkham et al. 2006b), scc chapter 7.

1.15.1. The PdB pneumolysin toxoid and other existing Ply mutants

Immunogenic Ply mutants (Paton et al. 1991; Alexander et al. 1994) with reduced
cytotoxicity have previously been constructed (Boulnois et al. 1990; Baba et al, 2001),
however, these mutants retain the ability to form pores in host cell membranes. One Ply
mutant extensively researched and conunonly referred to as the PdB toxoid has a
tryptophan to phenylalanine substitution at amino acid position 433 in domain 4 (W433F).
This mutant retains 0.1 to 1% haemolytic activity compared with WT Ply (Palon 1996;
Korchev et al. 1998). Another Ply mutant with negligible activity was reported (Michon et
al. 1998), yet the location of the mutation was not identificd and protection against
pneumococcal disease was not proven. It is tmportant 1o note that residual haemolytic
activity of Ply is adequatle for [ull virulence of the pneumococeus as demonstrated by the
chromosomal replacement of WT Ply with Ply carrying a mutation that reduces the
specific activity of the toxin to 0.1% of WT Ply (Berry et al. 1995). PdT is a triplc point
mutation D385N, C428G, W433F derived from PdB that is devoid of lytic and
complement activating activities (Beiry et al. 1995). Towever, this mutant is highly
unstable with degradation observed in Western blots with a monoclonal antibody (PLY35)
that recognises the C-terminal end of the protein (Prof. Tim J. Mitchcll, personal
communication, 2005). It may be that the complement activating properties of Ply are of
an actual benefit in terms of use as a vaccine candidate as complement activation may

promote a protective immune responsc.
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In 1994, a series of Ply mutations were constructed by random mutagenesis and resulted in
the first N-terminal mutations that atfected haemolytic activity of the toxin (Iill et al.
1994). Substitution of bistidine at amino acid position 156 with tyrosine (H156Y) resulted
in a 98% reduction in haemolytic activity. In 1996, monocional antibodies (mAbs) were
raised against various regions of Ply and used to probe the whole toxin and a ‘proteinase X
nicked” [orm (de los Foyos el al. 1996). Proteinase I cuts Ply into a 37kDa and 15kDa
fragment and sequencing of the 37kDa fragment revealed that the N° terminus began
NVPAR (amino acids 143-147, Figure 1.5). This N143 region in Ply has been shown to be
highly antigenic by epitape scanning and is recognised by both human sera and rabbit
hyper-immune sera (Salo et al, 1993). Some of the mAbs were found to neutralise the
haemolytic activity of Ply (de los Toyos et al. 1996). All mAbs probed against Ply
recognised both whole Ply and the 37kDa fragment, except mADb Ply 4, which recognised
whole Ply but not the fragments, indicating that the epitope for this antibody was within
the nicked region. Dre-incubation of Ply with mAb Ply 5 and Ply 8 was found to block
binding of the toxin to the host cell membrane whereas pre-incubation with mAb Ply 4

prevented pore formation on liposome membranes.
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Figure 1.5. Proteinase K cleaves pneunmolysin into two fragments

(a) Proteolytic Complement  Cell
cleavage activation binding
(N142/N143) (D385N) region
N ! . 1 C’
15kDa 37kDa

(b)

(2) When pneumolysin is treated with proteinase K it is cleaved into two fragments (15kDa and 37

kDa) and the 37kDa fragment begins with amino acid N143 (de los Toyos ¢t al. 1996). (b) the sitc

of proteolytic clcavage (N142/N143) is highlighted in red and is in domain 1 at the linker sequence

to domain 3.
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This implied that the site blocked by mAb Ply 4 (thought to include the N143 region) is
responsible for interaction of Ply with other Ply monomers to form pores. Indeed, this
region has recently been confirmed to be involved in CDC oligomerisation (Ramachandran
et al. 2004), discussed in section 1.12. Fine epitope mapping revealed that the epitope for
mAb Ply 4 was actually located [urther downstream of Ply than previously suggested
(Suarez-Alvarez ct al. 2003). The Ply 4 epitope was found 1o be conformation dependent
and only recognised fragments of Ply where domain | and 3 were together (as occurs in the
structural model). From this work, the epitope for mAb Ply 4 was shown to encompass a
core structure between amino acids E151 and Y247 (Suarez-Alvarez et al. 2003). This
region is highlighted in red in Figure 1.6 and demonstrates that this epitope spans domains
1 and 3. The epitope on Ply for mAb Ply 8 was determined to include amino acids 450 to
458 at the C’ terminus, which are known to be involved in host cell binding (see section
1.12). More recent work has shown that these monocional antibodies can significantly
increase survival times of mice from pneumococeal pneumonia (Garcia-Suarez et al.
2004). Intravenous treatment with combinations of these monoclonal antibodies resulted
in an even grealer increase in survival times [ollowing prneumococcal challenge, suggesting
a synergistic eflect from the antibodies blocking different actions of Ply such as

oligomerisation and host cell binding.

Prior to the epitope mapping in 2003 (Suarez-Alvarez et al. 2003), modifications around
the N143 region in Ply were hypothesised to result in a non-oligomerising form of the
toxin by altering the Ply-Ply intcraction sitc. A NI142N143 dceletion and Ni43D
substitution within Ply were previously constructed in our laboratory as initial steps to
understanding this region and its role in oligomerisation, however both mutants behaved

identically to native Ply in terms of haemolysis and pore formation (Search, 2002).
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Figure 1.6. Proposed epitope for mAb Ply 4 that blocks oligomerisation

The epitope in Ply for monoclonal antibody Ply 4 was conformation dependent and fine epitope
mapping identified the epitope to encompass amino acids E151 to Y247, highlighted in red

(Suarez-Alvarez et al. 2003), that spans domains 1 and 3.
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1.16. Aims of this project

The aim of this project was to construct mutations at the site of Ply thought to be involved
in monomer-manomer recognition, thereby preventing oligomerisation and pore formation
of the toxin. As the project progressed there was more information available as to the
regions of Ply that may be involved in oligomerisation (Suarez-Alvarez et al. 2003,
Ramachandran et al, 2004). Construction of a non-oligomerising Ply mutant was in view
of creating a non-toxic form of Ply for use in the next generation of pneumococcal
vaccines. Purification of the mutants would be investigaied to determine the most efficient
techniques in LPS removal, protein yield and purity. Upon broduction of a non-
oligomerising form of Ply, toxicity of the mutants would be determined using existing
assays and with the development of a more sensitive in vifro assay. Non-toxic mutants

would then be assessed i» vivo and their immunological properties compared with WT Ply.
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2.1. Bacterial strains, storage and growth conditions

S. preumaoniae strains were grown from a single colony in BH! (Brain Heart Infusion
broth: Oxoeid) at 37°C without shaking to mid-log phase (ODgooum 0.6) and stored in 1lml
aliquots at -80°C with Protect beads (Technical Service Consultants, Lancashire, UK) or in
10% glycerol (Sigma-Aldrich, Porset, UK). Strain purity and optochin sensitivity was
checked by streaking the culture on BAB plates (Blood Agar Base; Oxoid) supplemented
with 5% horse blood (E & O Laboratories, Bonnybridge, UK) prior to freezing. £. coli
strains were grown overnight from a single colony with the appropriute antibiotic in LB
(Luria broth; Sigma-Aldrich) at 37°C with shaking at 200rpm. 1ml aliquots were then

stored at -80°C in 10% glycerol.

2.2. Preparation of pneumococcal genomic DNA and E, coli
plasmid DNA

10mi of mid-log phase grown pneumococei were centrifuged at 3000g for 20 min at 4°C to
pellet cells. The culture media was discarded and the cell pellet lysed with lysis buffer
(10mM Tris, 100mM EDTA, 0.5% SDS in dH,0) to extract the genomic (g} DNA using
Qiagen midi columns (Qiagen, West Sussex, UK) and following the manufacturcrs
instructions. Plasmids carrying mutations made by site-directed mutagenesis were purified
from 3ml overnight cultures of K. coli using a plasmid miniprep kit (Qiagen) and following
the manufacturers instructions. DINA quantity and quality was moritored by agarose gel

electrophoresis.

2.3. Pneumolysin PCR and DNA sequencing

Pneumococcal ply genes (1.4Kb) were amplified by PCR from gDNA preparations using

Tag polymerase {Promega, Southampton, UK) and primers 27R and 278 (Table 2.1) to
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pive an amplicon size of 2406bp. PCR products were cleaned using PCR purification
columns (Qiagen) and then sent for DNA sequencing (DBS Genomics, Durham, UK) using
primers 27R, 47T, 4V, 4W, 9Y and 27T (Table 2.1). Sequence data for each ply gene was
assembled, aligned and translated using Vector NTT™ software (Invitrogen, Paistey, UK).
Plasmid DNA, containing the ply gene, was sent for sequencing with the same primers.
The ply gene was amplified by PCR from gDNA of the 00-3645 strain using primers 9Y
and 97 that cncode restriction enzyme sites (Table 2.1, enzyme sites underlined) for
subsequent digests to give an amplicon size of 1418bp. The 00-3645 Ply PCR product was
cut with BamHI and Sacl (Promega) and ligated into BamHI/Sacl digested pET33b (Merck
Biosciences) to give pETply00-3645. This plasmid was transformed into £. cofi XL-1
cells (Stratagene, Amsterdam, Zuidoost, Netherlands) and the sequence of the inserl
confirmed. Work with 00-3645 was in collaboration with Dr. Johanna Jefferics and Ms Yu

Jing.

Table 2.1. Primers used for ply PCR and DNA sequencing

LAB reference Scquence 5°-3'

4V CAATACAGAAGTGAAGGCGG

4T GTTGATCGTGCTCCGATGAC

4w GATCATCAAGGTAAGGAAGTC

27R CTTGGCTACGATATTGGC

278 TACTTAGTCCAACCACGG

27T ATAAGTCATCGGAGCACG

9Y CGGGATCCGGCAAATAAAGCAGTAAATGACTTT
97 GACGGAGCTCGACTAGTCATTTTCTACCTTATC
15C GGAGGTAGAAGATGGCAAATAAAGC

15D CTAGTCATTTTCTACCTTATCCTCTACC
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2.4. Multi-locus Sequence Typing (MLST)

MLST was carried out at the Scottish Meningococcal and Pneumococcal Reference
Laboratory using previously described primers (Enright et al. 1998) and a semi-automated
method (Jefferies et al. 2004). MILST involves DNA sequencing of seven housekeeping
genes (arok, gdh, gki, recP, spi, xpt and ddf) from the gDNA of pneumococcal isolates

(Enright et al. 1998). Using the MLST website (http://www.mlst.net), each allele is

assigned a number depending upon its sequence and this resulls in a seven digit ‘barcode’
for each isolate. This barcode is then used to determine the sequence type (ST) of the
isolate, allowing isolatcs with new allclic numbers to become a new ST and isolates with
barcodes already in the database are assigned the same ST number. This allows the global
comparison and surveillance of pneumococcal strains at a genctic level rather than by

scrotype.

2.5. Preparation of pneumococcal cell extract for analysis of Ply

Single colonies of each isolate were selected from blood agar base plates (Oxoid)
supplemented with 5% horse blood (T & O {aboratories) and grown to mid log phase in
15ml or 50ml BHI. 10ml of each 15ml culture and 40ml of cach 50ml culture were
centrifuged at 3000g for 20min at 4°C and the cell pellet stored overnight at —20°C. The
cell pellets were resuspended in 1.5ml I x PBS (Phosphate Buftered Saline: Oxoid,
Basingstoke, UK) and sonicated on icc using a high intensity ultrasonic processor (Jencons
Scientific Ltd, Bedfordshire, UK) with 3 x 10 sec and 10 sec in between at an amplitude of
10%. Cell lysates were centrifuged in eppendorfs at 20,000g for 30min at 4°C. The
soluble fraction (cell extract) was transferred to a separate tube and the insoluble fraction
(pellet) washed in 1 x PBS and resuspended in 1.5ml ’BS. The total protein content of the
cell extract and pellet was determined using Bradford’s assay (Bradford 1976), detailed in
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section 2.7.1. Cell extracts were diluted to 300ug/ml total protein (or 2.35mg/ml total

protein for the concentrated samples) to give a baseline from which Ply expression levels

and haemolytic activity were measured.

2.6. Expression and purification of recombinant Ply

2.6.1. Protein expression

The template plasmid was the high expression vector plKK233-2 (Clontech Laboratories
Inc, Palo Alto, CA) in which ply from D39 S. preumoniae was previously inscrted (Paton
et al. 1991). All Ply mutants were made in pKK233-2, unless otherwise stated. Wild type
(WT) Ply and all Ply mutants were expressed in £. cofi XL-1 cells (Stratagene) in either 11.
HySoy J media (Sigma-Aldrich, manufacture discontinued in 2004) or Terrific Broth (TB,
see appendix for recipe). Each litrc was inoculated with Sml of overnight culture plus
100pg/ml of ampicillin and filter sterilised glucose to give 1% glucosce/L in the case of
Hysoy J media or phosphate buffer to TB. Flasks were shaken at 37°C, 200rpm until
cultures reached an ODggonm 1.5 then induced with 1mM IPTG (Sigma-Aldrich). TFlasks
were shaken for a further 3 hours at 37°C. Cells were harvested by centrifugation for
15min at 4000g at 4°C using a 4K15 centrifuge, Pelleted cclls were frozen overnight at -
20°C then resuspended in 20ml 1 < PBS per litre of harvested cell culture. To disrupt cells
and release Ply, cells were passed through the Onge-shot Cell Disrupter (Constant systems
Ltd, Warwick, UK) at pressure of 12,000 psi. Cell lysates were centrifuged at 20,000g for

30 min at 4°C to remove cell debris.
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2.6.2, Purification of Ply and derivatives

2.6.2.1. Hydrophobic interaction chromatography

Different columns were used to purify WT Ply and the mutants 1o avoid cross
contamination. Cell lysate containing Ply was diluted in chilled 3M NaCl to give a [inal
salinity of 1.5M NaCl. This was performed in 10ml! aliquots and prepared immediately
before purification. The sample was then filtered using 0.2uM syringe filters (Sartorious,
Hamover, Germany). The matrix used for Hydrophobic Interaction Chromatography
(H1C) was POROS 20 PE packed inte a 100mm column with 4.66mm diamster (Applied
Biosystems Ltd, Warrington, UK). The BioCAD 700E workstation (Applied Biosystems
Ltd) was used for both HIC and anion exchange chromatography (AEC) purification. All
buffers were made in Millipore distilled water and filtered and degassed prior to use (see
Appendix for buffer recipes). The column was flushed with dialysis buffer (PB-S,
appendix I) to prepare the system, removing cthanel from column storage and then
equilibrated with 1.5M NaCl. 5ml of sample was loaded onto the column that was then
washed with a NaCl gradient ranging from 1.5M NaCl to OM over 7 column velumes,
collecting wash off from the column in 2ml aliquots. Prolein is eluted from the column in
0.2M — 0.1M NaCl. For WT Ply this was in fractions 6-9. Eluted fractions were run on
10% SDS-PAGE and stained with coomassie blue using standard protocols (Lacmmli

1970).

2.6.2.2. Dialysis of HIC purified protein for further purification

Fractions containing >98% pure Ply were pooled and dialysed overnight to remove any
traces of salt. Dialysis tubing with a melecular weight cut off point of 14,000Da (Medicell
International Lid, London, UK) was previously boiled in 2% sodium bicarbonate solution

with ImM EDTA for 10min, thoroughly washed in distilied water and stored in 20%
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ethanol at 4°C. Prior to use, a section of dialysis tubing was cut and washed in distilled
water to remove ethanol traces, one end was sealed with two dialysis clips and the HIC
purified protein transferred into the tubing and sealed with two clips. The pooled protein
fractions were dialysed overnight in 1I. phosphate buffer (without NaCl), this was then
changed a further two times prior to 2-3 fold coneentration of the sample using Amicon
ultra-15 centrifugal filter tubes (Millipore, Watford, UK). Samples were centrifuged in the

filter tubes at 1000g at 4°C and the concentrated samples were pooled together.

2.6.2.3. Anion Exchange Chromatography

The concentrated sample from overnight dialysis was further purified by AEC using
Poros® HQ20 Micron media and the BioCAD® 700E workstation (Applied Biosystems
Ltd, Wamrington, UK). A NaCl gradient from OM to 1M NaCl was introduced once the
protein was bound to the column and washed. The protein eluted in 0.1M NaCl whilst
contaminants, DNA and LPS, remained bound to the column until higher salt
concentrations were passed through the column. Ply eluted in fraction 14 (in the 24"
column volume for both WT and mutant Ply)} and this fraction from each run was pooled to
give purified protein, which was stored in small aliquots at -20°C. Samples were not

repeatedly freeze/thawed.

2.6.2.4. Construction, expression and purification of eGFP

tagged proteins

Mt. Graeme Cowan constructed, expressed and purified eGFP tagged versions of WT Ply
and A6 Ply in the following manner: the coding sequence of Ply was amplified by PCR
using primers 9Y and 97 (Table 2.1). The PCR product was ligated into BemHI/Sacl
(Promega) digested pET33b (Merck Biosciences, Nottingham, UK) to produce pET33bPly
and transformed into TOP1Q E. coli (Invitrogen). The GFP coding sequence was amplified
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from pNF320 (Freitag et al. 1999) by PCR using primers GFPpet33bfwd and
GFPpet33brev (Table 2.3). The PCR product was cut with Nael and BglIl (Promega),
ligated into Nhel/BamHl digested pE133bPly and transformed into TOP10 E. cofi.
Mutations F64L and S65T (Cormack et al. 1996) were introduced into GFP by site-
directed mutagenesis as described in section 2.8 vsing primers EGFP-fwd and EGFP-rev
(Table 2.3) to give enhanced(e)GFP. A6eGFP-Ply was created by site directed
mutagenesis of pET33bEGFPPly using the AG¢ fwd and AG rev primers (Table 2.3).
Sequences were confirmed and the plasmids were transformed into BL21 (DE3) £. coli

(Stratagene).

Cell extracts of recombinant cGFP WT Ply and ¢GFP AG Ply were expressed and distupted
as described for WT Ply in section 2.6. The pET33b vector was used to clone a six-
histidine tag to the N’ terminus of eGFP-Ply. The histidine tag allows purification of
proteins using immobilised metal affinity chromatography (IMAC). The principle of
IMAC is based on the interaction between histidine and nickel. Cell extract is passed
through a Ni-N'TA (Nickel-Nitrilotriacetic acid resin) column (charged with immobilised
nickel cations) and the histidine tagged protein is retained on the column and non-specific
proteins arc ¢luicd,  An imidazole gradient, from 0 - 300mM (Scarch 2002), is then
introduced to compete with histidine in binding to the nickel charged column resulting in
the elution of the histidine-tagged protein (pneumolysin elutes between 150-200mM
imidazole). Fractions containing purified toxins were dialysed three times at 4°C against a
greater than 50-fold volume of 1 x PBS. The disadvantages of IMAC are that the sample
is eluted in imidazole, which must be removed by dialysis prior to in vivo studies, and that

the incorporation of a histidine tag may affect the structure or function of the protein.
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2.7. Analysis of purified proteins (and pneumococcal lysates)

2.7.1. Determination of protein concentration by Bradford’s

reaction

Total protein content of samples was determined using a standard Bradford’s assay
(Bradford 1976). This assay is based on the principle of an absorbance shift from A4635 to
AS595 when protein binds to acidic Brilliant Blue G-250. The amount of absorbance shift
is directly proportional to the amount of protein present. A standard curve was prepared
from serial dilutions of 2mg/ml BSA (Bovine Scrum Albumin; Sigma) from 1.5mg/mi to
Omg/ml, diluted in PBS. 10ul ot standards and samples were transferred in duplicate to a
flat bottom 96-well plate and 200ul Bradford’s reagent was added (Bio-rad, Hertfordshire,
UK). Absorbance was read at 570um and the protein concentration of the sample was
determined using the standard curve. For pneumococcal cell lysates, all samples were

diluted to the same total protein level prior {o further analysis.

2.7.2. Haemolytic Assay

The haemolytic activity of purified protein (or pneumococcal cell exiract with standardised
protein content) was assessed by a haemolysis assay (Walker et al. 1987) using a 2%
(vol/vol} shecep crythrocyte suspension (E & O laboratories) or human erythrocyte
suspension (Blood ‘lransfusion Services, Scotland) in 1 x PBS. Two fold dilutions of
samples were prepared in duplicate in U-bottom 96-well plates with I1xPBS. For purified
protein 50pl of sample and SOul PBS were placed in the first well, whereas for
pneumococcal lysates 100ul of lysate was used neat in the first well. Following dilution,
50pu of 2% crythroeyte suspension was added to each well and the plates were incubated at
37°C for 30min. Plates were then left for 30min at RT to allow red bleod cells 1o settle.

The endpoint is the well where there is 50% lysis of crythroceytes, leaving 50% pelleted
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erythrocytes. The reciprocal of the dilution at which the endpoint is reached is used to give
Haemolytic Units (HU) per ml of sample, e.g. the first well has 50ul of sample and 50pl
PBS, which is a two-fold dilution, then 50ul is removed for subsequent dilutions and 50pl
of erythrocyte suspension is added resulting in a four-fold dilution but this is only in a total
volume of 100ul and is therefore multiplied by 10 to give the dilution per ml, which is 1/40
for the first well. This means that well 2 represents a 1/80 dilution and well 3 a 1/160

dilution, therefore, if the endpoint was well 3, there would be 160 HU per ml of sample, as

shown in Table 2.2.

Table 2.2. Haemolytic titre endpoints to give HU/ml

Well No. Titre (HU/ml) Well No. Titre (HU/ml) Well No. Titre (HU/ml)

2560 i 1.6x10°
5120 3.3x10°
1.0 x 10* 6.6 x 10°
2.0 x 10* 1.3x10°
4.1 x 10°* 2.6 x 10°

8.2 x 10 52x10°

In order to measure the percentage of haemolysis for a quantitative haemolytic assay,
100ul of supernatant was carefully transferred from each well into a flat bottom plate and
the amount of haemoglobin released into the supernatant measured with an absorbance of
540nm. The percentage haemolytic activity was calculated using 0.04% ammonia to give

100% lysis and plotted against toxin concentration.
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2.7.3. SDS-PAGE and Western Blotting

SDS-PAGE was used to assess the purity of fractions at each stage of purification. Unless
otherwise stated 10% gels were used throughout. Samples were diluted two fold in sample
buffer and boiled for Smin prior to loading on gels. Kaleidoscope marker (Bio-Rad) was
used for all SDS-PAGE intended for Western blotting. Gels were run for 80min at 100
Volts and cither stained or transferred to Hybond-C nitrocellulose membrane (Amersham
Biosciences, Buckinghamshire, UK) and blotted for 90 minutes at 80 Volts. For detection
of Ply expression, Western blots were blocked overnight at RT in 3% skimmed milk in
Tris-NaCl pH 7.4 with shaking and then incubated at 37°C with shaking for 2h in 3%
skimmed milk with 1:2000 polyclonal rabbit anti-Ply scrum (Mitchell ¢t al. 1989).
Membranes were then washed x 4 in Tris-NaCl pll 7.4 and incubated for 1h with 1:1000
HRP-linked anti-rabbit IgG (Amersham Biosciences) in 3% skimmed milk, washed x 4
and developed in developing solution. The reaction was stopped with distilled water, For

all recipes see Appendix I.

2.7.4. Analysis of Lipopolysaccharide (LPS) contamination in

purified proteins

2.7.4.1. Silver staining for LPS

The presence of LPS in the samples post purification was asscssed using a slightly
modified method from Tsai and IFrasch (Tsai et al. 1982) which is explained below, recipes
for all solutions are given in Appendix I. Prior to running protein samples on SDS-PAGE,
samples were incubated with 100ug of Proteinase K (Sigma)/ml of sample for 1h at 37°C
in order to digest the protein and leave only LPS in the sample. An equal volume of 5 x
SDS sample bufler {e.g. 10ul sample + 10l buffer) was added to each sample and boiled

for Smin. The samples were then loaded on to a 15% SDS-PAGE gel and run until the
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smallest marker reached 2/3 down the gel (LPS runs at 6kDa). The LPS in the gel was
thent fixed by shaking overnight in Fixing solution. The gel was then placed into 0.7%
periodic acid in Fixing solution for 5 min to oxidise the LPS. "The gel was then washed by
shaking for 15 min x 3 in 500ml distilled water. Following washing, the gel was immersed
in staining solution and shaken vigorously for 10min while covered, as the stain is light
sensitive. The gel was then washed again x 3 and then placed in the formaldehyde
developer for 2-5min until a band was visible on the gel for the positive LPS sample
{kindly provided by Mr. Gordon Cheung). The reaction was stopped before there was any
background staining by placing the gel in 10% acetic acid for 30 sec. The gels were

washed and stored in water.

2.7.4.2. Quantification of LPS using the Limulus Amebocyte

Lysate assay

Lipopolysaccharide (LPS) content of purified protein was determined using the Limulus
Amebocyte Lysate (LAL) Kinetic-QCL® Kit (Cambrex, Nottingham, UK), which was run
according to manufacturer's instructions and with the help of Dr, Rosie Smith. The LAL
assay is a standardised protocol approved by the Food and Drug Administration for the
measurement of endotoxin levels in pharmaceuticals and biological products. In 1964,
endotoxin was discovered to react with a protein in the circulating amebocytes of
horseshoe crabs (Limulus polyphemus). This protein was ideniificd as coagulase and
purified for exploitation of its enzymatic reaction with Gram negative endotoxin (Young et
al. 1972). Samples are mixed with a LAL substrate reagent (Ac-lle-Glu-Ala-Arg-pNA)
and the time taken for the conversion of this colouriess substrate to p-nitroaniline, which is
vellow in colour, is measured photometrically. The reaction time is inversely proportional
to the amount of endotoxin present in the samples and a standard curve using known
amounts of endotoxin from £. cofli 055:B5 is used to determine endotoxin levels in

samples.
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All test tubes, plates, pipelte tips and water were endotoxiu free (Cambrex). LPS from £
cofi 055:B5 (Cambrex) was reconstituted in endotoxin free water and vortexed for 10min
to give 50EU (Endotoxin Units)/ml. Four 10-fold dilutions of this were prepared to give a
standard curve ranging from SOEU/mI to 0.005EU/ml, with thorough vortexing in between
dilutions. Samples were diluted by 1/100 and 1/10,000. Samples and standards were
added in quadruplicate to a flat bottom 96-well plate. Two wells for each sample were
then spiked with a known amount of endotoxin. Incorporation of a known amount of
endotoxin Into samples allows for investigation of whether or not the sampie inhibits or
cnthances the enzymatic reaction, which is automatically calculated by the Kinetic-QCL
software. The blank was endotoxin free water, which was the last sample to be added.

The plate was then incubated in the plate reader at 37°C for 10min. The supplied lysate

was recounstituted with the appropriate volume of water and 100p] added to each well. The
platc was then tead at an absotbance of 405nm over 90min. The time taken for the
reaction to reach saturation was recorded and samples within the range were selected for

reading from the standard curve to give the amount of EU/m] of sample.

2.8. Construction of Ply mutants by site-directed mutagenesis

Eight double amino acid deletions and a single A146 deletion were erecated in the ply gene
using a Quikchange® site direcled mutagenesis kit (Stratagene). The template plasmid for
all ply manipulation unless otherwise stated was the high expression vector pKK233-2
(Clontech Laboratories Inc) in which ply was previously inserted (Paton et al. 1991), M.
Gracme J. M. Cowan cloncd Perfringolysin O into the pKK233-2 vector (Solovyova ct al.
2004). Primers (Sigma-Genosys [.td, Haverhill, UJK) designed to delete or substitute the
relevant amine acids are shown in Table 2.3, The principles of site-dirceted mutagenesis
are shown in Figure 2.1. Complementary forward and reverse primers (25-40 bascs) were

designed against the region of toxin to be mutated with the desired mutation made in the
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middle of each primer (Primer sequences in Table 2.3). PCR reactions were set up in 50ul
dH>O with 5ul 10xreaction buffer, 125ng of each primer, 1-3ul purified plasmid DNA
(~10ng) carrying the ply gene, 2mM dNTPs, and 1pl PfuTurbo® polymerase (2.51]),
which is a high fidelity enzyme that reads the whole plasmid on each eycle, resulting in the
creation of plasmids carrying the desired mutation. PCR conditions varied depending upon
the mutation required (12 cycles for point mutations and 18 cycles for deletions or

insertions) and the size of the template plasmid.

