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Chapter 1 

General Introduction 



1.1 Streptococcus pneumoniae 

Streptococcus pneumoniae is a gram positive coccus which grows in pairs or short 

chains. This bacterium exists in either an encapsulated or non-encapsulated form, with 

capsulated strains generally being more virulent than strains lacking the capsule (Avery 

and Dubos, 1931). S. pneumoniae can reside harmlessly in the upper respiratory tract of 

healthy individuals, and at any time up to 70% of the same population may be 

asymptomatic carriers (Riley and Douglas, 1981). Rates of pneumococcal carriage are 

higher in young children and where people are living in crowded conditions. The 

carriage rate in a community is related to the incidence of pneumococcal disease (Riley 

and Douglas, 1981). Nasopharyngeal carriage of S. pneumoniae by man is very often 

associated with the development of protection to infection by the carriage serotype 

(Laferriere et al. 1997). 

S. pneumoniae is one of the major respiratory mucosal pathogens causing life

threatening diseases, and the high morbidity and mortality associated with 

pneumococcal disease are exacerbated by the rate at which this organism acquires 

resistance to antibiotics (Musher, 1992; Paton et al. 1993; Shelly et al. 1997). Infection 

results when host factors allow the organism to access locations ordinarily free of 

bacteria such as the middle ear and the lung. From these sites the bacterium may also 

reach the bloodstream leading to more serious disease, such as sepsis and meningitis 

(Gray et al. 1980; Aniansson et al. 1992; Musher, 1992; Paton et al. 1993; Shelly et al. 

1997; Musher et al. 1992). Otherwise, infections at mucosal sites can result when a 

balance shifts such that the bacterial numbers increase to a level beyond what the innate 

defences can control. Capsular polysaccharide-based vaccines are currently available 

against S. pneumoniae (Eskola, 2001). S. pneumoniae is capable of synthesising at least 
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90 antigenically different capsular polysaccharides, which form the basis of serotypes 

and serotypes for S. pneumoniae strains. The commercially available 23- valent 

polysaccharide vaccine represents about 95% of clinically significant types isolated from 

patients in the US (Recommendations of the hnmunization Practices Advisory 

Committee, 1989), as not all serotypes are associated with disease. The 23- valent 

vaccine is ineffective in children under the age of 2, a group that experiences the 

greatest burden of S. pneumoniae infections, but is efficacious for the prevention of 

infection in adults, although there is considerable controversy about the degree of its 

efficacy. Therefore, conjugated vaccines composed of 7, 9 and 11 selected 

polysaccharides bound to a protein carrier are under development, and are more 

immunogenic among children aged less than 2 years (Dagan et al. 1998; Eskola et al. 

2001; Wiuorimaa et al. 2001). The 7-valent vaccine has been licensed for use in 

children, and represents the most prevailing serotypes associated with disease in the US 

(World Health organization, 1999). Although these vaccines are highly efficacious 

against invasive disease they do not provide good protection against otitis media. 

Furthermore it is possible that large-scale vaccination may over time lead to a shift in 

serotype distribution towards capsular types that are not included in the vaccine. 

The potential for shift in capsular types causing disease and the significant expense in 

producing the conjugate vaccine would suggest that a more effective and less expensive 

vaccine is still needed. Over the past few years many studies have focused on the role 

of pneumococcal proteins in pathogenesis and protection. Proteins that are both highly 

conserved and/or involved in the pathogenesis of infections caused by S. pneumoniae 

are considered interesting components for future conjugate or multivalent vaccines. The 

immunological response against such proteins could provide protection against 

colonisation or infection with S. pneumoniae strains of all capsular types. It is not know 
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whether the prevention of colonisation could be of any positive benefit to the host. 

However, in the case of a vaccine, it could be speculated that by preventing colonisation 

an ecological niche could result in replacement of other pneumococcal serotypes not 

present in the vaccine, or even other pathogenic organisms. However, preventing 

colonisation could prevent spread of the infection which would benefit the host, but 

possibly no population benefits. Therefore this may have the benefits of preventing 

disease from such recurrent infections. It is possible that a protein-based vaccine may 

include more than one S. pneumoniae protein, such vaccines may help control carriage 

and prevent both localised and invasive disease across unrelated serotypes without the 

inclusion of specific capsular serotypes. Combination vaccines have been investigated 

in mice where combination of pneumolysin and choline binding protein A were shown 

to be even more effective than either antigen immunised alone (Ogunniyi et al. 2001). 

The purpose of this study was to investigate novel pneumococcal proteins for potential 

to induce an immune response that cleared an acute pulmonary infection in a mouse 

model. Proteins were purified from the cell wall of S. pneumoniae and screened in an 

animal model of acute lung infection following mucosa! immunisations. Three proteins 

were identified as showing potential as new vaccine candidates and investigations 

associated with these proteins are presented in this thesis. 
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1.2 History and epidemiology 

S. pneumoniae was first isolated from human saliva in 1881 by Pasteur (Pasteur, 1881), 

with a subsequent association to lobar pneumonia 2 years later. In 1891, Klemperer and 

colleagues demonstrated the protective effects of antiserum by showing that factors in 

sera from rabbits injected with heat killed S. pneumoniae protected against re-infection 

(Klemperer and Klemperer, 1891). In 1910 type specific immunity was discovered by 

Neufeld (Neufeld, 1902) through the Quellung reaction or microscopic agglutination 

and swelling of the external capsule upon addition of specific antisera. 

In 1928 the principle of capsular transformation was observed when heat-killed 

capsulated S. pneumoniae and live non-encapculated strains were injected into mice. 

The non-encapsulated strains could be converted into capsulated S. pneumoniae with the 

same capsular type as the heat killed strains. During the 1940's the nature of this 

transforming principle was found to be genetically controlled (Avery and Dubas, 1944). 

Studies by Avery et al during the 1930's established that there were several serotypes of 

S. pneumoniae, each producing a distinct capsular polysaccharide, and anti

polysaccharide antibodies were shown to provide type specific protection against 

challenge with virulent S. pneumoniae (Avery and Dubas, 1931). Until the 1960's, S. 

pneumoniae were considered susceptible to penicillin. In 1967, the first penicillin 

resistant strain was reported (Stirland and Shotts, 1967), and in 1968 the program to 

develop a polyvalent pneumococcal vaccine began. Since the 1960's there has been a 

continuation of the emergence of drug resistant strains including multiple antibiotic 

resistance to third generation cephalosporins and/or vancomycin which highlights the 

need for an effective vaccine. 
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A 14- valent pneumococcal vaccine was licensed in 1977 followed by a 23- valent 

pneumococcal vaccine which was licensed in 1984 and is still in current use. However, 

a new 7- valent protein conjugate vaccine was licensed in 2000. 

The incidence of pneumococcal disease is highest in infants under 2 years of age and in 

people over 60 years of age. In developing countries S. pneumoniae infection leads to 

the death of 1.2 million children under the age of 2 per year (Centres for Disease 

Control and Prevention, 1997). Each year in the USA about 500,000 cases of 

pneumococcal pneumonia occur (approximately 20-30% of all adult pneumonia's), and 

almost 40,000 people die of pneumococcal infections. Despite antibiotic therapy, the 

case-fatality rate of pneumococcal bacteremia remains between 15-20% among US 

adults, with a doubling of that rate in elderly people. In the USA, per year S. 

pneumoniae causes 50,000 cases of bacteremia, 3,000 cases of meningitis, and causes 

more deaths than any other single causative agent (Centres for Disease Control and 

Prevention, 1997). Nearly every child in the USA experiences a middle ear infection by 

the age of 5 with 50-60% due to S. pneumoniae (Cundell et al. 1995b), and the treatment 

of which costs the health care system more than 5 billion US dollars annually (Bondy et 

al. 2000). 

1.3 Surface components of S. pneumoniae 

S. pneumoniae has a typical gram positive cell wall, and a capsule that consists of up to 

90 serologically distinct polysaccharide types (Kayhty and Eskola, 1996; Lucas et al. 

1997), termed serotypes. The distribution of types isolated from adults differs to those 

isolated from children (AlonsoDeVelasco et al. 1995b). In addition the geographical 

distribution and prevalence of serotypes differ among different populations with 

countries like the USA and Australia having similar prevalent serotypes (6B, 14, 18C, 

19F, and 23F), but in nations like Rwanda and Papua New Guinea the same serotypes 
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play a lesser role (Butler, 1997). Three major layers can be distinguished on the surface 

of S. pneumoniae, the plasma membrane, the cell wall containing polysaccharides and 

proteins, and the capsular polysaccharide (AlonsoDeVelasco et al. 1995b). 

1.3.1 Plasma membrane 

The plasma membrane contains many components three of which are lipoteichoic acid, 

teichoic acid, and the peptidoglycan. These consist of extended repeated carbohydrates 

differing only in their attachment to the cell surface. Teichoic acid links directly to the 

peptidoglycan, while lipoteichoic acid anchors to the plasma membrane hydrophobically 

through its fatty acids. The plasma membrane and the cell wall contain determinants of 

disease (Cundell et al. 1995b), in that they both strongly activate the alternative pathway 

of complement (Cundell et al. 1994), and bind the acute phase C-reactive protein, 

perhaps initiating a specific defence mechanism (Cundell et al. 1995b). The activation 

of the alternative pathway of complement leads to the activation of C3a and C5a 

(anaphylatoxins) which enhances vascular permeability, and promotes the induction of 

mast cell degranulation and chemoattraction of PMN's. This in turn aids the bacteria to 

resist phagocytosis through mechanisms associated with the presence of the capsule on 

its surf ace. Phagocytosis is the main line of defence against infections caused by this 

organism. 

1.3.2 Cell wall 

The cell wall consists of a triple layered peptidoglycan backbone, cell wall 

polysaccharides and proteins. The cell wall polysaccharide consists of teichoic acid and 

phosphorylcholine residues. Cell wall proteins have been investigated as prime targets 

for an improved vaccine due to their potential as targets for antibody binding in host 
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defence. The cell wall functions as a selective permeable barrier enabling the entrance 

of nutrients into the cell, and protecting the cell from the environment. 

Phosphorylcholine is the major antigenic determinant of this cell wall. It functions as an 

anchor for surface proteins referred to as choline binding proteins (Cbp's) (Weiser et al. 

1996), and is common to all pneumococcal serotypes. It is thought that 

phosphorylcholine may be responsible for the structural diversity of the surface of S. 

pneumoniae, since 2 variants exist, one binding to Cbp and the other free. These 

features of phosphorylcholine are not unique to S. pneumoniae but are also found on the 

surface of other respiratory pathogens such as Neisseria spp, Haemophilus influenzae, 

and Pseudomonas spp (Gould et al. 2001; Weiser et al. 1998). 

Some pneumococcal proteins found within the cell wall are targets of host immunity, 

virulence factors and toxins. Hence, characterisation of proteins within this structure is 

of particular importance to understanding the pathogenesis and is potentially relevant to 

the development of an efficacious vaccine. The Cbp's (Gosink et al. 2000), 

neuraminidase (Lock et al. 1988a) and Pneumococcal surface adhesin A (Talkington et 

al. 1996) have received greatest attention. 

1.3.3 Capsular polysaccharide 

The surface of S. pneumoniae is enveloped in capsular polysaccharides which are 

divided into 90 distinct serotypes. Individuals infected with one capsular serotype of S. 

pneumoniae usually have no protective immunity against other capsular serotypes, 

hence they need to mount a new immune response with subsequent infections to the 

capsular polysaccharide. However in the case of common host proteins which form the 

basis for recent studies, it is envisaged that exposure to a protein from one serotype will 
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lead to protective immunity in individuals across other serotypes as well. The capsular 

polysaccharide protects S. pneumoniae from phagocytosis by polymorphonuclear 

leukocytes in the bloodstream (Frank, 1992; Musher, 1992). Wihile the capsule does not 

directly play a role in invasion, adherence or inflammation in the host, it does have a 

major effect on virulence through provision of resistance to phagocytosis (Brown et al., 

1983) and hence, promoting escape from the immune system of the host. The efficiency 

of phagocytosis depends on the chemical structure and to a lesser extent the thickness of 

the capsule (Kim and Weiser, 1998). These factors also determine the differences in 

ability of serotypes to cause invasive disease, survive in the bloodstream, and in 

activation of the varied components of the host immune system (AlonsoDeVelasco et al. 

1995b). Intra and inter-strain variability in the quantity of capsular polysaccharide 

produced by S. pneumoniae has been reported, although the regulatory mechanism 

controlling such expression is not completely understood (Kim and Weiser, 1998). 

Although the capsule is required for in vitro multiplication of the bacteria, it is not toxic 

and therefore other pneumococcal factors are believed to be responsible for promoting 

damage to the host (Paton et al. 1983). 

Noncapsulated strains demonstrate higher levels of adherence to human bronchial cells 

compared to the capsulated strains (Adamou et al. 1998). This may be due to the 

exposed adhesions present on the surface of S. pneumoniae which are normally shielded 

in the encapsulated strains, suggesting that while other factors on the surface of S. 

pneumoniae are involved in adherence, immune responses directed against the capsule 

can influence colonisation. 

The current polysaccharide licensed vaccines are targeted against these capsular 

polysaccharide components of S. pneumoniae from the most common clinical isolates. 
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However, due to the variability of distribution of these serotypes geographically, poor 

immunogenicity to polysaccharides in children, the elderly and immuno-compromised 

hosts, cell wall polysaccharide-based vaccines were mainly limited to use in healthy 

adults prior to the new generation of protein-conjugated vaccines. 

1.4 Colonisation 

1.4.1 Factors required for the binding of S. pneumoniae to the nasopharynx 

'Adherence of S. pneumoniae to the nasopharynx is enhanced by cytokine production 

with either IL-1 or TNF-(3. This is thought to be mediated by interaction with the 

receptor for platelet activating factor (PAP) on the activated host cells (Cundell et al. 

1995a) (Cundell et al. 1995b). PAF is of importance in promotion of mechanisms 

necessary for cell entry as treatment with a PAF antagonist was shown to largely prevent 

the adherence of S. pneumoniae to activated cells (Cundell et al. 1995b). The 

phosphorylcholine residues of the cell wall polysaccharide act as ligands responsible for 

binding to the PAF receptor present on activated cells and in turn facilitates adherence 

and invasion (Cundell et al. 1995a). Phosphorylcholine interacts directly with host 

receptors and also functions as an anchor for several Cbp's, such as Psp'A and autolysin 

(Weiser et al. 1996). The presence of Cbp's attached to the phosphorylcholine 

presumably masks phosphorylcholine binding to the PAF receptor since these proteins 

block the adherence of S. pneumoniae to human cells (Cundell et al. 1995b ). In 

addition, it has been reported that purified cell wall polysaccharide of S. pneumoniae 

binds to the asialo-GMl glycolipid and which also appears to be dependent on the 

phosphorylcholine residues (Sundberg-Kovamees et al. 1996). Therefore, both PAF 

receptor and asialo-GMl binding require the expression of phosphorylcholine on the 

bacterial surface (Kim and Weiser, 1998). 

10 



1.4.2 Adherence of S. pneumoniae to initiation site 

Pneumococcal adherence to both human lung cells (type Il pneumocytes) and vascular 

endothelial cells involves 3 classes of glycoconjugate receptors. On resting host cells, S. 

pneumoniae binds to N-acetyl-o-galactosamine J3 i-3 galactose or N-acetyl-o

galactosamine B 1-4 galactose (GalNAcB l-4Gal) containing receptors (Cundell et al. 

1995b; Cundell et al., 1995), and a third class of glycoconjugate receptor which contains 

a N-acetyl-glucosamine Bl-3 galactose specificity which is induced following cytokine 

release (Cundell et al. 1994; Cundell et al., 1995; Weiser et al., 1994). Cytokine release 

results in expression of glycans on the surface of activated cells and increased 

pneumococcal adherence. An example of such cytokine activation is the expression of 

PAF receptors on some host cell surfaces (Cundell et al., 1995). This activation process 

leads to pneumococcal invasion of the host and associated pneumococcal diseases. 

1.4.3 Spread of S. pneumoniae from initiation to infection site 

Following the interaction of S. pneumoniae with glycoconjugates on the surface of target 

cells, colonisation of the nasopharynx takes place (Cundell et al. 1995). The adherence 

of S. pneumoniae to the nasopharynx is an initial step in colonisation and infection of 

the host and requires S. pneumoniae to survive and evade the host's immune system. 

Colonisation is believed to be a prerequisite for the spread of S. pneumoniae to the 

lower respiratory tract, sinuses and the middle ear (Boulnois, 1992; Cundell et al. 

1995). 

Otitis media results when S. pneumoniae migrates from the nasopharynx into the middle 

ear via the eustachian tube. Bacteria colonising the nasopharynx may also be aspirated 

into the lower respiratory tract and cause pneumonia. In some cases, S. pneumoniae 

penetrate the nasopharynx or lung mucosa! epithelium and enter the vascular 
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compartment, causing sepsis (Cundell et al. 1995b; Ji et al. 1997; Saladino et al. 1997). 

Further to this, the vascular cell wall of the blood-brain barrier may be penetrated by the 

bacteria, resulting in meningitis (Saladino et al. 1997). 

1.4.4 Phase variants of S. pneumoniae 

The majority of clinical isolates consist of heterogeneous populations of at least 2 

phenotypes distinguished by their difference in colony opacity (Weiser et al., 1994; 

Cundell et al., 1995). Opaque and transparent colony variants of the same strain have 

been shown to differ in the amount of cell wall polysaccharide produced as well as in 

other characteristics (Kim and Weiser, 1998). Opaque colonies tend to have higher 

levels of cell wall polysaccharide compared to the transparent colonies of the same 

strain, and this correlates with increased resistance to opsonophagocytosis following 

exposure to human serum containing type specific antibody (Kim et al. 1999). In 

addition, it was shown that only the opaque variant of several strains tested were able to 

cause sepsis in a murine model of systemic infection in contrast to their transparent 

variant (Kim and Weiser, 1998) 

Variation in colony morphology is important because it corresponds with differences in 

the ability to colonise the nasopharynx. Opaque variants do not readily colonise the 

nasopharynx, whereas the transparent variants are invariable and effective colonisers 

(Weiser et al. 1994) (Cundell et al. 1995b). The ability of transparent S. pneumoniae to 

· reside in their position in the nasopharynx correlates with their greater adherence to 

human type II pneumocytes (Cundell et al. 1995), and they possess a selective 

advantage in the colonisation of the nasopharynx due to their ability to recognise N

acetyl-glucosamine (31-3 galactose (Cundell et al. 1995b). Opaque colonies have 

significantly higher amounts of pneumococcal surface protein A (PspA) (Kim and 
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Weiser, 1998; Rosenow et al. 1997a) and capsular polysaccharide(Kim and Weiser, 

1998),whereas major autolysin (LytA) and choline binding protein A are present in 

greater amounts on transparent colonies of S. pneumoniae (Rosenow et al. 1997a; 

Weiser et al. 1996). Pneumolysin levels do not differ between opaque and transparent 

variants (Kim and Weiser, 1998). 

1.5 Pathogenesis, virulence factors and vaccine candidates 

The precise molecular mechanisms by which S. pneumoniae invades and damages host 

tissues are not fully understood. For years the virulence of S. pneumoniae has largely 

been attributed to its antiphagocytic polysaccharide capsule which were considered 

important vaccine candidates and on which the 14- and 23-valent vaccines were based. 

However, recent evidence indicates that pneumococcal proteins play an important role 

in the pathogenesis of disease, either as mediators of inflammation or by directly 

attacking host tissue (Paton et al. 1993). 

The major virulence factors proposed to date are pneumolysin (Lock et al. 1988b), PspA 

(McDaniel et al. 1991), two neuraminidases (Tong et al. 2000), major autolysin (LytA) 

(Berry et al. 1992), CbpA (Rosenow et al. 1997a), PsaA (pneumococcal surface adhesin 

A) (Sampson et al. 1994), hyaluronate lysate (Lock et al. 1988b), two ABC transporter 

proteins- PiuA and PiaA (Brown et al. 2001) and IgAl protease (Rosenow et al. 1997b; 

Janoff et al. 1994b ). These proteins have been considered as potential vaccine 

candidates, and an alternative to the current vaccines is to use them in conjunction with 

or in place of existing antigens in these vaccines. PspA and pneumolysin have already 

shown significant promise for use in an alternative vaccine approach. 
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1.5.1 Pneumolysin 

Pneumolysin is a 53 kDa protein (Paton et al. 1983) and unlike other pneumococcal 

virulence antigens, it is not surface exposed. It is highly conserved among different 

serotypes (Mitchell et al. 1990), is a cytoplasmic enzyme that is released during the 

action of surface pneumococcal autolysin (Paton et al. 1986), and is crucial in early 

infection of the host as it is essential to the pneumococcal colonisation. In vivo, 

pneumolysin causes a progressive lowering of ciliary beat frequency, while causing loss 

of ciliated epithelium (Rayner et al. 1995). This loss of cilia can cause bronchial 

epithelial disruption, promoting bacterial migration into the lower respiratory tract, and 

facilitates dissemination into the blood stream (Rubins and Janoff, 1998). During the 

initial stage of bacteremia, pneumolysin is critical to the ability of S. pneumoniae to 

overwhelm the host inflammatory responses and produce an acute sepsis syndrome 

(Benton et al. 1995), and as such, it is thought to be directly involved in the 

pathogenesis of pneumococcal disease (Alexander et al. 1994; Paton et al. 1993). 

Pneumolysin also activates the complement cascade in the absence of antibody to 

pneumolysin (Benton et al. 1995; Paton et al. 1984), which may serve to protect the 

organism from complement mediated opsonophagocytosis. Thus pneumolysin is an 

important virulence factor of S. pneumoniae that aids penetration of the physical 

defences of the host by the bacterium. 

A detoxified mutant of pneumolysin has been reported as a vaccine candidate for S. 

pneumoniae, alone (Paton, Lock and Hansman, 1983), or as a protein carrier for the 

polysaccharide vaccine (Boulnois, 1992; Kuo et al. 1995). This mutant is structurally 

and functionally equivalent to the native pneumolysin, and has been used in several 

studies. It has been shown that pneumococcal carriage and infections induce salivary 

and serum antibodies to pneumolysin in children previously exposed to S. pneumoniae 
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(Rapola et al. 2000; Simell et al. 2001). More recently, the importance of 

pneumolysin as good mucosa! immunogen was demonstrated in adenoidal B cells in 

children (Rapola et al. 2000; Zhang, Choo and Finn, 2002). In this study, children 

produced IgG-class antibodies to PspA, PsaA, and Ply during the first 2 years of life. 

Antibody synthesis was induced both by healthy carriage and respiratory tract infection 

caused by S. pneumoniae. However, development of anti-Pneumolysin antibodies was 

strongly dependent on age, apparently in response to multiple pneumococcal exposures. 

Furthermore, the conjugate vaccine linking pneumolysin to the current polysaccharide 

vaccine may have the benefit of inducing protective neutralising antibodies to 

pneumolysin that may prevent pneumolysin induced injury and provide protection 

against infections with S. pneumoniae serotypes whose polysaccharides are not included 

in the vaccine (Rubins and Janoff, 1998; Kuo et al. 1995). 

1.5.2 Choline binding proteins (Cbp's) 

Cbp's are a family of surface proteins bound to the choline component of cell wall 

teichoic acid or lipoteichoic acid (Rosenow et al. 1997a). These proteins contain within 

their C-terminal a repeated signature for choline-binding domains that are the 

distinguishing feature of this (Rosenow et al. 1997a). Cbp's possibly function as 

specific adhesins for glycoconjugates on eukaryotic host cells (Gosink et al. 2000; 

Rosenow et al. 1997). Some members of this family specifically bind the secretory 

component of IgA (Hammerschmidt et al. 1999) and complement components (Tu et al. 

1999). 

1.5.2.1 Pneumococcal surface protein A (PspA) 

PspA is a pneumococcal surface protein (Russel et al. 1990) which has been identified 

on every S. pneumoniae isolate studied to date (Crain et al. 1990). Although PspA from 
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different pneumococcal strains are serologically variable, many antibodies to PspA 

exhibit cross-reactivity with PspA from unrelated strains (Crain et al. 1990; McDaniel 

et al. 1991). In addition to serological variability among different strains PspA is also 

known to exhibit variability in its molecular weight (Waltman et al. 1990) (Crain et al. 

1990). 

PspA attaches itself to S. pneumoniae by non-covalent binding to the choline of both 

lipoteichoic and teichoic acids via its C-terminal end which consists of the choline 

binding region (Yother and White, 1994). Although the function of PspAis not known, 

it does appear to act as an adhesin to eukaryotic cells or to the extracellular matrix 

(Cundell et al. 1995). The role of PspA in virulence in mice has been demonstrated 

with strains of S. pneumoniae in which PspA genes have been either deleted or 

inactivated. Mutant strains lacking PspA have been shown to clear more rapidly from 

the blood of non-immunised mice than are the PspA-producing strains (McDaniel et al. 

1987; Briles et al. 1988). PspA has also been shown to reduce complement-mediated 

clearance and phagocytosis of S. pneumoniae in a mouse model (Tu et al. 1999; Briles 

et al. 1996). 

PspA elicits immune responses following subcutaneous immunisations that can protect 
' 

challenged mice against infection with S. pneumoniae (Talkington et al. 1996). 

Systemic and mucosa! immunisation of animals with PspA induce antibody responses 

that protect against sepsis and nasopharyngeal carriage. In addition, following the 

addition of cholera toxin to the mucosa! vaccine formulations, high levels of PspA

specific serum antibody of both IgG and IgA isotypes as well as a mucosa! IgA specific 

antibody were measured, indicating a T-helper 2 response (Th2). Protection against 

infection lasted more than 5 months, and it was considered that both mucosa! and 

systemic immunity contributed to this protection (Wu et al. 1997; Yamamoto et al. 

1997). It was also demonstrated that recombinant PspA was capable of eliciting cross 
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protection against subsequent challenge with heterologous strains of S. pneumoniae 

(McDaniel et al. 1991; Yamamoto et al. 1997). Mucosa! immunisation with PspA has 

been shown to result in the induction of antigen-specific slgA in various mucosa! 

effector sites, such as the lamina propria of the gastrointestinal tract, the upper 

respiratory tract, and the genitourinary tract (Kiyono et al. 1992). In a more recent 

study by Arulanandum it was shown that mucosa! immunisation with PspA and IL-12 

resulted in enhanced respiratory and systemic antibody levels of IgG 1, IgG2a and IgA 

compared to immunisations with PspA alone. Increased protection against 

nasopharyngeal carriage and increased opsonophagocytosis was also observed 

(Arulanandam et al. 2001). Kang and co-workers demonstrated that a recombinant 

attenuated Salmonella vaccine expressing recombinant PspA antigen elicited mixed Th1-

and Th2- type immune responses and protected mice against pneumococcal challenge. 

However there were some issues that needed further evaluation. These included issues 

with the Th2- responses and evidence that further modification of the construct was 

needed to enhance the secretion of PspA to induce antibody that could opsonize more 

diverse pneumococcal strains with higher avidity (Kang et al. 2002). 

Studies have looked at the type of immune response involved in PspA-specific 

protection from infection. Young children are capable of producing natural antibodies 

to PspA, this response is induced by healthy carriage and respiratory tract infection 

caused by S. pneumoniae (Rapola et al. 2000). The amount of antibody was seen to 

increase with age during the first two years of life, whether by carriage or infection 

(Rapola et al. 2000). In more recent studies, the importance of recombinant PspA 

immunisation in preventing pneumococcal carriage by humans has been demonstrated 

(McCool et al. 2002). Immunisation of humans with a single recombinant fragment of 

PspA was shown to induce antibodies that following transfer experiments passively 
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protected mice against challenge with different S. pneumoniae strains (Briles et al. 

2000). These studies would suggest that PspA was important in protection against S. 

pneumoniae infection. However, epidemiologic studies with pneumococcal PspA would 

indicate that acquisition of strains and length of colonisation decrease with increasing 

age, suggesting that maturation of the immune system in some way plays a role in 

controlling colonisation patterns (Samukawa et al. 2000). 

1.5.2.2 Choline binding protein A (CbpA) 

CbpA is a 75-kDa surface-exposed protein (Rosenow et al. 1997a), which is different 

from the calculated molecular weight (112kDa) based on migration properties by SDS

PAGE (Holloway, 1998). CbpA is a predominant protein found in the mixtures of Cbp's 

isolated from S. pneumoniae (Rosenow et al. 1997a). It is surface exposed, has a strong 

ability to react with both human convalescent-phase serum and mouse antisera 

(Rosenow et al. 1997a). CbpA functions as a cell wall adhesin molecule and appears to 

act as a bridging element between the choline of teichoic acid or lipoteichoid acid and 

human cell glycoconjugates. It has been shown in a rat model to play a role in 

colonisation of the nasopharynx (Rosenow et al. 1997a). Further studies have shown 

that CbpA mediates adherence to cytokine-activated human cells and participates in 

pneumococcal colonisation of the nasopharynx (Holloway, 1998), suggesting that this 

process might be involved in advancing pneumococcal disease from colonisation to 

invasion. It is likely that cytokine-activated human cells express PAF receptor, which 

has the ability to bind phosphorylcholine on the pneumococcal cell wall (Cundell et al. 

1995a). This suggests that CbpA and other Cbp's may be blocking such attachment. 

CbpA is also referred to as PspC, SpsA, or Hie. 
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1.5.2.3 Autolysin (LytA) 

Autolysins are members of a group of enzymes whose major function is degradation of 

the peptidoglycan backbone of bacterial organisms, which leads ultimately to cell lysis 

(Tomasz et al. 1970). The 36kDa enzyme N-acetylmuramic acid L-alanine amidase 

(LytA) is the best characterised autolysin (Holtjeet al. 1976). There appears to be 

variation in the LytA gene encoding the autolysins of S. pneumoniae among different 

isolates (Gillespie et al. 1997). LytA is involved in the pathogenesis of disease directly 

by release of cell wall components that are inflammatory in some animals (Tuomanen, 

1999), or indirectly by release of cytoplasmic bacterial proteins such as pneumolysin 

(Paton et al. 1986; Berry et al. 1992). Mutations in the LytA gene in the S. pneumoniae 

chromosome lead to significantly decreased virulence of this organism compared to the 

wild type strain in a mouse intraperitoneal challenge model (Berry et al. 2000). 

Although the precise role of LytA in viruJence is still not clear, this study clearly 

indicated that the LytA gene was important to pneumococcal pathogenesis. 

LytB (Garcia et al. 1999b) and LytC (Garcia et al. 1999a) are other pneumococcal 

autolysins that have recently been characterised. They affect colonisation and virulence 

in an infant rat model consistent with a hypothesized role in release of other proteins 

from the cell wall (Gosink et al. 2000). LytB is a glucosaminidase that plays a role in 

pneumococcal daughter cell separation (Garcia et al. 1999b), and LytC is reported to 

have lysozyme-like activity at 30°C (Garcia et al. 1999a). However, LytA is the major 

cell wall autolysin responsible for the diagnostic lysis of S. pneumoniae by bile salts and 

for lytic activity of ~-lactam antibiotics (Cundell et al. 1995b). 
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1.5.3 Hyaluronate lysate 

Hyaluronate lysate is an enzyme produced by S. pneumoniae (Humphrey, 1948), which 

depolymerises hyaluronic acid. The gene for pneumococcal hyaluronate lysate was 

cloned, and the expresssed protein was found to have a molecular weight of 80 kDa 

(Boulnois et al. 1991; Paton et al. 1993). Hyaluronidase lysate is a major surface 

protein with potential antigenically variable properties that might contribute to 

pneumococcal virulence (Humphrey, 1948; Berry et al. 1994). The enzyme belongs to a 

broader group of enzymes called hyaluronidases. It binds covalently to peptidoglycan 

structures to form a cell anchor (Hung Ton-That et al. 1997), which facilitates tissue 

invasion by breaking down extracellular matrix components. Furthermore, the 

degradation of hyaluronic acid is thought to contribute to the spread of S. pneumoniae 

through the tissue, and allow greater microbial access to host tissue for colonisation 

(Boulnois, 1992; Paton et al. 1993). 

1.5.4 Pneumococcal surface antigen A (PsaA) 

PsaA is another pneumococcal virulence factor. PsaA is a 37-kDa protein present on the 

surface of S. pneumoniae and seems to be expressed by the 23 serotypes included in the 

Pneumovax™ polysaccharide vaccine (Russel et al. 1990). PsaA is thought to be 

anchored to the bacterial cell membrane and a lipid component is covalently attached to 

the protein. This attachment forms covalent linkages with cysteine residues at the 

amino-terminal end of the protein which may be responsible for the mechanisms that 

keeps this protein attached to the bacteria (Tam et al. 1993). The gene encoding PsaA 

from serotype 6B was found to be highly conserved with a variation of 10% occurring 

between strains which make up the 23- valent polysaccharide vaccine (Sampson et al. 

1997). PsaA was initially thought to be an adhesin molecule (Sampson et al. 1994), 

however recent studies have suggested that it belongs to a family of metal ion 
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transporters and has a role in transporting Mn2
+ and Zn2

+ into the cytoplasm of the 

bacteria (Dintilhac et al. 1997). 

Immunisation studies have provided evidence that PsaA may be useful as a vaccine 

candidate. Following immunisation with PsaA, mice which were negative for 

antibodies to capsular polysaccharide and phosphorylcholine were still alive 5 and 21 

days after intravenous pneumococcal challenge, whereas 8 out of 10 control mice died 

within the first five days (Talkington et al. 1996). Furthermore, Seo and co-workers 

demonstrated that oral immunisation with PsaA encapsulated in microspheres and 

delivered with cholera Toxin B subunit elicited specific antibody responses and 

provided cross-protective immunity against pneumococcal serotypes (Seo et al. 2002). 

1.5.5 Neuraminidase 

S. pneumoniae was shown to have at least two neuraminidase genes that were unrelated 

at the DNA level (Camara et al. 1994). These genes have been cloned in E.coli and 

their presence confirmed in all pneumococcal serotypes tested (Camara et al. 1991). It 

has been proposed that the two forms of the enzymes result from proteolytic degradation 

of a parental enzyme (Lock et al. 1988b; Paton et al. 1993). Neuraminidase is a surface 

protein (Camara et al. 1994) which is released from the cell during autolysis, a process 

mediated by the cell wall associated autolysin (Boulnois, 1992). Neuraminidase cleaves 

terminal sialic acid residues from glycolipids, glycoproteins, and oligosaccharides on 

cell surfaces and in body fluids (Paton et al. 1993). This action changes the 

glycosylation patterns of the host and probably exposes more of the host cell surface, 

which may reveal surface receptors for possible interaction with S. pneumoniae (Krivan 

et al. 1988). The exact role of neuraminidase has not been clearly established, though it 

may be its action on glycosylation. 
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The purified neuraminidase was found to be toxic following immunisation in mice, like 

pneumolysin, but it conferred limited protection against challenge with virulent S. 

pneumoniae. It was also found that neuraminidase provided less protection than 

pneumolysin from challenge (Lock et al. 1988a). Increased survival of mice following 

immunisation with neuraminidase pre-treated with formaldehyde has suggested that 

neuraminidase is a pneumococcal virulence factor (Crain et al. 1990; Lock et al. 

1988a), and is of possible relevance to the pathogenesis of the disease (Camara et al. 

1991; Paton et al. 1991). Furthermore, intracerebral inoculation of mice with purified 

neuraminidase have shown to lead to neurological signs and death (Kelly et al. 1970). 

These detrimental effects would suggest it would be an unsuitable vaccine candidate 

antigen. 

1.5.6 Iron transporter proteins 

Two ABC transporter systems of S. pneumoniae, PiuA (pneumococcal iron uptake A) 

and PiaA (pneumococcal iron acquisition A) have recently been described (Brown et al. 

2001). These proteins are required for iron uptake into the cytosol of gram-positive 

bacteria (Zhou et al. 1999). Defining the genes that allow S. pneumoniae to acquire 

micronutrients in vivo may improve the understanding of how this bacterium can grow 

within internal organs and cause disease. In tum this may assist in identifying further 

novel vaccine candidates. Using PCR investigators showed that Pia and Piu were 

present in all S. pneumoniae serotypes investigated, and these were found to contain 

regions similar to other iron receptors known to be expressed on bacterial cell surfaces 

(Brown et al. 2001). In another study, the same antigens were assessed as vaccine 

candidates by immunising mice with purified recombinant PiuA and PiaA proteins, 

followed by systemic challenge with S. pneumoniae. Immunisation elicited antibody 
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responses and resulted in a degree of protection against systemic challenge with S. 

pneumoniae (Brown et al. 2001). Furthermore, PiuA and PiaA are involved in the 

virulence of S. pneumoniae in both systemic and pulmonary models of infection (Brown 

et al. 2001). PiuA and PiaA were further investigated as protein-based vaccines for S. 

pneumoniae, and results demonstrated added protection against systemic challenge with 

S. pneumoniae occurred with the combined preparation than was observed following 

immunisations with either of the antigens alone (Brown et al. 2001). The recently 

published S. pneumoniae genome (Tettelin et al. 2001) revealed third ABC transporter 

operon (termed pit) encoding proteins with similarity to PiuA and PiaA (Brown et al. 

2001). Identification of Pit provided evidence that iron acquisition is important for 

growth in vitro and in vivo, although PiaA and PiuA appear to be the most important S. 

pneumoniae iron transporters for iron acquisition (Brown et al. 2002). 

1.5.7 IgA-1 protease 

IgA-1 proteases are important in facilitating colonisation of S. pneumoniae through 

preventing IgA from effectively binding to the organism. They help bacteria avoid being 

trapped in mucus and being expelled from the airways. IgAl protease is a surface 

protein found on S. pneumoniae (Rosenow et al. 1997a). 

Human mucosa! IgA comprises two subclasses, IgAl and IgA2 that prevent the 

adherence of pathogenic organisms and neutralise their toxins (Janoff et al. 1994a). 

However, the functional activity of IgAl against S. pneumoniae may be compromised by 

production of the pneumococcal IgAl protease, which cleaves human IgAl at a specific 

site within the hinge region, yielding intact Fab and Fe fragments (Male, 1979). 

Secretory IgA (slgA) is the predominant immunoglobulin of the mucosa! immune 

system, and the generation of specific slgA antibody usually requires stimulation of 

specialised inductive sites of the mucosa! immune system (Wu et al. 1997). Therefore, 
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this protease is likely to have a role in virulence by protecting the pneumococcus from 

type-specific antibody during colonisation. The biological significance of such 

enzymatic activity for S. pneumoniae as well as other similar bacterial IgA proteases has 

yet to be proven (Reinholdt et al. 1997). 

1.6 Pneumococcal vaccines 

Pneumococcal vaccines have been investigated since experiments with whole killed S. 

pneumoniae nearly a century ago. Despite this, vaccines that have been developed are 

of limited use in the elderly and very young. The immune systems of these two 

important target groups do not respond well to polysaccharide based vaccines, and until 

recently all licensed vaccines have been based only on the polysaccharides. 

The 23- valent licensed vaccine has been available mainly to the high-risk populations, 

although this is not a routine vaccine in many countries. It has been formulated from a 

mixture of polysaccharides based on the most clinically significant from about 90 

serologically distinct capsular serotypes expressed by S. pneumoniae worldwide. Whilst 

the vaccine covers 80-90% of the clinically significant types isolated from patients 

(Recommendations of the Immunization Practices Advisory Committee, 1989), it does 

not prevent all pneumococcal disease. There is clear evidence that the pneumococcal 

vaccine is effective in healthy young adults with an efficacy of 57 % (Butler et al. 