PCR conditions: 95°C for 30sec
12 or 18 cyclesof  95°C for 30sec
55°C for 1min

68°C for 2min/Kb of plasmid

Final extension of 68°C for 10min

An enzyme digest with 10U Dpnl/50ul sample is used after PCR in order to digest the
methylated parental DNA (the parental plasmid DNA must be isolated from a dam+ E. coli
strain to cnable the isolation of the daughter DNA through digestion of methylated parental
DNA. According (o the manulaclurers guidelines, DNA from almost all strains of £. coli
is methylated with the exception of the JM110 and SCS110 series, In this work, plasmids
were isolated from XE-1 and X1.-10 £, coli}. The unmethylated PCR product, which is not
digested, can then be transformed into £. celi cells such as XIL.-1 blue supercompetent cells

for protein expression and purification (see Figure 2.1. for schematic of s.d.m. process).
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Figure 2.1. Principal of site-directed mutagenesis

e_—mm)
| m— e |
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(a) (b) (c) (d)

Site-directed mutagenesis. (a) Shows parental plasmid DNA with insert of the gene that will be
mutated e.g. ply in white. The primers are the bars above, which are complementary to each other
and have the desired mutation in the middle of the primer (shown in blue); this can be base pair
substitutions, deletions or insertions. (b) The parental plasmid and the primers are mixed and used
in a PCR reaction with PFU Turbo polymerase, dNTP’s and reaction buffer, supplied in kit from
Stratagene. The DNA polymerase replicates the whole of the plasmid with the new primers
annealed to this. This results in the production daughter plasmid DNA containing the desired
mutation. However, the parental plasmid DNA remains (c). A Dpnl digest is introduced to digest
the methylated parental DNA, leaving the daughter plasmid DNA (d) that can then be transformed

into E. coli for protein expression and purification.
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Table 2.3. Primers used for site-directed mutagenesis

GACC

Primer Lab. Sequence 5'-3 Amino acid
Ref. change
“Alfwd  22P COATITGTTGGCTAAGCAAGATTATGGTCAGG AWI34H135

Alrey 220 CCTGACCATAATCTIGCTTAGCCAACAAATCG

A2 fwd  22R GTTGGCTAAGTGGCATTATGGTCAGGTCAATAATGIC  AQ136D137
cC

AZrev 228 GGGACATTATTGACCTGACCATAATGCCACTTAGCCA
AC

A3 fwd 22T GGCIAAGTGGCATCAAGATCAGGTCAATAATGTCCC  AY138G139

Altev 22U GGGACATTATTGACCTGATCTTGATGCCACTTAGCC

Adfwd 22V GGCATCAAGATTATGGTAATAATGTCCCAGCTAG AQ140V 141

Adrev  22W  CTAGCTGGGACATTATTACCATAATCTTGATGCC

AS fwd 227 GGTCAGGTCAATAATGCTAGAATGCAGTATG AV144P145

Asrev  23A CATACTGCATTCTAGCATTATTGACCTGACC

A6 fwd  23B GGTCAATAATGTCCCAATGCAGTATGAAAAAATAAC  AA146R147
GGCTC '

Abrev  23C GAGCCGTTATTTITTCATACTGCATTGGGACATTATT
GACC

A7 fwd 23D GOTCAATAATGTCCCAGCTAGATATGAAAAAATAAC — AM148Q149
GGCIC

A7rev  23E GAGCCGTTATTITITCATATCTAGCTGGGACATTATT
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A8 fwd  23F GTCCCAGCTAGAATGCAGAAAATAACGGCTCACAGC  AYI15CE151
A8 rev 230G GCTGTGAGCCGTTATTTTCYGCATTC TAGCTGGGAC
A9 fwd 27V GCTAGAATGCAGTATGAAACGGCTCACAGCATGG AK 1521153
A9 rev 27TW CCATGCTGTGACCCGTTTCATACTGCATTCTAGC
Al0 fwd 27X GCAGTATGAAAAAATACACAGCATGGAACAACTCAA ATI154A155
GGTC
AlQrev 27Y GACCTTGAGTTGTTCCATGCTGTGTATTTITITCATACT
GC
All fwd 277 GCAGTATGAAAAAATAACGGCTATGGAACAACTCAA AHI1568157
GGTC
Allrev 28A GACCTTGAGTTGTTCCATAGCCGTTATI' T T TTCATACT
GC
Al2 fwd 288 CGGCTCACAGCCAACTCAAGGTCAAGTTTGG AM158E159
Al2rev  28C CCAAACTTGACCTTGAGTTGGCTGTGAGCCG
Al6 fwd 28D GGAACAACTCAAGGTCAAGTTTGACTTTGAAAAGAC AGL66S167
AGGG
Al6rev 28E CCCTGTCTTTTCAAAGTCAAACTTGACCTTGAGTTGT
TCC
AAL46 331 GGTCAGGTCAATAATGTCCCAAGAATGCAGTATGAA  AAl46
fwd AAAATAAC
AAT46 337 GAGCCGTTATCATACTGCATTCTTGGGACATTATTGA
rev CCTGACC
A0 PFO  31Y CTACACATACTTTACCAACTCAATATICAGAATCTAT  AAI9IR1IO2
fwd GG
A6 PFO 31Z CCATAGATUICTGAATATIGAGITGGTAAAGTATGTGT

ev

AG
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GFPpET 20G GTCAGGCTAGCATGAGTAAAGGAGAAGAAC
33b fwd

GFPpET 2011 CCACGCAGATCTITTIGTATAGTTCATCC

33b rev
EGFPpl 24W CACTTGTCACTACTCTGACTTATGGTGTTCAATGC Introduces
y fwd F64L and

S65T in GFP

EGFPpl 24X GCATTGAACACCATAAGTCAGAGTAGTGACAAGTG
y rev

2.9. Janus mutagenesis

In order to assess the effect of the double deletion of A146 and R147 in Ply within a
pneumococcal genetic background, the mutation was constructed in the chromosomal
DNA of serotype 2 D39 S. preumoniae using Janus mutagencsis (Sung et al. 2001), see
schematic in Figure 2.2. The advantage of Janus mutagenesis is that it allows the

introduction of mutations with non-sclectable phenotypes into the pneumococcal genome.

The Janus cassette carries a kanamycin resistance marker and an spsL+ marker that confers
streplomycin susceptibility, which is dominant over the rpsL- resistani allele of the wild
type strain. This cassette is inscried into a desired site in the pneumococcul genome using
homologous recombination (Figure 2.2.a). The resulting strain is kanamyein resistant and
streptoniycin susceptible compared with the parent strain that is kanamycin sensitive and
streptomycin resistant. This allows (he selection of strains carrying the Janus cassette.
[Tomologous recombination is used again to insert a DNA sequence of choice (e.g. the ply
genc carrying desired mutations, Figure 2.2.b) in place of the Janus cassette. This results in
the loss of kanamycin resistance and streptomycin susceptibility and is used to select for

transformants carrying the desired mutation (Figure 2.2.¢).
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2.9.1. Construction of Janus intermediates

The streptomycin resistance gene was amplitied from R6 CP1200 S. pneumoniue (Sung et
al. 2001) and transformed into D39 S. preumoniae (Paterson 2003) to give a streptomycin
resistant D39 S, preumonice (SmR1) for Janus mutagenesis. The Janus casseite was
amplified from strain R1036 (Sung et al. 2001) and inserted into the genome of the
streptomyein resistant D39 at the ply gene by Dr. Gavin Paterson using homologous
recombination, ‘Lhis resulted in an intermediaic strain of D39 S. preumoniae, JP PCR B,
which is kanamycin resistant and streptomycin sensitive (and pneumolysin negative). Dr.
Gavin K. Paterson also amplified the ply gene from D39 S. preumoniae with flanking D39
DNA (2.345 kb) and cloned it into the 3.5 kb TOPO-XL vector (Invitrogen). This

provided the donor DNA for homologous recombination into the JP PCR B strain,
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Figure 2.2. Janus mutagenesis

D39 gDNA (Kan®, Sm", ply +ve)

| Janus cassette | (Kanr, Sm)

[ Janus cassette [N D39 gDNA (Kan', Sm®, ply —ve)

» / Ply with /)3

Sflanking DNA

TOPO -XL

ply D39 gDNA (Kan®, Sm', ply +ve)

The principle of Janus mutagenesis is demonstrated with the replacement of the wild type
pneumolysin gene (ply) shown in red (a) with a mutant form of ply (c). The Janus cassette,
carrying kanamycin resistance and streptomycin susceptibility is inserted into the desired site on
the chromosome of a streptomycin resistant strain of D39 S pneumoniae by homologous
recombination (a). A plasmid carrying the DNA that is to take place of the original gene is used for
a further homologous recombination step to insert the desired DNA (yellow) in place of the Janus
cassette (b). This results in a strain of D39 that carries the new chromosomal DNA without

selection markers (c).
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2.9.2. Construction of A6 Ply in D39 Ply

The TOPO-XL vector containing D39 WT ply and flanking DNA was purified from TOP-
10 £ cofi cells (Invilrogen) with a miniprep kit (Qiagen) to provide the parental DNA in
which to construct the A6 mutation (AA146AR147) by site-directed mutagenesis using the
original A6 Ply primers (23B and 23C, ‘lable 2.3) and as described in section 2.8. This
mutation was checked by DNA sequencing and provided the domor DNA for
transformation into D39 S. preumoniae gDNA. The parental plasmid with W' ply was
also used to donate DNA to give a positive control that had been through the same

transformation process as the A6 Ply mutant.

2.9.3. Transformation of mutants into the D39 chromosome by

Janus mutagenesis

10ml BHI, supplemented with 1mM CaCl,, was inoculated with 300pl of JP PCR B from a
glycerol stock and grown statically at 37°C to an ODgge 0.1. 1ml aliquots of the cell
culture were taken, one aliquot per sample, e.g. 1: negative control (no DNA), 2: positive
control with streptomycin resistant WT gDNA, 3: 30ul miniprep plasmid DNA of A6 Ply
in TOPO-XL, 4: 30ul miniprep plasmid DNA of WT ply in TOPO-XL vector. CSP-1
(Complement Stimulating Peptide; synthesised by Sigma-Aldrich) was added to each
aliquot at 100ng/ml to promote uptake of external DNA. The culturcs were incubated in a
37°C water bath for 15 min and DNA was added to the appropriate tubes and the samples
were {urther incubaled for 75 min. The transformations were plated out onto BAB plates
supplemented with 5% horse blood and 300pg/mi streptomyecin, -Plates were incubated for
9h at 37°C under anaerobic conditions using GasPak™ [*ouches (Becton Dickenson,
Oxford, UK). This short anaerobic incubation time minimises the chance of streptomycin

resistant revertants occurring that have lost the Janus cassetic.
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2.9.4. Selection of Janus mutants

100 single colonies for each transformation were picked and stabbed onto two blood agar
plates, one with streptomycin (300pg/ml) and another with kanamycin (150pg/ml). Plates
were incubated overnight at 37°C in a candle jar. Stabbcd colonics that were streptomycein
resistant and kanamyein sensitive were selected from the BAB plates and grown up at
37°C overnight in 20ml BHI with 300pug/ml streptomyecin. Overnight cultures of these
transformants were streaked onto BAB plates (o check for purity and optochin sensitivity
with optochin discs (Mast Group Ltd., Merseyside, UK). The overnight cultures were uscd
to seed 20ml BHI containing 300pg/ml streptomycin, which was grown to mid-log phase
then 10ml was frozen as 1ml aliquots in 20% glycerol. 10ml of mid-log phase culture was
used to prepare gDNA (see section 2.2) [or PCR analysis to check for presence of the ply
gene using primers 15C and 15D (Table 2.1), which anneal to the 5” and 3’ ends of the ply
gene. Positive ply tranformants were further characterised for Ply expression, Ply activity

and virulence using techniques alteady described in this chapter.

2.10. In vitro assays with Ply and derivatives

2.10.1. L.929 fibroblast cytotoxicity assay

1.929 murine fibroblasts (ECACC no.85011425, Wiltshire, UK) were cultured in RPMI

1640 media supplemented with 10% Foetal Bovine Serum, 1% of 5U/ml penicillin G
sodium/Sug/ml Streptomycin sulphate and 2mM L-glutamine (Invitrogen, Paisley, UK).
Cells were quantificd using a haemocytometer, diluted in media to give 3x10° eclls/m] and
transferred as 200ut aliguots to a 96-well plate and incubated for 24h at 37°C, 5% CO,.

Serial dilutions of purified WT Ply and derivatives were prepared in RPMI 1640 media
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from a stock concentration of 0.03mg/ml and added to the L.929 fibroblasts in (riplicate.
Cell viability upon 24h incubation with Ply was asscssed using SOul/well of lpg/ml of
MTT (3-{4,5-Dimethylthiazol-2-yl}-2,5-diphenyltetrzolium bromide) (Sigma-Aldrich).

Absorbance was read at 540nm,

2.10.2. Mast cell degranulation assay

RBL-2H3 ral mast cells (ATCC number CRL-2256 Lot. 2454194} were cultured in Cagle’s
Minimal Essential Media (EMEM; ATCC) supplemented with 15% heat inactivated FBS.
Degranulation of mast cells was measured by the release of B-hexosaminidase (Stassen et
al. 2003). 200p! of 5x10* cells/m] were transferred into each well of a 96-well Costar®
plate (Sigma-Aldrich) to give 1x10* cells/well and incubated for 2 hours al 37°C, 5% CO;
to allow cells to adhere. Cells were stimulated with S0pl of toxin in varying
concentrations for 1.5h. (Heat-treated samples were heated to 65°C for 10min prior to
incubation with mast cells.) The plate was then centrifuged at 200g for 3 min and the
supernatant transferred into a new 26-well plale. Remaining cells were lysed with 130put of
0.5% Triton X-100 (BDH biosciences, Dorset, UK) in EMEM. 2 x 20l of lysate and 2 x
20pl supernatant was transferred into a fresh plate. 50ul of substrate solution (1.3mg p-
nitrophenyl-N-acetyl-f-D-glucosamine [pNAG])/ml citrate buffer; Sigma-Aldrich) was
added to cach well and incubated for 90mins at 37 °C. The reaction was stopped with
150ul 0.2M Glycine NaOH, pH 10.7 and hydrolysis of the substrate was read at 405nm
with an MRX plate reader. Recipes for buffers are given in Appendix I. Mast cell
degranulation was expressed as the percentage of [-hexosaminidase released into the
supernatant. The amount of f-hexosaminidase in the supernatant and lysale were added to
give the total amount of B-hexosaminidase present. Mean percentage degranulation was

plotted against toxin concentration.
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2.10.3. Cell binding by Immuneoblotting

Pneumococcal cell extracts or purified Ply and derivatives were incubated with a 2% horse
erythrocyte suspension, washed x 6 with distilled water to remove unbound toxin and lyse
the cells. The samples were then prepared by boiling with sample buffer and were then run
on 0% SDS-PAGE for Western blotting with anti-Ply antibody (see section 2.7.3). This
allowed analysis of Ply’s ability to bind to erythrocytes as previously described (Owen et

al. 1994).

2.10.4. Cell binding by Fluorescence Microscopy

Erythrocyte ghosts were generated from 0.1ml human blood by repeated washing with
distilled water. The erythrocyte ghosts were then incubated with 50pg ¢GFP WT Ply or
50pg eGEP A6 Ply in Iml 1 x PBS for 30 min at 37°C. The ghost membranes were
pclleted, washed = 3 in PBS and were visualised by fluorescence microscopy by Mr.

Graeme Cowan using a Zeiss Axioscop 20.

2.10.5. Binding inhibition assays

Dilutiens of A6 Ply (10, 5, 2.5, 1.25 and Oug/ml) were ptepared in 1xPBS and transferred
to round-bottomed 96-well plates, allocating two rows for each dilution of A6 Ply
(50pd/well).  For pre incubation of A6 Ply with erythrocytes, 50ul of a 2% sheep
erythrocyte suspension (prepared as described for the haemolytic assay in section 2.7.2)
was added to each well and the plate was incubated for 30min at 37°C, Serial dilutions of
purified WT Ply were prepared in a separate plate and transferred to the plate (50ul/well)
containing AG Ply and the erythrocytes and incubated for a further 30min at 37°C.  For

competitive binding analysis, A6 Ply and WT Ply were combined and then incubated with
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the erythrocyte suspension. The absorbance at 630nm of each supernatant was then read to
measure the turbidity of the sample and plotted against the amount of WT Ply added to
each sample. The A540nm was also measured to quantitate haemoglobin release and was

found to produce similar results.

2.10.6. Cross-linking of olicomers

25ul of 0.5mg/ml WT Ply and A6 Ply were incubated with 25l erythrocyle membranes
(prepared from a 2% erythrocyte suspension) at 37°C for 30 min. The membranes were
then pellcted and washed x 6 in PBS to remove unbound toxin, 5ui of 25mM DSS
(Disuccinimidyl suberate; Pierce Biotechnology, Rockford, IL) dissolved in dimethyt
sulfoxide (DMSO; Sigma-Aldrich) was added to the membrane bound toxin and the
solution incubated at room temperature (R'1) for 30 min in order to cross-link any toxin
that has bound to the membranes. The reaction was quenched with 2.5p] 1M glycine for
15 min then boiled with SDS-PAGE sample buffer, run on 5% SDS-PAGE with high
molecular wetght markers (Bio-Rad, Hertfordshire, UK) and Western blotted with anti-Ply

antibodies as described in seciion 2.7.3.

2.10.7. Transmission Electron Microscopy

200pl of 2% (vol/vol) horsc crythrocyte solution was incubated with an equal volume of
0.2mg/ml Ply or filtered pneumococcal cell extract at 37°C for 30min then centrifuged at
maximum speed using a bench top centrifuge to pellet the membranes. The cells were
lysed and mcmbranes were washed 5 times with dislilled water to remove unbound toxin.
The membranes were then resuspended in 50pl dH,O. 5ul of sample was placed onto
glow discharged carbon coated grids and negatively stained with NanoVan® (Nanoprobes,
Yaphank, NY) according to maunufacturer’s instructions. Grids were viewed at x25000

magnification using an LEO 912 Energy Filter Transmission Electron Microscope.
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2.10.8. Measurement of Ply by ELISA

A Ply ELISA developed by Cima-Cabal et al (Cima-Cabal et al. 2001) was used to
quantify Ply expression levels from pueumococcal cell lysate with the following
modifications: Wells were coated with 100ul of 2.5ug/ml capture antibody, Ply 7 (de los
Toyos et al. 1996) in coating buffer (see Appendix 1). Plates were blocked with 10% foetal
calf serum (Invitroéen) in PBS; washes were with 0.05% Tween 20 (Sigma-Aldrich) in 1 x
PBS and dilutions were made in assay buffer (blocking buffer + 0.05% Tween 20).
Pneumococcal cell extracts were diluted to 1:500 for the 300ug/ml total protein samples
(or 1:2500 for the 2.35mg/ml total protein samples) and added in duplicate at 100pl/well.
Purified Ply, prepared as described previously (Mitchelt et al. 1989), was used to provide a
standard curve with a range from 2000pg/ml to 31.25pg/ml. 100ul/well polyclonal w-Ply
antibody (Mitchell et al. 1989) was then added at a 1:2000 dilution in assay buffer and
plates were shaken for 30min at 37°C. Following 4 washes, 100ul/well of biotinylated -
rabbit IgG (Amersham Biosciences) was added at 1:500 and shaken for 30min at 37°C.
Plates were washed x 4 and incubated with a 1:2000 dilution of streptavidin IIRP (KPL,
Gaithersburg, Maryland) and developed with 3, 3/, 5, 5'-tetramethylbenzidine (TMB)

substrate (KPL) according to the manufacturers instructions.

2.11. In-vivo analysis of non-toxic Ply

All in vivo experiments were carried out in accordance with the UK Animals (Scientific
Procedures Act) 1986. Mice had food and water ad libitum and were kept at a constant
room temperature of 20-22°C and with a 12h light/dark cycle. All animal handling was by
Dr. Alison R. Kerr and Dr. Gill R. Douce due to licensing restraints, I1lowever, ali
experimental design, sample processing, data acquisition and interpretation was by the

author, Lea-Ann S. Kirkham.
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2.11.1. Inflammatory responses to i.n. instillation of Ply

Eight week-old female MI'1 mice (Harlan, Bichester, UK) were lightly anaesthetised with
2% halothanc/1.5% oxygen (1.5 litre/min) (Astra-Zencea, Macclesfield, UK). Purified WT
Ply was administered intranasally (in.) at lpg, 0.25ug, or 0.1pg/dose and AA 146 Ply at
lpg/dose in 50p of sterife salinc (0.09% NaCl, Baxtcr International Ine, Deerfield, TL)
with a satine only control group (n=6). Micc were monitored to a 24h end-point. TNF-a.,
IL-6 and TFN-y cytokine levels were measured in the serum, BALF and lung tissue by
LELISA using commercial matched anti-cytokine antibody pairs (B> Biosciences
Pharmigen, San Diego, CA). Total protein levels in the BALT were measured using the

standard Bradford’s assay described in section 2.7.1.

2.11.2. Retrieval of BALF, serum, lung and brain tissue for

cytokine analysis

Methods used for BALF and lung retrieval and processing were similar to those described
before (van der Poll et al. 1996). To carry out lavage of the lungs, mice were culled by
cervical dislocation and the skin and muscles above the trachea were separated. The
trachea was clamped with forceps (Fisher Scientific, Loughborough, UK} and a 16-gauge
angiocath was inserted into the trachea to open the airways. Lavage was carried out with
2x1ml volumes of PBS with a recovery volume of ~1.5ml, which was transferred to a
sterile eryotube and immersed in liquid nitrogen. Following lavage, lungs and brains were
removed and wrapped in aluminium foil then immediately immersed in liquid nitrogen.
Blood was taken from the heart using a 23-gauge needle and transferred to an eppendor{ to
clot for 1h at RT or overnight at 4°C. The blood was then centrifuged at 1400g using a
bench top centrifuge for 3 min. The supernatant (serum) was then transferred to a fresh

tube. All samples were stored at -80°C prior to analysis.
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2.11.3. Processing of BALF, serum, lung and brain tissue for

cytokine analysis

Whole lungs and brains were weighed then homogenised 50 times in Smi [xPBS using
handheld glass tissue homogeniser (Jencons, Leighton Buzzard, UK). Homogenates were
transferred to 10ml falcon tubes and centrifuged at 1600g for 30mins at 4°C. Cell free
supernatant was then transferred to a fresh 10ml tube and centrifuged at 5000g for 30mins
at 4°C and then filter sterilised using 0.2uM syringe filters (Sartorious) inte 5m! bijous,
which could then be stored at -80°C. DImmediately prior to analysis BALI' was defrosted

and centrifuged for 3min at maximum speed using a bench top centrifuge to remove cell

debris.

2.11.4. Analysis of core body temperature of mice in response to

Ply treatment

Six week-old female BALB/c micc were surgically implanted with telemetry chips as
previously described (Kerr et al, 2002) in order to record core body temperature (Tc).
Briefly, telemetry chips were sterilised in Cidex (Johnston & Johnston Medical T.td,
Skipton, UK) for 10min and then washed in sterile water. Mice were lightly anaesthetised
with 2% v/v halothane over oxygen (1.5 litre/min) and the abdomen of the animals was
shaved. Mice were then placed on a sterile drape over a heat mat and deeply anaesthetised
with 3-5% v/v halothane over oxygen (1.5 litre/min). An incision was made in the
abdomen with a sterile scalpel then sterile scissors were used to open the peritoneum. The
tclemetry chip was placed in the peritoneum, the inner wound fastened by suture and the
outer wound fastened with surgical clips (Becton Dickinson, Oxford, UK). Mice were
monitored for two weeks to ensure complete recovery, and then they were lightly
anacsthetised and treated inlranasally (i.n.) with purified WT Ply or AA146 Ply at 1pg/dosc
in 50pl of saline with a saline only control group (n=12-22). Immediately after treatment,
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mice were placed in cages on individual receiver boxes to allow recording of Tc. Mice
were monitored for 24h and Te readings collected cvery minute. Data was collected using
Vital View® software (Mini Mitter, Orcgon) and transferred to Excel for analysis, where

the data was reduced from one minute intervals to 30 minute intervals.

2.11.5. Sampling from telemetry experiments for subsequent

cytokine analysis

Bronchoalveolar lavage (BALF), serum, brain and lung tissue samples were recovered at
2h, 6h and 24h from 5-6 mice from the WT Ply and AA146 Ply treated groups. Samples
were retrieved and processed as previously described in section 2.11.2 and 2.11.3 and

stored at ~80°C prior to analysis.

2.11.6. Multiplex cytokine analysis of samples from telemetry

experiments

Commercial cytokine ELISA antibody pairs for IL-6, TNF-o and JFN-y (BD Biosciences
Pharmigen, San Diego, CA) were used for initial analysis of individual cytokines with the
appropriate buffers and at the concentrations given in Appendix 1. Multiplex bead
immuncassay kits (Biosource, Nivelles, Belgium) were used in conjunction with the
Luminex™100 system (Bio-Rad) to measure inflammatory mediators produced in response
to Ply treatment. Analyles can be combined from ditferent sets to give a custom set of
analytes for sample analysis. The technique is based on ELISA but unique antibody coated
beads are used rather than the fixed base of 96-well plates. The Luminex system uses
colour-coded bead sets with different fluorescent intensities which permits >100 colour
codes. This allows the simultancous measurement of a range of analytes in the same
sample. The protocol was run according o manufacturers instructions. Briefly, 96-well

plates with a filter base were filled with 200pl wash buffer and aspirated using a vacuum
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manifold. Beads coated with antibody for all of the analytes of interest were mixed
together and 25ui of mixture added 1o each well. 200l wash solution was then added and
the beads were washed by aspiration. 50ul incubation buffer was then added to each well
and standards {comprising of all the analytcs to be measured) were added in duplicate to
the first two columns of the plate. Samples were diluted two-fold in assay bulfer by
adding 50ul assay buffer to sample wells then 50ul sample. The plates were protected
from light with aluminium foil and shaken at R'l' for 2h at 500rpm. Wells were washed
twice with wash solution and a mixture of biotinylated detection antibody for each analyte
was added at 100pl/well and incubated at RT for 1h. The wells were washed twice and
100l streptavidin-RPE was added at the relevant concentration for a 30min incubation.
Plates were washed x3 then 100l wash buffer added to each well. Plates were either
shaken for 2-3 min and rcad immediately with the xMap™ system (Biosource) or stored at
4°C avernight and read the following day by Dr. J. Alastair Gracie after a 2-3 min shake,
Precision fluidics aligns the beads into single file to pass through two lascrs, onc that
excites the tagged detection antibodies and another that excites the bead. This allows
reactions to be measured in real time using fluorescent intensity to identify and quantify

the reaction.
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2.12. Mouse infection studies

2.12.1. Preparation of mousc passaged standard inocula

Single colonies of serotype | pneumococci from clinical isolates (ST227, strains 01-2696
and 00-3645; ST306, strain 01-1956) and the Janus mutants (WT D39 and A6 D39 &
preumoniae, see section 2.9) were selected and grown up to mid-log phase in BHI as
described in section 2,1. 1mi aliquots were stored in 20% FCS at -80°C for at least 16h
then viable counts were assessed and 5x10° CFU/dose injected ip. into an M1 mouse as
previously described (Alexander et al. 1994). At 24h the animal was sacrificed by cervical
dislocation and blood taken by cardiac puncture and plated out onto BAB plates and
incubated overnight at 37°C. A single colony was then selected and statically grown in
15ml BHI at 37°C to an ODggonm 0.6. Frozen stocks of mouse passaged serotype 4 TIGR4
S. pneumoniae (ATCC: BAA-334, ST205), virulent serotype | S. prneumoniae (ST613) and
serotype 2 D39 5. preumoniae (ST128) were also streaked out for single colonies and
grown to mid-log phase at which point 20% FCS (Invitrogen) was then added to each
culture and 1ml aliquots were frozen at -80°C in cryotubes. Cultures were checked for
purity and optochin sensitivity by streaking a loopful culture onto BAB plates prior to
freezing. The Colony-Forming Units (CFU)/ml in each culture was calculated as described

below.

2.12.2. Viable counts from standard inocula

24h post freezing, a vial for each strain was thawed in a 37°C waier bath for 2 min. 900pt
was then transferred to an eppendorf and centrifuged at RT for 3 min at 6600g using a
bench top cenurifuge. The supernatant was discarded and the cclls resuspended in 900p1
sterile PBS (Sigma-Aldrich). 1/10 dilutions of the sample were made in a 96-well U-

bottomed plate using sterile PBS to give dilutions ranging from 107 to 10, 3 x 20ul of
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cach dilution was spotted onto BAB plates divided into 6 scctors, 2 platcs per sample, and
allowed to dry. Plates were incubated apaerobically overnight in a candle jar at 37°C. The
difution sector where there were 10-70 colonies/20u! was then counted in order to calculate

the CEU/ml for each strain.

Immediately before challenge, the standard inocula were thawed and prepared in the same
way as described above and diluted in sterile PBS to the desired dose. Viablc counts of the
inocnla were assessed prior and post challenge to check that the bacteria remained viable

during challenge.

2.13. Challenge of mice

2.13.1. Intranasal (i.n.) challenge of mice

Fight to ten week old outbred female MF1 mice, or C3 deficient mice [C3-/~ (Wessels et
al. 1995), bred in house] for challenge with the serotype 1 elinical isolates {(Chapter 7),
were lightly anaesthetised as described in section 2.11.1 and challenged with the relevant
dose and strain of S. pneumoniae in 50 of sterile saline. 25ul was administered to cach

nare.

2.13.2. Intraperitoneal (i.p.) challenge of mice

Eight to ten week old female MF1 or BALB/c micc (Harlan) were seruffed at the neck and
challenged i.p. by injection of the relevant dose of S. preumoniae in 100ul sterile PBS.
Mice were older (16-18 weeks) when challenged post vaceination due to the length of the

active vaccination protocol.
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2.13.3. Viable counts from 'blood, lung tissue and BALF

Foliowing challenge with S. prewmoniae, mice were bled from the lateral (ail vein or by
cardiac puncture {0 assess bacleraemia and lungs and BALF were retrieved as described in
section 2.11.2, however, lungs and BALF were not frozen in liquid nitrogen but were
analysed immediately. Lungs were homogenised as described in preparation of lung tissue
for cytokine analysis but the tissue was not centrifuged and the filtered. Whole blood and
BALF were plated immediately. Samples were diluted in sterile PBS and plated out in the
same way as described in section 2.12.2, with the exception of lung tissue, which was used
neat in the first well and diluted thereafter. The CFU/mi of sample is plotted as a Jog value

with a detection limit of 1.92.

2.13.4. Assessment of survival of mice post challenge with S.

pnreumoniae or Ply

Mice were monitored at frequent time intervals post treatment and werc pain scored on a
regular basis. Pain score ranged from normal, hunched stance and/or stary ceat to lethargy
where a pain score of 4+ lethargic resulted in the humane sacrifice of the animal by
cervical dislocation. If an apimal was found dead, which was not often, the survival time
was calculated as the intermediate time between when the animal was last pain scored and
the time it was found dead to give an estimate of when the animal reached the endpoint of

+1- lethargic.

2.14. Vaccination

2.14.1. Active Vaccination with WT Ply and AA146 Ply

Six-week-old female BALB/c mice (Harlan) were caged into group sizes of 8. Mice were
bled from the lateral tail vein a day prior to immunisation to provide a baseline for
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antibody titres (day O bleed). Serum was processed as described in section 2.11.2 and
stored at -20°C. The mice were then immunised sub cutaneously with a 100ul dose of
either 20pg WT Ply plus 100pug Alum (Wyeth, Pearl River, NY), 20ug AA146 Ply plus
100pg Alum, sterile NaCl plus 100pg Alum or NaCl only (0.9% NaCl, Baxter
International Ltd). Blecds were laken for antibody analysis a day before each boost, of
which there were 3 at approximately 17 days apart. The animals were left for a month
before a final bleed to check antibody titres prior to challenge. The mice were then
challenged ip. with 2x10” CFU/100u dose TIGR4 S. pmeumoniae and monitored for
survival where the endpoint was when mice were deemed lethargic. 18h post challenge,
blood was taken from the lateral tail vein of each mouse to assess the levels of bacteraemia

in CFU/m! as described in 2.13.3.