1993). However, the efficacy is variable for persons at risk, such as infants, children, 

the elderly, and the immunocompromised. This variable efficacy of the pneumococcal 

vaccine may reflect variability in the immunogenicity of polysaccharide-based vaccines 

in these populations. 
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The current 23- valent polysaccharide-based vaccine has several disadvantages. First, 

the protection it imparts is type specific, and due to the geographical distribution of the 

disease causing serotypes, what is effective in one geographical population may have a 

much reduced capability in another, depending on serotype prevalence in that population 

(Paton et al. 1991). Second, it is a very poor vaccine for certain risk groups, as 

previously mentioned (Crain et al. 1990). Furthermore, the immunological memory 

associated with this vaccine is poor, and differences in the immunogenicity are 

associated with the components for the individual serotypes (Rubins et al. 1999). In 

addition to these problems, the increased frequency in isolating multidrug-resistance 

strains of S. pneumoniae accentuates the need for a more improved, broader specificity 

and efficacious vaccine (Tart et al. 1996). 

The poor immunogenicity of the vaccine and its lack of efficacy in children are due to be 

the nature of the polysaccharide antigen. Polysaccharide antigens are type 2 T-cell 

independent antigens, which stimulate mature B cells without the help of T cells. The B 

cells of newborns respond poorly to most of the polysaccharide antigens. 

Responsiveness develops slowly during the first year of life. Furthermore, the T-cell 

independent antigen induces low immunologic memory and maturation of the immune 

response. Anti-polysaccharide antibodies have low avidity and the switch from one 

isotype to another does not happen even after repeated immunisations (Kayhty et al. 

1996). 

In view of the success of the conjugate polysaccharide vaccine against H. influenzae 

type B diseases in children younger than 2 years of age (Eskola et al. 1990), the interest 

in extending the conjugate technology has been applied towards the development of a S. 

pneumoniae vaccine. Conjugation of bacterial polysaccharide to protein antigen 
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enhances the immunogenicity and converts polysaccharides from T-cell independent to 

more immunogenic T-cell dependent antigens (AlonsoDe Velasco et al. 1995a; Shelly et 

al. 1997). T-cell dependent antigens are capable of promoting immunological memory 

in infants and elicit antibody responses in which the switch of B cells toward IgG 

production is favoured (AlonsoDeVelasco et al. 1995a). However, there are still a 

limited number of pneumococcal serotypes which can be conjugated to any given 

protein carrier, and it may be desirable to produce different conjugate formulated for 

some geographical areas (Pomat et al. 1994), depending on serotype prevalence. Given 

the current technology, the cost of producing conjugate formulations is quite prohibitive, 

and makes these vaccines particularly expensive for many developing world economies. 

Furthermore, manufacture is complicated and prone to batch failures. 

Recently, conjugated vaccines composed of 7-, 9- and 11- selected polysaccharides 

bound to non-pneumococcal protein carriers have undergone clinical trials. The 7-

valent pneumococcal polysaccharide-CRM197 conjugate vaccine is linked to a non

toxic variant of diphtheria toxin (CRM197) and has been licensed. This 7- valent vaccine 

is safe and efficacious in the prevention of invasive disease caused by the serotypes 

included in the vaccine, including 4, 9V~ 14, 19F, 23F, 6B and 18C (Eskola et al. 2001). 

However, the impact on otitis media is minimal as this vaccine has shown to reduce the 

overall incidence of otitis media by approximately 6% and efficacy against otitis media 

caused by serotypes in the vaccine was only around 50%. Although the current 

formulation of the 7-valent vaccine covers the majority of invasive serotypes in the 

United States, it does not cover prevalent serotypes in other parts of the world, such as 

serotypes 1, 3, 5 and 7F required in the Danish population (Konradsen et al. 2002). 

Furthermore, serotypes 1 and 3 are also required in the Brazilian population (Carvalho 

et al. 1999). 
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Further studies have shown that conjugates can confer broader protective immunity 

when using pneumococcal proteins (Lee et al. 2001). Mice injected with type 9Vi 

polysaccharide conjugated to inactivated pneumolysin or autolysin produce high levels 

of IgG and IgM antibodies to both the polysaccharide and the protein carrier (Lee et al. 

2001). Wihen challenged with homologous and heterologous serotypes, the mice 

exhibited rapid bacterial clearance from the blood. These results suggest that conjugates 

using pneumococcal protein carriers can induce opsonophagocytic antibody activity. 

Polysaccharide immunogenicity varies between serotypes which is a problem for the 

mix of capsular types that can be included. In humans, all conjugate vaccines appear to 

elicit immunologic memory with some serotypes. Being good immunogens, serotypes 

14, 18C, and 19F elicit antibody protection after a single dose, whilst others, particularly 

6B and 23F require three doses of vaccine (Eskola and Anttila, 1999). 

Although the conjugate vaccines are able to elicit protective T-cell-dependent immune 

responses against the polysaccharide, in the case of the non-pneumococcal protein 

conjugates their responses are still restricted to the serotypes included in the 

formulations ( World Health organization, 1999; Eskola et al. 2001). Furthermore, 

suppression of the immune response by pre-existing antibodies to the carrier can 

become a problem if the number of conjugate vaccines containing the same carrier 

protein (e.g., diphtheria or tetanus toxoids) keeps growing (Etlinger et al. 1990) 

(AlonsoDeVelasco et al. 1995a). 

The cost of these vaccines is also another major barrier for their widespread use in 

developing countries. Furthermore, the ability of S. pneumoniae to switch capsular 

types through transformation raises concerns that the pattern of carriage and of resulting 

invasive disease may change in response to broad coverage with the vaccine (Eskola, 
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2001). Therefore research into protein based vaccines for pneumococcal disease is both 

timely and justified. 

New vaccination strategies are directed at defining protein antigens, which are 

conserved across serotypes and reduce colonisation and protect against invasive disease 

(Austrian, 2001; Briles et al. 2000). Although these vaccines may not necessarily be 

cheaper, the pneumococcal protein antigens that contribute to pathogenesis and are 

highly conserved in their structure are potentially good candidates for inclusion in such 

vaccines. Significant strain heterogeneity, variation in expression of proteins between 

and within strains and phenotypical differences in host responses to antigens would 

suggest that an efficacious vaccine would contain multiple antigens. Recent studies 

reported development of a vaccine based on a combination of pneumococcal protein 

antigens common to all serotypes (Briles et al. 2000; Ogunniyi et al. 2001; Ogunniyi et 

al. 2000). It was demonstrated that a combination of protein antigens (PspA, PsaA and 

pneumolysin) protect against S. pneumoniae in a non serotype-dependent manner 

(Ogunniyi et al. 2000). The combination formulations were more effective than 

antigens administered singularly. The ability of two ABC transporter proteins to elicit 

protective immunity was demonstrated in mice in a systemic infection model (Brown et 

al. 2001). Intraperitoneal immunisation with a combination of a genetic toxoid 

derivative of pneumolysin and CbpA, revealed marked protection compared with 

pneumolysin toxoid alone but not compared to the CbpA alone (Adrian et al. 2000). In 

contrast, it has been shown that although pneumolysin and LytA were protective 

immunogens against challenge with virulent S. pneumoniae in mice no additive 

protection occurred when mice were immunised with both antigens (Lock et al. 1992). 

In conclusion some but not all combination vaccines enhanced protection against 

infection, however further studies are needed to assess the usefulness of various current 
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vaccine candidates and novel antigens or their mixtures in various modes of 

pneumococcal challenge. 

1.7 Conclusion 

Currently available vaccines to prevent S. pneumoniae infections are based on 

polysaccharide components alone or conjugated to protein carriers. The conjugation of 

a protein to the polysaccharide component overcomes the problems associated with the 

lack of immunogenicity of the earlier vaccines, especially in children. However, there 

are still problems associated with the new polysaccharide conjugates. Conjugate 

vaccines are expensive to produce and certainly too costly for use in the developing 

world where there is a major need. In addition, conjugation technology is complex and 

there are limits as to how many polysaccharides can be included in the one vaccine 

formulation. These conjugate vaccines confer protection limited to the capsular types 

included and even this efficacy appears relatively poor for certain types of infection. 

A number of proteins have been identified as possible vaccine candidates and there is 

evidence suggesting that in some cases combinations of these proteins may be more 

protective than single protein immunisations. Two lead candidates at this time are PspA 

and pneumolysin. The major drawbacks for use of these two proteins are strain 

heterogeneity and their function as virulence factors, and toxic agents. 

This study has focused on extending the research on S. pneumoniae proteins for the 

development of an improved vaccine against S. pneumoniae infections. Various novel 

antigens have been identified that demonstrate potential for consideration for inclusion 

in a S. pneumoniae vaccine. By using proteins in a vaccine that are protective and 

29 



conserved across serotypes, it would be possible to elicit serotype-independent 

protection. 

1.8 Aims and Objectives 

It is apparent from the information presented in the literature review, that there remains 

a need for a "next generation" S. pneumoniae vaccine to improve the efficacy and 

coverage across strains and serotypes associated with infection. One of the most likely 

ways of achieving this is through the addition of new antigens, particularly protein 

antigens, into vaccine formulations. For an antigen to be considered a suitable vaccine 

candidate it must firstly be capable of inducing an immune response that protects against 

both homologous and heterologous infections, secondly, be expressed across the 

majority of disease-associated serotypes, and thirdly, across strains and serotypes it must 

have a highly conserved sequence or the regions that are associated with the protective 

immune responses are conserved. ~his study aimed to identify and investigate proteins 

from S. pneumoniae that have not been previously studied as vaccine candidates and 

determine if there are novel candidate antigens that warrant consideration for 

development in the next generation of S. pneumoniae vaccines. ~he specific objectives 

to achieve this aim were: 

1. To identify and purify protein antigens from S. pneumoniae and to assess their 

potential as possible vaccine candidates in a mouse model of respiratory 

infection. 

2. To further investigate proteins that demonstrated potential as vaccine candidates 

through production of a recombinant form of the antigens and comparison of 

their protective capacity against native antigen. 
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3. To determine the degree of conservation of the gene and expression of the 

protein across serotypes of S. pneumoniae 

4. To assess the ability of vaccine antigens to enhance pulmonary bacterial 

clearance following mucosa! versus systemic immunisation in a mouse model of 

acute infection. 

5. To identify the antigen-specific immune responses associated with enhanced 

bacterial clearance. 
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Chapter 2 

Materials and Methods 



2.1 Bacteria 

2.1.1 Bacterial strains 

Serogroup 3 S. pneumoniae (NTCC 49619) was obtained from the United Kingdom 

culture collection. This strain was used in homologous bacterial challenge experiments. 

S. pneumoniae strains were provided by Denise Murphy (Queensland Hospital) and 

were clinical isolates taken from naturally infected individuals. Serotypes that matched 

those present in the current conjugate vaccines were selected: 1, 3, 4, 5, 6B, 7F, 9V, 14, 

18C, 19F, and 23F (Table 2.1). 

2.1.2 Bacterial culture 

S. pneumoniae strains were grown overnight at 37°C on blood agar in a 5% CO2 

incubator or cultured overnight in tryptic soya broth (Oxoid, LTD, Basingtoke, 

Hampshire, England) in a shaker incubator at 37°C, as indicated in the specific protocols 

below. 

2.1.3 Preparation of live bacteria 

Where live bacteria were requited, these were grown overnight on blood agar plates at 

37°C, in 5% CO2. The bacteria were harvested by scraping with sterile glass slides and 

washed three times in sterile PBS (PBS; 9.5mM phosphate, 0.15M NaCl, pH 6.6; 

Cytosystems) by centrifugation (Eppendorf model 5415C, Germany) at 10,000g for 

4min at room temperature. The final pellet was resuspended in PBS and bacterial 

concentration (colony forming units/ml; CFU/ml) calculated. This was achieved by 

measurement of the absorbance at 405nm using a microplate reader 
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Table 2.1: S. pneumoniae strains. 

Serotypes 

S. pneumoniae Serotypes 

Homologous type 3 
1 
3 
4 
5 
6B 
7F 
9V 
14 
18C 
19F 
23F 

Strain 

NT:CC 49619 
015 291 
015 143 
015 341 
015144 
015344 
015 342 
015 156 
015 348 
015 362 
015 299 
015 300 
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Source 

UK 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 
Queensland 



(Model 3550, BioRad) of 100µ1 volumes of dilutions of the bacterial suspension. The 

following regression curve for relating optical density log to the concentration of S. 

pneumoniae was used. 

y=l.469x + 9.212 

Where: 

y=log10CFU/ml 

x=log10OD 

The accuracy of the viable bacterial counts was confirmed by overnight culture for 

counting colony forming units (CFU) determination. 

2.1.4 Preparation of killed bacteria 

Bacteria were grown overnight at 37°C as described in Section 2.1.2. Bacteria were 

killed by suspension in 1 % (w/v) formaldehyde in PBS and incubated at 37°C for 2 

hours. The bacteria were washed by centrifugation 3 times in PBS, and inactivation was 

confirmed by the absence of growth on overnight culture on blood agar plates. The 

concentration was adjusted to 5x I 08 CFU per ml as estimated by determining the optical 

density at 405nm using the regression equation in section 2.1.3. 

2.2 Protein purification 

2.2.1 Extraction of cell wall proteins from S. pneumoniae 

The method used was adapted from Lock et al (Lock, Paton and Hansmann, 1988b). 

10ml of tryptic soya broth was inoculated with a loop of S. pneumoniae and shaken 

overnight at 37°C. From this culture, two 5ml aliquots were subcultured into two 500ml 

volumes of tryptic soya broth and cultured overnight at 37°C with shaking. Growth and 

contamination of the subcultures were checked by streaking samples onto blood agar 
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plates and incubating overnight at 37°C in 5 % CO2• The broth cultures were washed 

twice in PBS. To disrupt the bacterial cell walls, the pellet was resuspended in 10ml 0.2 

w/v sodium deoxycholate in PBS and stirred for 1 hour at room temperature. The cell 

wall proteins in the suspension were precipitated by gradual addition of ammonium 

sulphate, to a final concentration of 70 % w/v. The supernatant was discarded and the 

precipitated proteins resuspended in 10ml lOmM sodium phosphate pH 7.0. After 

dialysis against three 11 changes of IOmM sodium phosphate pH 7.0, the cell wall 

suspension was clarified by centrifugation at 15,000g for 20min at 4°C, and an aliquot 

removed to assay for protein content. The cell wall extract was then lyophilised for 

storage prior to subsequent analysis. 

2.2.2 Analysis and purification of proteins 

2.2.2.1 SDS-P AGE Analysis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SOS-PAGE) was 

performed essentially as described by Laemmli (Laemmli, 1970). Protein samples were 

mixed 1:1 with sample buffer (0.5 M Tris HCL, pH 6.8, 10 % v/v glycerol, 10 % w/v 

SDS, 0.05 % w/v bromophenol blue, 0.05 % v/v ~-mercaptoethanol) then boiled for 

5min. 10-20 µ,I of protein sample and molecular weight markers ( either Pharmacia or 

SeeBlue plus 2; Invitrogen) were loaded onto a gel (discontinuous - 4 % stacking and 12 

% separation gels for MiniProtean system or 10-15 % gradient for Phast system), then 

electrophoresed for 90min at a constant 100 V. The gels were then stained by either 

Coomassie Blue or, for improved sensitivity, by silver stain (Section 2.2.2.2-2.2.2.4). 

2.2.2.2 Coomassie staining 

Gels were stained by a 45min incubation at room temperature in Coomassie brilliant 

blue (0.1 % (w/v) Coomassie blue R-250 (Ajax), 10% acetic acid (Ajax) and 40% (v/v) 
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methanol), followed by overnight incubation in destaining solution (10% (v/v) acetic 

acid, 40% (v/v) methanol and 50% (v/v) MQ water). A model GS-670 densitometer 

(Bio-Rad) was used to scan the gel. 

2.2.2.3 Coomassie staining method using the PhastSystem 

Coomassie staining was performed by the PhastSystem (Pharmacia) staining unit and 
' 

used the following programme. Two 4min incubation at 50°C with 30% (v/v) ethanol, 

10% (v/v) acetic acid; an incubation at 50°C for 20min with Coomassie stain prepared 

by dissolving 400mg Coomassie brilliant blue R250 in 80ml methanol, filtering, and 

diluting 1:10 with 10% (v/v) acetic acid containing 2.2% (w/v) ammonium sulphate; a 

0. lmin incubation at 50°C with 30% (v/v) ethanol, 10% (v/v) acetic acid; two 

incubations at 50°C for 5 and 1 0min each with 10% (v/v) acetic acid; a 2min incubation 

at 50°C with 20% (v/v) glycerol; and a 0.4min wash at 30°C with MQ water. 

2.2.2.4 Silver staining method using the PhastSystem 

Silver staining using the PhastSystem staining unit involved the following staining 

programme. A 2min incubation at 50°C with 50% (v/v) ethanol, 5% (v/v) acetic acid; 

two incubations at 50°C for 2 and 4min each with 10% (v/v) ethanol, 5% (v/v) acetic; a 

6min incubation at 50°C with 8.3% (v/v) glutaraldehyde; two incubations at 50°C for 3 

and 5min each with 10% (v/v) ethanol, 5% (v/v) acetic acid); two incubations at 50°C 

for 2min each with MQ water; a 13min incubation at 40°C with 0.25% (w/v) silver 

nitrate; two incubations at 30°C for 0.5min each with MQ water; two incubations at 

30°C for 0.5 and 4min each with developer (0.04% v/v formaldehyde in 2.5% w/v 

anhydrous sodium carbonate); a 2min incubation at 50°C with 5% (v/v) acetic acid; and 

a 3min incubation at 50°C with 10% (v/v) acetic acid, 5% (v/v) glycerol. 
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2.2.2.5 Electro-elution 

Electro-elution was carried out for the purification of cell wall extracts and to recover 

the proteins separated by the protean II xi cell. ~he BioRad protean II electro-eluter is a 

flat bed eluter with separate elution and harvesting capabilities, where the eluter allows 

the harvesting of protein bands in 3-5ml fraction volumes and a total of 30 fractions per 

gel. Elution was in the transverse direction through the thickness of the gel using an 

electrophoresis buffer. Gels were equilibrated with the electrophoresis running buffer 

for IOmin and placed on the flat eluter according to the manufacturer's instructions. 

Elution time was 1 hour at constant 250mA using a BioRad power supply (model 

200/2.0). Harvesting of the eluate was carried out under vacuum into 30 12mm x 75mm 

tubes. 

2.2.2.6 Removal of SDS 

SDS was removed from the fractions using a potassium phosphate solution to 

precipitate the detergent, as described by Suzuki and Terada (Suzuki and Terada, 1988). 

To samples containing SDS a 200µ1 volume of sterile IO0mM potassium phosphate was 

added per 1ml of sample and left on ice at 4°C for 60min. ~he sample was centrifuged 

at 10,000g for 20min at 4°C in a micro-centrifuge. ~he supernatant was retained and the 

SDS precipitate was discarded. Salts were removed by overnight dialysis against 

nanopure water. 

2.2.2.7 Dialysis and storage 

Dialyzing overnight with 3x changes of 4L nanopure water removed salts from the 

samples. Final protein concentrations were determined using the Pierce Micro BSA kit 

(2.2.6), and the purified protein samples were stored at a concentration of 2.5mg/ml in 

10% glycerol at-80°C. 
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2.2.3 Two-dimensional electrophoresis 

Crude cell wall extract was prepared as described in section 2.2.1 and a total of 200µ1 

volume of 1:1 cell wall extract to rehydration solution (8.3M urea, 4% CHAPS, 50mM 

dithiothreitol, 0.2% Bio-Lytes, and 0.001 % Bromocresol blue) was applied to the 

sample well. All methods were according to manufacturer's instructions. Briefly, the 

first dimension electrophoresis was performed using 7cm IPG strips (pH 3-10), which 

were actively rehydrated overnight for 17 hours at 50V. In the second dimension, the 

gel strips were overlayed onto 12% SOS-PAGE gels and a 4% stacker (Section 2.2.2.1) 

and the strip overlayed with approximately 0.5ml of 1 % (w/v) agarose in 100ml TAB 

buffer, and 0.01 % bromophenol blue. The gel was allowed to run at 5mA for 1 hour and 

15mA for 1.5 hours per gel strip. Where required for western blot, two identical gels 

were run under the same conditions, one of the gels Coomassie stained (Section 2.2.2.2), 

and the other for transfer to a membrane (Section 2.2.4). 

2.2.4 Western Blotting 

The gel was equilibrated in lx transfer buffer (lOx stock; 110 g glycine, 40 g Tris, MQ 

water containing 20 % v/v methanol), before electro-transfer to nitrocellulose by a mini 

TransBlot Unit (BioRad). Transfer was conducted at 100 V for 1 hour. The 

nitrocellulose membrane was washed for 1 0min in Tris buffered saline (TBS) in 0.05% 

Tween 20 (TTBS), then blocked in 3 % w/v skimmed milk in TTBS for 30min. 

Following washing by 3x 5min in TTBS, the membrane was probed with 1/20 dilution 

of primary antibody (in 1 % w/v skim milk/TTBS) for either 90min at room temperature 

or 18 hours at 4°C. Following incubation, the unbound antibody was removed by 

washing the membrane for 1 0min with 2 changes of TTBS. Diluted horseradish 

peroxidase conjugated anti-mouse IgG (Sigma) (1/500) was applied to the membrane 

and incubated for 90min. After incubation with secondary antibody, the membranes 
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were washed twice for Smin in TTBS, and then washed a further Smin in TBS. The blot 

was developed for 15-30min with 4-chloro-1-naphthol (0.06%) in PBS containing 

0.01 % hydrogen peroxide (BioRad). 

2.2.5 Amino-terminal sequence analysis 

The N-terminal sequence of the proteins was determined from an excised band from 

SDS-PAGE analysis (Section 2.2.2.1). Analysis was performed by the BioMolecular 

Resource Facility, Centre for Molecular Structure and Function, Australian National 

University. Following sequence analysis, the data obtained was subjected to BLAST 

search (Basic Local Alignment Search Tool), the National Centre for Biotechnology 

Information (Bethesda, MD, USA) (http://www.ncbi.nlm.nih.gov/BLAST). A minimum 

of lOµg pure protein samples were required in order to result in a sequence that was 

suitable to release. 

2.2.6 Protein assay 

Protein concentrations were determined using the Pierce Micro BSA protein assay 

(Pierce Laboratories, Illinois) albumin standards and reagents. A standard curve was 

prepared by dilution of the same diluents of bovine serum albumin (BSA) (2mg/ml) as 

those used for the sample and the duplicate standards ranged from 5-40µ.g/ml. 

Duplicates of the unknown protein were serially diluted in the relevant buffer the protein 

was kept in. The working reagent was prepared by mixing 50% (v/v) of reagent A 

(sodium carbonate, sodium bicarbonate, and sodium tartrate in 0.2 N NaOH), 48% (v/v) 

of reagent B (4% bicinchoninic acid in nanopure water), and 2% (v/v) of reagent C (4% 

cupric sulphate pentahydrate, in nanopure water). In a 96 well microtitre plate (Nunc, 

Intermed, Denmark) I 00µ1 of each standard, blank or unknown sample was added in 

duplicate, was mixed with I 00µ1 working reagent and incubated at 60°C for 1 hour. The 
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plate was allowed to cool to room temperature before reading at 595nm using a 

microplate reader (BioRad Model 3550). Unknown protein concentration was 

determined from a standard curve for the curve range of 5-40µ,g/ml. 

2.3 Mouse lung clearance model 

2.3.1 Animal Model 

Specific pathogen free (SPF) Balb/c mice were obtained from the Animal Resources 

Centre, Perth, Western Australia. The mice were maintained under barrier conditions 

until the start of the experiment where they were removed only for immunisations and 

challenge. At all other times the animals remained under SPF conditions and were 

allowed autoclaved pelleted food, sterile water and libitum. All procedures using mice 

were approved by the University Animal Ethics Committee. Mice aged 6-10 weeks 

were immunised on day 0 and challenged according to the schedules in Table 2.2. 

Bacterial clearance was calculated as a percentage value in comparison to the relevant 

negative control group for that challenge experiment. 

Table 2.2: Immunisation regimes used. 

Mucos.il regime 

Parenteral regime 

IPP Intra-Peyer's patches 
IT Intra-tracheal 
SC Subcutaneous 

0days 
(Total volume) 

tpp (10µ1) 

SC (100µ1) 

Total volume delivered in brackets 

41 

14 days 
(Total volume) 

IT (20µ1) 

SC (100µ1) 

21 days 

Challenge 

Challenge 



2.3.2 Peyer's patch or subcutaneous immunisation 

The immunisation protein was prepared by emulsifying lOµg protein in a 1: 1 ratio with 

incomplete Freund's adjuvant (IFA; Sigma Immunochemicals, St Louis, MI), and a total 

of I0µg protein per dose administered to each animal unless otherwise stated. Mice 

immunised subcutaneously were injected into the scruff of the neck using a 26G needle. 

For IPP delivery, the mice were sedated either by a subcutaneous injection of 0.25ml of 

0.Smg/ml ketamine and 0.2mg/ml xylazine in PBS, or by intraperitoneal injection of 

0.55ml of the ketamine/xylazine mixture. Stock ketamine and xylazine were purchased 

from Bayer, Pymble, NSW, Australia. The small intestine of each mouse was exposed 

through a mid-line abdominal incision and approximately I µI volumes of the antigen 

were injected into the subserosal region of each Peyer's patch using a 26G needle and a 

total of I 0µl of inoculum delivered per mouse. The abdominal cavity was sutured. 

Sham immunised mice were subjected to the same surgical procedure with injection of 

an emulsion of IFA and PBS, unless otherwise stated. Some control groups were left 

untreated since there was no difference between whether they were sham immunised or 

not. 

2.3.3 Intra-tracheal inoculation of mice 

Mucosally immunised mice received an intra-tracheal boost 14 days after Peyer's 

patches immunisation. The mice were sedated with 0.12ml of saffan 1/4 (20mg 

alphadone in PBS/Kg body weight/Pitman-Moore, North Ryde, NSW, Australia) into the 

tail vein using a 26G needle. A 20µ1 volume of protein (lOµg protein in PBS) was 

delivered via the trachea into the lungs with a 22.SG catheter (Terumo, Tokyo, Japan), 

and dispersed with two 0.3ml volumes of air. 

42 



2.3.4 Challenge 

Seven days following the intra-tracheal or SC boost, the mice were challenged with live 

bacteria. The mice were sedated with saffan as described in section 2.3.3, and an 

inoculum of lxl07 CFU of live S. pneumoniae was delivered into the lungs via intra

trachea as described for the intra-tracheal inoculation. The inoculum varied between 

experiments, as stated elsewhere. Five hours after the challenge, the mice were killed 

by an intra-peritoneal injection of 0.2ml of Nembutal (60mg/ml) (Rhone Merieux, 

Australia). 

2.4 Collection ot samples for analysis 

2.4.1 Serum 

Blood was collected by heart puncture using a 1ml syringe and 26G needle. The blood 

was transferred to a sterile centrifuge tube and allowed to clot at room temperature 

before the serum was separated by centrifugation at 450 x g for IOmin at 4°C using a 

bench top centrifuge (Jouan, BR3.ll, St Nazaire, France). The serum was stored below 

-20°C. 

2.4.2 Broncheoalveolar lavage (BAL) 

The trachea was exposed and the lungs were lavaged by instilling and recovering 0.5ml 

of sterile PBS into the lungs via a cannula inserted in the trachea. The recovered BAL 

fluid was placed in a sterile 1.5ml microfuge tube. The BAL was used for assessment of 

bacteria by plating 10 fold serial dilutions of the washings on blood agar for CFU 

determination. An aliquot was removed for preparation of a cytospin slide (Section 

2.4.4), the BAL was then centrifuged for IOmin at l000rpm at 4°C and the supernatant 
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stored below -20°C until required. The cell pellet was used to determine white cell 

numbers, while accounting for the presence of any bacterial debris (Section 2.4.4). 

2.4.3 Lung homogenate 

Following lavage, the lungs were excised, heart and connective tissue removed and 

placed in 2ml sterile PBS for homogenisation using the tissue homogeniser at 9,500rpm 

(Heidolph DIAX 600, Elecktro GmbH and Co., Kelheim, Germany). The lung 

homogenate was assessed by plating 10 fold serial dilutions onto blood agar for CFU 

determination. 

2.4.4 Cell counts 

A 100µ1 volume of BAL was spun onto a glass slide for I 0min using a cytospin 

centrifuge (Shandon Inc, Pittsburg, PA). The slides were air dried and stained with Diff 

Quick (Lab Aids, Narabeen, NSW, Australia). The percentage of polymorphonuclear 

leukocytes (PMNs) and macrophages was determined by differential counts on three 

separate microscope fields on each slide and expressed as the mean percentage cells ± 

standard error of the mean for each group of animals. 

The cell pellet from the BAL (Section 2.4.2) was used to calculate the total number of 

white cells. The pellet was resuspended in 50µ1 PBS and 50µ1 methylene blue. The 

white cells (WBC) were counted using a hemocytometer, corrected for volumes 

removed and dilution factors, and expressed as mean total WBC number ± standard 

error of the mean for each group of animals. 

2.5 Antigen-specific lymphocyte proliferation 

The spleen was removed and placed into a sterile 2ml vial containing PBS with 0.1 % 

(w/v) calcium chloride and 0.1 % (w/v) magnesium chloride supplemented with 5% 
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(v/v) fetal calf serum (heat inactivated at 57°C for 30min; FCS), lO0µg of penicillin per 

ml, IO0µg of streptomycin per ml, 0.25µg of amphotericin B (Fungizone) per ml (PSF) 

in PCM medium. Spleens were kept on ice (maximum of 4h) until preparation for 

antigen-specific proliferation assay culture later the same day. The spleen tissue was 

minced with a scalpel blade, and passed through a sterile stainless steel sieve using the 

plunger end of a sterile syringe and washed in cold sterile PCM medium. The cell 

suspension was left in a sterile 10ml centrifuge tube to allow larger material to settle. 

This was removed and the tube centrifuged at 200g for I 0min at RT using a bench top 

centrifuge (Jouan). The supernatant was removed and the pellet resuspended in 4ml 

PCM medium. Viable cells were counted by trypan blue exclusion with a 

hemocytometer by taking 50µ1 of the cell suspension and adding 200µ1 PBS and 250µ1 

of trypan blue solution. The cell suspension was again centrifuged at 200g for I 0min at 

RT and the pellet resuspended in RPMI culture medium (Multicell RPMI [Cytosystem, 

Castle Hill, NSW, Australia] containing 0.01M HEPES [pH 7.2], 5x10-5M B

mercaptoethanol, 2mM 1-glutamine [ICN, Sydney, Australia], 5% FCS and PSF) to 

obtain a final concentration of 106 cells per ml. The antigen was suspended in culture 

medium in a 10-fold dilution series and sterile filtered. Concanavalin A (ConA) (Sigma) 

was used as a mitogenic control at a single concentration of 5µg/ml. The cell 

suspension and antigen were added in triplicate to flat bottom multi well plates (Nunc) to 

give a final volume of 0.2ml per well. Lymphocyte proliferation was estimated by 

determining [3H] thymidine (Amersham) incorporation for the last 8 hours of a 4 day 

culture. Results were calculated by subtraction of background radioactivity from the 

geometric means of the cpm from triplicate wells, and then the geometric mean ± 

standard error was calculated for the entire treatment group. 
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2.6 Antibody analysis 

2.6.1 Antigen specific ELISA for IgG and IgA 

Levels of specific IgG and IgA directed against a Streptococcus pneumoniae cell wall 

extract (unless otherwise specified) were measured in both BAL and serum of immune 

and non-immune animals by enzyme-linked immunosorbent assay (ELISA). 

To establish assay conditions, serial dilution analysis (checkerboard titrations) were 

performed. A range of concentrations of antigen, and dilutions of the immune sera were 

tested to determine the optimal assay conditions. 

IgA and IgG standards contained five or six concentrations respectively and were 

prepared by serial dilution of either IgG (5mg/ml mouse serum (Calbiochem

Novabiochem) or IgA (l.48mg/ml myeloma (Calbiochem-Novabiochem)) in carbonate

bicarbonate buffer (15mM NaCO3, 35mM NaHCO3, pH 9.6). 100µ1 of each standard 

was added in duplicate to a 96-well microtitre plate. The remaining wells were coated 

with cell wall extract antigen (40µg/ml for IgA assays, and 2µ.g/ml for IgG assays) in 

carbonate bicarbonate buffer, otherwise the test protein (as stated elsewhere), and for the 

blank carbonate bicarbonate buffer was used. Assay volumes were conducted with 

I 00µ1 for serum assays or 50µ1 for the BAL assays and incubated overnight at 4°C. 

Unbound antigen was removed by washing the plates five times in PBS-Tween (0.006M 

disodium hydrogen phosphate, 0.002M sodium di-hydrogen phosphate, 0.27M NaCl, 

pH 7.2) containing 0.05% (v/v) Tween 20 (polyoxyethylene sorbitan monolaurate; 

Sigma). 150µ1 of 2.5% skim milk blocking buffer (2.5% (w/v) skim milk in PBS

Tween) was added to each well to block residual binding capacity of the plate, and the 

plates incubated for 90min at room temperature before washing in PBS-Tween. BAL 

and sera samples were diluted in 1 % skim milk blocking buffer, added to appropriate 
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wells and allowed to incubate for 90min at room temperature. Serum samples were 

diluted in 1/25, 1/100 and 1/250. BAL samples were prepared at dilutions of½, ¼, 1/8. 

After incubation unbound antibody was removed by washing plates five times in PBS

Tween. Either 50µ1 to BAL wells or 1 00µl to all other wells of a horseradish 

peroxidase-conjugated secondary antibody was added to each well for 90min. 

Conjugated antibodies used were horseradish peroxidase-conjugated anti-mouse lgG 

(diluted 1:3000 in 1 % blocking buffer), IgA (1:250), or IgM (1:1000) [Sigma]. Plates 

were washed five times with PBS-Tween and the wells developed by the addition of the 

chromogen, 3', 3', 5' -tetramethylbenzidine (Sigma) in phosphate-citrate buffer, pH5, 

(0.lM Sodium hydrogen phosphate, 0.05M citric acid [Ajax chemicals, Auburn, NSW], 

containing 0.05% (v/v) hydrogen peroxide). Conversion of the colourless substrate to a 

coloured end product by the enzyme conjugate proceeded for lOmin. The reaction was 

terminated by the addition of 0.5M H2SO4. The intensity of the colour change was 

measured at 450nm on a microplate reader. The amount of antibody present in each 

sample was calculated by applying the formula derived for each standard curve, and 

multiplying by the reciprocal of the sample dilution. Results for IgA and IgG were 

expressed as ELISA units/100µ1, calculated by multiplication of the assigned absorbance 

units by the reciprocal of the serum or BAL dilution. Results were calculated using the 

microplate reader analysis software (BioRad). 

2.6.2 Flow Cytometry 

S. pneumoniae (serotype 3) was grown overnight as described previously (Section 2.1.2) 

in tryptic soya broth and harvested by centrifugation at 10,000g for lOmin at 4°C. 

Bacterial concentration was adjusted to 5xl08 CFU per ml. Appropriate pooled antisera 

at a 1 :50 dilution in a total 1ml volume (in PBS) was added to the relevant controls and 

test samples. Secondary goat anti-mouse IgG (H+l) labelled conjugate with the 
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fluorescent dye Alexa 488 (Eugene, Oregon, USA) at a dilution of 1 :200, 5µ1/ml, was 

added to each test. A second test of tubes contained a series of control samples which 

included no fluorescent-conjugated antibody or bacteria plus labelled antibody, but no 

sera. A positive control consisted of pooled antisera (1:50) from the whole killed cell 

vaccinated animals. Following incubation for 1 hour at 37°C, the samples were washed 

4 times in PBS and a final volume of 1ml PBS added to the bacterial cells for analysis 

by flow cytometry (Coulter XL-MCL, coulter Corporation, Miami, Florida). A total of 

20,000 cells were counted in duplicate readings and data acquired in the instrument 

status of logarithmic mode for forward scatter, side scatter, side scatter and fluorescence. 

Cell surface reactivity was coded by the degree of curve shift to the right for the 

experimental group. An apex shift of greater than one log was accepted as significant 

reactivity. 

2.7 Molecular Biology Methods 

Table 2.3: Bacterial strains and plasmids. 

Serotypes 

E. coli plasmids 

XLl-Blue 

M15 with pREP4 

Cloning vector 

PQE30 

Recombinant plasmids 

SpUCll 
SpUC14 

Tet', tetracycline resistance 
Kan', kanamycin resistance 
Amp', ampicillin resistance. 

Strain 

recAl endAl gyrA96 thi-1 hsdR17 supE44 
relAl lac [F' proAB lacl qUM15 T.nlO] 

lac! Kan' on pREP4, F recA+ uvr+ Ion+ lac 

E. coli expression vector with His6 tag 5' to 
the polylinker (Amp') 

282bp BamHI/Kpnl cloned into pQE30 
366bp BamHI/Kpnl cloned into pQE30 
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Qiagen 

Qiagen 

Qiagen 
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2.7.1 Extraction of chromosomal DNA 

The following method was adapted from Moxon et al. (Moxon, Deich and Connelly C, 

1984). All reagents, solutions and containers were sterilised by autoclave prior to use. 

Blood agar plates were inoculated with a loop full of S. pneumoniae and incubated 

overnight at 37°C. The following day bacteria were transferred to 50ml sterile tryptic 

soya broth (Oxoid) and incubated overnight in a shaker incubator at 37°C. The culture 

was centrifuged at 5000 rpm for 15min at 4°C, bacterial cells were washed in 10ml of 

TBS (1 0mM Tris pH 8.0, and 50mM NaCl) and re-centrifuged. The cells were then 

resuspended in 5ml lysis solution (1 00mM NaCl, 1 0mM Tris pH 8.0, 1 0mM EDTA pH 

8.0, 1 % SDS), and incubated for 20min at 60°C. Proteinase K was added at a 

concentration of lmg/ml and incubated at 37°C for 60min. The lysed cell suspension 

was extracted with 5ml of Tris equilibrated phenol (Sigma) for 1 0min with gentle 

agitation on a rocking platform, at room temperature. The suspension was centrifuged 

for 15min at 4000g. The aqueous phase was removed and kept in a sterile container, 

and the phenol layer was re-extracted with a 5ml volume of TE ( 1 0mM Tris, lmM 

EDTA pH 8.0) as above. The aqueous layer was combined with the previous aqueous 

layer and 2x volume of ice cold ethanol was added. Using a sterile bent pasteur pipette, 

the mix was gently swirled to recover the DNA and then rinsed with 70% ethanol. The 

DNA was further pelleted by centrifugation at 4000g for 5min. The DNA was 

redissolved in TE containing 40µg/ml heat treated Rnase and incubated at 37°C for 

30min. The absorbance was read at 260 and 280nm (1:500 and 1:1000 dilution) to 

determine the concentration and confirmed by electrophoresis. 
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2.7.2 Restriction enzyme digestion of DNA 

In a 1.5ml sterile eppendorf tube the following were added: 2µ1 of 500ng/µl of pQE30 

vector (Qiagen), 2µ1 of 1 Ox of restriction enzyme compatible buffer (Boehringer 

Mannheim), lµl of 12U/µl BamHI (Boehringer Mannheim), and either 1µ1 of 12U/µl 

Kpnl or 1 µl Hindlll (Boehringer Mannheim). When Kpnl was used, 1 µl 10% BSA was 

added. Finally, sterile MQ water was added to give a total volume of 20µ1. The mixture 

was digested at 37°C in a water bath for 2 hours. The reaction was analysed on an 

agarose gel, excised and purified (Section 2.7.3). 