2.14.2, Active vaccination with A6 Ply-type 4 polysaccharide

conjugate

The protocol was the same as for active vaccination with free proteins but with the
following modifications. Group sizes were increased to 10 to allow the groups to later be
divided into two groups of five for L.p. challenge with either 10* CFU serotype 1 or TIGR4
S. pneumoniae, A6 Ply was used instead of AA146 Ply, as this was the protein that was
conjugated to type 4 capsule polysaccharide (CPS) by Dr. Maya Koster, Wyeth Vaccines.
The method used for conjugation of Ply to type 4 polysaccharide was reductive amination
where oxidised polysaccharide was combincd with protein at a 2:1 ratio and incubated with
sodium cyanoborohydride for 4-6h at 25°C then 48h at 37°C and then incubated with
sodium borohydride solution for 24h at 4°C to cap the reaction. The conjugates were
filtered through a 100Kda MW cut off filter and assessed for carbohydrate and protein
content. The dose of free pratein used for immunisation was 0.64pg rather than 20ug in

section 2.14.1 as this was determined by the amount of A6 Ply conjugated to type 4 capsule
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polysaccharide (0.87mg/ml A6 Ply: 1.36mg/ml type 4 polysaccharide). The amount of
Alum was increased from 100pg/dose in the free protein active vaccination to 200ng/dose
to match the amount of Alum in Prevnar. BALB/c mice were given a sub cutaneous 200pl
dose of either 1ug type 4 CPS plus 200pg Alum, Ipg type 4 CPS plus free 0.64pg A6 Ply
plus 200pg Alum, lug type 4 CPS conjugated to 0.64ug A6 Ply plus 200pg Alum, 0.64ug
A6 Ply plus 200ug Alum, 200ug Alum, PBS only, Prevnar containing 0.8ug type 4 CPS

and 200ug Alum per dose or Prevnar plus 0.64pg A6 Ply.

2.14.3. o-Ply 1gG ELISA of serum following active vaccination

Serum from each day before vaccination or boosting was collected from the lateral tail vein
and analysed for anti-Plv IgG by ELISA (de los Toyos et al. 1996) using 5Sug/ml Ply to
coat the plates overnight and HRP-labelled anti-mouse IgG as the detection antibody
(Amersham). Five fold dilutions of serum were prepared from a starting dilution of 1/50.
The negative control on each plate was coating buffer with no antigen and then positive
sera was added, this gave a background level, which was subtracted from each reading,

Absorbance was read at 450nm and titres were taken at a cut off of OT)(}.3.

2.15. Statistical Analysis

For a statistical test to be chosen, the data was first assessed for normal distribution using
GraphPad® Instat (GraphPad® Software Inc., San Diego, CA), where data that is normally
distributed (parametric) fits a parabolic curve and the curve is centred at the mean.
Bacterial load experiments fit normal distribution (Blue 2002), allowing the mean of the
data to be compared between two groups using an unpaired t-test for parametric data,

which comparcs one variable between two groups. Bacterial loads were expressed as the
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mean + SEM (standard error of the mean) and were statistically analysed with an unpaired

t-lest.

Inflammatory mediator levels, total protein levels in samples and survival times did not fit
normal distribution curves and were therefore assessed with non-parametric analysis using
a two-tailed Mann-Whitney U test (GraphPad® Software Inc.). This is a conservative test,
also known as the rank sum test, which does not assume normal distribution and compares
the median of two groups (this test cannot be used to compare more than two groups). The
median is more robust than the mean as it is less sensitive to outlicrs. Two-tailed analysis,
in comparison with one-tailed analysis, does not assume that the median of one group is
expected to be higher than the other group prior to commencing the cxperiment.
Inflammatory mediator levels were expressed as the mean 4 SEM in graphs and tables but
statistical analysis was with the median. Total protein levels in the BALL were expressed
as the median i MAD (Median Absclute Deviation) and survival times are shown for
individual animals with the median survival times indicated. P<0.05 is considered

significant (*) and P<0.01 considered very significant (**),
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3: Purification and in vitro characterisation of pneumolysin

mutants

Summary

The region surrounding amino acid residue N143 in Ply has been implicated in playing
a role in oligomerisation of the protein (de los Toyos et al. 1996). Inilial atlempts to
understand the importance of the N143 region in Ply were made by Dr. Jennifer Search
who previously created a double amino acid deletion (AN142N143) and a substitution
(N143D) in Ply. However the mutants behaved in a similar manner to WT Ply (Search
2002). In this study, eight double amino acid deletions were made surrounding the
N142N143 site (four on cither side). Of the eight double amino acid deletions
constructed, the four upstream of N143 resulted in expression of a non-haemolytic form

of Ply (A5-8, Table 3.1.). Mutants were purified for further characterisation,

Methods of Ply purification were also investigated and further developed. Previausly
recombinant Ply was putified using hydrophobic interaction chromatography (HIC)
(Search 2002). This technique is capable of powerful resolution of native proteins from
cell extracts, using high salt concentrations in the column media [or adsorption of the
protein and low salt concentrations for desorption. The column media is phenyl ether,
which has no charge. However, HIC is not specific to Ply and should be used in
combination with other chromatography steps as the resulting protein may not be
completely pure. The major problem with purifying proteins from (Gram-negative
bacteria is the high levels of contaminating cell wall LPS, which is a poteni
inflammatory mediator. Inclusion of an additional purification step, anion exchange
chromatography (AEC), was introduced in attempt to remove contaminating proteins

and LPS in the HIC purified sample. AEC separates molecules based on their charge
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and is complementary to HIC. The column media involves the use of a highly positively
charged media that retains the highly negatively charged LPS and DNA longer than Ply,
allowing separation of Ply from contaminants by the introduction of a salt gradient from

(M to 2ZM.

Cytotoxicity of the mutants to nucleated cell lines in addition o erythrocytes was
assessed and compared with WT Ply and the existing PdDB toxoid. A mast cell assay
was developed to investigalc a sensitive method to measure residual toxicity of Ply
mutants, Mast cells are abundant in the alveoli and nasal mucous membianes and are
therefore in prime position to detect inhaled antigens. They form the first line of
defence as part of the innate immune system and can proliferate at the site of
inflammation unlike neutrophils and macrophages (Abraham et al. 1997). They are
highly sensitive (o antigens and have been shown to degranulate during the early host
rcsponse to pneumococcal pneumonia (Kerr et al. 2002). Two mutants, AA146 Ply and
AAT46R 147 were further characterised in terms of their inferaction with cells in culture,
with assessmenl of binding, oligomerisatton and pore formation prior to in vivo

analysis.
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Results

3.1. Construction of Ply mutants by site directed mutagenesis

Thirteen double amino acid deletions and two single amino acid deletions were
constructed within the Ply protein by site-directed mutagenesis (Figure 3.1). Cell
extracts of four double deletions and the two single deletions were found to have no
detectable haemolytic activity (AV144P145, AA146R147, AM148Q149, AY150E151,
AA146, AR147) highlighted in the green box in Figure 3.1. A list of all the mutations
made in this work (and by others) is given in Table 3.1 with their haemolytic activity in

comparison with WT Ply.

Figure 3.1. Site of mutations made within Ply

AW134H135 = Al
AQ136D137 = A2
AY138G139 = A3
AQI140V141 = A4
AN142N143 = (Search 2002)

AV144P145 = AS
AA146R147 = A6
AA146
AR147
AM148Q149 = A7
AY150E151 = A8

AK152]153 = A9

AT154A156 = A10
AH157S158 = A1l
AMI159E160 = A12
AG166S167 = A16

The location ot the amino acid mutations are highlighted in red on the Ply homology model
based on PFO (Rossjohn et al. 1997). Structural changes in relation to these mutations have not
been accounted for by modelling. All mutations are at the domain 1-3 interface and D385N and

WA433F are also highlighted. The mutants in the green box have no haemolytic activity.
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Table 3.1. Mutations made in Ply (and other CDCs) and

haemolytic activity of cell lysates

Ply mutation® Reference % haemolytic activity
compared with WT Ply
AWI134H135 (A1) This work 100
AQI36D137 (A2) This work 100
AY'138G139 (A3) ‘I'his work 100
AQL40V 141 (A4) ‘This work 100
AV 144P145 (AS) This work 0
AN142N143 (Search 2002) 100
N143D (Search 2002) 100
AA146R 147 (AG) This work 0
AM148Q149 (A7) This work 4]
AY150KE151 (A8) This work 0
AK 1521153 (A9) This work 37
ATT54A155 (A1) This work 77
AMI158E139 (A12) This work 42
AG166S167 (A16) This work 83
AA146 This work 0
AR147 This work 0
Y150A This work 57
W433F (Mitchell 1992) 1
D385N (Mitchelt 1992) 100
D385NW433F This work 1
A6D385N This work 0
A6WA433]° This work 0
A6D385NW433F This work 0
AA191R192 PFOP This work 0
AA204R205 ILY" G. Cowan 0
AA190R191 ALO" G. Cowan 0

* all mutations were constructed using the pKK233-2 vector and transformed into £ coli XI.-1 blue
supercompetent cells (ALO and JLY were cloned into pET-33b for His-tagged purification)

b equivalent A6 mutation made in CDCs Perfringolysin O, Intermedilysin and Anthrotysin O

bold type denotes mutants that were purified for further characterisation
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3.2, Purification of Ply and derivatives

All proteins were purified using a two-step method of hydrophobic interaction
chromatography (HIC) and anion exchange chromatography (AEC). This improved
protein purity and yield, which was 15-20mg/L culture. in general, the mutants were
easier to purily than WT Ply and could be concentrated to at least 3mg/ml without the
aggregation that often occurs during WT Ply purification. The isoelectric point {pl) of
Ply is 5.7, making it slightly negatively charged at neutral pI1 whereas PFO has no
charge at PH7, with a pl of 7.1. As a result of this, PFO did not bind to the AEC
column but the DNA and contaminating proteins did, allowing PFO to be collected in
the wash through. The inclusion of an anion cxchange step removed residual

contaminating proteins and also reduced endotoxin levels 100 fold (section 3.4).
Figure 3.2.1. shows a representative HIC purification of W'l' Ply. Fractions 1-4 are the

non-specific proteins, which are washed through the column, and the peak over

fractions 5-8 is Ply, as shown in SDS-PAGE gels of the HIC fractions (Figure 3.2.3).
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Figure 3.2.1. HIC purification of WT Ply

oo N

Min

Hydrophobic Interaction Chromatography of WT Ply. The vertical numbered lines represent
fractions that were collected in separate test tubes. The red line is the A280nm reading, which
measures protein content. The green line is the A260nm reading, which measures DNA levels.

The blue line represents conductivity (M) using NaCl.

Fractions 5-8 were pooled from each run and dialysed overnight at 4°C in pre-chilled
dialysis buffer (see Appendix I) to remove NaCl. The following day, the buffer was
replaced with fresh dialysis buffer and left for a further 4h then the HIC purified Ply
was concentrated at 4°C using amicon centrifugation filters at 2080g (30kDa MW cut
off). The concentrated sample was then further purified using AEC, Figure 3.2.2. Ply
binds to the negatively charged column, allowing thorough washing and is eluted with

0.1M NaCl, in fraction 14 (run on SDS-PAGE, Figure 3.2.3). The DNA remains tightly
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bound to the column and is only eluted when 1.5M NaCl is reached. This further
purification step also removed significant amounts of LPS as shown by LPS silver

staining of proteins before and after AEC (Figure 3.4.1 and Table 3.3).

Figure 3.2.2. AEC purification of WT Ply

-

Anion Exchange Chromatography of WT Ply. Green vertical numbered lines represent
fractions. Red line is A280nm protein reading, green line is the A254nm DNA reading. The

blue line represents NaCl concentration (M). Fraction 14 was pooled from each run.
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Figure 3.2.3. Coomassie stained SDS-PAGE of WT Ply

purification

M 12 3 4 5

89kDa

41kDa

M, kaleidoscope marker; 1-4, HIC WT Ply fractions 5-8; 5, AEC WT Ply fraction 14 (4.8pug).

When Ply is over-expressed in some strains of E. coli two bands are observed in SDS-
PAGE and Western blotting. This is thought to occur when there is occasional read
through of the stop codon for the ply gene. When supA" E. coli strains are used the stop
codon is always read and a single band of expressed Ply is observed on gels (T. J.
Mitchell, personal communication, 2003). A single band of Ply is observed in Western

blots of Ply expressed by S. pneumoniae (See blots in Chapter 7).
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Figure 3.2.4. HIC purification of AA146 Ply
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Hydrophobic Interaction Chromatography of AA146 Ply. Green vertical numbered lines

represent fractions. Red line is A280nm protein reading; green line is the A260nm DNA

reading. The blue line represents NaCl concentration (M).

Fractions 6-9 from HIC purification of AA146 Ply were pooled from each run (Figure
3.2.4), dialysed overnight and concentrated as for WT Ply. As there was more protein
for HIC, the AEC yield was also greater as shown in Figure 3.2.5. where fraction 14

was collected. Protein purity is shown by SDS-PAGE, Figure 3.2.6.
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Figure 3.2.5. AEC of AA146 Ply
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Anion Exchange Chromatography of AA146 Ply. Green vertical numbered lines represent
fractions. Red line is A280nm protein reading; green line is the A254nm DNA reading. The

blue line represents NaCl concentration (M). Fraction 14 was pooled from each run.

Figure 3.2.6. Coomassie stained SDS-PAGE of AA146 Ply HIC and AEC fractions

1 M 2 3 4 5
| -
89kDa —» At
41kDa —» =

1, HIC AA146 Ply fraction 6; M, kaleidoscope marker; 2-4, HIC AA146 Ply fraction 7-9; 5,

AEC AA146 Ply faction 14 (5.8ug).
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Following purification, the samples were assessed in a haemolytic assay (Figure 3.2.7)
to determine their specific activity. Two fold serial dilutions of the purified toxin were
incubated with a 2% erythrocyte suspension and the endpoint was taken as the well with
50% lysis and 50% pelleted erythrocytes (as shown in the last wells of the WT Ply
sample in Figure 3.2.7). The reciprocal titre of the endpoint dilution is used to give
Haemolytic Units (HU) per ml of sample (explained in section 2.7.2). Figure 3.2.7
shows that the purified WT Ply has 8.2x10* HU/ml (giving a specific activity of 8.4x10*

HU/mg) whereas the purified AA146 Ply mutant was not haemolytic. The aggregation

of erythrocytes by AA146 Ply was observed in haemolytic assays and appeared to be
concentration dependent. This effect is not observed with WT Ply in these assays due
to the lysis of the erythrocytes however, fluorescence microscopy of GFP tagged WT

Ply revealed that this aggregation is not mutant specific.

Figure 3.2.7. Haemolytic assay of purified WT Ply and AA146
Ply

WT Ply
(0.954mg/ml) %

AA146 Ply §
(1.15mg/ml) ¥§

PBS

Two-fold serial dilution
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3.3. Determination of protein concentration and specific

activity of purified protein

The concen(ration of purified protein was determined using an absorbance scan at
280nm. Purified samples were to have a low A260nm (DNA concentration) and a low
A320nm (protein aggregates), The absorbance at 280nm was then divided by the
extinction coefficient (E) of Ply = 1.3 (Morgan et al. 1993). Protein concentrations

were confirmed with a Bradford’s assay.
The concentration of purified protein is then divided by the HU/mI to give the specific

activity of Ply in HU per mg of protein. '[he concentration and specific activities of

purified proteins used in this study arc given in Table 3.2.

Table 3.2. Concentration and specific activity of purified proteins

Protein Concentration (mg/ml)  Spceific Activity (HU/mg)
WT Piy 0522 o 6x10°
AA146 Ply 1.31 0

A7 Ply" 5.63 0

A8 Ply' 3.88 0

W433F 0.33 5x10

A6D385N 3.71 0

A6W433F 1.26 0

A6D385NW433L 3.37 0

PEO’ 0.338 2x10°

A6 PFO 0.2 0

* The isoelectric point of PFQ is 7.1, this means that at a ncutral pH of 7, PFO has no charge. The PH of
buffers could have been changed to 6.5 give PFO a +ve charge for cation purification, Instead, the
column was made more hydrophoebic by purifying PFO at 2M NaCl rather thap 1M that is used for Ply
purification. " purified by Wyeth.
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3.4. Measurement of LPS levels in purified proteins

As the recombinant proteins are purified from Gram-negative E. coli, the samples can
be contaminated with LPS from the cell wall. LPS is a potent inflammatory agent and
there are limitations of LPS levels in vaceine preparations. Because of this, LPS levels

were assessed in puritied proteins and mechanisms to remove LPS were investigated.

3.4.1. Assessment of LPS in HIC and AEC purified samples

using silver staining

From previous work in the labaratory, T.PS levels in HIC puritied samples were known
to be high (Table 3.3). Posidyne syringe filters were assessed in their ability to remove
LPS from Ply but this was not successful (Figure 3.4.1). An additional ALC
chromatography stcp was introduced and this resulted in considerable removal of
contaminating LPS (Figwe 3.4.1. and Table 3.3). Samples were incubated with
Proteinase K to digest all proteins so that only LPS (6kDa) was stained on an SIS-
PAGE gel. The only sample that had no detectable levels of LPS was the HIC and AEC

purified Piy (Figure 3.4.1).
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Figure 3.4.1. Silver stained SDS-PAGE gel of LPS in WT Ply samples

12 M3 4 56 8 9
[V_'ar J'\
32kDa

1, HIC and AEC WT Ply; 2, WT Ply cell lysate; M, kaleidoscope marker; 3, filtered WT Ply

cell lysate; 4, posidyne filtered WT Ply cell lysate; 5-6, blank; 7-9, HIC purified fractions 6-8.

3.4.2 Quantification of LPS contamination of purified proteins

using the LAL assay

The LAL (Limulus Amebocyte Lysate) assay was used to quantify LPS in the purified
proteins before and after AEC. A 100 to 300-fold decrease in LPS levels was observed
following AEC (Table 3.3). All proteins used for further investigation were HIC and

AEC purified to ensure the lowest LPS levels possible.

Table 3.3. LPS levels in protein samples following different types of purification

Sample Reference Purification’ EU/mg pgLPS/ug toxin
WT Ply (Search 2002)  MC 6,800 680

WT Ply (Search 2002)  HIC 20,000 2000

AA146 Ply  This work HIC 14,607 1460

WT Ply This work HIC + AEC 641 64

AA146 Ply This work HIC + AEC 125 12.5

" HIC, Hydrophobic Interaction Chromatography; AEC, Anion Exchange Chromatography; MC, Metal
Chelate purification. Bold type denotes batch of WT Ply and AA146 Ply used for all in vivo analysis.
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3.5. Expression of mutated forms of Ply

All mutants were detected in Western blots with both rabbit polyclonal anti-Ply
antibody (raised in our laboratory, blot not shown) and mouse monoclonal antibody
Ply4 (kindly provided by Juan de los Toyos, Oviedo, Spain), Figure 3.5. Expression
levels were similar, though possibly less was produced by A8 Ply (A8 Ply was also
found to be the least soluble in expression studies by Wyeth; Dr. Deborah Dilts, 2005,

personal communication).

Figure 3.5. Western blot of Ply double amino acid deletions
detected by monoclonal antibody Ply 4

WT, wild type Ply; M, Kaleidoscope marker; 1, AW134H135 Ply (Al); 2, AQ136D137 Ply
(A2); 3, AY138GI139 Ply (A3); 4, AQ140V141 Ply (A4); S, AV144P145 Ply (AS); 6,

AA146R147 Ply (A6); 7, AM148Q149 Ply (A7); 8, AY150E151 Ply (AS8).

A6 Ply (AA146R147) and AA146 Ply were purified as described. A7 Ply and A8 Ply

were purified by Wyeth. These mutants were further characterised and compared with

WT Ply and the PdB mutant.
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3.6. Haemolytic activity of Ply mutants

Purified A6 (A146R147) Ply, A7, A8 and AA146 Ply were found to be non-haemolytic
to human erythrocytes at concentrations 10,000 times greater than lytic concentrations
of WT Ply (Fig. 3.6). PdB (the W433F Ply mutant) was 100 fold less haemolytic than
WT Ply but was still lytic at 1pg/ml. AA146 Ply was concentrated to 3mg/ml and was
still not lytic to human erythrocytes. A6, A7, A8 Ply and AA146 Ply also had no

haemolytic activity on horse or sheep erythrocytes.

Figure 3.6. Haemolytic activity of Ply and derivatives

125+
—»— AA146 Ply
» 100 —— A6 Ply
g —=— A7 Ply
° 751 —— A8 Ply
§ —e— PdB Ply
£ 507 —=— WT Ply
2
25+
0=
01 1 10 100 1000 10000 100000

Toxin concentration (ng/ml)

The haemolytic activity of pneumolysin mutants A6, A7, A8 Ply, AA146 Ply and PdB were
compared with WT pneumolysin in a quantitative haemolytic assay. Following incubations of
known concentrations of toxin with a human erythrocyte solution, the supernatants were

collected and the haemoglobin content read at 540nm.
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3.7. Cytotoxicity of Ply mutants to nucleated cell lines

As the Ply mutants were not found to lyse erythrocytes they were then tested for
cytotoxicity to nucleated cell lines. In order to investigate this, murine fibroblasts
(Figure 3.7.1), rat mast cells (Figure 3.7.2) and human monocytes {data not shown)

were freated with Ply and non-hacmolytic derivatives and assessed for cell damage.

3.7.1. L.929 murine fibroblast cytotoxicity assay

L929 murine fibroblasts were used to assess the toxicity of A6, A7, A8 Ply and AA146
Ply to nucleated cells compared with WT Ply and PdB (W433F Ply). An MTT dye was
used where mitochondria in live cells convert the yellow dye to a purple precipitate,
thereby giving a high absorbance at 540nm compared with dead cells where the dye
remains yellow. At concentrations of 100ug/ml (1.7ug Ply/10* cells), A6, A7, A8 Ply
and AA146 Ply were not toxic to fibroblasts, whereas 725 [old less WT Ply (2.3ng
Ply/10* cells) and 26 fold less PdB (63ng Ply/ 10t cells) were cytotoxic to the fibroblasts

(Figure 3.7.1).
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Figure 3.7.1. Cytotoxicity of Ply and derivatives to 1929

murine fibroblasts

0.7+
- WT Ply

0.6+ —e-PdB
g 05 —*— AA146 Ply
& 04 —+— A6 Ply
B o —~=— A7 Ply
8 —4— A8 Ply
O o2

0.1+

O.C | | ] L) L)

0.1 1 10 100 1000 10000

ng Ply/10* cells

The cytotoxicity of WT Ply and the Ply mutants to nucleated cells was assessed using 1.929
murine fibroblasts. An MTT stain was used to assess viability of the cells following incubation
with the toxins. High OD540nm indicates that the cells are alive as the mitochondria can

convert MTT into a purple product. A low OD540nm indicated that the cells are dead and the

MTT remains yellow.

The PdB mutant was ~30 times less cytotoxic to fibroblasts than WT Ply. At 185ng,
both WT Ply and PdB were completely toxic to 10* fibroblasts. The sensitivity of the
fibroblast cytotoxicity assay (Figure 3.7.1) was similar to the haemolytic assay (Figure
3.6), though erythrocytes were not accurately quantified, with ng levels of WT Ply
detected. This assay provides a sensitive measurement of toxicity to nucleated cells and

revealed that the mutants made in the A6 region of the protein had no residual toxicity.
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3.7.2. Release of B-hexosaminidase from RBL-2H3 mast cells

in response to Ply treatment

Mast cells are highly sensitive and degranulate in response to antigens, releasing a range
of molecules into the surrounding environment including B-hexosaminidase (Abraham
et al. 1997). As mast cells are found in envirorunents more relevant to the route of
pncumococeal infection. such as mucosal lining and the lung, they were used in
attempts to develop a highly sensitive assay to measure any residual activity that the
AA146 Ply mutant may possess, 107 .ra.t RBL-2H3 mast cells were incubated with serial
dilutions of either W' Ply or AA146 Ply. Relcasc of P-hexosaminidase was measured
by the colourimetric conversion of pNAG substrate (see section 2.10.2). Degranulation
of mast cells increased with increasing WT Ply concentrations but not with AA146 Ply

treatment (Figure 3.7.2).

Heat-treated samples were also assessed (o ensure the response was due to the protein
and not LPS. The heat-treated samples did not elicit §-hexosaminidase release (data not
shown) and also the highest conceniration of AA146 Ply and therefore LPS did not
result in degranulation. The lowest WT Ply concentration to result in degranulation of
10" mast cells was >250ng. This, although a more relevant cell line in terms of
pneumaococcal infection was not as sensitive as the fibroblast cytotoxicity assay (Figure
3.7.1) where concentrations <10ng WT Ply were cytotoxic to 10* L929 fibroblasts. This

ig discussed at the end of the chapter.
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Figure 3.7.2. Mast cell degranulation in response to Ply or

AA146 Ply treatment
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Mast cell degranulation was assessed by measuring the release of B-hexosaminidase in response
to treatment with either WT Ply or the non-haemolytic mutant AA146 Ply. WT Ply caused
degranulation of RBL-2H3 mast cells in a concentration-dependent manner. This did not occur

with AA146 Ply.
3.8. Analysis of cell binding, oligomerisation and pore forming
ability of non-toxic Ply

As the mutants were not cytotoxic, their ability to form pores must be disrupted, though
the stage at which this occurs i.e. host cell binding, oligomerisation or pore insertion

was not known. The non-toxic mutants were analysed alongside WT Ply and PdB.
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3.8.1. Binding of Ply and derivatives to erythrocyte

membranes

The mutations surrounding the AG region are not in domain 4, the binding domain, and
therefore the binding ability of the mutants would probably not be altercd. This was
investigated using a modified binding assay (Owen ct al. 1994) and fluorescence
microscopy of GFP-lagged WT Ply and A6 Ply. The ability of A6 Ply to protect

erythrocytes from WT Ply lysis was also investigated.

3.8.1.1. Binding assessed by Western blotting

10pg/ml of toxin was incubated with equal volumes of a 2% sheep erythrocyle
suspension for 30 min at 37°C. Following incubation, the membranes were washed to
remove unbound toxin and the sample rnn on SDS-PAGE. Immunoblotting with
polyclonal o-Ply antibody was then used to detect any toxin that has bound fo the
erythrocyte membrane. Lanes 2 and 10 of Figure 3.8.1 show that A6 Ply and W' Ply
bind to ervthrocyte membranes, After the first wash of the membranes, unbound toxin
was still present in the wash (Figurc 3.8.1, lancs 3 and 9), demonstrating that further
washes of the membranes were required to remove unbound toxin (Figure 3.8.1, lanes 4,

5,7 and 8).
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Figure 3.8.1. Western blot of Ply and A6 Ply bound to erythrocyte membranes

>
53kDa —» A

41kDa —»

1, 10ug/ml WT Ply control; 2, washed erythrocyte membranes incubated with A6 Ply; 3, 1™
wash of membranes incubated with A6 Ply; 4, 2"* wash of membranes incubated with A6 Plys'S,
3™ wash of membranes incubated with A6 Ply; 6, kaleidoscope marker; 7, 3™ wash of

membranes incubated with WT Ply; 8, 2" wash of membranes incubated with A6 Ply; 9, 1st

wash of membranes incubated with A6 Ply; 10, washed erythrocyte membranes incubated with

WT Ply.

Further Ply derivatives were assessed for their binding ability. Figure 3.8.2 shows that
the triple mutant A6D385NW433F, A6, A7 and A8 Ply bind to erythrocyte membranes.
Although the W433F mutation is in the binding domain, binding does not seem to be

altered. This technique is not quantitative but a FACS based method using GFP tagged

versions of the proteins would provide such results.
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Figure 3.8.2. Western blot of A6, A7, A8, A6D385NW433F and W433F

Ply bound to erythrocyte membranes

M123456789

50kDa —»

M, Precision’ kaleidoscope marker; 1, WT Ply only; 2, A6 Ply + erythrocytes; 3, A7 +
erythrocytes, 4, A8 + erythrocytes; 5, blank; 6, A6D385NW433F Ply + erythrocytes; 7, W433F

Ply + erythrocytes; 8, blank; 9, WT Ply + erythrocytes. All samples were thoroughly washed to

remove unbound protein prior to running on the gel.

3.8.1.2. Fluorescence Microscopy of eGFP tagged Ply and A6
Ply.

The ability of A6 Ply to bind to human erythrocyte membranes was confirmed by
visualising GFP tagged forms of A6 Ply and WT Ply (constructed by Mr. Graeme J. M.

Cowan) by fluorescence microscopy (Figure 3.8.3). Erythrocyte ghosts treated with
eGFP alone were not visualised under fluorescence, confirming that it is Ply that binds

to the cell membrane.
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Figure 3.8.3. Fluorescence microscopy of erythrocyte ghosts

treated with eGFP-tagged Ply

Fluorescence microscopy of (a) eGFP-tagged WT Ply bound to erythrocyte ghosts and (b)
eGFP-tagged A6 Ply bound to erythrocyte ghosts. Human erythrocyte ghosts were treated with
0.05mg/ml eGFP-tagged toxin. Viewed with x 100 objective. Images courtesy of Mr. Graeme

J. M. Cowan.

3.8.1.3. Inhibition of WT Ply lysis of erythrocytes by prior
treatment with A6 Ply

The ability of A6 Ply to protect erythrocytes from WT lysis was assessed by treating
sheep erythrocytes with various concentrations of A6 Ply and WT Ply either by
incubating both proteins together with the erythrocytes to investigate competition for
binding (Figure 3.8.4.a) or by pre-incubating the erythrocytes with A6 Ply and then

treating with WT Ply (Figure 3.8.4.b).
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Figure 3.8.4. Inhibition of haemolysis from WT Ply by binding of A6
Ply

(a)
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(b)
0.
= —=—0.5.g A6 Ply
0.4+ —a—(0.25ug A6 Ply
< —=—0.125ug A6 Pl
E os ——0.0625ug A6 Ply
™
g Oug A6 Ply
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Inhibition of sheep erythrocyte lysis from WT Ply by competitive treatment with A6 Ply (a) or

by incubation of erythrocytes with A6 Ply prior to WT Ply treatment (b).
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Figure 3.8.4.a. shows that erythrocytes are protected from WT Ply lysis by freatment
with A6 Ply. Both proteins were added at the same time thereby suggesting that there is
competition for binding., 0.1pg WT Ply was lytic to the erythrocytes irrespective of the
amount of A6 Ply added. However, at lower concentrations of W' Ply, A6 Ply
prevented erythrocyte lysis in a concentration dependent manner. 0.0125ug of WT Ply
was lytic to crythrocytes that were not treated with A6 Plv, however, concentrations
>(2.25ug of A6 Ply protected erythrocytes from complete lysis with this concentration of
WT Ply. Protection from lysis increased when erythrocytes were pre-incubaied with A6
Ply for 30min and then treated with WT Ply, Figure 3.8.4.b. Erythrocytes were
protected from otherwise Iytic concentrations of WT Ply with pre-incubation with
>0.1251g of A6 Ply. Eryvthrocytes were completely protected from WT Ply lysis when
pre-incubated with 10 times as much A6 Ply, for example, 0.5nug A6 Ply prevented
erythroeyte {ysis from 0.05pg WT Ply and 0.25g AG Ply protected erythrocytes from

lysis with 0.025ug WT Ply (Figure 3.8.4.b).

3.8.2. Investigation of oligomerising and pore forming

abilities of non-toxic Ply

As the binding step in pore formation was not altered by construction of non-toxic
mutants, the next steps to investigate were oligomerisation and pore formation. As the
region mutated is thought to be involved in monomer-monomer recognition,
oligomerisation may be affccted. Oligomerisation was investigated by cross linking
membrane bound toxin with DSS (Disuccinimidy! suberate), which cross-links the
amines on lysines and is lipophilic and membrane permeable, making it useful for

cross-linking oligomers that are associated with the host cell membrane. Transmission
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clectron microscopy was uscd to assess the ability of 4 non-loxic mutant to form pores

in host cell membranes.

3.8.2.1. Cross-linking of toxin bound to crythrocyte

membrane

Erythrocyte ghosts were incubated with either WT Ply or A6 Ply for 30min at 37°C and
washed to remove unbound toxin as for the binding assays. 2mM DSS was then added
to cross-link any membrane bound toxin prior to running on 5% SDS-PAGE, which was

then Western blotted with anti-Ply serum (Figure 3.8.5).

Beth WT Ply and A6 Ply were found to form multimeric structures when cross-linked
with DSS (lanes 2, 6, 9, 11, 13 and 15 of Figure 3.8.5). When the proteins were
incubated with erythrocyte membranes prior to DSS cross-linking, the higher molecular
weight bands are more defined (lanes 2, 6, 11 and 13) with the approximate size of
trimers and tetramers (~160kDa and ~212kDa respectively). This data suggests that A6
Ply can form multimeric structures in solution and may not bind to the membrane as a

monomer.
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Chapter 3 In vitro characterisation of Ply mutants

3.8.2.2. Investigation of pore formation using Transmission Electron

Microscopy

Pores were readily visualised by Transmission Electron Microscopy of negatively stained
erythrocyte membranes treated with WT Ply (Figure 3.8.6.a) and PdB (Figure 3.8.6.b) but
not on membranes treated with AA146 Ply (Figure 3.8.6.c). Instead, arcs and rod-like
structures were observed on AA146 Ply treated membranes that were not present on

untreated membranes (Fig. 3.8.6.d).

Figure 3.8.6. Transmission Electron Microscopy of erythrocyte

membrane treated with Ply and derivatives

Electron micrograph of negatively stained horse erythrocyte membranes treated with (a) 0.2mg/m!
WT Ply; (b) 0.2mg/ml PdB; (c) 0.2mg/ml AA146 Ply; (d) PBS. Black horizontal scale bar
represents 200nm, magnification x 25000. White arrows highlight arc structures, the black arrows

point to pores (>) or rod structures (P ).
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Discussion

The combination of HIC and AEC resulted in highly purified Ply with reduced levels of
contaminating LPS. For this work and all (uture research in our laboratory this double
purification method has been adopted and in the case of His-tagged proteins the AEC step

15 included after metal chelate chromatography.

The Ply mutants (A5 to A8) were recognised by mAb Ply4 (Figure 3.5). Recently, pre-
treatment with mAb Ply 4 has been shown to passively protect mice from otherwise lethal
doses of W1 Ply (reatment and S. prewmoniae infection {Garcia-Suarcz ¢t al. 2004). This
may be a result of mAb Ply4 blocking Ply’s ability to oligometrise in vivo, a property that
has already been demonstrated i» vitro (de los Toyos et al. 1996). It is imporiant to note
that mAb Ply4’s recognition of these mutants shows that an cssential epitope has been
retained. This epitope has previously been shown to be highly antigenic by epitope
scanning and is recognised by both human convalescent sera and rabbit hyper-immune sera

(Sato et al. 1993).

In vitro characterisation of the double amino acid deletion AA146R147 (A6 Ply) and the
single amino acid deletion AA146 Ply revealed that they were not cytotoxic to erythrocytes
or nucleated cells unlike native Ply or the PAB mutant. FErythrocytes were shown to be
protected from W'T' Ply lysis by pre-incubation with A6 Ply (Figure 3.8.4.b) and this has
been previously shown with pre-incubation of membranes with domain 4 of Ply (Baba et
al. 2001). Such protection of cells is likely to be a result of the saturation of the membrane
binding sites by the non-lytic mutant thercby preventing the native toxin from binding to

and damaging the host cell membrane.
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The ability of the mutants to activate the complement cascade was assessed using an
ELISA that measures preduction of C3a by C3 cleavage (data not shown). Although A6
Ply and AA146 Ply activated complement to approximately the same lcvels as WT Ply,

there was a lot of variation in the assay and time did not permit optimisation.

Mast cells arc prominent beneath the cpithelial layer of skin and mucosal linings and are
some of the first cells to encounter and attack antigens (Abraham et al. 1997) making a
mast cell based assay relevant to pneumococcal infection. The involvement of mast cells
during pneumococcal colonisation or disease is not well documented. A recent study has
shown that S, preumoniae stimulates degranulation of RBL-2H3 mast cells without the
release of prestored cytokines (Barbuti et al. 2006). However, in this paper the
pneumococci are added to culture media containing pem’ciilin, which would lysc the
bacteria and result in the release of a range of inllammatory mediators including Ply. This
would indeed represent the clinical situation where a patient with IPD was treated with a B-
lactam antibiotic but does not prove that the pneumococcus stimulates mast cell
degranulation in the absence of antibiotics. SLO, the CDC produced by S. pyogenes, has
also been shawn to cause degranulation of mast cells (Stassen et al. 2003), but this is the
first report that purified WT Ply does this. It may be that only when Ply is released by S.
prneumoniae, from the action of LytA or B-lactams, are mast cells degranulated in vivo.
‘The AA146 Ply mutant did not cause mast cell degranulation, indicating that it is the

hacmolytic activity of Ply that is responsible for mast cell degranulation.

The mast cell assay was not as sensitive as the cytotoxicity assay using fibroblasts, which
was ablc to detect cytotoxicity of WT Ply at 2ng WT Ply/10* 1.929 (ibroblasts comparcd
with a minimum cytotoxic level of 250ng WT Ply/10* RBL-2H3 mast cells. Different cell
types have previously been shown to vary in their sensitivity to Ply, with human U937

monocytes more resistant to the lytic action of Ply compared with human hing epithelial
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cell lines A549 and L1132 (Hirst et al. 2002). Differentiated cell lines have also been
shown to become either more or less sensitive to freatment with toxins Ply and §1.0O
(Tanigawa et al. 1996; [lirst et al. 2002). Such differences in sensilivily to toxin treatment
have been attributed to differences in the structure and dynamics of the cell membrane. In
the work presented here we can not make such conclusions as the different cell types were
investigated in different assays with one measuring viability of cells in response to Ply and

the other a biochemical measure of sensitivity to Ply.

We have shown that although A6 Ply binds to erythrocyte membranes (Figure 3.8.1 and
3.8.3) and forms muliimeric structures (Figure 3.8.5), it does not disrupt cell membranes
{as shown by the haemolytic assay in Figure 3.6 and the viability assays in Figures 3.7.1
and 3.7.2). According to the Ply structural model based on perfringolysin O (PFO)
(Rossjohn et al. 1997), the CDC produced by Clostridium perfringens, the A6 Ply mutation
is at the domain 1 and 3 interface (TFigure 3.1). This region is packed in an awkward
manner, possibly to provide energy for the movement of domain 3 during membrane
insertion {Tweten et al. 2001). Domain 3 of PFO has two transmembrane [3-hairpins
(TMH] and TMH2) that unfold upon oligomerisation to allow insertion of the oligomer
into the lipid bilayer (Shepard et al. 1998). A Y181A substitution in PO prevents
insertion into the membrane and arrests the oligomer in a ‘prepore’ state on the membrane
surface (Iotze et al. 2002). This mutation is immediately upstream of TMH]1 and is in the
same conserved region as AG in Ply. If A6 Ply behaved in the same manner, we would
expect to detect prepore structures on the membrane surface. Although AA146 Ply appears

to self-associate to some extent, oligomeric rings (prepores) have not been observed.

Instcad, ares (also cvident in the WT Ply trcated sample and discussed in section 1.12) and
long chains were observed by electron microscopy of AA146 Ply treated erythrocytes
(Figure 3.8.6.¢). As arcs are formed on membranes treated with AA146 Ply (Figure

3.8.6.¢c), the ‘oligomerisation preceding pore formation’ theory fits this observation, as
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AA146 Ply does not lyse cells. However, the arcs observed in W'l Ply treated membranes
appcar to be inserted into the membrane (Figure 3.8.6.a). Arcs also appear to tnsert in a
recent study with PFO but this is not addressed by the anthor (Dang et al. 2005b). The
long chains formed by AA146 Ply treatment of etrythrocytes have not been described
before. Helical structures have been shown to form with high concentrations of Ply, both
in solution and on membranes (Gilbert ¢t al. 1998; Gilbert ¢t al. 1999b), however the
diameter of these structures is similar to the 30nm ring structures and not <IOnm as
observed by electron microscopy (Figure 3.8.6.c). A possible explanation for these long
chains is that the self-recognition site has been altered on the AA146 Ply monomers, not so
much that association is inhibited but enough to prevent the regulation that must occur in
native Ply to give the uniform oligomer ring shape and size of ~50 monomers (Morgan et
al. 1995). Figurc 3.9 shows possible A6 Ply monoemer interactions to give the long chains
based on previously published dimensions of the monomer and pore (Andrew et al. 1997).
This could be further investigated using streptavidin labelling and EM (Dang et al. 2005a)

to investigate the orientation of domains.

Reccently, specilic sites on domain 3 of PFO have been identified as being involved in
monomer-monomer interaction (Ramachandcan et al. 2004), TMHI1 and TMH?2 are linked
together by 5 B-strands, B; to Bs. In the monomeric PFO form, B; is exposed whereas Py is
shielded from protein interaction by Bs. When (he PFO monomer binds to the cell
membrane, a conformational change occurs that exposes (4 to allow association with the B,
strand of another PFO monomer. The residue on B, that is proposed o rceognisc Py is
T179, immediately downstream of A177 and R178, the residues homologous to those
deleted in A6 Ply (A146 R147). Deletion of A177 R178 in PFO and A204 R205 in ILY
(constructed by Mr. Graeme J. M, Cowan) gives the same non-iytic phenotype as A6 Ply.
This region is highly conserved throughout the CDCs (Table 3.4). By combining the

experimental evidence with AA146 Ply and detailed analysis of PFO, deleting the residues
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within the VPARMOQYE region probably modifies a self-recognition site of domain 3 on
the (3, strand that abolishes the ability of the toxin to form cligomeric rings and insert into

the host cell membranc.

Table 3.4. Homology of A6 region in some of the sequenced CDCs

Cholesterol Dependent Cytolysin - Conscnsus sequence to Ply

Pneumolysin VPARMQYE
Perfringolysin O LPARTQYSE
Septicolysin LPARTQYSE
Streptolysin O LPARTQYTE
Intermedilysin VPARMQYE
Alveolysin IL.PARLQYAE
Anthrolysin LPARTQYTE
Cereolysin LPARTQYTE
Novylisin LPARTQYSE
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Figure 3.9. Possible interaction of AA146 Ply molecules on erythrocyte membranes
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The dimensions of the Ply monomer (a) and WT Ply pores (b) have been previously calculated

(Andrew et al. 1997). From the electron microscopy images (Figure 3.8.6), the width of the AA146
Ply rods are about 10-12nm and this ties in with the height of WT Ply pores, so it is possible that
AA146 Ply multimerises in the manner shown in (c), possibly due to hydrophobic interactions of
domain 3 with the membrane. AA146 Ply does bind to membranes, presumably via domain 4, this
could also occur in the manner shown in (d) where domain 4 still binds to the membrane in a
perpendicular manner and self association occurs between the hydrophobic domain 3 to give rods
with a width of ~13nm. Or there may be a random association of hydrophobic regions of Ply

binding to monomers already bound to cholesterol on the membrane (e).
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4: In vivo responses to i.n. treatment with non-toxic

puneumolysin

Summary

A6 Ply and AA146 Ply were demonstrated to be non-toxic to erythrocytes and nucleated
cell lines in chapter 3. If cither of these Ply toxoids arce to be considered for inclusion in
the next generation of pneumococcal vaccines then they must be demonstrated to be
non-toxic in vivo. Both outbred and inbred mice were treated intranasally (in.) with
mutant Ply and the host responses were compared with mice given WT Ply. La.
administration of Ply is more sensitive than other routes of administration and it also is
a more realistic way in which a host with pneumonia may be exposed to Ply. Gross
symptoms, inflammatory cytokine responses, core body temperature and lung integrity
in response to Ply treatment were assessed to investigate whether the non-pore forming

Ply caused any detrimental effects to the host.

4.1. Gross symptoms following Ply treatment

BALB/c mice treated i.n. with 1pg AA146 Ply recovered from anacsthesia quicker than
mice receiving any dose of WT Ply from 0O.1ug to lpg. In the initial hours post
treatment the behaviour of AA146 Ply treated mice was similar to that of the saline
control group but WT' Ply treated mice exhibited piloerection, laboured breathing and a
hunched stance over a 6h period, recovering within 24h. When a dose of 1lug WT Ply
was administered i.n. to five MI‘1 mice, three reached a moribund state within 6h
whereas i.n, administration of 10ug of AG Ply had no adverse effects on MI'1 mice;
higher doses were not investigated.
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4.2. Inflammatory responses of MF1 mice to in.

administration of Ply

Anaesthetised female MF1 mice were administered in. with lpg of either WT Ply or
AA146 Ply in 50l of sterile saline. Less than 50% of the WT Ply treated group
survived this treatment (2/5), therefore the dose of WT Ply was reduced to 0.25ug
(n=6). 24h post treatment, the lungs were washed with saline to give bronchoalveolar
lavage fluid (BALF) and the lungs were removed and homogenised 1o give lung tissue.
Both BALF and lung tissue were assessed for the presence of the inflammatory

cytokines IL~6, TNF-o and TFN-y by ELTSA.

4.2.1. Cytokines in BALF and lung tissue of MF1 mice, 24h
post Ply treatment

IL-6 levels were measured in the lung tissue and BALF of MF1 mice as a marker of Ply
induced inflammation to the host, 24h post-ireatment. IL-6 levels in the lung (and
survival) in response to lower WT Ply doses of 0.1ug and 0.25pg were investigated
(Table 4.1). All mice survived treatment with both 0.1pg and 0.25ug WT Ply. A dose
of 0.25pg WT Ply was then administered to a larger group size (n=6) and JL-6 levels in
the lungs at 24h post treatment were compared with iungs from mice treated with g

AA146 Ply, Figure 4.1,
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Table 4.1. Average 1L-6 levels in lung 24h post i.n. treatment
with WT Ply

WT Ply dose  Average IL-6 in lung tissue Average IL-6 in BALF

(sample size) (pg/ml) (pg/ml)
0.1pg (3) 132 244
0.25png (3) 174 308
1.0pg (2) 295 4278

An increase in IL-6 was observed in the lung tissue of MF1 mice (reated with 0.25ug
WT Ply (P<0.05) compared with the saline control however, there were no significant
levels of IL-6 in the fung tissue of AA146 Ply treatcd mice compared with the saline
control group (Figure 4.1.a). A 10-fold increasc in IL-6 was found in the BALF of the
WT Ply treated group (Figure 4.1.b} compared with AA146 Ply (P<0.01) and salinc
treatment (P<0.01}, The median [1.-6 level in the BALF from the WT Ply weated group
was 272 pg/ml (range of 90 651 pg/ml) whereas the median background 1L-6 lcvel in
saline treated mice was 33 pg/ml with no significant incrcase in mice treated with 1pg
AA146 Ply (44 pg/ml). TNFa and IFNy levels in the lung tissue and BALF samples

were also investigated, however, the levels were low in all treatment groups at 24h.
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Figure 4.1. IL-6 levels in the lungs of MF1 mice 24h post i.n. treatment with 0.25ug
WT Ply or 1ug AA146 Ply
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Median (+ MAD) IL-6 levels in lung tissue (a) and BALF (b) at 24h post treatment with either
0.25ug WT Ply (black bar), 1ug AA146 Ply (spotted bar) or saline (striped bar). *P<0.05 when
compared with the saline control, **P<0.01 when compared with AA146 Ply, "P<0.01 when

compared with the saline control; n=6.

4.3. Assessment of lung integrity following i.n. Ply

administration to MF1 mice

When the lung/airway interface is damaged, host serum proteins (i.e. albumin) flow into
the airways. MF1 mice treated i.n. with 0.25ug WT Ply were found to have 10 times
the level of total protein in their BALF, 1mg/ml total protein, compared with MF1 mice
treated with 4 times as much AA146 Ply, 0.1mg/ml total protein (P<0.01, n = 6). Total
protein levels in BALF from AA146 Ply treated mice were similar to healthy lavage

samples, Figure 4.2.
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Figure 4.2. Total protein levels in BALF from MF1 mice at
24h post i.n. treatment with 0.25ug WT Ply or 1ug AA146 Ply
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Significantly greater levels of protein were found in the airways of mice treated with 0.25ug
WT Ply (black bar) in comparison with mice treated with 1pug AA146 Ply (**P < 0.01, spotted

bar) and the saline treated group ("P <0.01, striped bar). Values are expressed as the median +

MAD, n = 6.

4.4. Analysis of core body temperature in response to Ply

treatment

The behaviour of mice following WT Ply treatment has been described earlier in this
chapter and is characterised with a hunched stance and piloerection, with the animal
feeling cold to the touch. This was thought to be evidence of a hypothermic response to
the toxin. BALB/c mice were used for further investigation with Ply treatment as this
allowed the core body temperature (Tc) in response to Ply to be correlated with the
previously published observation of Tc in response to S. pneumoniae infection (Kerr et

al. 2002). BALB/c mice can also tolerate higher doses of WT Ply compared with MF1
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mice ag demoustrated in section 4.1, this allowed direct comparison between La.
treatmen( with 1pg of WT Ply and lug of non-haemolylic mutant protein. Female
BALB/c mice were implanted with telemetry chips that record the Tc¢ of mice via radio
waves [fom the chip to a transmitter box upon which an individually caged animal is
placed. Mice were monitored for two weeks following chip implantation and then 24h
prior to toxin treatment were placed in individual cages to record their Te. Data was
acquired electronically, at choscn intervals. Immediately after i.n. treatment with either
lug WT Ply (n=22), 1ug AA146 Ply (n=22) or NaCl (n=5), the mice were placed on the
transmitters for 24h of data acquisition (Figure 4.3). At 2h, 6h and 24h, five mice (six
for the 24h group) from the WT Ply and AA146 Ply treatment groups were sacrificed
and sampled for analysis of inflammatory mediators in the fung, brain, BALF and
serum. Total protein levels were measured in the BALF of WT Ply and AA146 Ply

treated groups at each time point.

4.4.1. Treatment of BALB/¢c mice with AA146 Ply does not
result in a hypothermic response in comparison with WT Ply

treatment

BALB/c mice treated with 1pg AA146 Ply did not exhibil the hypothermic response
observed in mice treated with 1pg W1 Ply (Figure 4.3). The Tc of all treatcd groups
dropped initially by approximately 1°C for the AA146 Ply and NaCl treated groups
whereas the Tc of the WT Ply treated group significantly dropped by 2°C (P<0.01).
Following this initial drop in Tc, the AA146 Ply and NaCl treated groups recovered to
their pre-treatment Tc whereas the median Tc of the WT Ply treated mice continued to
decrease to 27°C within 6h post treatment. From treatment to the 24h endpoint, the Te

of the WT Ply trcated group was statistically significantly lower than the AA146 Ply
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and NaCl treated groups. After 6h, the Tc of WT Ply treated mice increased to 35°C,

however, the pre-treatment median Tc of 37°C was not obtained within 24h.

Figure 4.3. Core body temperature of BALB/c mice in

response to Ply treatment

Median core body temperature (°C)
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Median (+ MAD) core body temperatures (Tc) of BALB/c mice over 24h following i.n.
administration of either 1ug WT Ply, 1ug AA146 Ply (n=22 at Oh, 17 at 2h, 12 at 6h and 6 at
24h), or NaCl (n=5). The dashed vertical line represents the time of treatment. From 1h to 23h,
* P<0.0land at 24h "P<0.05, where the Tc of the WT Ply treated group is significantly lower

than the NaCl and AA146 Ply groups.
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4.5. Analysis of inflammatory mediator production in

response to Ply treatment

In attempt to identify mediators involved in the hypothermic response induced by WT
Ply or any responses 10 AA146 Ply treatment, the Luminex system was adoptcd to allow
simultaneous measurement of multiple cytokines and chemokines in each sample at
each time point. BALF, serum, lungs and brains were recovered at 2Zh, 6h and 24h post
Ply treatment from telemetry chip implanted BALB/c mice. The samples werc
processed and analysed for the following analytes: IL-18, I1.-5, IL-6, IL-10, IL-12, IFN-

¥, TNF-o., GM-CSF and KC.

4.5.1. IL-6 and KC levels were significantly increased in the
Iungs of WT Ply treated BALB/c mice compared with AA146
Ply treatment

IL-6 and KC levels were significantly higher in lung tissue from WT Ply treated mice
compared with AA146 Ply ircatment at all time points (Figure 4.4). By 24h the WT
lung tissue had 8-fold more KC and 5-fold more IL-6 than lung tissue from the AA146
Ply treated group. IL-6 levels in the lung tissue from WT Ply treated mice increased
over time from 63pg/ml at 2h to 120pg/ml at 24h (Figure 4.4.2). KC levels in lung
tissue from the WT Ply treated group increased over 24h from 159peg/ml at 2h to
507pg/ml at 24h, with a significant increase from 2h to 6h (T'P<0.01, Figure 4.4.1).
There were no significant increases in any of the other cytokines measured in the lung

tissue of WT Ply treated mice compared with AA146 Ply treatment.
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In the BALT, IL-G levels were significantly higher in the WT Ply treated group at all
time points (P<(.01) compared with the AA146 Ply treated group (Figure 4.5). The
level of [L-6 in WT Ply BALF increased over time from a mean of 63pg/ml at Zh to
590pg/ml by 24h post treatment, [L-6 levels were higher in the BALT than the lung
tissue whereas KC levels were higher in the lung tissue. The levels of KC were
significantly greater in the BALF of W1 Ply treated mice at 24h compared with AA146
Ply treatment (P<0,05). I1.-5 levels were also significantly increased by 5-fold in the
BALF of WT Ply treated mice al 24h (52 pg/mi; P<0.05) when compared with AA146
Ply treatment (10 pg/ml), however the IL-5 levels were still low in comparison with IL~

6 and KC levels.

Low levels of IL-10 and [L-12 were present in the lung tissue (Figure 4.4) and BALF
(Figure 4.5) of both groups at 2h and 6h post treatment. IL-10 and IL-12 were not
present in the lung tissue or BALF 24h post treatment. There were no significant
differences in analyte levels in serum and brain tissue from WT Ply trcated micc
compared with AAI146 Ply treated mice. However, IL-10 and IL-12 Jevels were high in
the serum of both treatment groups at 2h and Gh but not at 24h (Figure 4.6.a and 4.6.¢).
These cytokines were also present at low levels in the brain tissue of both treatment
groups at 2h and 6h (Figure 4.6.b and 4.6.d). KC was also present in the serum of both
treatment groups at 24h (Figure 4.6.a and 4.6.¢), but not in the brain tissue. KC levels
in the lung tissue (Figure 4.4b) and BALF (Figwre 4.5b) of AA146 Ply treated mice
were below 50pg/m! at all time points. TNFa, IFNy and IL-1 were not found af any

time point in any of the samples.
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Figure 4.4. Analyte levels in lung tissue at 2h, 6h and 24h post Ply

treatment
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Mean (+ SEM) levels of IL-1p, IL-5, IL-6, IL-10, IL-12, GM-CSF, IFN-y, TNF-a and KC in

the lung tissue of BALB/c mice at 2h, 6h and 24h post i.n. treatment with either 1ug WT Ply (a)

or 1pg AA146 Ply (b). 'P <0.05, **P<0.01 when compared with the AA146 Ply treated group;

"P<0.01 when compared with 2h WT Ply KC level (asterisk colour corresponds with analyte):

n=5/6. Statistical analysis was with the median.
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Figure 4.5. Analyte levels in BALF at 2h, 6h and 24h post Ply

treatment
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Mean (+ SEM) levels of IL-1p, IL-5, IL-6, IL-10, IL-12, GM-CSF, IFN-y, TNF-a and KC in the
BALF of BALB/c mice at 2h, 6h and 24h post i.n. treatment with either 1ug WT Ply (a) or 1ug
AA146 Ply (b). P <0.05, **P<0.01 when compared with the AA146 Ply treated group (asterisk

colour corresponds with analyte, except IL-5 where asterisk is black rather than yellow); n=5/6.
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Figure 4.6. Analyte levels in serum and brain tissue at 2h, 6h and 24h post Ply

treatment
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Mean (+ SEM) levels of IL-1B, IL-5, IL-6, IL-10, IL-12, GM-CSF, IFN-y, TNF-o. and KC in the

serum and brain tissue of BALB/c mice at 2h, 6h and 24h post i.n. treatment with either 1pg WT

Ply (a, serum; b, brain tissue) or 1ug AA146 Ply (c, serum; d, brain tissue); n=5/6.
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4.6. Total protein in BALF of BALB/c mice at 2h, 6h and 24h
post Ply treatment

The total protein levels in BALF were significantly higher in the 1pg WT Ply i.n. treated
group compared with 1pug AA146 Ply at all time points (**P<0.01, Figure 4.7). Total
protein levels in the BALF of AA146 Ply treated mice were comparable to background
protein levels in healthy lavage samples. Within 2h post WT Ply treatment the total
protein in the lung airways significantly increased to levels 25-fold greater than the AA146
Ply group. This level was maintained over 24h. The damage to lung integrity by WT Ply
corresponds with the IL-6 and KC profile in the lung tissue and BALF, as at 2h, 6h and
24h total protein levels, IL-6 and KC are significantly higher than the AA146 Ply treated

group.

Figure 4.7. Total protein levels in BALF at 2h, 6h and 24h post i.n. Ply treatment
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Total protein levels in BALF at 2h, 6h and 24h post treatment with either 1ug WT Ply (black bars)
or 1ug AA146 Ply (red bars). Values are expressed as the median + MAD (n=5/6, **P<0.01 when

compared with AA146 Ply group).
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Discussion

Treatment of inbred and outbred strains of mice with AA146 Ply does not induce the
inflammatory effects that are associated with WT Ply treatment. Mice treated with WT Ply
had severely damaged lungs in comparison with lungs retrieved from mice treated with
AA146 Ply. The large amount of total protein observed in the airways of WT Ply treated
mice is a result of Ply’s disruption of tight junctions at the capillary/airway barrier (Rubins
et al. 1995) aliowing an influx of host serum proteins to flood the lung airways. This
vascular leakage has recently been shown to be entirely due fo the cytolytic action of Ply
and is independent of recruited leukocytes (Maus et al, 2004), though cytokines produced

in response to Ply may intensify lung damage.

Although the nine analytes investigated were not an exhaustive list, they were chosen as
the analytes with known or implicated roles in inflammation or hypothermia (ITouldsworth
et al. 1994; Bergeron et al. 1998; Leon et al. 1998; Ebong et al. 1999; Fillion ct al. 2001;
Baba et al. 2002; Rijneveld et al. 2002a; Rijneveld et al. 2002b; Search 2002; Borish et al,
2003; Strieter et al. 2003; Leon 2004, Jones ct al. 2005). When BALB/c mice were treated
tn. with WT Ply there was a localised inflammatory response within 24h following
treatment, characterised by significant increases in IL-6 and KC levels in lung tissue and
BALF. This response was not observed in samples from mice treated with AA146 Ply.
Localised production of IL-6 and KC in response to W1 Ply and pneumococcal infection
has previously been reported and is likely to be from alveolar macrophages and recruited
neutrophils (Fillion et al. 2001; Rijneveld et al. 2002b; Jones et al. 2005). WT Ply treated
nice had higher KC levels in their lung tissue compared with the BALF, which only had
significant levels of KC at 24h, This is possibly due Lo the high numbers of neutrophils
reeruifed info the lung tissue. KC levels may increase in the BALL following vascular

leakage and/or neutrophil recruitment caused by WT Ply.
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K and C5a are the main neutrophil recruiters, however, mice deficient in the C3a receptor
did not differ from WT mice in neutrophil counts in the lung during pneumococcal
pneumonta (Kerr et al. 2005b). This indicates that KC in mice, or IL-8 from hwman
neutrophils (Cockeran et al. 2002), is respansible for the mass influx of neutrophils into the
lungs during pneumococcal pneumonia. The timing of the increase in KC levels in the
lung following WT pneumolysin treatment mirrors with the profile of neutrophil
recruitment into the lung over 24h post i.n, infection with D39 S. preumoniae (Figure 4.8).
By 6h post WT Ply treatment the KC level has almost reached the level observed at 24h
(Figure 4.8.a} and it is from ©h post infection that the number of neutrophils in the long
tissue substantially increases (Figure 4.8.b). Comparing the data that shows neutrophil
recruitment during pnewmococcal infection is due o Ply (Kadioglu et al. 2000) with the
KC levels in response to WT Ply (Figure 4.4.a) suggests that neutrophil recruitment is
driven by Ply’s induction of KC. It is imnportant to note that this is not a direct comparison
as Ply negative 8. preumoniae is being compared with purified Ply and in different mouse
strains. The induction of KC by purified Ply is, however, due to the cytolytic property of

Ply, as treatment of mice with AA146 Ply did not induce KC production in the lung tissue.

167




Chapter 4 in vivo analysis of non-cytolytic Ply
Figure 4.8. Comparison of lung KC levels following Ply treatment with

neutrophil counts in lung tissue following pnenmococeal pneumonia
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(a) Mean KC level in lnng tissue homogenate {pg/iml) of BALB/c mice over 24h post i.n. treatment
with lpg of purified WT Ply (filled squares) or 1pg of purified AA146 Ply (open circles) (n=5/6),
data plotted from results in Figure 4.4. (b) Total number of neutrophils in the lung tissue of MF1
mice (n=5) post i.n. challenge with 10° CFU of D39 S preumoniae (filled squares) or the ply
knockout strain of D39, PLN-A (open circles), data adapted from Kadioglu et al, 2000 with an

approximation of neutrophil counts (Kadioglu et al. 2000).
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IL-6 levels were greater in the BALF of WT treated mice compared with the lung tissue {in
conirast to KC, which was greater in the Iung tissuc). This is probably due to the alveolar
macrophages residing in the BALF, which instantly release IL-6 and recruit other 1L-6
releasing cells, explaining the continual increase in IL-6 production. The interaction
between KC and IL-6, if any, has not been identificd though both are involved in
preumococcal pneumonia (Albiger et al. 2005) and are produced in response to WT Ply
treatment (Rijneveld et al. 2002b). 1L-6 profiles in CD-1 mice post pnemmococcal
infection were similar in timing to this work but the levels were 10-fold greater in the lung
lissue rather than the BALL (Bergeron et al. 1998), this is the opposite of WT Ply
treatment in BALB/c mice where the IL-6 levels were greater in the BALF (Figure 4.5)
compared with lung tissue (Figure 4.4). This difference is probably due to the timing and
location of Ply release, as Ply treatment and release of Ply during infection may occur in
different locations within the host, thereby involving different cell types and inflammatory
responses and interaction with other components. For cxample, CbpA. can stimulate 1L.-8

production from human alveolar epithelial cells (Murdoch et al. 2002).