2.7.3 Agarose gel electrophoresis 

The following method for analysing the DNA samples was adapted from Sambrook et 

al. (Sambrook, Fritsch and Maniatis, 1989). DNA samples were prepared by mixing the 

DNA with 6x DNA loading buffer (Sigma) (0.25% bromophenol blue, 0.25% xylene 

cyanol FF, 30% glycerol in water). Samples were loaded onto a 0.8-2% agarose/TAE 

(0.04M Tris-acetate, ImM EDTA) gel containing 0.1 % ethidium bromide. For the 

preparation of standard molecular weight markers, 2µ1 of Sppl EcoRI 0.25µg/µl 

(Pharmacia) was used. Samples were separated by electrophoresis at 60mA for about 2 

hours in lx TAE and visualized using an ultraviolet transilluminator. 

2.7.4 Purification of DNA 

2.7.4.1 Purification of gel exised DNA using Ultra Clean gelspin kit 

Excised bands of DNA from agarose gels were purified using ultra clean gelspin DNA 

purification kit and minicolumns (Mo Bio Laboratories). Bands were excised from gels 

using a scalpel blade and mixed with 5 volumes of clean up resin and heated at 55°C 

until the gel had dissolved. The mixture was then passed through a minicolumn and 
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washed with 80% isopropanol and eluted into 50µ1 of elution buffer by centrifugation at 

10,000g. 

2.7.4.2 Ethanol precipitation of purified DNA 

Concentrated DNA was added to two and a half times the volume of ice cold absolute 

ethanol, and 2µ1 of sodium acetate (3M, pH 5.1). The mixture was left on ice for lOmin 

to precipitate the DNA, centrifuged at 14,000 rpm for 30min at 4°C, and the supernatant 

removed. 100µ1 of 70% ice cold ethanol was added to the pellet and the mixture was 

centrifuged as above for 15min. The supernatant was removed and the final cleaning 

step repeated as described with 70% ethanol. The pellet was left to air dry for 2min, and 

stored at -20°C until required. All the chemicals used were of a purity grade suitable for 

molecular biology. 

2.7.5 Polymerase Chain Reaction (PCR) 

The following method was adapted from Sambrook et al. (Sambrook, Fritsch and 

Maniatis, 1989) with minor changes. In a sterile microfuge tube the following were 

added; 15µ1 MQ water, 0.2µ1 of 50mM of both 3' and 5' primer ends (Gibco BRL), 

0.4µ1 25mM dNTP mix pH 7 .0 (Qiagen), 2µ11 0xPCR buffer (Qiagen), 0.2µ1 Taq at 

5U/µ1 (Qiagen). Chromosomal DNA was prepared as described in section 2.7.1, diluted 

to a 1/10 in 1 0mM TE buffer and 600ng was added per reaction. Negative controls 

containing no DNA were included. The amplification was carried out in a Corbett FTS 

4000 Capillary Thermal Sequencer (Corbett Research, Sydney, NSW Australia) as 

outlined in Table 2.4, unless otherwise described for the specific clones. 

For the SpUC14 gene, PCR mixture per clone contained 134µ1 of MQ water, 20µ1 lOX 

Pfu polymerase buffer, 4µ1 dNTPs (25mM of each dNTP), 1 0µl of each primer (32pm), 
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2µ1 Pfu DNA polymerase (SU) and 12µ1 MgCh (25mM). Approximately 600ng of S. 

pneumoniae strain NTCC 49619 chromosomal DNA was used as the template. 

For the SpUCll gene, the PCR mixture per clone contained 134µ1 of MQ water, 20µ1 

lOX DNA polymerase buffer, 4µ1 dNTPs (25mM of each NTP), 10µ1 of each primer 

(32pm), 2µ1 Taq DNA polymerase (SU). Approximately 600ng of S. pneumoniae NTCC 

49619 chromosomal DNA was used as the template. 

Table 2.4: PCR programme using the Corbett FTS 4000 Capillary Thermal 
Sequencer (Corbett). 

Process Temperature Time Cycles 

Initial 94°c 3min 
Denaturing ss0c 20sec 1 

72°C 20sec 
Denaturing 94°c 10sec 
Annealing 52°C 20sec 45 
Extension 72°C 20sec 
Extension 72°C 5min 1 

2.7.5.1 Purification of PCR products 

This method allowed the purification of PCR products ranging from lO0bp to 10,000bp 

from primers, nucleotides, polymerases, and salts using QIAquick spin columns in a 

centrifuge, performed according to manufacturer's instructions. The method involved 

adsorption of the DNA to a silica membrane in the presence of high salt while 

contaminants passed through the column. The bound DNA was washed to remove 

impurities and pure DNA was eluted with water at pH 7.0-8.5. The sample was stored at 

-20°C until needed. 
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2.7.5.2 Treatment of PCR product with restriction enzymes 

To 10µ1 of PCR product the following was added to make a total volume of 15µ1: lµl of 

each of BamHI (lOU) and Kpnl or Hindlll (lOU), and 2µ1 of compatible buffer, and lµl 

of sterile water. The mixture was digested for 2 hours at 37°C. When digesting with 

Kpnl, 1µ110% BSA was added. Following digestion the cut DNA agarose gel band was 

purified as outlined in section 2.7.4.1. 

2.7.6 DNA Ligation 

Following treatment of the PCR products with restriction enzymes, the products were 

ligated cloned into the pQE30 expression plasmid. DNA bands were purified (Section 

2.7.4.1), digested with the necessary enzymes and purified again prior to ligation. The 

purified products were then mixed with appropriately digested vector in a ratio of 

vector:insert of 1:3, lµl T4 DNA ligase (400u) (Roche), 0.1 volume of T4 DNA ligase 

buffer (}Ox; 500mM Tris-HCI, pH 7.5, IO0mM MgCh, IO0mM DTT, IOmM ATP, 

250µM BSA) and ligated overnight at 16°C. 

2.7.7 Preparation of cells for heat shock transformation 

E. coli XLI-Blue (recAI endAI gyrA96 thi-I hsdR17 supE44 relAI lac [F' proAB 

lac14ZAM15 TnlO]) or MIS with pREP4 (lacIKanr on pREP4, F recA+ uvr,+ lon+ lac) 

cells were grown overnight at 37°C in a shaker incubator in 5ml of LB broth. This 

overnight culture was used to start a 100ml culture which was grown with vigorous 

shaking at 37°C until the OD600 reached 0.4. Cells were chilled on ice for 5min and 

centrifuged for IOmin at 1200g at 4°C. The pellet was resuspended in 40ml of buffer 1 

(30mM KAc, IO0mM RbCh, IOmM CaCh, 50mM MnCh, 15% v/v glycerol, pH 5.8 

adjusted with acetic acid) incubated on ice for 5min and centrifuged as before. The cells 

were then resuspended in 4ml of buffer 2 (IOmM MOPS, 75mM CaCh, IOmM RbCh, 
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15% v/v glycerol, pH 6.5 adjusted with KOH) and chilled on ice prior to aliquoting in 

I 00µ1 volumes, and stored at -80°C. 

2.7.8 Heat shock transformation 

Competent cells were thawed on ice for 5min. Ligation mix was added to the cells and 

incubated for 30min on ice. The cells were then heated at 42°C for 45sec, and placed on 

ice for 2min. 900µ1 of LB was added and the cells incubated at 37°C for 1 hour while 

shaking. Aliquots of the transformed bacteria were then plated on LB agar containing 

the relevant antibiotic. 

2.7.9 Screening of recombinants 

Transformed E.coli colonies were screened for recombinant plasmids using PCR. 

Primers used were either specific primers designed for the gene, or the pQE-specific 

primers, pQE-forward (5' - CCC GAA AAG TGC CAC CTG - 3', 5' primer) and pQE

reverse (5' -GIT CTG AGGTCA TTACTG G-3', 5' primer) (Qiagen). These 

primers are designed to amplify across the multiple cloning sites of pQE vectors. 30 

cycles of PCR were carried out with a 52-55°C annealing temperature. One colony was 

picked from an agar plate and stirred into 24µ1 of PCR mix (master mix: 450µ1 sterile 

water, 36µ1 25mM MgC}z, 60µ1 of I 0xPCR buffer, 6µ1 dideoxy-nucleotidetriphosphates 

(dNTPs) mixed at lOmM, and 3µ1 Taq DNA polymerase), and primer at a concentration 

of 3.2pmol/µl/reaction (all reagents were either Qiagen or Boehringer Mannheim). For 

replicate growth the same tip was then plated out on LB agar containing ampicillin and 

grown overnight at 37°C. PCRs were carried out on the Thermal Sequencer (Corbett, 

FTS-4000) using the cycling conditions described earlier (Section 2.7.5). The resulting 

PCR products were analysed by agarose gel electrophoresis for colonies containing the 

desired insert size (Section 2.7 .3). Overnight cultures were used for plasmid minipreps 

54 



(Section 2.7.13.1) and the plasmid DNA digested with appropriate enzymes to release 

recombinant inserts. 

2.7.10 Determination of expression of recombinant constructs 

Small scale cultures were employed to test the expression efficiency of the various 

constructs. E. coli MIS cells containing positive clones were inoculated into 2ml of LB 

containing ampicillin (100 µgmr 1
) and kanamycin (25 µgmr1

) and grown overnight at 

37°C with shaking. A I ml aliquot of the overnight growth was used to inoculate 10ml 

of the same media. A pre-induction sample was removed from each culture, centrifuged 

for 20sec at 15,000g, and the pellet stored at -20°C. The remainder of the cultures were 

induced to express protein by the addition of isothiopropyl ~-D-thiogalactopyranoside 

(IPTG) to 2mM, cultured for 4-5 hours at 37°C while shaking. 

Once the induction was completed, the cells were centrifuged and the pellet recovered 

as described earlier and stored at -20°C until use. 

2.7.11 Determination of recombinant protein solubility and cellular location 

Before deciding on a purification strategy, it was important to determine whether the 

protein was soluble, located in the cytoplasmic inclusion bodies, or secreted into the 

periplasmic space. A 100ml culture of transformed E. coli clones which were shown to 

be expressing recombinant proteins were prepared. A I ml sample prior to induction and 

at one hour intervals for 4-5 hours post induction was removed, the cells pelleted by 

centrifugation, resuspended in 50µ1 of SOS-PAGE sample loading buffer and stored at 

-20°C until required. The 100ml culture was divided into two aliquots and cells 

harvested by centrifugation at 4000g for I 0min. To check for cytosolic localisation, one 

pellet was resuspended in 5ml sonication buffer (50mM sodium-phosphate, pH 7.8, 

300mM NaCl), snap frozen in dry ice/ethanol and rapidly thawed in cold water. The 
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mixture was briefly sonicated (pulsing at 5x 30sec, output control 40Watts; Branson 

Sonifier 250) avoiding frothing and centrifuged at 10,000g for 20min. The supernatant 

contained soluble proteins and was stored on ice (extract A), the pellet contained 

insoluble matter was resuspended in 5ml of sonication buffer (extract B). The pellet 

was resuspended in 10ml 30mM Tris HCl, 20% sucrose, pH 8.0, EOTA was added to 

lmM and the sample incubated at room temperature for IOmin with shaking or stirring 

every 2min. Cells were centrifuged at 8000g at 4 °C for I 0min, the supernatant removed 

and the pellet resuspended in 10ml of ice cold 5mM MgSO4• Following incubation in 

an ice water bath for I 0min the suspension was centrifuged at 8,000g at 4 °C for I 0min. 

The supernatant was the osmotic shock fluid containing the periplasmic extract (extract 

C). 

Samples were analysed by SOS-PAGE (Section 2.2.2.1). To 5µ1 SOS-PAGE loading 

buffer was added 5µ1 of the cell wall extract of soluble or insoluble protein (extracts A 

and B), or 10µ1 of the periplasmic extract (extract C). Samples were denatured for 5min 

at 100°C, along with the pre-induction and induction samples, centrifuged for lmin and 

10µ1 loaded on 12% gel for SOS-PAGE electrophoresis. Gels were stained with 

Coomassie blue as described (Section 2.2.2.2). 

2.7.12 Large scale expression and purification of recombinant proteins 

An affinity chromatography strategy under denaturing conditions was chosen for the 

expressed protein. Single colonies were used to inoculate 50ml volumes of LB 

containing ampicillin (100 µgmr 1
) and kanamycin (25 µgmr 1

) and grown overnight at 

37°C with shaking. Each 50ml culture was used to inoculate 500ml of the same media 

and cultured for 1 hour under the same conditions. Protein expression was induced by 

the addition of IPTG to 2mM and the cultures incubated for 4-5 hours. The cells were 

harvested by centrifugation at 6,000g for 30min and the pellet stored at -20°C. 
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Thawed cell pellets were resuspended in buffer B (8M urea, 0.lM sodium phosphate, 

0.0lM Tris HCI, 0.lM NaHzPO4, pH 8.0) at 5ml per gram cell pellet, and cells stirred at 

room temperature for lysis for 15-60min. The lysate was then centrifuged at 10,000g for 

20min, and the supernatant mixed with 4ml of Ni-NTA superflow resin (Qiagen) 

previously equilibrated in buffer B. The resin and supernatant were mixed for at least 1 

hour at room temperature, and then used to construct a column. Two washes of 4ml 

buffer C (0.lM NaH2PO4, 0.0lM Tris-HCI, 8M urea, pH 6.3) was used to wash the 

column and the flow through collected. Then the column was washed 4 times with 

0.5ml of buffer D (0.lM NaH2PO4, 0.0lM Tris-HCI, 8M urea, pH 5.9), followed by 4 

times with 0.5ml buffer E (0.lM NaH2PO4, 0.0lM Tris-HCI, 8M urea, pH 4.5). All 

fractions were collected and analysed by SDS-PAGE (Section 2.2.2.1) using either 

Coomassie staining (Section 2.2.2.2) or western blot analysis (Section 2.2.4) with the 

monoclonal antibody to R-G-S-H-H-H-H-H- H (Qiagen). Fractions containing purified 

recombinant proteins were pooled, and stored at -20°C. 

2.7.13 Plasmid DNA preparation 

Plasmid DNA was purified from overnight cultures of recombinant E. coli using 

chromatographic methods for small scale (minipreps) or larger scale (midipreps) as 

follows. 

·2.7.13.1 Minipreps 

Recombinant plasmids were isolated from overnight cultures of E. coli using the Qiagen 

minipreps DNA system (Qiagen). Cells were collected by centrifugation and the pellet 

resuspended in 200µ1 of buffer Pl (lO0µgml-1 Rnase A, 50mM Tris HCI, I 00mM 

EDTA, pH 8.0; Qiagen Tip 100 system). An equal volume of lysis buffer 2 (200mM 

NaOH, 1 % SDS) was added and the solution incubated at room temperature for 5min. 
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A volume of 200µ1 of neutralisation buffer (P2) was added and lightly mixed prior to 

centrifugation for l0min at 12000g. Following centrifugation, the columns were 

washed with 2ml of column wash buffer (82mM K.Ac, 8.3mM Tris HCI, pH 7.5, 40µM 

EDTA, 55% ethanol). Samples were air dried for 5min and the plasmid DNA eluted 

with 50µ1 of sterile MQ water. The DNA was then used without further processing. 

2.7.13.2 Plasmid midipreps 

The Qiagen Tip- I 00 system, Qiagen, was used to recover larger amounts of plasmid 

DNA (between 80-lO0µg). Cells from overnight 100ml cultures were recovered by 

centrifugation at 4°C for lOmin at 4000g. Pellets were resuspended with 4ml of buffer 

Pl, an equal volume of buffer P2 was then added and the mixture allowed standing at 

room temperature for 5min. A volume of 4ml neutralisation buffer P3 was added, mixed 

and incubated for 15min on ice. The mixture was then filtered using a Qiagen plunger, 

and the supernatant passed through an equilibrated column (QBT buffer; 750mM NaCl, 

50mM MOPS, 15% ethanol, pH 7.0). The columns were then washed with 20ml of 

Qiagen wash buffer QC (I.OM NaCl, 40mM MOPS, 15% ethanol) and the DNA eluted 

with 5ml of elution buffer. DNA was precipitated with 3.5ml of isopropanol and 

recovered by centrifugation at 12000g, for 30min at 4 °C. DNA was washed with 70% 

ethanol, air dried and resuspended in 200µ1 of TE (lOmM Tris-HCI, pH 7.4, lmM 

EDTA). 

2.7 .14 Bacterial glycerol stocks 

Cultures inoculated from individual colonies were grown overnight at 37°C in 

appropriate media. 400µ1 of culture was mixed with an equal volume of 50% sterile 

glycerol, and stored at -80°C. 
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2.7.15 Sequencing of cloned genes 

The recombinant genes in pQE30 were prepared for sequencing using either specific 

primers to the gene or pQE-5' (5'- CCC GAAAAG TGC CAC CTG- 3'), pQE-3' (5' -

GIT CTG AGO TCA TIA CTG G - 3'). The following was mixed in solution; 4µ1 Big 

Dye terminator (ABI Prism), 12µ1 MQ sterile water, 4µ1 miniprep mix, and lµl of 

primer (note one reaction contained specific gene primers and the other contained 

pQE30 primers). The programme used to run the sequencing mixture is was outlined in 

Table 2.5. The DNA was cleaned with two and a half times the volume with 100% 

ethanol, and 2µ1 of sodium acetate (3M, pH 5.1). The sample was left on ice for lOmin 

and centrifuged at 4°C for 30min at 14000g. The supernatant was then removed and the 

sample washed again with 70% ethanol and re-centrifuged as described above for 

15min. The supernatant was removed and the sample allowed to air dry for 5min and 

stored at -20°C until required. The sample was processed at the molecular biology 

facility at the University of New South Wales. 

Table 2.5: PCR programme as used for sequencing reactions using the Corbett FTS 
4000 Capillary Thermal Sequencer (Corbett). 

Process Temperature Time Cycles 

Denaturing 96°C 30 sec 
Annealing 50°C 15 sec 1 
Extension 60°C 4min 
Extension 60°C 25 

2.7.16 Southern blot analysis 

S. pneumoniae genomic DNA was prepared as described previously (Section 2.7.1). 

DNA was digested with restriction endonuclease, Hindlll from Boehringer Mannheim 

according to manufacturer's directions, and fragments were resolved by gel 

electrophoresis. DNA fragments were transferred to a nylon membrane. The appropriate 
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DNA probe was a PCR product derived with the primer pair encompassing the 3' and 5' 

end of the specific gene. The DNA to be analysed was electrophoresed through a 1 % 

agarose. The gel was then placed in a glass dish and submerged in 250mM HCI for 

I 0min, with shaking at room temperature followed by a quick rinse with nanopure 

water. The gel was then subjected to two washes of 15min in denaturation solution 

(1.5M NaCl and 0.5M NaOH). This was followed by a neutralisation step consisting of 

2 washes of 15min in neutralisation solution (lM Trish and 1.5M NaCl, pH 8.0). 

The Southern transfer apparatus was set up as follows. A wick was constructed by 

positioning a large strip of filter paper across a glass plate spanning a large glass dish. 