IL-6 bas been shown to inhibit ncutrophil recruitment in the lungs by bdlocking the
expression of TNF-o and other inflammatory mediators involved in this process (Mizgerd
2002). Tt may be that induction of IL-0 by Ply limits ncutrophil influx in the alveolar space
thereby assisting pneumococcal growth in the lungs. This can also be taken from the
perspective of the host in that T.-6 production as an anti-inflammatory cytokine may
protcct the host tissue from the damage caused by the mass influx of ncutrophils.
Hypothermia, which involves IL-6 {L.eon et al. 1998), has also been shown to reduce the
pulmonary sequestion of neutrophils to attenuate lung injury (Lim et al. 2003). The
cytolytic activity of Ply may be important in the release of iron from erythrocytes to

promote pneumococcal growth in the host, this is in counterbalance with hosts production
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of IL-6 in response to Ply which has recently been shown to result in hypoferraemia to

inhibit proliferation of pathogens (Nemeth et al. 2004).

IL-5 levels were increased in the BALF of WT Ply treated mice compared with mice
treated with AA146 Ply (Figurc 4.5). IL-5 plays a key role in eosinophil-based
inflammation as it stimulates eosinophil production and prolongs their survival by blocking
their apoptosis (Borish et al. 2003). Intcrestingly increases in albumin levels in the BALF
(as observed with WT Ply treatment, Figure 4.7) have been shown to correlate with an
increase in eosinophils in the BALF (Lampinen et al. 2004), which are the main IL-5
producing cells. In addition to eosinophils, mast cells and NK cells arc known to cxpress
IL-5. Although the IL-5 levels are low in comparison with IL-6 and KC, it is important to

note that low levels of cytokines can have high levels of biological activity.

TNF-ct, IFN-y and IL-1f3 were not found in any of the samples despite previous reseaich
showing that in vitro treatment of cells with Ply induces IFN-y (Braun et al. 1999; Baba et
al. 2002), IL-18 and TNF-o release (Houldsworth et al. 1994). However, the findings in
this work correlate with other studies showing no TNF-o. or IFN-y in the lungs of mice at
6h post WT Ply treatment (Rijneveld et al. 2002b). This highlights that although tissue
culture experiments can indicate inflammatory mediators involved in pathogencsis, host
cytokine responses are complex and involve the interaction of an array of immune cells. In
vivo investigation therefore provides a more realistic indication of the cytokines induced

following Ply treatment.

Dircet i.n. instillation of salinc to mice did not clevate eytokine levels in the hung (Section
4.2) compared with W'l' Ply. Therefore, due to home office regulations that do not permit
repetition of such experiments, a saline group was not assessed for cytokine analysis in the

telemetry experiment. Instead, this experiment was a direct comparison to investigate
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whether i.n. treatment of mice with AA146 ['ly elicited the same inflammatory response as
WT Ply, which it cleatly does not. All inflammatory mediators implicated in Ply’s role in

infection were not produced in mice treated with the non-cytolytic form of Ply.

The initial drop in core body temperature (Tc) observed in all groups (Figure 4.3) has been
reported to be an effect of anaesthesia due to the high ratio of surface area to body weight,
which makes mice particularly susceptible to hypothermia (Flecknell 1996; Leon et al.
1998). Hypothermic responses to bacteria and endotoxins have previously been suggested
to be beneficial to the host (Kerr ¢t al. 2002; Lim ¢t al. 2003; Leon 2004). BALB/c mice
have a profound early hypothermic response to S. pneumoniae infection but are able to
clear the infection, whereas CBA/Ca mice do not have the early hypothermic response and
subsequently succumb (o pneumococeal infection (Kerr et al. 2002).  'The dramatic drop
in Tc in response to WT Ply alone has not been reported before, It is possible that the 12-
hour hypothermia observed with pneumococcal infection (Ketr et al. 2002) may occur
when the bacteria have established within the host and are lysing, resulting in the release of
Ply. The immediate hypothermic response observed with purified WT Ply may be duc to
the direct intranasal administration of the toxin but this may also be a result of the mice
being unable to maintain their Tc following treatment with the anaesthetic. Further
experiments recording the Tc of BALB/c mice infected with the Ply negative strain of 5.
preumoniae, PLN-A, would provide information on whether the hypothermic response

found with D39 §. pneumoniae infection is directly due to Ply and IL-6 production.

Although the mechanisms of thermoregulation are not fully understood, cytokines are
known to be involved in regulation/induction of hypothermia (Leon 2004). IL-6 may play
a role in murine hypothermia [ollowing exposwre to Ply and ultimately S. preumonice
infection. IL-6 has been shown to act as pyrogen, inducing an increase in Tc (Gruol et al.

1997; Leon et al. 1998), it may be that the [L-6 increase observed over 24h post Ply
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treatment counteracts the early hypothermic response to restore the Te of the hypothermic
animals. However, IL-6 production is also known to induce hypothermia (Leon et al.
1998) and it may be that IL-6 is a coniributing factor to the induction of hypothermia as
high IL-6 levels in the BALF occur within the 2-6h that hypothermia is observed.
However, the IL-6 level continues to rise in the BALF within 24h post treatment with Ply
(Figure 4.5). Treatment of 1L.-6 -/- mice with WT Ply would permit the investigation into

whether the hypothermic response involves IL-6.

Measurabie levels of IL-10 were present in the samples in particular in the serum at 2h and
6h post treatment. IL-10 is an anti-inflammatory cytokine that switches off the hosts
inflammatory response by modulating TNF-a and 1L-6 production. However, IL-10 was
also found in the serum from mice treated with AA146 Ply and these mice did not have a

hypothermic response or [L-6 production that would need to be controlled by IL-10.

Ultimately, what is important in the context of this work is that treatment of mice with
AA146 Ply did not result in the prolonged hypothermia or inflammatory cytokines induced
by WT Ply treatment, further supporting the safety of this toxoid for use as a vaccine

component.
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5. Vaccination with Ply and derivatives.

Summary

Current pneumococcal vaccines are somewhat Hmited as they only protect against
serotypes for which the capsule polysaccharide (CPS) is a component of the vaccine. It is
thought that the inclusion of a common pneumococcal protein in the next generation of
vaccines may confer protection against disease caused by all serotypes of S. preumoniae.
Healthy humans were recently shown to have higher anti-Ply titres in their saliva and
serum compared with S. preumoniae infected patients, suggesting that anti-Ply antibodies
may protect humans from pneumococcal disease (Huo et al. 2004). Passive immunisation
of mice with purified anti-Ily IgG from humans with nou-bacteraemic pneumococcal
pneumonia was shown io protect mice from challenge with two different pneumococceal
serotypes (Musher et al. 2001). Ply makes a good vaceine candidate as it is produced by
all invasive strains of S. preumoniae (Kanclerski et al. 1987), it is relatively conserved (see
chapter 7) and has been shown to be immunogenic in mice as a free protein (Paton et al.
1983b; Alexander et al. 1994; Ogunniyi et al. 2001) or as a carrier protein to the
polysaccharides in current vaccine preparations (Paton et al. 1991; Lee et al. 1994; Kuo et
al. 1995; Michon et al. 1998; Lee et al. 2001b), conferring increased protection against
pneumococcal disease. All previous studies either use chemically inactivated WT Ply or
genetically produced mutants with residual haemolytic activity. The cytotoxicity of Ply
and the PdB derivative has been demonstrated in chapters 3 and 4. This chapter compares

the immunogenicity of non-toxic AA146 Ply with WT Ply and also investigates the

protection elicited by conjugating A6 Ply to CPS from serotype 4 S. preumoniae.
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Results

5.1. Determining an infectious i.p. dose of S. pneumoniae

In order to ensure that the challenge dose of S. preumoniae lo vaceinated mice would be
lethal for the control groups, infectious doses were determined in unvaccinated mice. This

allowed any increase in protection afforded by vaccination to be determined.

5.1.1. Determining an infectious i.p. dose of TIGR 4 §.

preumoniae

BALB/c mice were given either 10% or 10" CFU TIGR4 S. preumoniae intraperitonealy
(i.p.) in a [00u! dose (n=4). Doscs were checked immediately before and after challenge
to cnsure that the dosc was correct and the pneumococci remained viable. 18h post
infection, blood was taken from the lateral tail vein and assessed for bacteraemia. Both
groups had similar mean bacterial loads, 5.9x10° CFU/ml for the 10* CFU challenged
group and 5.5x10° CEU/ml for the 10* CFU challenged group (Figure 5.1.1). The survival
times of the groups did not differ significantly, in fact, the Iower dose group became
lethargic quicker than (he higher dose, but group sizes were small and it was only one

outlier that increased the survival time of the high dose group (Figure 5.1.2.).
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Figure 5.1.1. Bacteracmia in BALB/c mice at 18h following i.p. infection with either
107 or 10* CFU TIGR4 S. pueumoniae
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Log bacterial load in the blood of BALB/c mice 18h post i.p. infection with either 10> CFU or 10*
CFU TIGR4 S. preumoniae. Horizontal bar represents the mean; each dot represents an individual

animal. Dashed horizontal line represents the detection linit.

Figure 5.1.2. Survival of BALB/c mice following ip. infection with cither 10° or 10t

CFU TIGR4 §. pneumoniae
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The lower dose of 10° CFU TIGR4 S. preumoniae was chosen for challenging the actively
vaccinated mice. For a second vaccination experiment, a serotype for which capsule

polysaccharide was not a vaceine component was required for challenge.

5.1.2. Determining an infectious i.p. dose of D39 S. pneumoniae

(serotype 2)

D39 S. preumoniae, the common serotype 2 laboratory strain, was inifially chosen as a
non-vaceine serotype, however this was not suitable, as the 24h viable counts in the blood

of MF1 mice were so variable compared with a virulent serotype 1 sirain ST615 (Figure

5.1.3).

Figure 5.1.3. 24h bacteraemia in blood from MF1 mice following

challenge with serotype 1 or D39 S. pneumoniac
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Log bacterial load in blood of MF1 mice 24h post i.p. challenge with cither 10° CFU serotype 1 5.
preumoniae or |¢° CFU D39 8. preumoniue (n=4). Horizontal bar represents the mean. Dashed

horizontal line represents the detection limit.
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The reason for the variability of D39 S, preumoniae was unknown. To investigate whether
this variability was due to the standard inoculum, the strain was mouse passaged by
infecting MF1 mice with 10° CFU D39 (n=4) and taking a tcrmninal bleed from the first
animal to succumbd to infection. The blood was spread onto BAB plates supplemented
with 5% horse blood for single colonies and four single colonies were selected for
preparation of inoculum {clones i-4). Each clone was assessed for ability to cause
infection in BALB/c mice. Tven in an inbred strain of mouse, challenged with freshly
mouse-passaged clones, the bacterial loads remained highly variable, with 3 animais for 3
different clones having no detectable bacteraemia and other mice with bacterial loads of

107 CFU/ml and greater, Figure 5.1.4 (n=4).

All of the mice challenged with 10° CFU serotype 1 5. preumoniae had similar levels of
bacteraemia at 24h post infection in comparison with mice infected with the same dose of
D39 S. preumonice (Figure 5.1.3). Serotype 1 was therefore chosen as the non-vaccine
serotype for challenge of vaccinated animals, however the minimum infectious dose was

still to be determined.
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Figure 5.1.4. Bacteraemia in BALB/c mice at 18h post challenge with

mouse virulent clones of D39 S. preumoniae
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Bacterial loads in blood of BAIR/c mice, 18h post i.p. challenge with 10° CFU D39 S. preumoniae
{n = 4). Horizontal bar represents the mean; each dot represents an individual animal. Dashed
horizontal line represents the detection limit. Clones 1-4 are single clones of mouse virnlent D39 S.

preumoniac.

5.1.3. Determining the minimum infcetious dose of serotype 1 8.

preumoniae

The minimum infectious i.p. dose of serotype 1 was determined by administering varying
doses to BALB/c mice (n=4) and taking an 18h sample bleed for viable counts (Figure
5.1.5) and monitoring survival times (Figure 5.1.6). Bacterial loads in the blood at 18h
post challenge were between 10° and 107 CFU/ml for all groups irrespective of the
challenge dose (Figure 5.1.5). There was little variation in survival times within each
group and between groups administered with different doses, except the group given 10
CFU that survived almost 20h longer than the 10* CFU dose (Figure 5.1.6). From these
experiments, a dose of 10> CFU serotype 1 S, preumoniae was chosen for challenge of

vaccinated mice.
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Figure 5.1.5. 18h bacteraemia following infection of BALB/¢c

mice with a dose range of serotype 1 5. preumoniae
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Figure 5.1.6. Survival of BALB/c mice following i.p. challenge

with serotype 1 8. pneumoniae
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5.2. Active vaccination with purified Ply and derivatives

BALB/c mice were subcutaneously administered 20pug of WT Ply or AA146 Ply plus
100pg Alum, 100pg Alum or PBS (n=8). They were boosted three times on days 10, 28
and 44. Sample bleeds were taken before immunisation (day 0) and each boost (days 9,
27, 43) and one month after the last boost (day 76). Anti-Ply IgG antibody levels were
measured in each sample bleed (Figure 5.2.1.). After the first immunisation (day 9), there
were detectable levels of anti-Ply IgG in the groups immunised with WT Ply or AA146
Ply. By day 27 after one boost, anti-Ply IgG titres in sera from groups vaccinated with
AA146 Ply plus Alum and WT Ply plus Alum were high and plateaued after two boosts

(day 43). There were no anti-Ply IgG antibodies found in serum from the control mice that

were vaccinated with Alum only (Figure 5.2.1.) or PBS (data not shown).

Figure 5.2.1. Anti-Ply IgG titre in serum during active vaccination with

Ply

500000~
T Ply

® e y B AA146 Ply
= 2 e C_JAlum
B
- B 5000+
=)
=0
g ® 500+

day0 day9 day27 day43 day76

Sample days
Mean anti-Ply IgG titre at OD450nm 0.3 (= SEM) in BALB/c mice before vaccination (day 0), the
day before each boost (days 9, 27 and 43) and one month after the last boost (day 76). The

detection limit was a titre of 50, n=8.
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The anti-Ply IgG antibodies from day 76 serum of the WT Ply plus Alum and AA146 Ply
plus Alum group were also found to neutralise Ply’s haemolytic activity (3HU/well) to a
neutralising titre of 3200-12800 in comparison with background levels of 800-1600 for the

Alum only group (Figure 5.2.2.).

Figure 5.2.2. Neutralising titre of day 76 serum from active vaccination

with Ply
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Mean neutralising titre (:SEM) of day 76 serum from BALB/c mice following vaccination with
either WT Ply plus Alum, AA146 Ply plus Alum or Alum alone (n=8). The titre is calculated as the

reciprocal of the dilution where the antibodies no longer block the haemolytic action of 60HU/ml

of WT Ply.

Following vaccination, mice were challenged i.p. with 10> CFU TIGR4 . pneumoniae.
18h following challenge, the bacterial loads in the blood of all vaccinated groups were at
10° CFU/ml (range of 10° — 10° CFU/ml), with no significant difference between Ply
vaccinated groups and control groups (Figure 5.2.3). However, mice immunised with WT
Ply plus Alum or AA146 Ply plus Alum survived the infection significantly longer than the

Alum control group, P<0.05 (Figure 5.2.4.) and the PBS only group. There was no
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significant difference between the protection afforded by AA146 Ply compared with WT
Ply. One mouse from the AA146 Ply plus Alum group, which had a blood bacterial load of
2x10° CFU/ml TIGR4 S. pneumoniae at 18h post infection, cleared the infection within 6

days and survived (Figure 5.2.4).

Figure 5.2.3. Bacteraemia at 18h in vaccinated mice following
challenge with 10> CFU TIGR4 S. pneumoniae

E 9

D7

e ™ s e _%
6+ @ i

}: e —t“z— =

o 5 ® LN

)

5 4

i

2 3-

g 2 L ) L} |}

Bacterial load in blood from vaccinated BALB/c mice at 18h post i.p. challenge with 10> CFU
TIGR4 S. pneumoniae. Horizontal bar represents the mean log bacterial load; each dot represents

an individual animal (n=8).
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Figure 5.2.4. Survival of vaccinated mice following challenge with 10?

CFU TIGR4 S. pneumoniae
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Survival (days) of vaccinated BALB/c mice following challenge with 10° CFU TIGR4 S.
pneumoniae (n=8). Each dot represents an individual animal and the horizontal bar is the median
survival time (*P<0.05 when compared with Alum alone group). There is no difference in the

survival times between WT Ply and AA146 Ply protection; both are equally protective.
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5.3. Conjugate vaccination

A6 Ply was covalently conjugated to CPS from serotype 4 S. preumoniae to give A6 Ply-
typed CPS (this was carricd out at Wyeth Vaccines by Dr. Maya Koster). This allowed for
the comparison of A6 Ply with CRM;e; (the conjugate protein in Prevnar} in ability to act
as a carrier protein to improve protection against infection from disease caused by a
vaccine serotype: scrotype 4 TIGR4 S. pneumoniae. The rcason for using a ppeumococcal
protein as the carricr protein is that it may confer additional protection against disease
caused by non-vaccine serotypes. BALB/c mice were vaccinated with A6 Ply-typed CPS
and then challenged with either TIGR4 S. preumoniae or serotype 1 S. preumoniae and
assessed for bucteraemia and survival in comparison with mice vaccinated with free A6 Ply
plus Alum, free type 4 CPS plus Alum and Alum alone. A Prevnar vaccinated group and a
Prevnar plus A6 Ply group were also included to asscss whether adding free Ply to the

existing vaccine could confer protection against infection with a non-vaccine serotype.

5.3.1. Active vaccination with A6Ply-typed4 CPS

BALB/¢ mice were vaccinated subcutaneously with 200ul of either A6 Ply-typed CPS
(containing 1pg CPS and 0.64pg AG Ply) plus 200ug Alum, lpg type 4 CPS plus 200pg
Alum, 0.64ng A6 Ply plus 200pg Alum, Prevnar (containing 0.8ug type 4 CPS and 200pg
Alum), Prevnar plus 0.64ug free A6 Ply, 200pg Alum, or PBS alone (n=10}. All
preparations were standardised to contain comparable amounts of CPS, protein and Alum.
Note that the dose of protein (0.64pg) is low in comparison with the 20ug dose of AA146
Ply administered in the previous vaccination experiment but this was determined by the
dose of CPS. Also the dose of adjuvant was increased from 100ug to 200ug, as this was
the amount of Alum in Prevnar. Blood was taken before vaccination and before each of

the three boosts on day 17, 33 and 52. A {inal bleed was takcn 4 weeks after the last boost
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on day 80 and one week prior to challenge. Anti-Ply IgG levels were measured in the
serum from each bleed (Figure 5.3.1). The anti-Ply IgG titres were high and plateaued in
the groups vaccinated with either free A6 Ply or A6Ply conjugated to type 4 CPS after the
first boost on day 18 (day 33 bleed). These titres are comparable to the anti-Ply I1gG titres
in BALB/c mice vaccinated with 20ug free WT Ply or AA146 Ply, however, when more

free protein was administered there was an earlier anti-Ply IgG response (Figure 5.2.1).

Figure 5.3.1. Anti-Ply IgG titres in serum post vaccination with Ply
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Mean anti-Ply IgG titre at OD450nm 0.3 (+ SEM) in BALB/c mice before vaccination (day 0), the
day before each boost (days 17, 33 and 52) and one month after the last boost (day 80). The

detection limit was a titre of 50, n=10. A6 Ply + typedPS + Alum is the conjugate vaccine.

Each group of 10 vaccinated mice was divided to give 5 to be challenged i.p. with 10’

TIGR4 S. pneumoniae and 5 with 10% serotype 1 S. pneumoniae. Blood samples were
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taken at 18h post infection and assessed for bacteraemia (Figure 5.3.2). Mice vaccinated
with Prevnar, Prevnar plus A6 Ply and A6 Ply conjugated to type 4 CPS were completely
protected from infection with TIGR4 S. preumoniae, Figure 5.3.2.a. Whereas mice given
[ree type 4 CPS plus Alum, free A6 Ply plus Alum or Alum only were bacteraemic within
18h post infection. The mean bacterial loads in blood from the A6 Ply plus Alum and type
4 CPS plus Alum vaccinated animals were fower (1.2x10° and 1.6x10° CFU/ml
respectively) than the Alum only control group (2.8x10° CFU/ml); however this difference

was not statistically significant.

All mice challenged with serotype 1 S. preumoniage were bacleraemic within 18h post
infection (Figure 5.3.2.b) with no significant differences in bacterial loads between groups.
Three mice in separate groups did not survive through the vaccination protocol and died of
natural causes, this resulted in a group size of 4 for three of the groups challenged with

serotype 1.5, puneumoniae,
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Figure 5.3.2. Bacteraemia in conjugate vaccinated animals at 18h post challenge with

TIGR4 (a) or serotype 1 (b) S. pneumoniae

(a)

(b)

TIGR 4 18h bacterial load in blood

7-

Log bacterial load (CFU/ml)

serotype 1 18h bacterial load in blood

8-
7-
6+

54
4-

Log bacterial load (CFU/mlI)

Mean log bacterial loads (+ SEM) in blood of BALB/c mice 18h post i.p. challenge with 10° CFU

of either (a) TIGR4 S. pneumoniae or (b) serotype 1 S. pneumoniae (n=4/5). A6 Ply + typedPS +

Alum is the conjugate vaccine.
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Survival following infection was monitored and mice were culled when they became
lethargic. Mice were considered to have completely survived infection if they survived >7
days. The groups vaccinated with Prevnar, Prevnar plus A6 Ply and A6 Ply conjugated to
type 4 CPS swrvived infection with TIGR4 S. preumoniae (Figure 5.3.3.a). There was no
significant difference in survival of mice given free type 4 CPS plus Alum or A6 Ply plus

Alumn compared with the Alum only control group and all mice succumbed to infection

within 54h.

When mice were challenged with serotype 1 S. preumoniae no groups were completely
protected from infection, apart from one mouse in the type 4 CPS only group. This mouse
did not have bacteraemia at 18h and may have not received the whole challenge dose; it
was therefore not included in statistical analysis. Groups immunised with fice A6 Ply
(Prevnar plus A6 Ply group and the A6 Ply plus Alum group) survived infection

significantly ionger than the Alum only group (P<0.05), Figure 5.3.3.b.
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Figure 5.3.3. Survival of conjugate vaccinated mice following

i.p. challenge with either TIGR4 or serotype 1 S. pneumoniae.
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Survival (days) of vaccinated BALB/c mice following challenge i.p. with 10’ CFU (a) TIGR4 S.
pneumoniae (b) serotype 1 S. pneumoniae. Each dot represents an individual animal and the
horizontal bar is the median survival time. Mice that were alive at 7 days post challenge were

considered to have survived infection. **P<0.01, *P<0.05 when compared with Alum alone group;

n=4/5.
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Discussion

The reason for variation in the ability of S. ppeumoniae D39 (o cause invasive discase was
not determined. Even when a single colony of mouse virulent D39 was used as the
standard inoculum for i.p. chalienge of inbred mice, there was still variation in bacterial
loads from mice with no detectable bacteraemia Lo mice with 8x10° CFU/m] (Figure 5.1.4).
The variation was not due to the strain of mouse as both MF1 and BALB/c mice were
assessed (Figures 5.1.3 and 5.1.4 respectively). Variation has previously been obscrved
when D39 is used for challenge experiments (Ogunniyi et al. 2001; Blue 2002), The
genome of D39 is almost complete and it has been found to possess hypcrvariable regions
that are different in clones from the same strain (T. J. Mitchell, personal communication,
2000). This variable region may be related to the variation observed in virulence and
requires further investigation. T'or the purposes of this study we decided not 1o use P39 as

it was too variable. We therefore selected a serotype I strain for challenge experiments.

A similar immunogenic response to AA146 Ply, A6 Ply and WT Ply demonstrates that
antibodics are still produced against these mutants. The ability of the raised antibodies to
block the lytic action of Ply indicates that they are fully functional and recognise an active
region of the 1oxin, Mice vaceinated with AA146 Ply plus Alum or WT Ply plus Alum
were protected from infection with TIGR4 S. prewmoniae significantly longer than animals
that were given Alum alone (Figure 5.2.4). One mouse from the AA146 Ply plus Alum
group, had a blood bacterial load of 2x10° CFU/ml TIGR4 S. preumoniae at 18h post
infection but cleared the infection within 6 days. Ii may be that the anti-Ply antibodies can
inhibit infection to allow anti-capsule opsonising antibodics to develop and clear the
infection. To assess this, anti-type 4 CPS IgM could be measured in serum from the mouse
that cleared the infection. Highly neutralising anti-Ply antibodies are important in

‘mopping up’® Ply relcase by S. preumoniae, thereby preventing inflammation and
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subsequent tissue invasion. Such antibodies have recently been shown to protect ciliated
ependymal cclls from the toxic effects of Ply release following penicillin lysis of

pneumococei (Hirst et al, 2004b).

Having shown that AAI46 Ply protects against bacteraemia, the next step is 1o investigate
protection against pneumonia by challenging vaccinated mice intranasally rather than by
the intraperitoneal route. As ultimately a vaccine that protects against pneumonia would
add to the existing vaccines where such protection is disputable in adults and low in
children (Black et al. 2002; Parijs et al. 2004). Prior to investigation into the variability of
bacteraemia using D39 as the challenge strain, vaccinated MF1 mice were challenged
infranasally with D39. Mice immunised with A6 Ply plus Alum survived infection
considerably longer than the Alum group (5.9 and 3.8 days respectively, n=10, data not
shown), however this was not statistically significant and was probably due to the
variability with D39 infection. This experiment should be repeated using TIGR4 for the
challenge. Different routes of immunisation should also be investigated, e.g. mucosal
immunisation to investigate whether the non-toxic Ply mutants confcf mucosal protcction

that may protect against carriage or the transition from carriage to pneumonia.

In the conjugate vaccination, mice immunised with 30 times less free protein were only
slightly protected from TIGR4 infection though this was not significant when compared
with the Alum only group. The reason for this may be the lower dose of Ply administered
in the second vaccination, however, this is unlikely as the anti-Ply IgG titres were similar
in both groups (Figures 5.2.1 and 5.3.1) irrespective of the dose of Ply administered. What
is more likely is that the increase in the amount of Alum in the conjugate vaccination
experiment [rom 100pg/dose to 200ug/dose, possibly resulted in Alum conlerring some
non-specific protection as the median survival time following i.p. challenge with 10 CFU

TIGR4 increased from 40.5h with 100pg Alam (Figure 5.2.4) to 42.9h with 200ug Alum
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(Figure 5.3.3a). For this data, the increase in survival time for the Alum groups from 40.5h
to 42.9 was not significant. Larger group sizes are required to thoroughly investigate
whether increasing the dosc of Alum significantly increases survival times of mice.
However, bacterial loads were significantly reduced in the A6 Ply group when compared
with the PBS alone group (P<0.05, data not shown) though not with the Alum group
following TIGR4 challenge (Figure 5.3.2a). Also following serotype 1 challenge, there
were signiticantly lower counts in the Alum group compared with. the PBS group (<0.05)
further supporting the evidence that the high dose of Alum provides a slight increase in
protection that may mask any subtle increases in protection afforded by Ply or CPS. The
choice of adjuvant is important as demonstrated by the fact that a combination of MPL
(monophosphoryl lipid A) and Alum increased the immunogenicity of PdB compared with

the use of Alum alone (Ogunniyi el al. 2001).

Mice vaccinated with Prevnar, Prevnar plus A6 Ply and A6 Ply-type 4 CPS were
completely protected from infection with TIGR4 S. preumoniae (Kigure 5.3.3.a). This
suggests that A6 Ply is as effeetive a carrier protein as CRM,o7 in preventing inflection from
a vaccine serotype, though comparison with CRMjy in a titration experiment is required to
prove this. The use of Ply as a carrier protein has already been demonstrated with WT Ply
and PdB (Paton et al. 1991; Lee et al. 2001b). Protection was not conferred against TIGR
4 S preumoniae when mice were vaccinated with free AG Ply. Tf a larger dose of free A6
Ply was administered in the conjugate vaccination experiment then an increase in survival
times would be expected (e.g. 20pg as in Figure 5.2.4, which significantly increased
survival times of BALB/¢ mice challenged with TIGR4 §. prewmoniae). Therefore, A6 Ply
must be conjugated to CPS to confer complete protection against infection with a vaccine

serotype, acting as a carrier protein like CRM, 97 in Prevnar,
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As free polysaccharide is the basis of 23-PPV vaccines, we hypothesised that mice
vaccinated with free type 4 CPS would be protected from TIGR4 challenge (at least
partially). However, protection against TIGR4 S. preumoniae challenge was not conferred
when mice were vaccinated with free type 4 CPS. Immunisation with free type 4 CPS has
previously been shown to fail to elicit an antibody response in adult NIEH outbred mice and
inbred BALB/c mice (Peeters et al. 1991). This may be a result of the low dose

administered or that for some reason protective antibodies are not produced in these mice.

The only groups significantly protected from serotype 1 infection were those vaccinaled
with free A6 Ply (Prevnar plus A6 Ply and A6 Ply plus Alum; Figure 5.3.3.b). As the A6
Ply-typc 4 CPS group was not significantly protected from serotype 1 infection, conjugated
Ply may not confer additive protection against non-vaccine serotypes. This suggests that
free protein significantly increases survival time against infection with a non-vaccine
serotype but conjugated Ply is required for full protection against infection from vaccine
serotypes. Perhaps the conjugation chemistry affects the nature of the Ply anligen; indeed
the effect of reductive amination on the activity of pneumolysin is not well-defined and
requires [urther investigation. It has been suggested that epitopes can be altered during
reductive amination (Lee 2002). WT Ply conjugated to CPS was not available to
investigate whether it loses haemolytic activity upon conjugation to CPS, If the
haemolytic activity is destroyed by conjugation then it could be argued that there is no
requirement for a non-toxic form of Ply. IHowever, there is the potential of incomplete
conjugation, resulting in free toxin. In terms of safety for clinical trials, a non-toxic form
of Ply is preferable for vaccine design. This is the first report that Ply provides different
levels of protection depending on whether it is administered as free protein or conjugated

to CPS and signifies an area that requires further investigation with larger group sizes.
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As mice immunised with A6 Ply-type 4 CPS were completely protected from TIGR4 &.
preumoniae infection but not those given free type 4 CPS, it can be assumed that the anti-
type 4 CPS antibody response is improved when A6 Ply is conjugated to type 4 CPS. Anti-
type 4 CPS antibodies will be analysed by ELISA. Previously anti-Ply and anti-CPS fitres
following immunisation with free PdB and free 19F CPS were compared with titres
following imxﬁxmisation with PdB conjugated to 19F CPS (Mitchell 1992). The levels of
anti-Ply 1gG elicited by the conjugate formulation were significantly lower than levels
elicited by free PdB. In this present conjugate vaccination study the anti-Ply IgG titres
were comparable irrespective of whether Ply was administered as a free protein or not

(Figures 5.2.1 and 5.3.1).

It would be worthwhile vaccinating micc with A6 Ply-type 4 CPS plus free A6Ply to
investigate whether this confers protection against serotype 1 infection. It may mean that
frce Ply should be incorporated into new vaccines to give broader protection and
conjugated Ply can be used to confer vaceine serotype protection in place of CRM;q7. If
free Ply was to be used in vaccines, then A6 Ply or AA146 Ply would be safer alternatives

to WT Ply or PdB Ply and more likely to be licensed.
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6: Chromosomal replacement of Ply in D39 8. preumoniae with A6 Ply

Summary

Previously, Ply mutants have been used to investigate whether it is the cytolytic activity or
complement activating ability of the foxin that contributes to pneumococcal virulence
{(Berry et al. 1995). This work indicated that with an i.p. model of infection, it was the
cytotoxic activity of Ply that was important for virulence rather than the complement
activating ability. However the mutants thal were used, including the WA433F (P’dB)
mutant, retained some haemolytic activity. As the A6 Ply mutation results in the complete
abrogation of pore-forming activity and thercfore lytic activity (as shown in chapter 3) the
importance of pore-forming activity for pnewmococcal virulence could be investigated. ply
carrying the A6 mutation was used to replace the WT ply gene in D39 §. preumoniac using
Janus mutagenesis (Sung et al. 2001), which ulilises the natural transformability of S.
preumonige ta allow the insertion of synthetic DNA into a desired site on the
chromosomal DNA by negative selection. The resulting mutant strain, AG D39, was then
assessed for virulence in a murine model of pneumococcal pneumonia. This work was
carried oul prior to the vaccination studics in chapter 5 when D39 was the common
laboratory reference strain in which most mutations were constructed, including the
reagents for Janus mutagenesis with pfy. The A6 Ply mutation should now be made in

another serotype such as TIGR4 to give more accurate in vivo results.

6.1. Construction of A6 Ply in D39 S. pneumoniae using Janus

mutagencsis

Dr. Gavin K. Paterson cloned the Janus cassette, which encodes a kanamyecin resistance
marker and an spsL+ marker, in place of the ply gene in streptomycin resistant D39 S.

preumoniae (also constructed by Gavin Paterson using the marker kindly supplied by Jean
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Pierre Claverys, Toulouse, France). The rpsL+ marker confers streptomycin sensitivity
that dominates over the rpsL- allele of the host strain that gives spontaneous streptomycin
resistance. This gives an intermediate strain, JP PCR B, which is streptomyein sensitive
and kanamycin resistant. Successful transformation of the synthetic gene in place of the
Janus cassette results in transformants that are streptomycin resistant and kanamycin
sensitive. "F'his allows for easy sclection of true tranformants by plating on to streptomycin
plates then selecting coloenies for double stabbing on to streptomycin and kanamycin plates

and choosing colonies that only grow on the streptomycin plates.

Dr. Gavin K. Paterson cloned the ply gene from D39 S. preumonice with flanking D39
DNA (2.345KDb) into the 3.5 Kb TOPO-XL vecltor o provide the donor DNA for
transformation into D39 gDNA. This plasmid was used to create the A6 ply mutation
{(AA146AR147) by site-directed mutagencesis. Purified plasmid DNA for the A6 ply mutant
and WT ply was then transformed into the JP PCR B strain. The WT donor DNA was
included to restore the WT ply gene and give a conirol that had been through the same
process as the A6 piy mutant. The transformation rcaction was spread on to streptomyein
plates for single colonies. 5/100 WT ply D39 translormants (WTs, W2, Wiz, Wls,
WTss) and 4/100 A6 ply D39 transformants (AGg, Abs1, Abss, Ab7s) were streptomycin
resistant and kanamycin sensitive. They were all optochin sensitive and pure cullures.
Genomic DNA was prepared from cultures of each transformant and presence of the ply

gene was checked by PCR (Figure 6.1).

6.1.2. ply PCR of Janus transformants

Primers 15C and 15D (Table 2.1) anneal to the 5' and 3' end of the ply gene respectively.
PCR with these primers only gives a positive result for gDNA that contains ply (1.4Kb).

The original D39 strain was shown to posscss the ply gene (Figure 6.1. lane 2), whereas the
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intermediate JP PCR B strain was ply negative (Figure 6.1. lane 3) as the Janus cassette is
in place of ply. 4/5 WT ply transformants and 3/4 A6 ply tranformants were positive for
the ply gene (Figure 6.1: lanes 4, 6, 7, and 12 for WT ply and lanes 8, 9,and 10 for A6 ply),
indicating that these strains were successfully transformed with the donor DNA. This was

confirmed by DNA sequencing.

Figure 6.1. ply PCR of genomic DNA from S. pneumoniae transformants

Ml -2 bl (8 S6LL TR Sa e 1102

1.4kb

M, 1kb" marker; lane 1, no DNA; lane 2, D39 S. pneumoniae streptomycin resistant strain; lane 3,
JP PCR B S. pneumoniae intermediate strain with Janus cassette in chromosomal position of ply;

lanes 4-7 and 12, WT ply transformants; lanes 8-11, A6 ply transformants.

6.2. Expression of Ply from S. pneumoniae Janus mutants

Two successful S. pneumoniae Janus mutants for WT ply (WT;s and WTy, lanes 4 and 6
in Figure 6.1) and A6 ply (A6g and A64s, lanes 8 and 10 in Figure 6.1) were grown up to
mid log phase, harvested and lysed for analysis of Ply expression (Figure 6.2) and
haemolytic activity (Figure 6.3). There was no difference in growth rates between

transformants. The total amount of protein in each cell lysate was determined by
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Bradford’s assay then standardised to 200ug/ml prior to analysis. Both WT D39 and A6

D39 Janus transformants were positive for Ply expression (Figure 6.2).

Figure 6.2. Western blot of cell lysate from Janus transformants

M WT WT A6 A6 D39
15 47 8 48

M, Precision’ kaleidoscope marker; lane 1, WTs lysate; lane 2, WTy; lysate; lane 3, blank; lane 4,

A6y lysate; lane 5, A6 lysate; lane 6, blank; lane 7, D39 S. pneumoniae lysate.

6.3. Haemolytic activity of A6 D39 S. pneumoniae

The haemolytic activity of cell lysate from two WT D39 transformants and two A6 D39

transformants was assessed. Ply expressed by A6 D39 was not haemolytic, whereas WT

D39 produced haemolytic Ply (Figure 6.3.).
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Figure 6.3. Haemolytic assay of cell lysate from restored WT D39 and A6 D39 Janus

transformants.
WT WT A6 A6
15 47 8 48
Two-fold
serial
dilution

Haemolytic assay of pneumococcal cell lysate from two WT D39 S. pneumoniae strains (WT,s and

WT4;) and two strains carrying the A6 Ply mutation (A6g and A64g).

6.4. Virulence of A6 D39 S. pneumoniae

In order to assess the importance of pore-forming activity in Ply for in vivo pneumococcal
infection, MF1 mice were infected in. with either 10° CFU WT D39 S. pneumoniae
(WT47) or A6 D39 S. pneumoniae (A6ss; n=20). At 24h post infection, 10 from each group
were sacrificed for analysis of bacterial loads in the lungs (pneumonia) and blood

(bacteraemia), Figure 6.4.1. The remaining animals were monitored for survival over a

two-week period, Figure 6.4.2. (n=10).
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6.4.1. Bacteriology at 24h post i.n. infection with A6 D39 S.

pneumoniae

Bacterial loads were determined from BALF, lung tissue and blood samples 24h post i.n.
infection with WT D39 or A6 D39 (Figure 6.4.1.). The bacterial load in the BALF was
significantly higher for the A6 D39 infected group compared with the WT D39 group

(P<0.05).

Figure 6.4.1. Bacterial load (CFU/mI) in BALF, lungs and blood at 24h post i.n.
challenge with either WT D39 S. pneumoniae or A6 D39 S. pneumoniae.

I \WT BALF

A6D39 BALF
CJWT Lung Tissue

XN A6D39 Lung Tissue
B WT Blood

A6D39 Blood

Log bacterial load (CFU/ml)

Mean log bacterial load (+ SEM) in BALF, lung tissue and blood of MF1 mice at 24h post i.n.
challenge with 10° CFU WT D39 S. pneumoniae or A6 D39 S, pneumoniae. *P<0.05 when

bacterial loads in BALF of A6 D39 infected mice is compared with bacterial loads in BALF from

the WT D39 group; n=10.
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6.4.2. Survival of MF1 mice following intranasal infection with

A6 D39 S. pneumoniae

There was no significant difference in survival times of mice infected with A6 D39 S.
pneumoniae compared with mice infected with WT D39 S. pneumoniae (Figure 6.4.2,
P=0.1203 at 336h). However, the A6 D39 infected group took longer to succumb to
infection with 50% survival (5/10 mice) at 116 hours compared with 10% survival (1/10

mice) in the WT group (this was not quite significant, P=0.0874 at 116h).

Figure 6.4.2. Survival of MF1 mice following i.n. challenge with S. pneumoniae

100 - \\/T D39
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Survival (h) of MF1 mice following i.n. challenge with 10° CFU of either WT D39 S. pneumoniae

(black squares) or A6 D39 S. pneumoniae (red circles, n=10).
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Discussion

Cloning A6 ply into the chromosomal DNA. of D39 S. pneumoniae, shows that in situ, the
A6 mutation still results in expression of a non-haemolytic form of Ply. However, it
appears that for pnewmeonia, the pneumococcus does not require haemolytically active Ply
to be fully virulent. This mutant may prove a useful tool for investigating other functions
of Ply during pneumococcal infection such as TLR-4 activation (Malley et al. 2003) and

binding to epithelial cells.

As there are significantly higher numbers of A6 D39 S. preumoniae in the BALT at 24h
compared with WT D39 S. preumoniae (Figure 6.4.1.), it is possible that the mutant strain
is not cleared from the site of infection as effectively as WT D39 S preumoniae.
Improved clearance of D39 S. pneumoniae from the BALF has previcusly been shown to
be a result of the host’s inflammatory response to the cytotoxicity of WT Ply (van Rossum
et al. 2005). When pneumococci attach to the respiratory mucosa, an array of
inflammatory mediators arc produced (Bergeron et al. 1998) in response to the numerous
virulence factors of the prieumococeus, This results in an influx of leukocytes to the site of
infection and WT Ply has been associated in stimulaling this immune response (Kadiogla
et al. 2000). Comparative analysis of the inflammatory responses following infection with
WT D39 and AG D39 S. preumoniae may reveal mediators induced by the pore forming
activity of Ply, this would probably include IL-6 and KC that was shown in chapter 4 to be
produced by the murine model in response to WT Ply treatment but not the non-pore

forming mutants.

Ply has been dircctly proven to facilitate bacterial invasion of epithelial cells and treatment
with toxin alone recreates symptoms of pneumococcal infection in the lung (Feldman et al.

1990; Teldman et al. 1991). Ply negative strains are less virulent (Berry et al. 1989b),

196




Chapter 6 8. pneumoniae expressing non-haemolytic Ply

however, there was no difference in bacterial loads in the lung tissue following infection
with A6 D39 compared with WT D39 and the bacterial loads were actually increased in the
BALF after A6 D39 infection (Figurc 6.4.1). This indicatcs that there is some other
function of Ply that does not involve pore-forming activity that is important for

pncumococcal pneumonia.

It is important to address the problem in comparing host immune responses to the
attenuated PLN-A knockout with wild typce infection. Ply is obviously important for
establishment of pneumococcal infection as the knockout strain does not grow well within
the host but when immune responses such as cytokine induction are compared in hosts
with WT infection and PLN-A this may just be due (o the lack of bacteria and not directly
to the omission of Ply. In light of this, point mutations that allow a known activity of Ply
to be investigated are more favourable, Differcnces tend to not be noticed in growth in the
host but subtle changes in infection are obscrved. Previously, Ply mutants have been used
to investigate whether it is the cytolytic activity or complement activating ability of the
toxin that conlributes to pneumococcal virulence (Berry et al. 1995). This work indicated
that it was the cyloloxic actlivity of Ply thal was important for virulence in bacteraemia
rather than the complement activating ability. IMHowever, in our intranasal model of
infection, a strain of D39 with non-cytotoxic Ply is still capable of causing disease with no
significant difference in survival timesl or lower bacterial loads compared with WT D39. It
may be the route of infection, involving different cell types, that gives variable results or
the fact that the Ply mutant used in the previous study had another function altered in
addition to pore-forming ability. Cytolytic activity has been shown to be important during
early bacterial growth at 3h and 6h and for acute lung injury, whereas, the complement
activating function was important for bacteraemia at 24h post infection (Rubins ct al.
1996). It is possible that at earlier time points post challenge, A6 D39 may be less able to

establish in the host as a result of its dysfunctional Ply, but this was not apparent by 24h.
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Growth of a Ply mutant with 0.02% haemolytic activity of WT Ply (}I367R) (Alexander et
al. 1998) was found to be inhibited in the lung during the carly stages of pneumococcal
pncumonia {(founblat et al. 2003). Indicating that if earlier time points of infection were
investigated with A6 D39 there may be a differcnee in bacterial Ioads. The involvement of
Ply in pneumococcal infection is complex and it is unlikely that the function of Ply is

fimited to these two activities.

Janus mutagenesis provides an elegant system for insertion of mutations into chromosomal
DNA. Previous ply mutants of S. pneumoniae in which the whole ply gene is disrupied by
insertion-duplication mutagenesis are more intrusive and the downstream effecls are not
known. From this work, the serotype 1 data in chapter 7 and the fact that strains with ply
mutations remain more virulent than pfy knockout strains, it appears that there is an
additional function of Ply other than complement activation and cytolytic activity that is

required for full viruience.
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7. Naturally occurring Ply mutants in serotype 1 clinical isolates

Summary

Recently, there has been an increase in invasive pneumococcal disease (1PD) caused by
serolype 1 S. preumoniae throughout Europe. Serotype 1 IPD is associated with
bacteraemia and pneumonia in Europe and North America, especially in neonates, and
is ranked among the top five most prevalent pneumococcal serotypes in at least 10
countries. The currently licensed paediatric pneumococcal vaccine does not afford

protection to serotype 1.

As part of an on-going study of pneumococcal virulence genes (Jefferics, Kirkham ct al,
manuscript in preparation), a number of clinical isolates with mutations in their p/y gene
were identified. The mutations were predominantly in the pfy gene of serotypes 1, 7
and 8, The serotype 1 isolates had additional mutations in the ply gene to those
previously described for serotype 7 and 8 (Lock et al. 1996) and were chosen for further
investigation due to their high attack rate and recent reports of an increase in serotype 1
disease (see section 1.4), From the initial 252 Scotiish clinical pneumococcal isolates
(Jefferies et al. 2004) (chosen to represent all serotypes received by the Scottish
Meningocoecus and Pneumococcus Reference Laboratory, SMPRL), four were serotype
1 and of these, two had mutations within the ply gene. Further analysis of an additional
28 serotype 1 isolates revealed that more than half had mutations within the ply gene,
which resuited in the abrogation of the haemolytic activity of the toxin. Multi Locus
Sequence Typing (MI.ST; carried out at SMPRL) of the serotype 1 isolates revealed a
correlation between mutations in the ply gene and sequence type (Kirkham ct al.

2006b).
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Chapter 7 Ply diversity in serotype 1 IPD isolates
7.1. Incidence of serotype 1 1PD in Scotland

The incidence rate of serotype | IPD in Scotland has increased from 0.67 cuses/100,000
population in 2000 to 1.25 cases/100,000 population in 2004 (Figure 7.1, calculated
from an overall incidence of IPD in Scotland of 12/100,000 with a population of 5
million). It is important to note that surveillance in Scotland improved in 2001 resulting
in 90-95% of all cases in Scotland being reported to SMPRI.. MLST data was available
[rom 2001 onwards, allowing the incidence of each ST within scrotype 1 IPD to be
calculated. The incidence of ST306 increased from 0.04/100,000 population in 2001 to
0.813/100,000 population in 2004 whereas the incidence ol ST227 rcmained fairly
unchanged with 0.196 cases/100,000 population in 2001 and 0.286 cases/100,000

population in 2004 (Figure 7.1).
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Figure 7.1. Incidence of serotype 1 IPD in Scotland from 2000
to 2004
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Incidence of serotype 1 caused IPD in Scotland from 2000 to 2004. MLST data for 2001 to
2004 allows sequence type distribution within serotype 1 isolates to be recorded. Black bar
represents ST306, white bar represents ST227 and diagonal striped bar represents all other
sequence types. Grey bar represents total number of isolates. It is important to note that

surveillance of IPD in Scotland improved from 2001 resulting in 90-95% of all cases being

reported to SMPRL.

In 2003 there were 41 cases of serotype 1 IPD in Scotland (McChlery et al. 2005),
resulting in an incidence rate of 0.76/100,000 population. MLST of the 2003 samples
revealed that 23 of these isolates were ST306, 13 were ST227 and there were 5 others:
ST217 (1), ST1310 (2), ST1247 (1) and ST1239 (1). This study sampled all isolates
from the first 9 months of 2003, of which there were 28 cases. Twelve of the 28 were
ST227 and 16 were ST306. From this group size of 28, 25 were available for further

study. This gave a final sample group of 29 isolates (25 from 2003 and 4 from 2000-
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20013, 16 were ST306, and 13 were ST227 (Table 7.1). ST306, allelic profile 128 13 5
16 4 20, is a double locus variant of ST227, allelic profile 12 5 13 5 17 4 20, sharing 5

of the 7 housekeeping genes assessed by MLST.

7.2. Sequencing of the Ply gene from clinical pneumococcal

isolates

The ply genes {rom the 29 serotype 1 pneumococci were sequenced by DBS genomics
and analysed by Dr. Johanna M. C, Jefferies alongside the Ply sequence from the
serotype 2 laboratory strain D39 (Walker et al. 1987). At the DNA level, five different
alleles of the plv gene were present in this collection, on translation this resulted in two
protein alleles. DNA sequences have been deposited at NCBI under accession numbers
DQ251177, DQ251178, DQ251179, DQ251180, DQ251181 by Dr. Johamna M. C.
Jefferies. The two Ply protein alleles comelated with the ST of the serotype 1
pneumococci in that all isolates of ST306 (n=16) contained mutations at six amino acid
positions (Y150H, T172I, K224R, A2658S, AV270 and AK271) when compared with the
D39 Ply sequence (Figure 7.2.1). This protein allele is referred to as Ply306. Twelve of
the 13 isolates of S1227 diflered from the D39 sequence at only one residue, D38ON.
This protein allele is referred to as Ply227 (Figure 7.2.1) and has the same sequence as
Ply from TIGR4 S. pneumoniage (Tettelin et al. 2001). One ST227, straint 00-3645, was
found to have a 24 base pair insertion in the ply gene, which was a direct repeat of the
preceding sequence and resulted in an cight amino acid insertion in the protein
(NVRNLLKG, at residues 417-424). Structural modeiling of this insert by Dr. Alan
Riboldi-Tunnicliffe was found to result in the extension of a loop in domain 4,

highlighted in red in Figure 7.2.2.
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Figure 7.2.1. Alignment of Ply 306 and 227 protein alleles with D39 8, pneumoniae

1 50
P1yD39 MANKAVNDFI LAMNYDXKXL LTHOGES-EN RFIKEGNQLE DIFVVIERKK
PLy227 MANKAVNDFT IAMNYDKKXL LTHOGESIEN RFIKEGNQLP DIFVVIERKK
P1y306 MANKAVNDTI LAMNYDKKKL TTHQGRSTEN RFTKREGNQLE DEFVVIERKK
51 100
P1yD39  RSLSINTSDY SVTATNDSRL YPGALLVYDE TLLENNPTLL AVDRAPMTYS
Ply22/ RSLSTNTSDI SVTATNDSRL YPGALLVVDE TLLLENNPLLL AVDRAPMIYS
Plv306 RSLSTNTSDI SVTATNDSRL YEGALLVVDE TLLENNPTLL AVDRAPMTYS
L0L 150
P1yD39  IDLPGLASSD SFLQVEDPSN SSVRGAVNDL LAKWHQODYGQ VNNVPARMQY
?1ly22/ IDLEGLASSD SFLQVEDPSN SSVRGAVNDL LAKWIQDYGQ) VNNVPARMOQY
»1y306 IDLEGLASSD SFLOVEDPSN SSVRGAVNDL LAKWIQDYGQ VNNVPARMOH
151 200
PlyD3¢ EKITAHSMEQ LKVKTFGSDFE KTGNSLDIDF NSVISGEKQT CGIVNFKQTYY
Ply227 EKITAHSMEQ LKVKTGSDFE KTGNSTNTHE NSVHSGEKQI QIVNFKQIYY
Ply20€ EKITAHSMEQ LKVKFGSDFE KIGNSLDIDF NSVHSGEKQI QIVNFKGIYY
2C1 250
PlyD3% TVSVDAVKNP GDVFQODTVTV EDLKCRGISA ERPLVYYSSV AYGRQVYTXT,
Ply227 TVSVDAVENP GDVFQDTVTV EDIKCRGISA ERPLVYISSY AYGRQVYLKL
Ply306 TVSVDAVKNP GDVFQDTVTV EDLKCRG1SA ERPLVYISSV AYGRQVYLKL
251 300
PlyD39% ETTSKSDEVZ ARFEALIKGY KVAPQTEWK) ILDNTEVKAV ILGGDPSSGA
Ply227 LUISKSDEV: ARFBALLKGY KVAPQTEWKQ ILDNTEVKAY ILGGDPSSGA
Ply306 LEUUSKSDEVE AAPESLIKGE FIVAPQTEWKD ILDNTEVKAV ILGGDPSSCA
301 350
PLyD39 RVVTGKVODMY EDLICEGSRF TADHPGLPIS YTTSFLRDNYV VATEQONSTDY
PLy227  RVVIGKYDMY EDLIGECSRE LTADHPGLPIS YTTSFLRONV VATFONSTDY
Ply306 RVVTGKVLMY EDLICEGSRE TADIPGLPIS YTTSFIRONV VATFQNSTDY
351 A1GC0O
21yD3% VETKVTAYRN GDLLLDHSGA YVAQYYITWD ZLSYDHQGKE VLTPKAWDEN
Ply227 VETKVTAYRN GDTITDHSGA YVAQYYITWN ZLSYDHQGKE VLTPKAWDRN
P1ly306 VETKVTAYRN GDLLLDHSGA YVAQYYITWD ZLSYDHQGKR VI.TPKAWDRN
401 450
PLVE39 GQDLTAHFIT SIPLKGNVRN LSVSIRECIG LAWEWWRTVY BKTDLPLVRK
P1ly227 GQODLTAHPYT STPLKGNVRN LSVKIRECTG LAWEWWRTVY EKTDLPLVRK
P1y306 GEDLTEHPTT SIPLKGNVRN LSVKIRECTG LAWEWWRTVY EKTDLPLVRK
451 470
PLYE39 RTISIWGLLL YPOVEDKVEN U
Ply227 RTISIWGTTL YPOVEDKVEN D
P1y306 RILSIWGTTL, YPQVEDKVEN D

Alignments of the amino acid sequence for ST227 and ST306 pneumolysin compared with the
239 pneumolysin sequence. The mutations are highlighted in grey. ST227 pneumolysin differs
from D39 pneumolysin by ane amino acid substitution (D380N). ST306 pnemmolysin differs
from D39 pneumolysin by 4 amino acid substitutions (Y150H, 11721, K224R, A2655) and two

amino acid deletions (V270K271).
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Figure 7.2.2. Structure of 00-3645 Ply based on PFO homology model

Structure of Ply produced by strain 00-3645 with the eight amino acid repeat highlighted in red.

This results in the extension of a loop in domain 4.

7.3. Expression levels and haemolytic activity of Ply in

serotype 1 clinical isolates

Western blots were run with the cell extract from each sample and all, except 00-3645,
were positive for Ply expression. Ply expressed by ST306 samples were found to run
slightly higher on 12% SDS-PAGE than ST227 Ply despite possessing two amino acid
deletions (demonstrated in Figure 7.3.1). Haemolytic assays were carried out on lysates
from the 29 serotype 1 pneumococcal isolates and D39 S. pneumoniae (Table 7.1). 55%

(16/29) of the serotype 1 isolates produced Ply that did not lyse human erythrocytes, all
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of which were ST306. Lysates prepared from ST227 scrotype 1 pneumococci and the
positive controf D39, were haemolytic. Analysis of Ply expression levels by ELISA
revealed that all ST306 non-haemolytic lysates contained titres comparable to, and in
some cases higher, than lysales cxpressing haemolytically active Ply (Table 7.1). The
specific activity of Ply was calculated from the haemolytic assay (Haemolytic Units;
HU/ml) and expression levels (mg/ml) to give the specific activity in HU/mg of toxin.
The specific activity of Ply produced by D39 and ST227 isolates was similar, however
Ply expressed by ST306 strains had no specific activity (Table 7.1). Ply expression by

strain 00-3645 was not dctectable by ELISA.

Figure 7.3.1. Western blot of Ply from an ST227 and ST306 strain

M ST227 ST306

50kDa

M, Precision” kaleidoscope marker; ST227, cell lysate from concentrated strain 01-2696;
ST300, cell lysate from concentrated strain 01-1956. Blot is from samples run on 12% SDS-

PAGE using polyclonal anti-Ply serwun from rabbit.

To further investigate whether the Ply306 allele produced non-hacmolytic Ply or Ply
with reduced hacmolytic activity, preparations were made ot a representative ST306
(01-1956} and ST227 (01-2696) strain to give cell extract with 8-10 fold mare Ply. Cell
extract from strain 01-1956 (ST306) contained 6.4ug/ml Ply and strain 01-2696
(ST227) contained 5.8ng/ml Ply as determined by ELISA, however, the ST306 Ply
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remained non-haemolytic. Ply from 00-3645 was still not detected by ELISA in a
concentrated sample, however a faint band was detected by Western blotting with anti-
Ply antibody (Figure 7.3.2). The insoluble fraction rom 00-3645 lysis was negative for
the presence of P’ly by Western blotting and ELISA, Although ELISA did not detect
expression of Ply by strain 00-3645, the cell extract from this strain was found to have

residual haemolytic activity in the first well of the hacmolytic assay.

Figure 7.3.2. Western blot of Ply expression in concentrated samples g

M123 4

50kDa

M, Precision’ kaleidoscope marker; 1, S1227 ccll lysate (strain 01-2696), 2, ST306 cell lysate
(01-1956); 3, same as 1, 4, 00-3645 cell lysate. All ccll lysates were standardised to 2.35mg/mi
total protein prior to analysis, Blot is from samples run on 10% SDS-PAGE using polyclonal

anti-Ply scrum {rom rabbit.

Yu Jing cloned 00-3645 ply into pET-33b for recombinant expression of 00-3645 Ply.
This was achicved, but the 00-3645 Ply was almost cxclusively found in the insoluble
cell fraction. The r00-3645Ply that was soluble possessed some haemolytic activity but
at levels ~100 times less that of recombinant WT Ply. Expressed r00-3645 Ply proved
difficult to purify, despite the incorporation of a His-tag.
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Chapter 7 Ply diversity in serotype 1 iPD isolates
7.4. Analysis of binding and pore forming ability of isolates

expressing non-hacmolytic Ply

Erythrocyte membranes were treated with cell extract from an ST306 and ST227 isolate
and from strain 00-3645. Following washing to remove unbound toxin, samples were run
on SDS-PAGE and Western blotted using anti-pneumolysin antibody. Ply fiom both
ST306 and ST227 bound to erythrocytes (Figure 7.4.1), however, ST306 Ply did not bind
as well. 00-3645 Ply was notl observed to bind at all, though expression levels were so low

that detection of binding would be minimal.

Figure 7.4.1. Analysis of binding of serotype 1 Ply to erythrocyte membranes

1 M23456

50kDa —

1, 10pg/ml recombinant WT Ply; M, Precision” kaleidoscope marker; 2, washed erylhrocyte
membranes incubated with ccll extract from ST227 strain 01-2696 (5.8ug/ml Ply); 3, washed
erythrocyte membraues incubated with cell extract from ST306 strain 01-1956 (6.4ug/ml Ply); 4,
washed erythrocyte membranes incubated with 00-3645 ccll extract; 5, blank; 6, washed

erythrocyle membranes incubated with recombinant WT Ply.
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Analysis of pore formation by Transmission Electron Microscopy revealed that Ply
expressed by ST306 was unable to form pores on erythrocyte membranes (Figure 7.4.2.b)
in comparison with ST227 Ply (Figure 7.4.2.a). Arcs were observed on membranes treated
with cell extract from both STs but the Ply 306 toxin did not assemble to form functional
pores in the host cell membrane. PBS treated membrane was included as a negative
control and was similar in appearance to ST306 treated membrane without the presence of

arc structures.

Figure 7.4.2. TEM of erythrocyte membrane treated with serotype 1 Ply

Transmission Electron Microscopy of negatively stained erythrocyte membrane treated with
filtered cell extract from an ST227 isolate (a) or ST306 isolate (b). Viewed at x25000
magnification, black bar represents 100nm. White arrow indicates a pore, filled black arrows show
arcs that appear to be inserted into the membrane and fine black arrows indicate arcs of toxin that

do not appear to be inserted into the membrane.

210




Chapter 7 Ply diversity in serotype 1 IPD isolates
7.5. Virulence of ST306, ST227 and strain 00-3645

MF1 mice were challenged i.p. with 5x107 CFU 00-3645 S. preumnoniae but this did not
result in infection. In order to establish infection, complement deficient C3-/- mice were
given the same dose but still did not succumb to infection. The mice did not display any
clinical signs of illness following challenge. Thus 00-3645 was deemed to be avirulent in
mice. In contrast, i.p. injection of 5%107 CFU 01-1956 (ST306) or 01-2696 (81227}
resulted in bacteracmia within 24h in both MF1 and C3-/- mice. Ln. inoculation of MF1
mice with 5x107 CFU 01-1956 or 01-2696 resulted in transient signs of infection in alf
animals. These signs ranged from a hunched stance to lethargy but all animals survived the
challenge. Al 24h post challenge 3/5 mice inoculated with either 01-2696 or 01-1956 were
bacteraemic. There was no difference in the levels of bacteraemia caused by 01-2696 or

01-1956.
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Discussion

Serotype | has remained one of the most prevalent IPD causing serotypes and has recently
been ranked amongst the top Five TPD causing serotypes in England, Germany, Spain,
Quebec, Chile and South Africa {Brueggemann et al. 2003b). Data collected in Scotland
from 1999-2001 ranked serotype 1 as the 10™ most prevalent serotype, causing 3.5% of
IPD (Kyaw et al. 2003). When data from 2002 was included, serotype 1 ranked 9™ causing
3.8% of IPD in Scotland (Denham et al. 2005) and by 2003, serotype 1 ranked as the 4™
most prevalent serotype, causing 6.7% of IPD (McChlery et al. 2005). MLST data reveals
that this increase in serotype 1 disease in Scotland, beginning in 2002, is from the
expansion of ST306 (Figure 7.1). This has previously oceurred in Sweden where serotype
1 caused IPD increased from 1% in 1992 {o 10% in 1997 and this was shown to be solely

due to the emergence of ST306 (Henriques Normark et al. 2001).