The gel was lowered onto the wick without the introduction of air bubbles. Gel sized 

pieces of filter paper and nylon membrane (Boehringer Mannheim) were soaked in 2X 

SSC (3M NaCl, 300M sodium citrate, pH 7 .0). The membrane was lowered onto the 

gel, followed by five pieces of filter paper. A stack of tissue paper 7cm high was 

positioned on top of the filter paper and a weight of 1kg was applied. The set-up was 

surrounded with cling wrap to prevent short circuiting of the blot. The glass dish was 

filled with 20X SSC and the DNA was allowed to transfer overnight, after which the 

membrane was cross-linked by fixing in 0.4M NaOH for 30min. 

The DNA to be used as a hybridisation probe was labelled using the DIG-High Prime kit 

(Boehringer Mannheim). The DNA to be labelled (approximately lµg) was made up to 

a final volume of 16µ1 with MQ water in a reaction vial. The DNA was denatured by 

heating in a boiling water bath for I 0min and was quickly chilled in an ice water bath. 

4µ1 of the DIG-high prime mix was added to the denatured DNA, mixed and centrifuged 

briefly, and incubated for I hour at 37°C. The reaction was stopped by heating at 65°C 

for l0min. 

The membrane was placed in a hybrid incubation bottle and 20ml prehybridisation 

solution added, and the membrane prehybridised at 40°C for 2hours. The probe was 
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denatured (5µ1 of labelled probe with 150µ1 Digeasy hyb buffer) at 100°C for 5 min. 

The denatured probe was diluted in hybridisation solution and hybridised overnight at 

40°C. To remove any non-specific binding, the blot was washed twice at 40°C for 

15min with 0.1 % SDS in 2X SSC (750mM NaCl, 75mM sodium citrate, pH 7.0), and in 

0.1 % SDS in 0.5X SSC. The blot was removed from the bottle and allowed to dry on 

paper towel. The blot was detected by chemiluminescence with a digoxigenin DNA 

random prime labelling and detection kit (Boehringer Mannheim) according to 

manufacturer's directions. The dried membrane was wrapped in cling wrap and exposed 

to X-ray film for an appropriate period of time, dependent on the strength of the probe 

and the degree of binding. The film was then exposed in the darkroom, developed, 

rinsed with water and air dried before viewing hybridised bands. 

2.7.17 Statistical analysis 

Data were expressed as means and standard error of the mean values. Pulmonary 

clearance, differential cell counts, antibody data and lymphocyte proliferation in 

immune and non-immune animals were compared using an independent t test. All 

analysis were carried out using Macintosh Systat on Log10 transformed data. 
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Chapter 3 

Protein purification and analysis 



3.1 Abstract 

To investigate proteins found within the cell wall of S. pneumoniae, a purification 

strategy was used that primarily separated proteins according to differences in molecular 

mass. The strategy involved obtaining a cell wall extract and separation of the proteins 

in the mix by sodium dodecyl polyacrylamide gel electrophoresis and electro-elution of 

the separated bands. This procedure successfully separated 21 protein fractions 

containing either a single or mixture of proteins of molecular masses ranging from about 

1 0kDa to 90kDa. Of the major protein fractions separated, six proteins were selected 

for further studies. The basis for selection for testing the vaccine potential of the native 

proteins was on purity and quantity. Proteins were initially characterised by their 

approximate molecular masses as determined by SDS-PAGE electrophoresis under 

reducing conditions and were estimated at 14-, 34-, 38-, 48-, 57- and 75kDa. Two other 

proteins of llkDa and 16kDa were obtained as pure fractions, but were of insufficient 

quantity to use in animal studies. These were sent for N-terminal sequence analysis. 

The 14- and 16kDa proteins frequently co-eluted so anion exchange chromatography 

was investigated to separate these two proteins. This chapter focuses on the 

methodology and results of efforts to purify native proteins present in the cell wall of S. 

pneumoniae. 
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3.2 Introduction 

A major component of the S. pneumoniae cell surface is a polysaccharide capsule, which 

is serotype specific. Embedded throughout the cell wall are a mixture of proteins of 

which some play a role in the pathogenesis of the disease associated with this bacterium. 

The current licensed vaccines are based on the polysaccharide component either as 

protein-polysaccharide conjugate or polysaccharide only formulations. There are a 

number of difficulties with capsule containing conjugate vaccines. Multiple serotypes 

and appropriate proteins for conjugation ru:e needed. Various options for the 

composition of a S. pneumoniae vaccine are possible and have to primarily take into 

account the antigenic variability of S. pneumoniae strains. The search for a conserved 

protein or proteins that will induce protection across the different clinically important S. 

pneumoniae serotypes is continuing. 

The identification of novel pneumococcal antigens has mainly focused on protein-based 

approaches. PspA and pneumolysin have been most exclusively studied as candidates 

for development of a protein-based vaccine for humans. Pneumolysin has been known 

for over 70 years. Earlier studies on the purification of the native protein were 

undertaken using chromatographic methods (Lock et al. 1988). PspA was first purified 

using low-pressure liquid chromatography for size fractionation of a cell wall extract 

(Crain et al. 1990) and the purified PspA was used to demonstrate protection against 

pneumococcal infections in mice (McDaniel et al. 1991). The development of PspA as 

a vaccine candidate has progressed to clinical phase I trials and confirmed the 

immunogenicity of this protein in humans (Briles et al. 2000; McCool et al. 2002). 

In recent years genomic approaches have further advanced the search for protein 

antigens. The screening of a genomic DNA library of S. pneumoniae using 
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convalescent-phase human serum resulted in the identification of a novel surface 

exposed pullulanase (Bongaerts et al. 2000) and 23 other immunogenic pneumococcal 

proteins (Zysk et al. 2000). Wizemann and colleagues used the same approach to target 

surface antigens. Out of 110 genes identified and expressed, six novel proteins were 

tested in mice. ~hese six all failed to induce protective antibody against S. pneumoniae 

N4 strain in a mouse sepsis model (Wizemann et al. 2001). 

~he complete genome sequence for two strains of S. pneumoniae have been published 

so far (Hoskins et al. 2001; Tettelin et al. 2001). To identify all the genetic diversity of 

the different strains of this variable organism and to complete the genome sequence, 

time is needed. While genomic technologies have greatly assisted science today, one of 

the major drawbacks for vaccine development is the need to investigate many genes that 

may encode proteins irrelevant to inducing protective immunity. However, theoretical 

modelling does help predict whether or not a protein may be surface expressed. 

Nevertheless the process is both time consuming and expensive (Graves et al. 2002). 

In order to purify novel antigens for this study, a reproducible protein purification 

strategy was required that yielded purified products with recovery rates that were 

sufficient to complete an initial immunisation evaluation. Proteomics is widely used 

today and generally involves: the separation and isolation of proteins from a cell line, 

tissue or organism; the acquisition of protein structural information for the purposes of 

protein identification and characterisation; and database utilisation for determining 

genomic information (Graves and Haystead, 2002). Technological improvements in 

electrophoresis, particularly two-dimensional electrophoresis, have facilitated this 

approach, yielding better separation of analytical quantities of proteins. ~he study 

undertaken here has used electrophoretic techniques to separate proteins from a cell wall 
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extract. This aim of this chapter was to purify novel proteins from a cell wall extract of 

S. pneumoniae for further investigation to determine potential as vaccine candidates. 

3.3 Materials and methods 

3.3.1 Native protein purification 

3.3.1.1 Extraction of cell wall proteins from S. pneumoniae 

Proteins were purified using a method modified from Paton and co-workers for a cell 

wall extraction technique (Paton et al. 1983b). Cultures of S. pneumoniae NTCC 49619 

were grown overnight in tryptic soy broth, and taken through a process of centrifugation 

and washing of the bacterial cells as described in Section 2.2.1. The protein 

concentration was determined as described in Section 2.2.6. 

3.3.1.2 SDS-PAGE for cell wall extract separation 

Samples were prepared as described in Section 2.2.2.1, a l-2ml volume containing 

approximately 5.0mg of protein was loaded per gel. A discontinuous 16x16cm 

polyacrylamide gel of 1mm thickness consisting of a 12% separating gel and a 4% 

stacking gel was prepared (Section 2.2.2.1). Electrophoresis was performed at a 

constant current of 16mA per gel until the dye front passed through the stacker, and 

increased to 24mA for the remainder of the run, usually resulting in a total running time 

between 4 to 5 hours. At other times, the samples were electrophoresed overnight at 

5mA per gel for about 16-18 hours. No difference was noted in the profiles of the gels 

run overnight in comparison to those over 5 hours. A small strip (about 2cm) excised 

from the gel was stained with Coomassie (Section 2.2.2.2) to check the running and 

separation conditions of the gels prior to electro-elution. 
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3.3.1.3 Purification of proteins by anion exchange chromatography 

Proteins in a cell wall extract (Section 2.2.1) were separated by anion exchange 

chromatography using the Q5 column (BioRad). The aim was to separate a cluster of 

the lower molecular masses in the 10-16kDa molecular mass region. 

The Q5 column was equilibrated with 20ml buffer A (20mM Tris-HCl, pH 8.45) at a 

flow rate of lml/min for lOmin. Cell wall extract in Buffer A at a concentration of 

5mg/ml was applied to the column. Proteins were eluted from the column using an 

increase in the salt gradient using buffer B (20mM Tris-HCL, 500mM sodium chloride, 

pH 8.6). Corresponding fractions were pooled from multiple runs and dialyzed 

overnight against 3 changes of nanopure water and concentrated by lyophilization. The 

protein content was analysed using SDS-PAGE PhastSystem (Section 2.2.2.1) and the 

concentration determined using the Pierce Micro BSA Kit (Section 2.2.6). The proteins 

were stored at a concentration of 2.5mg/ml in 10% glycerol at-80°C. 

3.3.1.4 Purification of proteins by electro-elution 

Electro-elution of the proteins from the polyacrylamide gel was achieved using the 

BioRad protean Il electro-eluter. This flat bed eluter has separate elution and harvesting 

capabilities, eluting the proteins from the gel into 3-5ml volumes over 30 fractions per 

gel. An elution time of 1 hour at a constant 250mA prior to harvesting under vacuum 

into 30 12mm x 75mm test tubes. The eluted protein fractions were concentrated by 

lyophilisation (flexi-Dry ™, FTS systems) and resuspended in 100-200µ1 volumes of 

MQ water. Samples from the protein fractions were analysed by analytical SDS-PAGE 

(Section 2.2.2.1). SDS in protein fractions was removed (Section 2.2.2.6), the protein 

concentration determined (Section 2.2.6) and the buffer adjusted by dialysis (Section 

2.2.2.7). 
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3.3.2 Sequencing of native proteins 

The N-terminal sequence of the proteins was obtained from an excised band separated 

by analytical SDS-PAGE (Section 2.2.2.1). Two fractions, one of approximate llkDa 

and the other 16kDa, were sequenced following purification by electro-elution. Proteins 

of approximately 14- and 16kDa were sequenced following purification by anion 

exchange. Sequencing was undertaken as described in section 2.2.5. Analyses was 

performed by the BioMolecular Resource Facility, Centre for Molecular Structure and 

Function, Australian National University. 
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3.4 RESULTS 

3.4.1 Protein profile of cell wall extraction using electro-elution 

A total of six cell wall extractions were performed averaging 13mg protein per 11 

culture, with a range between 7mg - 3 lmg/1. Following preparation of the cell wall 

extract, the protein profile for each extraction was assessed using SOS-PAGE 

electrophoresis. The profiles were similar and no quantitative differences were found 

between extractions (data not shown). Features that influenced electrophoretic 

separation of the protein were factors such as the relative density of a protein, the degree 

of separation of the individual bands, and the linearity of the SOS-PAGE gel for 

alignment across the elution channels. Figure 3.1 represents an example of the cell wall 

extract on a strip excised from an SOS-PAGE gel prior to electro-elution. As can be 

seen, numerous bands were separated by the electrophoresis yielding proteins of a range 

of molecular masses. The separation profile of proteins following electro-elution can be 

seen in Figure 3.2. Some fractions contained 2-3 proteins of slightly different molecular 

masses. The purity of the bands depended on factors mentioned above. Electro-elution 

isolated the pneumococcal proteins into 21 fractions according to molecular masses. 

Six fractions had sufficient yield and purity of a single protein to be assessed in animal 

immunisation studies. These corresponded to proteins of molecular masses of 

approximately 14-, 34-, 38-, 48-, 57-, and 75kDa (Table 3.1). Immunisation studies 

required a minimum of 150µg of protein, and this was difficult to obtain for several 

proteins as mentioned above. As can be seen in Table 3.1, the yield of separated proteins 

from this method ranged between 100-400µg from 6 litres of culture producing a total of 

78mg of cell wall extract. The percentage of the proteins expressed in the culture 

ranged between 0.12-0.Slpercent. 
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Figure 3.1: Cell wall protein separation 
prior to electro-elution. The proteins in a 
cell wall extract were separated by SOS
PAGE using a homogenous 12% 
polyacrylamide gel and detected by 
Coomassie blue staining. The molecular 
mass values in kDa are shown on the left. 
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Figure 3.2: SOS-PAGE analysis of the cell wall proteins following electro-elution. 
The electro-elution profile of the proteins were separated on homogenous 12% 
polyacrylamide gels and Coomassie stained. 'A, lanes 2-10 are elution fractions 4-12; B, 
lanes 1, 3-10 are elution fractions 13-21, and C, lanes 1-2, 4-10 are elution fractions 22-
30. Molecular mass markers are in lanes 1, 2, and 3 respectively and values are 
expressed in kDa as shown on the left. 
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Table 3.1: Yields of S. pneumoniae cell wall proteins purified by electro-elution. 

Protein ID Yield (µg) yield(%) 

11kDa 100 0.12 

14kDa 378 0.50 

16kDa 103 0.13 

34kDa 177 0.23 

38kDa 397 0.51 

48kDa 277 0.36 

57kDa 209 0.28 

75kDa 157 0.20 

3.4.1.1 Identification of 11kDa and 16kDa by N-terminal sequence analysis 

The yield of the 1 lkDa and 16kDa protein was insufficient for immunisation studies so 

the proteins were sent for N-terminal sequence. 

A 15-residue sequence was obtained for the 11kDa protein (Table 3.2) and a search of 

the GeneBank databases (http://www.ncbi.nlm.nih.gov/BLAST) in 2000 initially yielded 

a 78% homology match with that of an 11kDa protein from Bacillus subtilis (accession 

number P21468, Swissprot, 2000). The more recent search against the now available S. 

pneumoniae databases with the 15 residue N-terminal sequence from the protein 

revealed a 100% homology to a 96 amino acid ribosomal protein S6 (accession number 

NP _358989.1, Streptococcus pneumoniae R6 and accession number NP _345989.1, 

Streptococcus pneumoniae TIGR4). 

N-terminal sequence analysis of the 16kDa band yielded a 15-residue sequence (Table 

3.2). An electronic search of GeneBank sequences 
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(http://www.ncbi.nlm.nih.gov/BLAST) produced a 100% homology to a S. pneumoniae 

12kDa ribosomal protein L7/L12 (accession number P80714, Streptococcus pneumoniae 

TIGR4) (Kolberg, Lopez and Sletten, 1997). When analysed on SDS-PAGE gels, in 

some instances this 16kDa protein co-eluted with a protein band of approximately 

14kDa. It was decided to determine if these could be better separated using anion 

exchange purification. 

Table 3.2: N-terminal sequence results for llkDa and 16kDa proteins. 

Estimated Molecular 
Mass (kDa) 

11 

16 

N-terminal sequence 

AKYEILYIIRPNIEE 

ALNIENIIAEIKEAS 

Homology identity 

Ribosomal protein S6 

Ribosomal protein 
L7/Ll2 

3.4.2 Separation of cell wall proteins using anion exchange chromatography 

Anion exchange chromatography was used to separate proteins in the lower molecular 

mass region by exploiting potential charge differences instead of molecular size used in 

the electro-elution. Four runs loading 5mg of cell wall protein mix in each run were 

completed on this column and the appropriate fractions were pooled. Figure 3.3 shows 

the major protein peaks detected. Peak 1 represents unbound proteins eluted 

immediately from the column matrix, and the subsequent 2 major peaks (peaks 2 and 3) 

that contained most of the proteins eluted with increase in the salt concentration in the 

buffer. A total of 65 fractions were collected per run. SDS-PAGE analysis of fractions 

33-43 (part of peak 2) is shown in Figure 3.4. The yield of proteins in lanes 5-9 was 

165µg from the pooled fractions from anion exchange separation of 20mg cell wall 

extract. The fractions contained two bands of 14- and 16kDa proteins by gradient PAGE 
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analysis. These two proteins co-eluted at the same ionic strength. N-terminal sequence 

analysis produced identical sequences for those two protein bands (Table 3.3). This also 

showed that these two proteins shared the same N-terminal sequence as the 16kDa 

protein purified by electro-elution (Table 3.2). These results would suggest that these 

are protein isomers migrating on SDS-PAGE at molecular masses varying between 14-

16kDa. Difference in apparent molecular mass estimation and migration in some 

figures is due to variation associated with the type of polyacrylamide gels used. Here 

after, this protein will be designated a 14kDa since the 12% homogonous SDS-PAGE 

gel was the more accurate determination of its molecular mass. 

Table 3.3: N-terminal sequences for the 14kDa and 16kDa proteins. 

Estimated N-terminal sequence Homology identity Purification 
Molecular method 

Mass 
(kDa) 

14 ALNIENIIAEIKEAS Ribosomal protein anion exchange 
L7/L12 

16 ALNIENIIAEIKEAS Ribosomal protein anion exchange 
L7/L12 
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Figure 3.3: Anion exchange chromatography of cell wall proteins. Absorbance 
profile (280nm) showing elution of proteins in three major peaks labelled 1, 2 and 3. 
The conductivity associated with changing salt concentration in the buffer is indicated 
by the gradient curve(-). The profile represents loading 5 mg proteins onto the Q5 
column with a buffer flow rate of lml/min. 
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Figure 3.4: SDS-PAGE analysis of cell wall proteins following anion exchange 
chromatography. Electrophoresis was performed using a 12-15% gradient gel on the 
PhastSystem followed by silver staining. The lanes represent 11 fractions from peak 2 
in Figure 3.3. Lane 1 contains the standard molecular mass markers (Pharmacia) with 
their respective molecular masses shown on the left. 
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3.5 DISCUSSION 

Using a previously described detergent based method for the identification of cell wall 

proteins (Paton, Lock and Hansman, 1983), the isolation of proteins from S. pneumoniae 

was undertaken. Several extractions were undertaken under identical conditions, yet the 

yield of total protein recovered differed between extractions. This difference was due 

mainly to differences in the growth rates in culture of this fastidious organism. The 

extraction method adopted had previously been used for the purification of 

pneumolysin, a cytoplasmic protein (Paton, Lock and Hansman, 1983). Although 

reported as a cell wall extraction method the results in the current study and Paton and 

colleagues (Paton, Lock and Hansman, 1983) would suggest that it does not exclude the 

isolation of other proteins, including cytoplasmic proteins. 

Besides surface associated and secreted pneumococcal proteins, cytoplasmic proteins 

can play an important role in the pathogenesis of infection and can result in 

seroconversion in humans specific to these proteins. Cytoplasmic proteins are 

frequently released from S. pneumoniae during autolysis of the bacteria, as demonstrated 

for the cytosolic pneumococcal virulence factor, pneumolysin (Kanclerski et al. 1988). 

Finding a suitable purification method for this complex protein mixture required the use 

of an application that enabled protein identification. Polyacrylamide gel electrophoresis 

was the first method chosen to resolve protein mixtures into their individual 

components, visualise, and then further purify and characterise. This method separates 

proteins according to size and the relatively new flat bed eluter was a quick and efficient 

technique for extracting the protein bands from the gel. Separation of the cell wall 

extracts into 30 different fractions using electro-elution was found to produce low yields 
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of purified protein, and several extractions were required to obtain enough protein for 

immunisation studies with a selection of antigens. However, despite this, the method 

was reproducible for most antigens, and it was therefore possible to pool proteins from 

several separations to obtain the required amounts of purified proteins. The other 

advantage of this method over other methods of protein separation was the small 

fraction volume and number of fractions collected during purification. Some of the 

limitations of this method included the presence of more than one protein in the 

individual fractions. Although some of these turned out to be isomers of the same 

protein, the degree of band separation during SOS-PAGE separation and linearity of the 

protein bands following electrophoresis impacted on the degree of contamination across 

fractions. The general strategy in this study was to devise a suitable technique to 

directly enable the purification of several proteins expressed by S. pneumoniae. In total, 

21 fractions were purified by electro-elution according to the differences in their 

molecular masses. Of those fractions it was important to select those that contained the 

most pure form and also the most abundant yield for further studies. Six proteins were 

selected for screening as potential vaccine candidates and the results of their evaluation 

are presented in subsequent chapters. In contrast, two proteins that were not of 

sufficient quantity, but had a high level of purity, were identified by N-terminal 

sequence analysis. 

An 11kDa protein was sequenced and identified as ribosomal protein S6 with a 78% 

homology to a Bacillus subtillis ribosomal protein S6 in a 14 N-terminal overlap 

(accession number P21468, Swissprot, 2000). Ribosomal protein S6 has a role in 

initiation of chromosome replication in the cell cycle (Ogasawara et al. 1985). The 

more recent search against the now available S. pneumoniae databases with the 15 

residue N-terminal sequence from the protein revealed a 100% homology to a 96 amino 
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acid ribosomal protein S6 (accession number NP _358989.1, S. pneumoniae R6 and 

accession number NP _345989.1, S. pneumoniae TIGR4). It was proposed that this 

protein should be cloned and the recombinant protein tested in an acute infection model 

in order to determine its potential as a candidate (Chapter 5). 

From the electro-elution profile, a 16kDa protein was N-terminal sequenced for further 

characterisation. On SDS-PAGE gels this protein co-eluted in some instances with 

another protein of a lower molecular mass of 14kDa. To better separate these proteins, 

anion exchange chromatography was used. Since electro-elution separated on size, it 

was hoped that by using anion exchange chromatography better separation in this region 

might be achieved through charge differences. 'Anion exchange chromatography is 

more diluting of the cell wall mixtures than was the electro-elution method. In addition, 

when electro-elution was performed on the fractions containing a mixture of proteins, 

the proteins of similar ionic strength will co-elute following anion exchange (results not 

shown). This extra step resulted in further purification of these proteins, but the 

resulting yield was too low to perform additional studies. Two proteins of 14- and 16-

kDa co-purified at the same ionic strength and N-terminal sequence analysis confirmed 

that these proteins shared the same N-terminal amino acid sequence residues, raising the 

possibility of the presence of isomers of the protein. Interestingly, this was also the 

same sequence encoding the same ribosomal protein that was identified for a 16kDa 

protein. The 16kDa protein was found to be 100% homologous to a S. pneumoniae 

12kDa ribosomal protein L7/Ll2 identified by Kolberg and co-workers (Kolberg et al. 

1997) (accession number P80714, TIGR). The identity of this protein was 86% 

homologous to a B. subtillis ribosomal protein B-L9, of 12.633kDa, which corresponded 

to an E. coli ribosomal protein L7/L12 in the first 42 residues identified (accession 

number P02394)(Itoh and Wittmann, 1978). Being that this protein is conserved among 
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cross species, including other respiratory pathogens such as H. influenzae (Kolberg et al. 

1997), it was decided to further investigate this protein. 

This study successfully purified and identified proteins from the cell wall of S. 

pneumoniae. Extraction and purification techniques used were successful in providing 

sufficient quantities of several proteins for testing in an animal model (chapter 4). In 

addition, attention was drawn to two proteins, an llkDa and 14kDa ribosomal proteins 

that will be further investigated as recombinant proteins in Chapters 5 and 6, 

respectively. 
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Chapter4 

Respiratory clearance of S. pneumoniae 

following mucosal immunisation 



4.1 Abstract 

In this Chapter, several proteins purified from the cell wall in Chapter 3 were 

investigated in a mucosal immunisation model in mice to determine their capacity to 

induce immune responses that resulted in enhanced clearance of S. pneumoniae 

challenge. Immunisation involved a primary inoculation of the intestinal Peyer's 

patches followed by an intra-tracheal boost two weeks later. The immune response was 

assessed by enhancement of pulmonary clearance of infection, recruitment of 

phagocytes to the lungs and induction of an antibody response. Results identified three 

proteins of 14kDa, 34kDa and 57kDa that warranted further investigation. The 14kDa 

protein was identified as a 14kDa ribosomal protein and the 34kDa protein was 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These were found to enhance 

clearance of infection following pulmonary challenge with S. pneumoniae NTCC 49619, 

resulting in up to 99% clearance of bacterial infection. Increases in IgG titres in the 

serum, and enhanced phagocyte recruitment to the site of infection were associated with 

enhanced clearance for both proteins. The third protein with a molecular weight of 

57kDa was shown to decrease the pulmonary bacterial load of a S. pneumoniae NTCC 

49619 infection by up 60%. 
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4.2 Introduction 

Mucosa! immunisation against S. pneumoniae infection in man has several potential 

advantages over the parenteral routes. These include being non-invasive therefore less 

traumatic to patients and not requiring a medical practitioner to directly administer, and 

both these factors in tum should encourage greater compliance in vaccine programs. 

S. pneumoniae is a mucosa! pathogen, and hence protection through local immunity has 

the potential to protect both local and systemic infections. The effectiveness of mucosa! 

immunisation has been investigated in several studies for this respiratory pathogen, 

although the best immunisation route by which to elicit protective immunity against 

infection is still unclear. Protection by intranasally administered killed whole S. 

pneumoniae was reported in 1928 (Malley et al. 2001), and confirmed in more recent 

studies (Hvallbye et al. 1999; Wu et al. 1997). As an alternative to using whole 

capsulated killed cells, Malley and co-workers studied unencapsulated whole cells 

(Malley et al. 2001). Unencapsulated strains present a number of antigens in their 

native form; however, the study delivered this vaccine with cholera toxin as a mucosa! 

adjuvant. It has to be recognised that currently there are limited delivery systems for the 

delivery of mucosa! vaccines, although the current literature would suggest that the 

intranasal route might be suitable for human trials. Studies have shown that intranasal 

immunisation with PspA elicits better protection against infection than does 

subcutaneous immunisation (Briles et al. 2000; Wu et al. 1997). Immunisation with 

recombinant PspA has been shown to reduce nasopharyngeal colonisation by S. 

pneumoniae when administered by either intranasal or subcutaneous routes (Zhang et al. 

2001). Oral immunisation of PspA with microencapsulated microspheres might also be 
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a suitable route for the induction of a combined systemic and a mucosa! immune 

response (Seo et al. 2002). 

S. pneumoniae is only one of the three major causative bacteria of respiratory and 

middle ear infections. Non-typeable H. injluenzae and M. catarrhalis are the other two. 

Cripps and colleagues have been investigating all three pathogens and have established 

that a mucosa! immunisation regime of gut priming with a respiratory boost was the 

most efficacious mucosa! regime in the mouse and rat models (Kyd and Cripps, 2000; 

Wallace et al. 1989). This regime has been shown to stimulate mucosa!, humoral and 

cellular immunity. In these studies, this model was used as a screening tool to enable 

quantification of a specific immune response. 

This study aimed to investigate novel proteins from S. pneumoniae NTCC 49619 for 

potential as candidate antigens. The purification and basis of selection of the proteins 

have been described in the previous chapter. A mouse model of mucosa! immunisation 

with an acute pulmonary challenge that had previously been established in the laboratory 

was used. Potential for further studies as novel vaccine antigens was based on enhanced 

clearance of the acute pulmonary infection. 
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4.3 Materials and methods 

4.3.1 Bacteria 

A capsulated serotype 3 S. pneumoniae (NTCC 49619) isolate was used in this study for 

live bacterial challenge. Live bacteria were prepared for use in animal challenges as 

described in Section 2.1.3. 

4.3.2 Immunisation and bacterial challenge 

Immunisation protocols were as described previously in Section 2.3. Mice were 

immunised via the intra-Peyer's patches (Section 2.3.2) with IOµg of protein, followed 

by a boost of IOµg protein given intra-tracheally on day 14 (Section 2.3.3). As a 

positive control, mice were mucosally immunised with a dose of lxl07 CFU of whole 

killed bacteria (Section 2.1.4) on days 0 and 14 as described above. Bacterial challenge 

was performed 21 days post-immunisation (Section 2.3.4) for the assessment of 

bacterial clearance in the lungs and BAL. Samples were collected from the euthanased 

mice at 5 hours post-challenge (Section 2.4). 

4.3.3 Antigen-specific ELISAS 

Titres of specific IgG and IgA directed against serotype 3 S. pneumoniae (NTCC 49619) 

cell wall extract were assessed in both BAL and serum of immune and non-immune 

animals by enzyme-linked immunosorbent assay (ELISA), as described in Section 2.6. 

4.3.4 2-Dimensional electrophoresis 

A cell wall extract was prepared as described in Section 2.2.1, and brought to a 

concentration of lµg/µl. 100µ1 (I00µg) of cell wall extract in a total volume of 200µ1 of 
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rehydration solution was applied to the sample well. Methods for the first and second 

dimension were as described in Section 2.2.3. 

4.3.5 Electro-transfer of proteins to nitrocellulose 

A mini Trans Blot electrode (BioRad) was used in the transfer of electrophoretically 

separated proteins to nitrocellulose membranes as described in Section 2.2.4, and probed 

as described in Section 2.2.5. The primary antibody used was a 1/20 dilution of the 

34kDa antisera in 1 % skim milkITTBS. 

4.3.6 Sequencing of native proteins 

The N-terminal sequence (Section 2.2.7) of the proteins was determined from an excised 

band from SOS-PAGE separation (2.2.2.1). A fraction of the proteins used in the 

immunisation studies for 14kDa, 34kDa and 57kDa was subjected to amino terminal 

sequencing. 

4.3.7 Statistical analysis 

Data were expressed as the mean and standard error of the mean (SEM). Statistical 

analysis between the immunised and the negative control groups were assessed using an 

independent t-test (Macintosh Systat). 
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4.4 Results 

4.4.1 Effect of immunisation on pulmonary clearance of S. pneumoniae 

Proteins of molecular masses of 14, 34, 38, 48, 57 and 75k:Da that were purified as 

described in Chapter 3 were used in immunisation studies. The degree of clearance was 

compared to that measured for a group of mice immunised with lxl07 CFU of whole 

killed S. pneumoniae NTCC 49619, and a non-immune control group. Table 4.1 shows 

the bacterial recovery in mice following mucosa! immunisation with two I 0µg doses of 

purified protein. 

Immunisation with the whole killed cell vaccine demonstrated a significant difference in 

the level of clearance in both the BAL (p< 0.001), and lung homogenate (p< 0.05) 

compared to the non-immune group. The reduction in bacterial load was 68% in both 

the BAL and lungs, in the immunised animals compared to the non-immune group. 

Immunisation with the 38k:Da, 48k:Da, and 75k:Da proteins resulted in no significant 

reduction in the bacterial load. Immunisation with the 57k:Da protein showed a decrease 

in the bacterial load of 60% in the BAL fluid and 37% in the lung homogenate, though 

this was not statistically significant. 

Immunisation with the 34k:Da protein resulted in significant (p< 0.05) clearance of S. 

pneumoniae from the lung. In contrast, the response in the BAL fluid within the 

immunised group was variable as indicated by the SEM values, which is in fact due to 

an animal which is an outlier. Individual animals within the group responded differently 

to this vaccine in their capacity to reduce the bacteria load in the lungs. This variation 
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resulted in no statistical difference in the reduction of bacterial load between the 

immune and non-immune groups in the BAL fluid. 

Mucosa! immunisation with the 14kDa protein significantly enhanced clearance with a 

94% reduction (p < 0.05) in the lung homogenate and greater than 99% (p < 0.001) in 

the BAL. The level of bacterial clearance as a result of immunisation with the 34kDa 

and 14kDa proteins was greater than that of the whole killed cell immunised mice. The 

level of clearance was greater in the single antigen immunisations than the whole killed 

cell vaccine, although the whole killed cell vaccine was comprised of a mixture of 

multiple proteins with each being present at a much lower concentration than the 

purified proteins. 

An important point to mention, as seen in this study bacterial preparations for the 

challenge were performed on the day of the experiment and some variations in the 

viable cell counts were noted between the different challenges. Although all efforts 

were made to keep consistency between the live inoculum doses, S. pneumoniae dose 

undergo a degree of autolysis in culture and this may have been one of the contribution 

factors to the variation in the viable cell counts where the inoculum concentration was 

confirmed by culture. 
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Table 4.1: Live S. pneumoniae NTCC 49619 recovered from the BAL fluid and lung homogenate of mice immunised with the different proteins 
and a S. pneumoniae NTCC 49619 whole killed cell vaccine as a positive control. 

a 

b 

C 

d 

e 

* 

** 

Antigenb BAL bacterial recovery % clearancec LUNG bacterial recovery % clearancec Challenge Dosee 
(Log10CFUl (Lo 10 CFU)a (log CPU/mouse) 

Non-immune ct Immune Non-immune ct Immune 

14kDa 5.1 ± 0.3 2.5 ± 0.2** 99 4.8 ± 0.4 3.6 ± 0.4* 94 7.4 

34kDa 5.1 ± 0.3 4.6±0.5 79 4.8 ± 0.4 3.6±0.2* 94 7.4 

38kDa 4.1 ± 0.2 3.7 ±0.5 60 3.2±0.5 4.4 ± 0.6 0 6.2 

48kDa 4.6 ± 0.1 4.5 ± 0.2 21 4.5 ±0.2 4.4 ± 0.3 21 6.3 

57kDa 5.5 ±0.2 5.1 ± 0.2 60 5.3 ±0.3 5.1 ± 0.1 37 7.2 

75kDa 4.1 ± 0.9 3.8 ±0.6 50 4.1 ± 0.9 4.0±0.6 21 6.2 

WKCfS. 5.6±0.1 5.1 ± 0.2** 68 5.5 ±0.1 5.0±0.1* 68 5.3 
neumoniae 

The values shown represent the mean ± standard error of the mean (SEM) for the BAL fluid and lung homogenate 
n = 4-5 mice per group 
% clearance compared with bacteria recovered in non-immune group 
Non-immune mice were either untreated or sham PBS immunised 
Challenge dose given per animal on day 21 f Whole killed cell vaccine 
p < 0.05 compared with non-immune mice 
p < 0.001 compared with non-immune mice 
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4.4.2 Total white cell counts and the recruitment of phagocytic cells 

The BAL was assessed for both the total number of cells and the differential cell 

population {Table 4.2). The total numbers of cells recruited to the lungs were not 

significantly different between non-immune and immune groups that demonstrated 

enhanced bacterial clearance, although it is difficult to observe any statistical difference 

with such variations between the maximum and minimum values. Percentage 

phagocytic cell recruitment to the lungs significantly increased following immunisation 

with the three groups that significantly cleared bacterial infection, which was following 

immunisation with 14-, 34- and WKC vaccines. However, there was no clear 

correlation between the relative percentage of phagocytic cells and the number of cells 

recruited as there was significant variation between results obtained for the control 

groups. 

4.4.3 Specific antibody titres in the serum and BAL fluid 

Antibody responses following mucosa! immunisation were assessed by ELISA against 

the cell wall extract from which the proteins had been isolated. The data in Table 4.3 

shows significant increases in anti-14kDa, anti-34kDa, anti-38kDa and anti-48kDa IgG 

titres in the serum of the immunised group compared with the non-immunised group (p 

< 0.001). This increase only correlated with enhanced clearance following 

immunisation with the 34kDa and 14kDa proteins. Pure forms of the proteins were not 

used in the ELISAs, as there were not sufficient quantities for some proteins from the 

initial extractions to complete the antibody assays. The lack of antibody responses seen 

may be due to using cell wall extract as the coating antigen rather than the pure forms of 

the proteins. It is quite possible that the 57kDa and the 75kDa proteins may be very 

minor components of the extract used for capture, and in tum their concentrations limit 
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the amount of antibody that can be bound. In fact, reports from Chapter 3 have shown 

that some proteins were expressed more abundantly in the cell wall extract, as evidenced 

by SDS-PAGE profiles and yields following the electro-elution. However, it is still of 

concern that the whole killed cell vaccine did not recognise any antibody, this may be 

due to assay sensitivity, because as will be shown in the remainder of this thesis specific 

anti-whole killed cell antibody was detected by other immunological methods. IgA 

titres in the BAL and the serum were not detected for any of the immunisations. 
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Table 4.2: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar 

lavage 5 hours post-pulmonary challenge with live S. pneumoniae NTCC 49619. 

Antigenb White cell count (xl05
) Percentru!e differential cell count 

Non-immune Immune Non-immune Immune 
PMN MQ PMN MQ 

14kDa 16.4 ± 4.6 17.1±0.8 83.3 ± 12.3 16.2 ± 12.3 60.7 ± 22.1 38.7 ± 21.4* 

34kDa 16.4 ± 4.6 9.3 ± 1.5 83.3 ± 12.3 16.2 ± 12.3 43.3 ± 12.8 56.7 ± 12.8* 

38kDa 4.2 ± 1.6 32.6± 17.1 83.3 ± 12.3 16.2 ± 12.3 49.7 ± 22.5 50.2± 22.5 

48kDa 1.4 ± 0.3 8.1 ± 1.1 63.7 ± 9.6 38.8 ± 9.3 83.5 ± 2.8 16.5 ± 2.9 

57kDa 0.3 ± 0.1 0.9±0.5 63.7 ± 9.6 38.8 ± 9.3 95.5 ± 0.5 4.5 ± 0.5 

75kDa 15.8 ± 4.1 3.5 ± 1.6 83.3 ± 12.3 16.2 ± 12.3 81.8 ± 7.1 18.3 ± 7.1 

WKCC 8.8 ± 1.6 8.9 ± 1.1 87.3 ± 1.1 11.5 ± 1.1 72.4 ± 3.5 29.4 ±4.2** 

a The values shown represent the mean ± standard error of the mean (SEM) 
b n = 4-5 mice per group 
C Whole killed cell vaccine 
* p < 0.05 compared with non-immune mice 
** p < 0.001 compared with non-immune mice 
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Table 4.3: Specific antibody to the cell wall extract in serum following 
immunisation. 

a 

b 

C 

* 
** 
p 

ND 

Antigenb Mean IgG antibody titres in serum 
(n /mlt 

Non immune 

14kDa 1300 ** P 

34kDa 2474 ± 132** 

38kDa 364 ** P 

48kDa 3180 ** P 

57kDa 

75kDa ND 

ND 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 4-5 mice per group 
Whole killed cell vaccine 
P < 0.05 compared with non-immune mice 
P < 0.001 compared with non-immune mice 
Sera was pooled from mice within the group 
Not detected 
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4.4.4 N-terminal sequence of 14k0a protein 

The identity of the proteins that enhanced clearance was achieved by N-terminal 

sequence analysis. Sequencing of the 14kDa protein (Figure 4.1, Lane 2) revealed a 

sequence identity for the first 15 residues (AL NIE NI I A EIKE AS) (Table 4.4). 

As reported in Chapter 3, this protein often co-eluted with another protein of 

approximately 16kDa as evidenced by SOS-PAGE analysis (Figure 4.1, Lane 3). 

Thisl4kDa protein was demonstrated to have the same N-terminal sequence as the 

16kDa protein, previously identified as ribosomal protein L7/L12 in Chapter 3. 

~ 

94_~ 

67-----

43_ 

30_ 

20_ 

14_..,. 