ST227 and ST306 are from the same lincage and clonal group (Brueggemann et al. 2003h)
and are almost exclusive to serotvype 1 pneumococci, although an ST227 has been
identified with 19F capsule polysaccharide (Jefferies et al. 2004). ST306 IPD is
predominant in continental Europe whereas ST227 is the most prevalent serotype 1 ST in
England, North America and Canada (Brueggemann et al. 2003b). The reasons for this
distribution are unclear and larger sample groups would be required for such analysis.
Brueggemann and Spratt (Brucggemann ct al. 2003b) cxplained the differences in ST
distribution between England and the rest of Europe to be a result of the low carriage rate
of serotype 1, which thereby reduces the probability of transfer of clones between
populations in comparison with mote carriage-associated serotypes. The difference in ST
distribution between England and Scotland is surprising, with ST306 only present in the
Scottish samples. As isolates in the {wo studies are [rom different time periods, it may be

that ST306 is now alse found in England; however, there are no ST306 isolates from
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England in the MI.ST database. We are possibly witnessing the clonal expansion of

serotype 1 with the emergence of ST306 in Scotland.

All of the ST306 isolates were shown to have mutations in their p/y gene that resulted in
the expression of non-haemolytic Ply, yet these clinical isolates were from patients with
IPD. Despite serotype 1 pneumococci being traditionally highly virulent in mice
{Kostyukova et al. 1995), the strains in this study were found to cause mild disease in MF1
mice. Strain 00-3645, expressing low levels of Ply, was avirulent in both W1 and immune
compromised C3-/- mice. Intraperitoneal injection of strains 01-2696 and 01-1956,
producing WT and non-haemolytic Ply respectively, caused terminal septicaemia. These
strains were less virulent imlranasally, causing only {ransient infection. There was no
difference observed in the survival times or 24h bacteraemia of mice infected with either
ST227 (strain 01-2696) or ST306 (strain 01-1956). Thus, the haemolytic activity of Ply
does not have an effect on the virulence of these serotype 1 isolates in our model. This
correlates with the fact that all of the scrotypes analyscd causced IPD in paticnts irrespective

of Ply phenotype.

Ply has long been known as an important virelence factor of the pncumococcus but a
number of studies with a ply knockout mutant of S, preumoniae have revealed that the
toxin is not essential for pneumococcal induced inflammation during meningitis (Friedland
el al, 1995; Winter et al. 1997; Wellmer ct al. 2002). D39 S. preumoniae carrying the ply
gene was found to cause acute sepsis in mice following intravenous challenge compared
with chronic bacteraemia if the ply gene was absent (Benton et al. 1995). Studies with
defined point mutations in the ply gene showed that the haemolytic activity of Ply was
important during sepsis (Berry et al. 1995). The haemolytic property of Ply has also been
shown to be involved in the initial stages of pneumonia including invasion of the lung

tissue and neutrophil recruitment, however haemolytic activily is not important in
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facilitating pneumococcal growth in the alveoli (Rubins et al, 1995; Rubins et al. 1996).
As serotype 1 disease is associated with pneumonia rather than meningitis in Europe and
the United States (Hausdorff et al. 2000a; Ispahani et al. 2004; Sjostrom et al. 2006) (and
Table 7.1) it may be that haemolytically active Ply is not essential for the pathogenesis of
certain serotype 1 scquence types, such as ST306. This may mean that there will be less
selective pressure to conserve the nucleotide sequences that encode the haemolytic activity
of Ply and may allow the mutations we have identified to arise. Recently, an increase in
pncumococcal meningitis in Ghana has been attributed to serotype 1 clonal complex
ST217 (Leimkugel et al. 2005), which the authors propose may be better equipped to cause
meningitis. We have sequenced the ply gene from an ST217 strain from the Ghana
meningitis outbreak and found it carried the Ply 227 allele. This may indicate that
haemolytically active Ply is required for pneumococci to cause meningitis but not
pneumonia. This highlights the need for closer investigation of not only serotype specific
virulence factors but the possibility of variation within serotypes and underlines the

importance of MLST surveillance,

As ST306 causes IPD, haemolytic activity appears to not be essential for virulence. This is
further supported by the in vive results in chapter 6, where mice challenged in. with a
strain of D39 8. preumoniue carrying non-haemolytic pneumolysin had similar bacterial
loads in the lungs and blood at 24h (Figure 6.4.1) and similar survival times compared with
mice challenged with the wild type strain (T'igure 6.4.2). Indeed, the bacterial load in the
BALF of mice challenged with 1239 carrying non-haemolytic Ply was significantly greater
than the pneumococcal counts in BALF of mice challenged with WT D39 (Figure 6.4.1).
Strains carrying Ply lacking haemolytic activity and complement binding activity have
been demonstrated to be more virulent than strains with the p/y gene knocked out, thereby

indicating that Ply has an additional function yet to be determined (Benton et al. 1897).

214




Chapter 7 Ply diversity in serotype 1 [PD isclates

The majority of the mutations observed in Ply306 are those previously implicated in the
reduction of haemolytic activity for certain serotype 7 and serotype 8 strains (Lock et al.
1996). These mutations have not, until now, been associated with serotype | strains.
Fuirther analysis of these serotype 7 and 8 strains revealed that substitution of threonine
with isoleucine at residue 172 was responsible for reducing the haemolytic activity of the
pneumococeal lysates from 10° HU/mg Ply to 10° HU/ig Ply and was also attributable for
anomalously slow migration of the toxin on SDS PAGE gels. From more recent studies,
the T1721 mutation probably affects insertion of domain 3 of the toxin into the host cell
membrane (Ramachandran et al. 2002; Ramachandran et al. 2004). Ply 306 also ran
anomalously on SDS-PAGE (Figure 7.3.1) but in contrast with the serotype 7 and 8§
igolates, there was no haemolytic activity observed even when the samples were
concentraled. The abrogation of haemolytic activity of Ply3006 is probably due to the
combination of the T1721 substitution with a further mutation, Y150H, not observed in the
serotype 7 or 8 strains. The Y150H mutation in Ply is comparable with the Y181A
mutation made in the related toxin perfringolysin O (PFO) (Hotze et al. 2001a). PFO
Y181A is unable to form pores in cell membranes thus reducing haemolytic activity to less
than 1% activity of WT PFO. Mutation of Y150 in Ply to a histidine residue would
probably have a similar effect, indeed, substitution of this residue in Ply to alanine reduces
the haemolytic activity to 0.2% of WT Ply (Chapter 3, Table 3.1) and deletion of this
residue and the adjacent giutamic acid (AY 150E151; A8) in Ply resuils in a non-hasmolytic

form of Ply (Chapter 3).

The reduced binding ability of Ply306 and therefore inability to form pores is likely to be a
result of the combination of mutations in the ply pene. Functional pores were not observed
on membranes treated with Ply306, however arc structures were observed on the surface of
membrane treated with Ply306 and Ply227 (Figure 7.4.2). Arcs remain a subject of

contention within cholesterol dependent cytolysin research (Tweten et al. 2001) and there
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is debate as to whether arcs can insert into the membrane and cause membrane damage.
Here, Ply306 was not found to be cytolytic and thus may provide evidence that arcs are
non-functional structures formed by the toxin, Although reduced binding was observed,
there were no mutations in the binding domain (domain 4) of Ply306. This has been
shown before with mutations in domain 3 of PI'O that altered the binding ability of PFO

(Heuck et al. 2000).

The eight amino acid insertion present in Ply from strain 00-3645 occurs just upstream of
the highly conserved undecapeptide region involved in membrane binding (Jacobs et al.
1999). A single amino acid substitution in this region reduces the haemolytic activity of
Ply by 100 fold (Korchev et al. 1998). The residval haemolytic activity of +00-3645Ply
indicates that it can bind to eukaryotic cells and form pores but not as effectively as the
native toxin, This residual activity may mean that the eight amino acid repeat, which
results in the extension of the loop involved in host ecll binding, does not completely
disrupt folding and therefore functioning of the toxin. Due to the low levels of expression,

pore formation was not investigated with the 00-36435 strain.

The fact that Ply may be less conserved than previously assumed should not affect its use
as the protein component of next-generation conjugate vaccines. Antibodies raised against
WT Ply still recognised the Ply expressed by all serotype T pncumococei in Western blots
and ELISA. Although mAb PLY7 (de los Toyos et al. 1996) recognised the serotype 1 Ply
allcles, it has since been found to not detect some variants of Ply expressed by other
serotypes (Dr. Johanna Jefferies, personal communication, 2005). This is important in
terms of using Ply ELISAs in clinical assays. Also, the vsc of ply PCR as a clinical
diagnostic tool may not be advisable in light of such variation. Some laboratories have

already found the ply PCR can be negative for pneumococci or positive for other species
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such as S. mitis (Neeleman et al. 2004) and have therefore changed to using /A PCR to

distinguish pneumococei.

The Ply306 allele may be of some benefit to the pneumococei, possibly prolonging
carriage in the nasopharynx compared with other serotype 1 STs. Indeed in Sweden,
ST306 was found in the nasopharynx of 2 healthy siblings when ST306 was at its most
prevalent (Sandgren et al. 2004), and was suggested to either be adapting to colonisation or
possibly the short carriage time of this ST had been captured. Recently, ST306 has been
found to cause less severe TPD compared with serotype 1 ST227 (Sjostrom et al. 2006) and
serotype 1 ST228 {Sandgren et al. 2005). The incrcasc in ST306 observed in Scotland and
Sweden may be due to an increased ability to colonise the hosl, however there is
insufficient MT.ST data of serotype 1 isolates from carriage and sequences of the ply gene
of the Swedish isolates were not investigated.  We may be witnessing the evolution of
serotype 1 strains to becoming less invasive and more carriage associated. This highlights
the requirement for global MLST surveillance of both carriage and IPD associated

pneumococei.
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Final Discussion
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Final Discussion

A non pore-forming form of pneumolysin was successfully constructed and shown to
retain the immunogenicity of WT Ply without the associated toxic cffects, Abrogation of
pore formation also enabled the investigation of this role in pneumococcal pneumenia.
Previous Ply mutants with reduced cytolytic activity have been used to {ry o understand
this role in pathogenesis (Berry et al. 1995), however, mutants with abrogated pore-
forming activity have not been investigated before. We have shown that the pore forming
activity of Ply is not essential for S. preumoniae to cause pneumonia. As the other
identified activity, complement activation, is also not essential for IPD) and mutant
prneumococcal strains with residual cylolytic activity and abolished complement activating
ability are still more virulent than the Ply knockout strain (Benton et al. 1997}, Ply possibly

has additional activities yet to be determined.

Our work has also shown that pore forming activity is not essential for serotype 1 S
preumoniae to cause IPD as clinical isolates were found io contain Ply alleles with
mutations that rendered Ply non-haemolytic. We have shown that Ply is not as conserved
as once thought with 5 DNA alleles and 2 protein alleles [or Ply from 29 clinical isolatcs of
serotype 1 pneumococci. We also found that the non-haemolytic Ply allele was
intrinsically associated with ST306. Similar levels of Ply expression were found in all
isolates; however, the non-haemolytic form expressed by ST306 had reduced binding and
therefore pore-forming activily. It is interesting to note that although the mutations
affected binding, they were not in the binding domain of the toxin. This is in contrast {o
the non pore-forming A6 Ply and AA146 Ply mutants, which were able to bind to cells as
well as WT Ply but did not form pores. Previous work has shown that mutations in domain

3 of PFO have an affect on domain 4°s ability to bind to the host cell (Heuck et al. 2000)

and this probably occurs with Ply expressed by ST306.
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By analysis of MLST data from SMPRI. we have also identified the possible clonal
expansion of ST306 as being responsible for the recent increase in serotype 1 discase in
Scotland. This has also occurred in Sweden with a 10 fold increase in serotype 1 IPD over
five years that was attributable to a rise in ST306 (Henrviques Normark et al. 2001). Tt
would be of interest to sequence the pfy genes from the Swedish isolutes. 81217 has
recently been associated with meningitis in Ghana (Leimkugel et al. 2005), sequencing of
the ST217 ply allele revealed that it was WT piy (the same as ST227 and that carried by
TIGR4 S. prewnoniae). It may be that haemolytically active Ply is required by serotype 1

pneumococei to cause meningitis. This will be further investigated.

Further analysis of 252 isolates from SMPRL has found 12 different Ply protein alleles,
wilh 2 protein alleles resulting in the loss of haemolytic activity (Jefferies et al, manuscript
in preparation). This, combined with our serotype 1 data (Kirkham et al. 2006b),
highlights the importance of surveillance of virulence genes in addition to the
housekeeping genes monitored by MLST. The reasons for the increase in 31306 may be
due to a favourable trait that carrying non-lytic Ply permits, such as increased tolerance of
the host to allow carriage, yet the scrotype 1 isolates were ail from invasive discase.
Another possibility is that the ST306 strain is retained in the lungs and is unable to
disseminate throughout the lung tissue to enter the bloodstream due to the inability of Ply
306 to lyse host cells. This could result in an increase in the bacterial load of ST306 in the
lungs, as was observed with the A6DD39 mutant in chapter 6, possibly providing a source of
spread for serotype | pneumococci by aerosol from coughing of patients. It would be
interesting to investigate whether §T306 is only associated with pneumonia and is unlikely
to go on 0 cause bacteracmia and this would suggest that cytotoxic Ply is requircd for
transmission of the bacteria from the lungs into the bloodstream as has been shown in mice
using bioluminescent imaging (Orihuela et al. 2004). Interestingly serotype 1 is

associated with meningitis in Africa (Leimkugel et al. 2005) and pneumenia in Europe or
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North America. Large scale analysis of sequence type and virulence genes of cartied and
invasive isolates may help to understand this association, the role of Ply and the high attack

rates of serotype 1 pneumococei.

The variability of Ply may not be so important in terms of its use as a vaccine candidate as
the major epitopes remain conserved and all expressed Ply was recognised by polyclonal
and monoclonal anti-Ply antibodics. However, thought must be taken in using ply as a
diagnostic tool (Toikka et al. 1999; Greiner et al. 2001; Saukkortipi et al. 2002; Cima-
Cabal et al. 2003) as some primers used in PCR of clinical samples may not detect mutant
forms of ply. Also, Ply was found to be expressed by Strepfococcus mitis and this was
detected by polyclonal anti-Ply antibody but not by the monoclonal antibody (PLY7) used
in the Ply ELISA (our unpublished data). Recently ply sequencing in addition to MLST
has been suggested to be used to group difficult to type or non-typeable pneumococei
(Hanage et al. 2005); the variability of ply should be taken into consideration in these

circumstances.

WT Ply treatment of mice was found to result in hypothermia and high levels of I1.-6 and
KC in the lungs of mice. These cytokines may play a role in the host response to Ply
treatment, though their role was not determined in this study and they were not found
systemically, Studies have shown that very small quantities of circulating cytokines are
required to exert an effect on the brain and therefore thermogenesis (Dantzer 1994). It may
be that W'l Ply damage of the blood brain barrier (Zysk et al. 2001) permits direct influx of
cytokines to the brain, giving the immediate hypothermic response observed. To
investigate whether IL-6 and KC are involved in the hypothermic response to Ply,
telemetry chip implanted mice could be treated with anti-IL6 or anti-KC antibodies then
treated with WT Ply and placed on the telemetry system to monitor their Tc in comparison

with mice treated with WT Ply only. If the hypothermic response is blocked by anti-
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cytokine antibody then it is likely that those cyiokines are involved in the host response to
Ply treatment and ultimately pneumococcal infection, which could also be investigated in
the same manner. This could be confirmed with knockout host strains such as I1.-6-/- mice

and investigating their response to Ply.

It is likely that a combination of pneumococcal proteins will be used in the next generation
of pneumococcal vaccines and as Ply confers protection against pneumonia and
bacteraemia (Alexander et al. 1994), it will probably be included. An additional factor to
investipate is whether conjugated and/or free proteins will be used, as we have
demonstrated that Ply may function differently depending upon presentation to the host.
WT Ply and A6 Ply have been demonstrated to be as effective as CRM 97 in functioning as
a carrier protein to boost the immunogenicity of capsule polysaccharides. An advantage of
using Ply as a carrier protein instead of CRM,¢; is that it reduces the risk of carrier
suppression that has been demonstrated with tetanus toxoid (TT) (Dagan et al. 1998).
When infants were given multiple vaccinations using 171 as the carrier protein, their
antibody levels were significantly lower than when formulations with different carrier
proteins were administered. As CRM,y7 is also in the licensed and highly successful Hib
vaceine, there are concerns that carrier suppression may occur with CRM, ¢y and result in
reducing the efficacy of this vaccine and Prevnar, If a pneumococcal protein such as Ply,
which we have demonstrated to be as effective as CRM, 47, is uscd as the carrier protein in

the next generation of pneumococcal vaccines then this phenomenon could be avoided.

In addition to functioning as a carricr protein, imunisation with free Ply, AA146 Ply or
A6 Ply was shown to increase survival times following challenge with two pueumococcal
serotypes (fype 1 and 4). Such protection may inhibit pneumococcal growth to allow the
development of anti-capsule antibodies to clear the infection. An increase in protection

against a non-vaccine serotype by mixing {rec AS Ply with Prevnar revealed that the simple
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inclusion of A6 Ply with the existing vaccine conferred additional protection. If free Ply
was to be included in the next gencration of pneumococcal vaccines then a toxoided

version such as AA146 Ply or A6 Ply provides a safe alternative to the WT toxin,
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Buffers and Recipes
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Appendix I (buffers and recipes)

Unless otherwise stated, all reagents are from Sigma-Aldrich, Dorset, UK
A. Media

Terrific broth (TB)

12 g bacto-tryptone

24 g bacto-yeast extract
4 mL glycerol

in 900 ml dH,O
Autoclave

In a separate flask dissolve in 90 mL FH;O:

2.31 g KH,PO4 monobasic

12.54 g K5ITPQ, dibasic (for trihydrate 16.45 g)
Adjust volume to 100 mL with HyO

Hysoy J

10g Hysoy J (now discontinued in the UK)
5g NaCl

5g yeast extract

5.7¢g Na,HPO4

3.74g NaH,P04.2H,0

in 1T, dH, O

autoclave

then add 20ml of filter sterilised 50% glucose

B. BioCAD huffers

1xPB-S(dialysis bnffer)
KCI - 0.2g,

KH2PO4 - 0.24g,
Na2HPO4 - 1 .44¢g

3M Na(Cl
175.32g NaCl
in 1L, millipore dH,O

20% Eihanol
200ml Ethanot A, R.
800ml millipore dH,O
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C. SDS-PAGE gel recipes

Stacking gel (two gels)

dH,0 3.21ml
0.5M Tris pH 6.8 1.25ml
10% SDS 0.05ml
30% polyacrylamide 0.488ml
10% ammonium persulphate 0.025m]
TEMED 0.005ml
10% Resolving gel (two gels)

dH,O 4,05ml
1.5M Tris pH8.8 2.5ml
10% SDS 0.1ml
30% polyacrylamide 3.3ml
10% ammonium persulphate 0.05ml
TEMED 0.005ml

(15% resolving gel: 2.35ml di{,O and 5ml polyacrylamide)

13x Running buffer
SDS 10g
Glycine l44g
Tris base 30g
In 1L dH,O

D. Western blot recipes

Transfer Buffer (4°C)
Tris Base 3.032

Glycine 14.4g
Mcthanol 200ml
in 1L dH,O

Tris NaCl pH7.4
Tris base 1.2g
NaCl 8.7g

in 1L dH,O
cone. HCI 800l

Developer

(prepare just belore usc)

Dissolve 30mg 4-chloro~1-napthol in 10ml methanol
Add 300l HyQ, (30% wiv) to 40ml Tris NaCl pH7 .4
Mix

Stop developing with water
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E. I.PS Silver Staining solutions

Fixing solution
Ethanol 400ml
Acetic acid 50m!
dH,O 550ml

Periodic acid (0.7%)
1.4g periodic acid in 200ml fixing solution

Silver staining solution*
0.1M Sodium hydroxide 28ml
Ammonium hydroxide 2ml
while stirring solution,

add Sml of 20% silver nitrate
(1g silver nitrate in 5ml dH,0O)

Silver stain developcer
dH,O 200ml

Citric Acid (10mg/ml)1ml
Formaldehyde (37%) 0.1ml
dH,0 {15ml

Appendix |

(*note a brown precipitate will form but disappears in seconds; ensure reagent does
not dry out and is neutralised with HCl acid as it may become explosive when dry)

F. Mast cell degranulation solutions
Mast cell lysate

0.5% Triton X-100 (BDH)

in EMEM media (ATCC)

Substrrate solution

1.3mg pNAG/ml citrate buffer, filter before use.
{(pNAG = p-nitrophenyl-N-acetyl-B-D-glucosamine)

Citratc buffer

0.1M Sodium Citrate pH 4.5 made by mixing the [ollowing solutions:
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Solution A

300ml 1M NaQH

31.5g Ciltric Acid (Fisher Scientific)
700m1i distilled water

Solution B

0.1M HC1

Add 67.8ml solution A to 32.3ml solution B

Stop solution (store at 4°C)

0.2M Glycine NaOH pH 10.7, made up by mixing the following solutions:
Solution A

7.5¢/1 Glycine (Fisher Scientilic)

5.8g/l NaCl (BDH)

iL distilled water

Solution B

0.2M NaOH

Add 52.8ml solution A to 47.2ml solution B

G. ELISA buffers
#.b. pH is important. Check cach time before use.
Storage: 4 weeks at 4°C

Anti-Ply and Ply ELISA
coating buffer (pIT 9.6)
159g Na,CO3

2.93g NaHCO;

in 1L dH0O

IFN-y ELISA

coating buffer (pH9): ¢.1M Na,HPO,4 adjust 1o pH? vsing 0.1M NaH, PO,
Coating Ab: 2pg/ml

Detection Ab: 0.5g/ml

Standard: Top standard 2000pg/ml (two fold dilutions)

11.-6 ELISA

coating buffer (pH9): 0.1M Na;HPO4 adjust to pH? vsing 0.1M NaH,PO,
Coating Ab: 2ng/ml

Dctection Ab:1pg/ml

Standard: Top standard 1000pg/m! (two-fold dilutions)

TNF-o ELISA

coating buffer (pH 9): same as above

Coating Ab: 4ug/ml

Detection Ab: pg/mi

Standard: Top standard 10,000pg/ml (two-fold dilutions)
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Appendix 11

DNA and amino acid alignments of mutunts made by site-directed mutagenesis

Deletion [~  Substitution
{A to G at basc 791 is a silent mutation in
ply to remove an internal Find LI site to
allow subsequent cloning steps, our
unpublished data)
Alignment of A6 Ply with D39 Ply
200 250
delta_6 AVGCCAAN TABAGCAGTA
D39 ELY ATGGCAAL TAARGCAGTH
251 300
deltaHG BATCACTTTA PACTAGCTAT GAATTACCAT AAAAAGAAAC TCTIGACCCA
335% pLY  AATGACTTTA TACTAGUTAT GABITACGAT AARAAGARAC TCI'I'GACCCA
301 350
dalta 6 TCAGGGAGAA AGTATTGARA ATCETTTCAT CAAARGAGGGT ANTCAGCTAC
D39_PLY TCAGGGAGAA ACTATTGAAA ATCETTTCAT CAAAGAGGGT AATCAGCLIAC
351 402
celta 6 CCEATGAGTT TGTTGTTATC GAANGAAAGA AGCGCACCTT GTCGATARAT
D39 PLY CCGATGAGTT TGTTGTTATC GAARGRAAGA AGCGGAGCTT GTCGACAAAT
401 450
delta_e ACBAGTGATA TWTCITGTAAC AGCTACCAAC GACAGTCGCC TCTARTCCTGG
333 FLY ACARAGTGATA TTTCTGTAAC AGCTACCAAT GACAGTCGCC TCTATCCTGG
451 500
deltaEG AGCACTICTS GUIAGTGEATG AGACCTTICGTT AGRGAA''ART CCCACICTTC
D39 PLY AGCACTTITC GTAGTGGATS AGACCTTETT AGAGARTANT CCCACTCTIC
501 550
deita & TPGCEGTTGA 'TCGPYECTCCE ALGACTTATA GTRATTGATTT GCCTGGTTTG :
P39 pLY TTGCEGTTGA TCGIGCTCCC ATGACTTATA GTATTGATTT GCCTGGELITTG “
551 600
delta_6 GCAAGTAGCG ATAGCTTTCT CCRAGTGGAA GACCCCAGUR ATTCAAGTGT
039 _FLY GCARAGIACCG ATAGCTTTCY CCARGTGGRAE GACCCCACCA ATICABGTGT
601 650
delta 6 TCGCGGAGCG GTAMACGRATT TSTTGGCTAA GTCGCATCAA GATTATGGTC
D32 PLY TCGCGEAGCG GTANACGATT TGTTSGCTAZR GULGGCATCAA GATTATGGTC
651 i ] 700
delta 6 AGGTCAATAR TGTOCCRE JATGCAGLT ATGRAAAAAT ARCGGCI'CAC
D39 2LY AGGTCAATAA TCTCCCA CAATGCAGT ATGAAXRABAT ARCCCCTCAC
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701
delta_6 AGCATGEAAC
D39_PLY AGCATGGAAC

751
delta 6 SBAATTCTCTT
D39_PLY SREATTCTCTT

g01
dclta 6 tTCACATTST
D39_P1Y TICAGATTST

ghl
delta_6 CTTAANAATC
D39_PLY GTTAARARATC

8oL
deltawﬁ AARACACAGA
D39 VLY AARACAGAGE

351
delta_G TTGCTTATGG
D39_PLY TTGCT I'ATGGE

1001
delta 6 CATGRAGTAG
D39_PLY CGATGARCTAG

1Cs1
delta 6 TCCICRGACA
D39_PLY TCCTCAGACA

11C1
deltamﬁ TTATTTTAGG
339_PLY TATTTTAGG

1151
delta_ﬁ GCTGGATATCSG
D39_PLY GTCCATATGG

~201
delta 6 TCATCCAGGC
D39_PLY TCATCCACGC

1251
delta_ﬁ TAGTTGCGAC
D38 2LY TAGTTGCGAT

1301
cella 6 GCITRCAGAA
D39_PLY GCTTACAGAA

1351
delta_G CCAATATTAT
D3% PLY CCAATATTAT

14C1
delta_ﬁ AAGTCL:GAC
239 _PLY AAGTCTTIGAC

1452
delta 6 CACLTVACCA
D39 PLY CACTTTACCA

AACTCAAGQT
ARCTCARGGET

GATATTGAT

GATATTGANT

TAATTTTANG

TAATTT ARG

CRGGAGATGT
CAGGAGATGT

GGAATTTCTG
GGAATTTCTG

GCGCCAAGTC
GCGCCARGTC

AGGCTGCT™T
AGCCTGCTTT

GAGTGGALGC
GAGTGGARGC

CGGCGALCCA
GGGOGACCTA

TAGAGGACTT
TAGAGCACTT

TTGCCGATTT
TTGCCGATIT

CTTTCARRAC
CTUTCRRARC

ACGGAGATTTI
ACGGAGATTT

ATTACTTGEG
ATTACTTGGES

TCCTAAGGCT
TCCTAAGGCT

CTAGTATTCC
CraGl'ATCC

CAAGTTTGGT
CAAGTTTGGT

TTRACTCTGT

TTRAACTCTGT

CAGATTTATT

CAGATTTATT

GTTTCAAGHAT
GTTTCALRGAT

CAGAGCGTCC
CAGAGCGTCC

TATCTCAAGT
TATCICAAGT

TGAGGCTTTG
TCAAGCTTITG

AGATTTTGGA
AGATTTTGGA

AGTTCGGGTG
ACTTCGGGTG

GATTCAAGADA
GATTCAAGAA

CCTRTACAAC
CCTATACRAC

AGUACAGRCT
AGTACAGACT

ACTGCTGGAT
ACTGCTGGAT

ATCAATTATC
AVYGAATTATC

TCGGACAGAA
TGGGNCAGAR

TTTAARAGGG
TTTABARGGE

TCIGACTTTG
TCTGACTTTG

CCRL'ICAGGT

CCATTCAGGET

ATACANGTCAG

AIACAGTCAG

ACTGTRACGS
NCTGTARCGH

TTTCGTCTAT
TTTGGTCTAT

TGGAARCCAC
TGGEARACTAC

ATAAAAGCAG
ATAANAGGAG

CAATACAGAR
CAATACHGAL

CCCGAGTTGT
CCCGAGTTIGY

GGCAGTCECT
GGCAGTCGCT

TTCTTTTTIA
TTCTTCTTITA

ATGTTCAGARC
ATGTTGAGAC

CATAGTSGTG
CATAGTGGLG

CTATGATCAT
CTATGATCAT

ATGGGCACCA
ATGGGCAGGA

ARTCTTCGTA
ARLGTTCETA

Seguence Alignmenls

753
MANAGACAGE
BARAGACAGG

300
GAARAGCAGA
GAAARGCACA

850
CGTAGACECT
CGTAGACGCT

300
TAGAGGATTT
TAGAGGATTT

950
ATTTCGACTG
ATTTCGAGTG

100¢C
GAGTAAGAGT
GRGTAAGAGT

1650
TCAAGGTAGC
TCBRACGTAGC

1100
GTGAAGGCGG
GTGRAGGCGE

115G
AACTAGGCAAG
AACAGGCARG

1200
TTACAGCACA
TTACAGCAGA

1250
CGTGACTAATG
CGTGACAATC

130¢
TAREGITACA
TAACCTTACL

1350
CCTATGTTGC
CCTATGETTGC

1400
CAAGGTAAGG
CAAGGTAAGC

1450
TTTGACGGCT
TTTGACGGCT

1500
ATUTCTCTGT
ATCTCTCIGY
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delta 6
D39 PLY

delta &
D39_PLY

delta_6
D39 PLY

delta ¢
D39 PLY

1501
CAARRTTAGA
CRAAATTAGR

1552
AVGARARARC
ATCANNALC

1601
GGEANCAAL''TC
GEAACRRACTC

1651
GACGAGAATG
CAGGAGRATG

GAGTGTACCS
GAGTGTACCG

CECATTIGCCA
CGAVTTGCCA

LCUATCCTCN
TCTATCCTCA

CTTGCGACAA
CTTGCGACAA

GGCTTGCCTG
GGCTTGCCTZG

CGAARTGGTGG
GGARTGGTGG

CTAGTGCGTA
CTAGTGCGTA

AGCHGACGAT
AGCGGACGAT

GGTAGAGGAT
GGTAGAGGAY

ABGOTAGAAS
ABGGTAGAMN

ARAGR
ARAGH

Sequence Alignments

1530
CGTACGGTIL
CGTACCGTTT

1503
TTCTATTTGCG
TECTATTTGG

ZE50
ATGAC'AGGA
AIGECTAGGA
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Alignment of AA146 Ply with D39 Ply

delte nlds
D39 PLY DNA

dolta Al4€
D38 PLY DNR

delta AL46
D39 2LY DNA

delta_Al46
D39 FLY DNA

deltawA146
D39_PLY_DNA

delta Al46
D39 _PLY DNA

delta Al46
D39 PLY DNA

delta Al46
D39 PLY DNA

delta A146
339 PLY DNA

delta R1i6
D39 PLY DNA

delta Al46
D39 PTY DNA

delta _nl4e
D39 _PLY CNA

dclta_alds
D39 PLY DNA

deiza_Al46
D39 _PLY DNA

delta Al46
D39 PLY DNA

251
CCARATAARG
GCARATAMAG

301
GABNCTCTTG
GAAACTCTTG

351
BGGGTAALTCA
AGGGTAATCA

101
AGCTTGTCGR
AGCTTGICGA

451
CCGCCYCTAT
TCGCCTCIAT

501
ATAATCCCRLC
ATBATCTCAC

551
GATTTGCCTG
GATTTGCCTG

601
CAGCAATTCA
CALCAAT'TCA

551
ATCAAGATTA
ATCAAGATTA

101
ARAATARCGSE
AARRTALCCG

751
CLITTARAAG
CITIGARRAG

801
CAGGTGANNA
CAGGTGAAMNA

351
GTCAGCGTAG
STCAGUGTAG

901
ANCGGTAGAG
ARCGGTAGAG

CAGTARATGEN
CAGTABATCGA

ACCCRTCAGG
ACCCATCAGG

GC'TACCCGAT
GCTACCCGATT

CARRTACARSG
CARATACAAG

CCTGGRGCAC
CCTGGAGCAT

TCTTCTTGCG
TOITCTTGCG

GTTTGGCAAG
STITGCECAAG

RGTGETTCGECG
NGTGTICGCG

TGGTCAGGTC
TCGITCAGGETT

CTCRCAGCAT
CTCACAGCAL

ACAGGGAATT
ACAGGGAATT

GCAGATTCARG
GCAGNTTCAG

ACGCTGITAA
ACGCTCTTAR

GATTTARRAC
GATTTARAAC

CTrTTATACT
CTTTATACTA

GAGAAAGTAT
GRAGAAAGTAT

CAGHIIGTTG
CAGTTTGITG

TGATATTTCT
TGATATTTCT

TTCRCGTAGT
LTCTCGTAGT

GTTGALCETG
GTTGATCATG

TRCCGATACC
TACGCGATAGT

GAGCGGTARRD
GAGCGGTIARA

AATAATGTCC
ARTAATCTCC

GGARACANCYC
GGRACAACTC

CTCTTGATAT
CTCTTGATAT

ATTGTTRATT
BOTGTTAATT

LAATCCRGGR
ARBTCCAGGA

ACGAGAGGAAT
AGAGAGGAAT

GCTATGAATT
GCTATGAATT

TCANANTCGY
TGAAAATCGT

TTATCGRAAG
TIATCGAARG

GTARCAGCTA
GTARCAGCTA

GGATGAGACC
GGATGAGACC

CTCCGATCAC
CICCGATGAC

TTTCTCCAAG
TTTCTCCAAG

CGATTTGTTG
CGATTTGTTG

CAGCTAGAAT

AAGOTCANGTY
AAGGTCMAAGT

TGATTITTART
TGATTTTABC

TIAAGCAGAT
TTAAGCAGAT

GATGTGTTTC
CANGESTTTC

TTCTGCAGRG
TTCTGCAGAL

Seguence Alignments

250
ATG
ATG

300
CCATAAABA
ACCATAALAR

350
TVCATCABNG
TTCATCARAG

400
ARRAGNAGCGG
MARAGAAGCGS

450
CCTAACCROAG
CCARCGACAG

500
TTGTTAGAGA
TTGTTAGAGA

5850
TTATAGTAN L
TTATAGTATT

€00
TGGBAGACCC
TGGAAGACCC

65C
GCTAAGTGGC
GCTAAGTGGC

700
GCRGTANGAA
GCAGTATGAN

750
TTGCTTCYGA,
TTGETTCTS

30¢C
TCTGTCCATT
TCYGT'TCATT

850
TTATTATACR
TTATTATACA

SO0
AAGATACTGY
AAGRTACTET

950
CGTCCTITGG
CGTCCTI"IGG
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delte Al46
D39 PLY ZNE

delta R146
D38 _PLY_DNA

deita_naldeo
D39 PLY DNA

delta_Blis
D39 PLY DWA

delta_Rl46
739 _PiLY DNR

delta_A146
D39 PLY DHA

delta Ald6
D39 PLY DNA

delta Alde
D39_PLY 3ONA

delta 4146
D39 PLY DNA

celta Al46
D39 PLY DNA

delta AlLS
D39 PLY_DNA

delta Al4E€
D39 PLY CNA

delta A" 16
B39 PLY DNA

delta Alde
D39_PLY DNA

delta_Alds
D39 PLY DNA

951
NCTATATTTS
TCTHATATTTC

1001
ACCRCGAGTA
ACCACGAGTA

2051
AGCAGTCANG
AGGAGTCAAG

1101
CAGANRGTGAA
CAGAAGTGAR

1161
GTTGTNAACAG
GTTGTARCAG

1201
TCGCTTTACA
TCCGOTTTACA

1251
TTTTACGTGA
TTITACGTGA

1301
GACACTAAGG
GACACTAAGG

1351
TEGTGCTTAY
TCGTGCITAT

1407
NICATCARGS
ATCATCAAGG

1451
CAGGATTTGA
CARGGATTTGA

1501
TCETRARTCTIC
TCG1AMICLC

1551
GGTGGCGTAC
GIGGCGTAC

1601
ACGATTTCTA
ACGATTTCTA

lebl
AGRARATGARC
AGAABATGAC

GAGTG-IGCT
GAGICTTGCT

AGAGTGATGA
ACAGTCATGA

GTAGCTCCTC
GTAGCTCCTC

GGCGCTTATT
GGCSGTTATT

GCARAGGTGGH
GCARGGTGGA

GCAGATCATC
GCAGATCATC

CANIGTAGTT
CAATCTAGTT

TTRCAGCTTA
TTACAGCTIA

CTTGCCTAAT
GUTGCCTAAT

TRAGGAACTC
TANGGAAGTC

CGECTCACTT
CCCCICACTT

TCIGTCARRA
TCTGTCARAR

GETTTATGAA
GETTTATCAA

TTTCGGGAAC
TTTGGGGAAC

TAGGAGAGGA
TAGGAGAGGA

TATCCGCGCC
TATGGGCGCC

AGTAGAGGCT
MGTARGAGGC!

AGACAGAGTG
AGACAGAGTG

TTAGGSGEGLG
TTASCESGGCE

TATGGTAGAG
TATGGTACAG

CRAGCCTTECC
CAGGCTTGCC

GCGACCLIZC
GCGACCLIZC

CAGAARCGGA
CAGAAACGGA

MNTTATANTTAC
ATTATATTAC

TTGACTCCI'A
TTGACTCCTA

TACCACTAGT
TACCACTAGT

TTAGAGNCTG
TTAGAGACGTG

ABAACCCATT
ABARACCGATT

ARCYCTCTAT
AACTCTCTAT

GAATGCTITCC
GAATGCTYGC

AAGTCTIATCT
AASTCTATCT

GCIM I GEAGG
GCTTTTGANS

CAAGCRGATT
GAAGCAGATT

ACCCAAGTTC
ACCCAAGTTC

GACTTGATTC
GACTTGATTC

GATTTCCTAT
GATTTCCTAY

AARACAGTAC
AAANCACTAC

GATTTACTGC
GAITTRACTGC

TTGGGATGEAA
TTCGGATGAA

AGGCTTGGGAR
AGGCTTGGGA

MATTCCTTTAA
ATTCCT.TAL

TACCGGGECLT
TACCGGECTT

TGCCACTAGT
TGCCACTAGT

CCTCAGGTAG
CCTCRGGTAG

GACBADNAGA
GACLAAARAGA

Sequence Alighnments

020
CARGTTGGAA
CAAGT'TGGAR

1050
CTTTGATARA
CIUTGATADR

=190
TTGCACAATA
TTGCACAATA

115C
GGGTGCCCGA
GGGTGCCCGh

12C0
AAGAAGGCAG
ARGRACCCAGC

12540
ACAACTTCTT
ACAACTICTT

1300
AGACTATGTT
AEGRCTAYGTT

1350
TGGATCATAG
TGGATCATAG

1400
TTATCUTATG
TIATCCTATG

1450
CAGAMATGGEE
CAGARARI'GGG

1500
ARGGCGAATGT
BAGGGARTST

1550
GCUTGGGAAT
GCCTGGCGAAT

1600
GCGETAAGCGGE
GCCTAACCCG

1550
AGGATAAGGT
AGGATAAGGT

N e e v
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Sequence Alignments

Amino acid sequence alignment of sequenced A6 W433F Ply

with D39 Ply
1
D38 Ply MANKAVNDFI
d6_WA33F MANKAVNDZL
51
D39 Ply RSLSINTSDI
d6_Wd33k RSLSTETSDI
101
D39 _Ply IDPLPGLASSD
G6 WA33F TDT.PCLASSD
151
D39 _Ply EKITAHSMEQ
d6_Wd33T EKITAHSMEC
201
D39 _Ply TVSVDAVKNP
d6 WA33F TVSVDRVKNP
251
U39 Ply ETTSKSDEVE
d6 W433F ETTSKSDEVE
301
D39 _Piy RVYTGKVDMY
d6 WZ33F RVVTGKVDMY
351
D3 _Ply VETKVIAYRN
46 _W433F VETKVTAYRN
401
P3¢ Ply GQDLIAHFTT
d6 W433F GODLTRHETT
451
D39 Ply RIISIRGLYL
46 WI33F RTISIWGTTL

LAMNYDKXRL
LAMNYDKXKL

SVTATNDSRL
SVTATNDERL

SFLOVEDPSY
SELOVEDPSH

LXVKFGSDFE
IXVKFGSDFE

GDVEFQDTVTY
GDVEQDTYTY

AAPTALTKGVY
AAFEALIKGV

EDLIQLEASAF
EDLIQEGSRE

GDLLILDHSGA
GDLLLDHSGA

SIPLKGNVRM
SIPLEGNVRN

YIEQVTDKVEN
TEPOVEDKVEN

LTHOGESZEN
LTHOGESIEN

YPGALLVVDE
YPGALLVVDL

SSVRGAVNDL
SEVRGAVNDL

KTGNELDIOTE
KTGNELDIZE

CDLKORGISA
TNLEQRGISA

KVAPQTEWK
KVAPQIEWEQ

TADHPGLEZS
TADHPGLE LS

YYAQYYITWD
YVAQYYITWD

LSVKIRECTG
TSVKIRECTC

471
D
L

RFIKEGNQT.R
RFIKEGNQLP

TLLENNPTLT.
TLLENNPTT.L

LAXWHQDYGO
LARKWHQDYGO

NSVIISGEXQI
NSVHSGEXQT

FRPTVYI3SSV
ERPLVYISSV

TTDNTLEVEAVY
I_DHTEVKAV

YTTSFLRDAV
YTSFLXDNV

ELSYDHQGKE
ELSYDHQGCKE

LAWZWHRTVY
LAFEWWRTVY

50
DEFVVIERKK
DEFVVIEREKEK

100
AVDRAPMTYS
AVDRAPMIYS

15C
VNNVPARMQY
YNNVELT

<90
QIVNEFRQLYY
QIVNFEQIYY

250
BYGROVYLKL
AYGROVYLKL

300
ITGEDRSSGA
IZGGDESSGA

350
VATFONSTNY
VATFQNSTDY

4C0
VL' IPKAWDRN
VI TPEAWDRN

450
ERTCLRPLVRE
EXTDLP[ VRK
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Appendix 1} Sequence Alignments

Amino acid sequence alignment of sequenced A6D385NW433F
Ply with D39 Ply

1 50
dé D385N_W433F MANKAVNIFI LAMNYDKXKL LTHOGESIEN REIKEGEQLP DELVVIERKK
D39 Ply MANKAVNOFT LAMNYDEXKL LUHQOGESIEN RFIKEGNQLP DEFVVIERKK
51 100
dé_D383N_W433F RUELBTNTEDI SVIATNDSRL YDRGALLVVDE TLLENNFTT.L AVDRAPMTYS
C3% IPly RSLSTNTSDI SVTATNDSRL YPGALLVVDE TLLENNPTLL AVDREPMIYS
191 150
d6_7D385N _WA33F IDLPGLASSC SFLQVED2SN SSVRGAVNET., LAKMHRDYGQ VNNV@;EHQY
D39_ply IDLPGLASSD SFLOVEDPSH SSVRGAVNDL LAKWHQODYG() VNNVPARMQY
151 200
d6 N385M W433r ERITAHSMEQ LKVK#GSDFE KIGNSTILOE NSVASGEKQT QIVEFKQIYY
D38 _Ply EKITAHSMEQ LKVKFGSDFL KIGNSLOITDE NSVHBGEKQT QIVLEKQIYY
201 250
6 D3BEN _W433%  TVSYIAYKNP GDVFQDTYTY EDLKQRCISA ERELVYISSV AYGRQVYLXL
D39 Ply TVSVIAVRNP GDVFQULIVIY EDLKQRCISA IRPTVYISSY AYGRCVYLXL
251 390
d6 _D38OHN W433F ETTSKSDEVE AATEALIKCY KVAPQTEWKQ ILDNYEVKAV ILGGDPSSGA
U39 Ply ZTTSKENTVE AAFEALIKGYV KVAPQTIWKQ ILDNTEVKAV ILGGDPSSGA
301 359
dé D385N_W433F RVVIGKVDXV ELLIQEGSRE TADIPGLPIS YTTSFLRDNY VATTFQNSTDY
D39 Ply RVVICKVDMYV EDLIQEGSRT UADHEGLPIS YTTSFLRDNV VATKQNSTLDY
asi 400
de D3EON _W433F VETKVIAYRN GDLLLDOSGA YVAQYYITWD BLSYNHOGKF VITPXAWDRN
D39 Ply VETKVITAYRMN GDLLLDHSGA YVAQYXITWD DRLESYDHQGEE VLI PKAWDRN
401 450
cdé D385N W433F GQDLTAHFTT SIPLEGNVRN LSVKIRECTG LAFEWWRTVY JKYDLPLVRK
D3% Fly GQDLTAHFTT SIPLKGNVRN LSVKIRECTG LAWEWWRZVY LEKTDLPLVRK
451 471
dé N33HN WA33F RTISTRGTIL YDPQVECKVEN D
D39 Ply RTTSINGUIL YPOVEDKVEN D
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Sequence Alighments

Alignment of DNA sequence of Janus A6 D39 ply 8. preumoniae with D39 ply

d6D39_janus
WT_PLY

46039 _janus
WT_FLY

d6n3% jenus
WT_PLY

dep3% janus
Wl PLY

deDn3% janus
Wl_PLY

d6D39 janus
WT_2LY

d6D38 janus
WT PLY

den3?2_jarus
WT PLY

d6n3%8 janus
WT PLY

dED3% janus
W RLY

abD3% janus
Wi _PLY

d6D39 janus
WT PLY

d6D32 Jjanus
WI_PLY

d€D39 janus
WT_PLY

dé6D39 jarus
WE PLY

dén39% janus

251
ACGLTANARA
NCCATAARLR

301
TTCATCAAAL
TTCATCAAAG

351
ARAGAAGCGG
AARGRAAGCSG

407
CCARACGACAG
CCANCGACAG

451
TTGTTAGAGA
TTCTTAGAGA

501
TTATAGTATL
TTATAGTATT

551
TGGARGACCC
TGGARGACCC

602
GCTARGTGGC
SCTAAGTGGC

651
GCAGTATG2A
GCAGTATGIA

701
TTGGTTCTGA
FTCGTTCTGA

751
TCTGTCCATY
TCTGTCCATT

801
TTATTATACA
TTATTATACA

851
AAGATACTGTY
MAGATACTGTY

901
CGTCCTTTGG
CGTCCTTTRE

951
CARGTTGGAA

GCARATAAAG
GCAAATAARG

GBRACYCTTS
GABACTCTTG

AGGGTARATCR
AGGGTAATCA

AGCI'EGTCGA
AGCTTGTCGA

TCGCCTCTAT
TCGCCTCTAT

ATNATCCCARC
ATAATCCCRC

GATTTGCCTG
GATTTGCCTG

CAGCAARTTCA
CAGCANATTCA

ATTAMGATTA
ATCAAGATTA

ARAATANCGG
RRAATAATGEG

CrTIGARRARNG
CUUITGRABAG

CAGGICAAAN
CRGETGANA

GICAGCCTAG
GTCAGCGETAG

ARACGETAGAG
ARCGGTAGASG

TCTATATTTC
TCTA'LATTTC

ACCACGAGTA

CAGTARATCA
CAGTARATGA

ACCCATCAGG
ACCCATCAGG

CCTACCCGAT
GCTACCCGAT

CRAATACAAG
CAAAIACAARG

CCTGGAGCAC
CCIGGAGCAC

TCTTCITCCG
TCITCTEGCG

GTITCGCAAG
GTTTGGCEAS

AGTCTTCGLG
AGTSITCGCG

TGGTCAGGTC
TGGTCRGGTC

CTCACAGCAT
CTCACAGCAT

ACAGGGAATT
ACARGGGAATT

GCAGATTCAG
GCAGATTCAS

ACGCTGTTAA
ACGUTGTTAA

GATTTAARAC
GATTTAARAC

GAGTGTTGCT
GAGTGTTGCT

AGAGTGATIGA

CTTTATACTA
CTTTATACTA

GAGHNAGTAT
GAGAAACTAT

GRAGTTTOETTG
GAGTTTGTIG

TGATATTTCT
TCATATI'TCT

TPCTCETAGT
TTCTCGTAGT

CTTGATCGTG
GTTGATCSETG

TACCGATAGC
TAGCGATAGC

GAGCGGETAAR
GAGCGGTARA

AATARTGTCC
AATRATGICC

GGRAACMACTC
GGAACAACTC

CICTTGATAT
CTCTTGATAT

APPGTTAATT
ATTGTTAATT

AADMTCCAGGA
BRATCCAGTE

AGNAGAGGAAT
AGAGRGGAAT

TATCGGECGCC
TATGGGCGCC

AGTAGAGGC

2350
GCTATGOAAT'T
GCTATGAATT

300
TGAARATCGT
TGAANATCGT

350
WIRICGRARG
TTATCGANNG

400
STANCAGCTA
GTAACAGCTA

450
GGATGAGACC
GGRIGAGACT

£Q0
CTCCGATCAC
CTCCGATGAC

530
TTNCTCCARAG
TI"PCTCCRAG

200
CGATTTGTTG
CGAT'ITGTTG

} i
CAGCTAGAAT

700
AAGCTCAAGT
ABRGGTCAAGT

750
TGATTTTAAC
TGATTTTAAC

800
TTARGCAGAT
TVAMNGCAGAT

850
GATGTGTTTC
GATGTGTTTC

°90C
T TCIGCAGAG
TTCTGCAGAG

950
ARGTCTATCT
ARGTCYATCT

1600
GCTTTTSRAG

G o e el
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WT_ELY

dgD38 janus
WT_PLY

d6D39 janus
AT _PLY

d6D39 janus
Wl PLY

déD32 janus
WT PLY

d6éD39 jarus
WT_PLY

dGB39 _janus

d6C38 janus
WT PLY

deéb32 janus
WT PLY

CRAAGTTGGAA

1001
CTTTGATARA
CTTTGATAAR

iCS51
TTGGACAATA
TTGGACAATA

1101
CECTCCCCCA
GGGIGCCCGA

1151
ARAGRBGETAC
ARCAACGCAG

1201
ACAACTTITT
ACAACTTITT

1251
AGACTATGTIT
AGACTATGIT

1301
TGGATCATAL
TGGATCATAG

1351
TTATCCTATG
TTATCCTATG

ACCACGALGTA

AGGAGTCRAS
AGGAGTCAAG

CAGAACTGAA
CAGAAGCTGAA

CTTCTRACAC
GITGIARACAG

TCGCTTTACA
TCOCTTTACA

TTTTACGTGA
TOTTACGTGA

GAGACTAAGG
GAGACTAAGG

TCGETGCCTAT
TCGTGCCTAT

ACAGTGATGA

GTAGCTCCTC
GTAGCTCCTC

GGCGGTTATT
GGCGGTTATT

GCAACCTCGA
GCAAGETGGA

GCAGATCATC
GCACATCATC

CARRTGTAGTT
CABTGTAGTT

TTACAGCTTA
TTACAGCTTA

GTTGCCCART
GTTGCCCAATY

AGTAGAGGECT

AGACAGAGTG
AGACAGAGTG

TTAGGGGGCG
TTAGGCGGCG

TATGGTAGAG
TATGETAGAG

CAGGCTTGCC
CAGGCTTGIC

GCGACCTTTC
GCGACCTTTC

CAGAAACGGA
CAGAAACGGA

ATTATATTAC
ATTATATTAC

Sequence Alignments

GCTTTTGAAG

1050
GAAGCAGATT
GARGCAGATT

iloc
ACCCARAGTTC
ACCCBAGTTC

1150
GACTZGATTC
GACTTGATTC

1200
GATTTCCTAT
GATTTCCTAT

1250
AARAAMCAGTAC
ARRACAGTAC

1300
GATTTACTGC
GATTTACTGC

1350
TTGGGATGAA
TTGGGATGAA
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Sequence Alignments

Alignment of DNA scquence of Janus WT ply S. prreamoniae with D39 ply

janus WT Ply
339 ply DNA

Janus_ WO Ply
D3¢ ply DNA

janus_ Wl Ply
D3% ply DNA

jants WT_Ply
D39 ply DNA

janus WI_21ly
D39 ply DNA

janus WT_2ly
D39 ply DNA

Janus WT Ply
D33 ply DNA

janus WU Ply
D39 »nly ONA

janus WT Ply
D39_oly DKA

jenus WT Ply
D33 _v»ly DNA

januas WT Ply
P39 ply DNA

janus_WT_Ply
D39 _ply_DNA

janus _WT Ply
D39 ply DNA

janus_WT Ply
D39 ply DNA

Janus_WT Ply
D39 ply DA

Janus W1 _Ply
D39 ply DNA

251
ACGATALAANDR
ACGATARRARARL

302
TUICALCARAG
TTCATCARAG

351
ABAGAAGCGG
ARAGAAGCGG

401
CCAATGACAG
CCAACGACAG

451
TTCTTAGAGA
TTGTTAGAGA

501
TTATACTATT
TTATAGTATT

551
TGGAAGACCC
TGGARGACCC

601
CCTAAGTGGC
GCTAAGTGGC

€51
GCACTATGAA
GCAGTATGAA

702
TTGGTTCTGA
TIGGITCTIGA

75%
TCTGTCCATT
TCZGTCCATT

801
TTATTATACA
TTATTATACA

851
ARCATACTGT
AAGATACTGE

501
CCTCCTTTCC
CGETCCITIGE

951
CARCTTCGAA
CARGTTGGAA

= GCAAATAMALG
> GCAAATAARG

GAAACTCTTG
GAARACTCTTG

AGCGTARTCA
AGGGTAATCA

AGCTTGTCGA
AGCTTGTCGA

TCGCCTCTAT
TCGCCTCTAT

ATAATCCCAC
ATAATCCCAC

CATTTCCCTG
GATTTGCCTG

CAGCRATTCA
CAGCAATTCA

ATCAAGATTA
ATCAAGATTA

ARARATARCGGE
AAARATARCTEE

CTTTCGAAAAC
ClITGARBAC

CAGGTGAAAA
CAGGTGAADD

GTCACCGTAG
GTCACCGTAG

AACGTTACAC
ABCGGTAGAG

TCTATATTETC
TCLATALEYC

ACCACGAGTA
ACCACGAGTA

CAGTAAATCA
CAGTARATGA

ACCCATCAGG
ACCCATCAGTE

GCTACCCGAT
GCTACCCGAT

CRAATACAAG
CARATACAAG

CCTGGAGCAC
CCTGGAGCAC

TCTTCTTSCG
TCTZCTTGCG

CTITGGCARAG
GUTTGGCARG

AGTGTTCGCG
AGTGTICGCG

TGGTCAGGTC
TGGTCACGTC

CTCACAGCAT
CTCACACGCAT

BCAGGGRATT
ACAGGGAATL

GCAGATTCAG
GCAGATTCAG

ACGCTGTTAA
ACGCTGTTARA

GATTTAAAAC
GATTTARAAC

GACGTCTTCCT
GAGTGEIIGCT

AGACTCGATGA
AGAGTGATGA

COTTATACTA
CTTTATACTA

GAGAAAGTAT
GAGAAAGTAT

GAGTTTGTTG
GAGTTTGTTG

TGATATIIC?
TGATATTTCT

TTCTCGTAGT
TTCTCGTAGT

GTTGATCGTG
GTTGATCGTG

TAGCGATAGC
TAGCGATAGC

GAGCGGTAAA
GAGCGGETAAA

AATBATGTCC
AATAATGTCC

GGALCAACTC
GGAACARCT?T

CZCTTGATAT
CUCTIGATAY

ATTGTTAATT
ATTGTTAATT

AAATCCAGGA
AAATCCAGGA

ACACACCAAT
ACAGAGGAAT

TATCGOCECC
1TAaTGGGCECC

ACTAGACGCT
AGTACAGGCT

250
GCTATGAATT
GCTATGAATY

300
TCAAAATCSET
TGARARATCGT

350
TTATCGAAAG
TTATCGAAAG

400
GLIRACAGUTA
GTAACAGCTA

45C
GGATGAGACC
GGATGAGACC

500
CTCCGATGAC
CTCCGATGAC

550
TTTCTCCAAG
I'TTCTCCANG

600
CCGATTTGTITG
CGATTIG™TG

5650
CAGCTAGAAT
CAGUTAGAAT

700
AAGGTCAAGT
ARGCETCAAGT

750
TGATTTTAAC
TCALLTARC

800
TTAAGCAGAT
TTAAGCAGAT

850
GATGTGTTTC
GATGTGTTTC

503
TTCTCCACAC
TEPCIGCAGAG

950
AAGTCTATCT
AAGTCTALCY

1000
GCTTTTGAAC
CCTTTTGAAG
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jarus W1 Ply
D39 ply_ DNA

janus WT Ply
D39 ply DNA

janus WL Py
D39 ply_DuA

janus WI Ply
D39 ply DNA

Janus WI Ply
D39 ply DNA

Janus_WT_Ply
D39 _ply DNA

janus_ WT Fly
D39 oly DEA

janus WT Ply
D33 plLy PKA

1001
CUMTGATAAA
CTTTGATAAA

1051
TTGGACAATA
TTGGACAATA

1101
GGEEIECCCGEA
GGGTSCCCCGA

Z15%
ARGALCGUAG
ARGAAGGCAG

1201%
ACAACTTCTY
ACAACTTCTIT

1251
AGACTATGIT
AGACTNATGTT

1301
TGTATTATAG
TGSATCATRG

1351
TTATCCTATG
TTATCCTATG

AGGAG 'CAAG
AGGAGTCAAG

CAGAAGCTGAA
CAGAACTGAA

GUIGIAATAG
GTTGTARCAG

TCGCTTTACA
TCGCTTTACA

T ACGYGA
TTTTACGTGA

SAGRCTAAGG
GAGRCTANGG

IGGIGCCTAT
TGCTCCCTAT

GUAGCYCCLT
GTAGCTCCTC

GGCGGTTATT
GGCGGTTATT

GCAAGCTGGA
GCAAGGTGGA

GCAGATCATC
GCAGATCATC

CAATGTAGLY
CAATGTAGTT

TTACAGCTTA
TTACAGCTTA

GUTGCCCART
GTTCCCCAAT

AGACAGAGIG
AGACAGAGTG

TTAGGGGGCG
TTAGGCGGCE

TATGGLAGAG
TATGGTAGAC

CAGGCTTGCC
CAGGCTTGCC

GCGACCT:"I'C
GCGACCTTTC

CAGAAATGGA
CAGAAMNCCEGA

ATYRTATTAC
ATTATATTAC

Sequence Alignments

1050
GAAGCAGATT
CARGCAGATT

1100
ACCCAAGTTC
ACCCAAGTTC

1150
GACTTCATTC
GACTTGATTC

1200
SATTTCCTAT
GATTTCCTAT

1250
AAANCAGIAC
AAAACAGTAC

1200
GRTTTACTGC
GATTTACTGC

1350
TIGGGAYGAL
TTGCCGATCARA
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852. 2005.

Conference contributions (presenting author is underlined)

L. S. Kirkham, G. R. Douce, D.A. Dilts, M. Koster and I'. J. Mitchell. (2006, poster)
Vaccination with non-toxic pneumelysin conjugated to capsule polysaccharide protects
against invasive disease. International Symposium on Pneumococei and Pneumococcal

Disease-5, Alice Springs, Australia.

D.A. Dilts, D.F. Lui, M. Douglas, L. Niinez, L. S. Kirkham and T. J. Mitchell. (2006,
poster) Solubility and carrier potential of three non-hemolytic pneumolysin proteins.
Inlernational Symposium on Prneumococei and Pneumococcal Disease-3, Alice Springs,

Australia.
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Construction and characterisation of a non-toxic pneumelysin mutant, Pore-forming toxins

meeting, Mainz, Germany.
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characterisation of a non-toxic pneumolysin mutant. International Symposium on

Pneumococei and Pneumococcal Discasc-4, Helsinki, Finland.

I. M.C. Jefferies, L. S. Kirkham, Y. Jing, A. Smith, 8. C. Clatke and T. I. Miichell. (2004, selected

for oral presentation) Characterisation of a novel form of pneumolysin from a clinical

pneumococcal isolate. Society of General Microbiology AGM, Bath, UK.,
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L. §. Kirkham and T.J. Mitchell. Mutant pneumolysin proteins. (May 2004, Patent
number: GB0410220.8)
L. S, Kitkham, G. J. M, Cowan and T.J. Mitchell. Mutant Cholesterol-binding cytolysin
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