1 

i 
I 

2 

l 
I 16kDa ,-
:,_ __ 14kDa 

3 

Figure 4.1: Fractions of the 14k0a and 16k0a proteins purified by electro-elution. 
These individual bands were excised from a 12% SOS-PAGE gel and are here identified 
by their respective molecular weights compared to the molecular weight markers in 
Lane 1, on the left side of the gel. Lane 2 shows a pure 14kDa protein, Lane 3 shows 2 
bands of 14kDa and 16kDa that were also sent for sequence analysis. Note: image has 
been digitally edited to remove non-relevant Lanes on the gel between the markers and 
proteins of interest. 

4.4.5 N-terminal sequence of 34k0a protein 

Attempts to sequence the 34kDa failed to yield a clear read for the residues for both N

terminal and internal sequencing reactions. Two dimensional electrophoresis was 
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employed and using specific antisera obtained from immunisation with this protein, the 

specific protein was probed in a western blot analysis and the identical band was excised 

from the Coomassie stained gel for sequencing (Figures 4.2 and 4.3). The results 

revealed a 7-residue sequence. This short sequence had a homology to a GAPDH in the 

general database (http://www.ncbi.nlm.nih.gov/BLAST), with a predicted molecular 

mass of 38.SkDa and is highly conserved across species (Table 4.4). 

50_ 
36_ 

22_ 

16_, 

1 2 3 

Figure 4.2: Fraction of the 34kDa protein purified by 2-D electrophoresis. A 34kDa 
protein was probed using 34kDa antisera from the homologous bacterial challenge. A 
band of 34.lkDa was detected in the homologous cell wall extract (Lane 1), and the 
same band was also seen in the 2-Dimensional strip slot in Lane 3, compared to the 
molecular weight standards in Lane 2. 

50_ 
36_ 

22_ 

16_ • 
34.lkDa 

Figure 4.3: Fraction of the 34kDa protein purified by 2-D electrophoresis. A 12% 
homogenous SDS-PAGE gel showing an identified band of similar molecular weight to 
the 34.lkDa protein band in the western blot shown in Figure 4.3, representing the 
putative 34kDa protein. The gel piece was excised and assessed for amino-terminal acid 
sequencing. 
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Table 4.4: N-terminal sequence analysis results of purified proteins. 

Estimated Amino-terminal acid sequence Homology Purification 
Molecular Mass identity method 

(kDa) 

12-16 ALNIENIIAEIKEAS Ribosomal Electro-elution 
protein L7/L12 and anion 

exchange 

57 RIIKFVYAK unknown Electro-elution 

34 VXXVGINT GAPDH 2-Dimentional 
electrophoresis 

4.4.6 N-terminal sequence of 57kDa protein 

N-terminal sequencing of a 57kDa protein yielded identity of the first 9-residues (Table 

4.4, figure 4.4). An electronic database search of GeneBank sequences revealed no 

homology in the databases using several logarithms 

(http://www.ncbi.nlm.nih.gov/BLAST). 

94_,._.J 
67_.,J 

43 _ _,, '81f --- 57kDa 
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Figure 4.4: Fractions of the 57kDa protein purified by electro-elution. A prominent 
57kDa protein band (Lane 2) was excised from a 12% SOS-PAGE gel as identified by 
molecular size compared to the molecular weight markers (Pharmacia) in Lane 1, on the 
left side of the gel. 
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4.5 Discussion 

The acute respiratory infection model measured potential vaccine efficacy based on the 

rate of enhanced pulmonary clearance of infection. Previous studies using mice within 

this laboratory with whole killed type 3 S. pneumoniae (NTCC 49619) cell wall antigens 

as vaccines were compared to the current study. 

Data suggests that mucosa! immunisation with a mix of protein antigens promotes a 

response that clears pulmonary infection in comparison to a negative control group in 

mice, as shown in this study. Mucosa! immunisation of rats by Kyd et al. with whole 

formalin killed M. catarrhalis, non-typeable H. injluenzae or S. pneumoniae resulted in 

enhanced homologous bacterial clearance from the ear of immune animals challenged 

with live bacteria in an acute middle ear infection model (Kyd and Cripps, 1999). The 

use of a vaccine with a whole killed cell mix is not ideal for pathogens such as S. 

pneumoniae due to their variable serotypes and the possibility of significant side effects. 

Furthermore, inactivation during the killing process may lead to altering the 

immunogenicity of certain antigens. 

Six proteins were selected for assessment in the acute respiratory infection model. The 

initial selection of these proteins was primarily based on the presence of sufficient 

concentrations and the level of purity of the antigens. Results demonstrate the value of 

a 14kDa L7/L12 ribosomal protein, a 34kDa GAPDH as potential vaccine candidates 

and a third protein of 57kDa of unknown function. 

Following immunisation with the 14kDa protein in mice, significantly greater clearance 

of S. pneumoniae (NTCC 49619) was seen in both BAL fluid and lung homogenate, 
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with greater than 99% reduction in bacterial load within 5 hours of infection. The 

14kDa protein was identified as a pneumococcal ribosomal protein L7/L12 of 12kDa 

(Kolberg, Lopez and Sletten, 1997) (accession number P80714, TIGR4). Following the 

identification of this highly conserved protein about 5 years ago, there have been no 

descriptions of its use as a potential vaccine candidate. This study therefore provides 

further interest and novel investigations of this antigen as a vaccine candidate. 

Mice immunised with the 34kDa protein demonstrated a 94% reduction in bacterial load 

in the lung homogenate following infection with S. pneumoniae NTCC 49619. These 

mice were able to clear this infection locally prior to entrance of the bacteria into the 

lungs, as evidenced by the low recovery of bacteria from the BAL fluid. A seven

residue N-terminal sequence of the 34kDa protein and a search of the databases 

(http://ncbi.nlm.nih.gov/blast) resulted in a homology with a GAPDH present in both 

eukaryotic or bacterial cells. GAPDH was reported as a major surface expressed protein 

from group A Streptococci, of molecular weight 35.8kDa (Hughes et al. 2002; Pancholi 

and Fischetti, 1992). Furthermore, Kolberg and co-workers identified this 40kDa 

GAPDH from S. pneumoniae (Kolberg and Sletten, 1996). These two reported studies 

are close to the identified molecular mass of this 34kDa protein. This dehydrogenase 

functions as a transferrin binding protein (Modun and Williams, 1999), and an ADP

ribosylated enzyme (Pancholi and Fischetti, 1993). 

Previous studies have shown that specific IgG antibodies to this pneumococcal GAPDH 

protein are able to effectively opsonize and enhance the phagocytic activity of group A 

Streptococci of types 6 and 14 and on both encapsulated and non-capsulated S. 

pneumoniae (Pancholi and Fischetti, 1998). This suggests that antigen-specific 

antibodies may play a role in non-type specific protection against pneumococcal 

infection. Antiserum raised against GAPDH was capable of providing a degree of 

protection against a lethal challenge with S. agalactiae in a mouse model (Hughes et al. 
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2002). GAPDH was not characterised any further in the current study because of its 

homology to human antigens, which possibly makes it not an ideal vaccine component 

for human use. 

Immunisation with the 57kDa protein resulted in the reduction of bacterial numbers of 

60% in the BAL and 37% in the lungs following immunisation. The N-terminal 

sequence had no homologies in the databases. The level of degeneracy in the sequence 

of this antigen will be further investigated outside the study presented in this thesis. 

The total number of white blood cells recruited to the site of infection, in this case the 

lungs, was not greater in the immune groups and did not correlate with enhanced 

clearance. Effective host defence against lung bacterial infection is primarily dependent 

on rapid bacterial clearance mediated by macrophages and neutrophils. Previous 

investigations in a pneumococcal inflammatory model demonstrated that active 

macrophage extravasation takes place in late stages of infection when pathogens 

proliferate at 48 hours post-infection, a time dependent process (Bergeron et al. 1998; 

Fillion et al. 2001 ). In the current study, the data suggests that macrophages may be 

important since recruitment of percentage phagocytes to the site of infection was 

significantly increased as measured at 5 hours post-infection. This recruitment of 

phagocytes correlated with enhanced bacterial clearance following immunisation with 

14kDa, 34kDa and 57kDa vaccines. This is an interesting finding, however, the 

percentage phagocyte recruitment did not correlate between control groups and the 

significance of these cells is not clear. Further studies are still required to understand 

the role of these macrophages associated with clearance of infection in this model, and 

the mechanisms involved. 
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The role of anti-pneumococcal antibodies in protection against S. pneumoniae has been 

studied previously. In the current study, serum antigen-specific IgG to S. pneumoniae 

was elevated in mice immunised with both the 14- and 34kDa proteins, although this 

was not witnessed for the whole killed cell control. However, animals immunised with 

the 14- and 34-kDa proteins also demonstrated significant clearance of 

S. pneumoniae following lung challenge with live S. pneumoniae. This data suggests 

that IgG levels may be required for protection against infections caused by this 

bacterium. These results are consistent with another mucosal immunisation study, 

where IgG was the dominant antibody class of specific-PspA serum antibody detected 

(Samukawa et al. 2000). In the current studies no antigen-specific IgA was detected in 

the BAL fluid or serum of the immunised mice, however this does not rule out the 

possible importance and the role IgA may play in this infection. Other reports in the 

literature have shown the absence of specific-IgA levels following mucosal 

immunisation with various pneumococcal vaccine antigens in lethal challenge studies 

(Samukaw_a et al. 2000; Wu et al. 1997; Yamamoto et al. 1997). Following 

investigations in this study, it can be clearly demonstrated that predominance in IgG 

antibodies to S. pneumoniae may be important in protecting against infections caused by 

this pathogen however, this does not rule out the possible role of slgA, especially that no 

valid positive control exists in this study for slgA. 

In this study a 14kDa protein was identified as a possible vaccine candidate. The 

L7/L12 ribosomal protein will be cloned, further characterised and tested as a vaccine 

candidate in Chapter 6. The purification of this protein generated interest surrounding 

novel pneumococcal vaccine antigens and further questioning the role of ribosomal 

proteins in vaccine research, yet again (see Chapter 5). 
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Chapter 5 

Enhanced respiratory clearance of 

S. pneumoniae following immunisation 

with recombinant SpUC11 



5.1 Abstract 

This Chapter reports the cloning, sequencing, and expression of the gene encoding an 

11kDa S. pneumoniae ribosomal protein, now designated SpUCl 1. Chapter 3 describes 

N-terminal sequencing of SpUC11, and a 78% homology match with an 11kDa 

ribosomal protein from Bacillus subtilis (accession number P21468, Swissprot). A 

recombinant form of SpUCll (rSpUC11) was produced using the expression vector 

pQE30 applying a directional cloning strategy. The recombinant plasmid was 

transformed into E. coli MIS cells, and protein expression was induced with lPTG The 

expressed protein was purified from insoluble inclusion bodies after solubilization with 

urea and chromatography. DNA sequencing of the SpUCll gene revealed a 99% 

homology to S. pneumoniae S6 ribosomal proteins (NP _358989.1. S. pneumoniae, R6) 

-and (NP _345989.1 S. pneumoniae, TIGR4). The apparent molecular mass of SpUC11 

was estimated to be 1 lkDa on sodium dodecyl sulphate-polyacrylamide gels. 

Findings demonstrate that SpUCll is not surface bound and it appears to be a novel 

antigen. Mucosa! and parenteral immunisation studies with a recombinant form of the 

antigen (rSpUC11) were carried out. Enhanced pulmonary clearance was observed 

following challenge with live homologous and heterologous S. pneumoniae serotype 3 

and 6B strains. This enhanced clearance of infection was associated with pronounced 

recruitment of macrophages to the lungs following mucosa! immunisation, whereas, 

antigen specific IgG antibody responses were enhanced following parenteral 

immunisation. 
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5.2 Introduction 

The results from investigations with the other proteins outlined in Chapter 4 prompted 

an interest in further investigating the pneumococcal ribosomal protein, Sp UC 11. 

Proteomics has become a popular approach since many genomic sequences have 

become available. In order to further characterise the potential of this protein to induce 

immune responses, the gene was identified and cloned. 

Ribosomal proteins were discovered nearly 40 years ago by Youmans et al. (Youmans 

and Youmans, 1965), and subsequent studies have documented the protective efficacy of 

these as parenterally administered vaccines against a number of pathogens, including 

Brucella abortus, Mycobacterium Bovis, and Shigella sonnei (Au et al. 1981; Gregory, 

1986; Levenson et al. 1995; Oliveira et al. 1994; Ribeiro et al. 2002; Tantimavanich et 

al. 1993). The brucella L7/L12 ribosomal protein was found to induce T-lymphocyte 

proliferation, suggesting it may function as a non-specific modulator of the immune 

response that is capable of stimulating different subpopulations of T cells (Oliveira et al. 

1994). Furthermore, ribosomal vaccines have been reported to elicit an array of immune 

responses including serum IgG, mucosal IgA (Liubinskaia et al. 1986), and delayed-type 

hypersensitivity (Belkin et al. 1986). 

In this Chapter, purified rSpUCl 1 produced in E. coli was utilised in immunisation 

experiments to determine if it had the ability to enhance bacterial clearance against 

homologous and heterologous challenge with serotype 3 and 6B strains respectively, in 

the mouse model of acute pulmonary challenge. Correlation of the immune response 

with clearance should identify the role of an antibody-mediated response to infection. 

Strain homology at both the gene and the protein level was further investigated to 

determine if this protein has potential as a vaccine candidate. 

102 



5.3 Materials and methods 

5.3.1 Cloning of the SpUCll gene into pQE30 expression vector 

5.3.1.1 Bacterial strains and plasmids 

Genomic DNA for bacterial strains was prepared as described (Section 2.7.1). The 

bacterial strain used was S. pneumoniae NTCC 49619. Other serotypes of 

S. pneumoniae used were 5, 18C, 23F, 7F, 1, 6B, 4, 3, 19F, 9V and 14. The SpUCll 

gene cloning was undertaken using the expression plasmid pQE30 in E. coli XLl Blue 

strain followed by expression of the gene in E. coli Ml5 cells. 

5.3.1.2 Oligonucleotide design 

Expression constructs were engineered using PCR and primers designed to amplify the 

DNA sequence for the SpUCll gene. The primers for the SpUCll gene were designed 

with BamHI-5' and HindIH-3' restriction sites that were used to clone the PCR product 

into the vector. The primers used were SpUCll-BamHI-5' (5' - CG GOA TCC OCT 

AAA TAC GAAATT CTTTAT ATC -3'), and SpUCll-Hindlll-3' (5'- GOG AAG CTI 

CCTTCTTAC GCG TCAATT OTT- 31. 

5.3.1.3 PCR amplification and digestion 

SpUCll-BamHI-5' and SpUCll-Hindlll-3' primers were used in PCR (Section 2.7.5) 

using the Tag DNA polymerase according to manufacture's instructions (Qiagen). The 

PCR products were purified (Section 2.7.5.1), digested with BamHI andHindlll in 

restriction buffer B (Boehringer Mannheim) (Section 2.5.2), and gel purified (Section 

2.7.4.1). Inserts were ligated overnight at 16°C (Section 2.7.6) into the pQE30 vector 

previously digested with BamHI and Hindlll in restriction buffer B. E. coli XLl Blue 
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competent cells (Section 2.7.7) were transformed into the pQE30 ligation products by 

heat shock transformation (Section 2.7 .8). Aliquots of the transformed cells were plated 

onto LB agar plates containing ampicillin (I00µg mr1
). Following overnight culture at 

37°C, colonies were analysed for recombinant plasmids using PCR containing SpUCll

BamHI-5' and SpUCll-Hindlll-3' primers (Section 2.7.9). 

From the PCR containing the insert of interest, the plasmid recovered by miniprep 

(Section 2.7.13.1) was transformed by the heat shock method (Section 2.7.8) into M15 

competent cells containing the repressor plasmid pREP4. Aliquots of the transformed 

cells were plated onto LB agar plates containing ampicillin (lO0µg mr1
) and kanamycin 

(25µ.g mr1
). Following overnight culture at 37°C, colonies were again analysed for 

recombinant plasmids using PCR, this time the minipreps were prepared from M15 

cells. 

5.3.2 Bacterial expression of SpUCll 

The expression of the protein was tested as described (Section 2.7 .10). Several colonies 

of E.coli Ml5 strain transformed with pQE30 containing the SpUCll gene were grown 

in small-scale cultures to test for expression (Section 2.7.10). 

The recombinant protein was recovered using denaturing conditions and purified using 

Ni-NTA resin (Section 2.7.12) under denaturing conditions in the presence of urea. All 

fractions were collected and analysed by SDS-PAGE (Section 2.2.2.1) for both 

Coomassie stain (Section 2.2.2.2) and western blot analysis (Section 2.2.4) with the 

monoclonal antibody to the six-histidine tag (Qiagen). Fractions containing rSpUCll 

were pooled, and the proteins remained in a soluble fraction of 6M urea and 

concentrated to l-5mg/ml. Purified proteins were stored at -20°C. 
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5.3.2.1 DNA sequencing 

The recombinant gene in pQE30 was prepared for sequencing using gene specific 

primers, SpUCll-BamHI-5' and SpUCll-HindIH-3' or pQE specific primers (pQE-5' 

and pQE-3') as described in Section 2.7.15. This was done to ensure the gene was 

cloned in the correct reading frame and orientation, and that no polymerase errors were 

present. 

5.3.3 Immunisation studies 

Mice were immunised with different doses of rSpUCll using both routes, mucosal and 

parenteral (Section 2.3). The recombinant protein was delivered at doses of lµg, 10µ.g 

and 20µ.g. Non-immune animals were sham immunised with 3M urea mucosally or 

parenterall y. 

5.3.4 Antigen-specific ELISAS 

Titres of specific lgG and lgA directed against rSpUCll (l0µg/ml for lgG and 20µg/ml 

for lgA) were assessed (Section 2.6). 

5.3.4.1 Preparation of SpUCll hyperimmune sera 

Hyperimmune sera against recombinant SpUCll was prepared by subcutaneously 

immunising a group of 3 mice with 20µg of rSpUCll in a ratio of 1: 1 with IFA once a 

week for three consecutive weeks. Blood was collected via the tail vein on day 21. 

5.3.5 Western blot analysis 

Electro-transfer of proteins was performed as previously described (Section 2.2.4-5), 

probed with rSpUCll hyperimmune sera prepared in Section 5.3.4.1. Changes to the 

method were: the whole cell extracts were transferred for a period of 40min at 100V. 
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Recombinant Sp UC 11 was transferred for 60min at 100V according to the described 

method. Whole cell extracts (Section 2.2.1) were prepared for serotypes 1, 4, 6B, 14, 

18C, 19F and 23F. 

5.3.6 Southern blot analysis 

Hybridisations were carried out as described in Section 2.7.16. The probe used was 

prepared by PCR amplification with specific primers, SpUCII-BamHI-5' and SpUCII

Hindlll-3'. 

5.3.7 Flow cytometry 

NTCC 49619 S. pneumoniae strain was prepared for flow cytometry analysis (Section 

2.6.2). Incubation was carried out with a 1:50 dilution of immune sera from animals 

immunised with rSpUCll, and non-immune sera from the non-immunised animals. 

Antiserum from whole killed cell vaccinations was used at a 1 :50 dilution. 

5.3.8 Statistical analysis 

Data were expressed as the mean and standard error of the mean (SEM). Statistical 

analysis between the immunised and the negative control groups were assessed using an 

independent t-test (Macintosh Systat) on log1o transformed data. 
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5.4 RESULTS 

5.4.1 Native N-terminal sequence 

Chapter 3 described an N-terminal sequence analysis of native SpUCll protein and 

identified the first a 15 amino acid residues (Figure 5.1). The primer design was based 

on the sequence obtained from the search of GeneBank databases 

(http://www.ncbi.nlm.nih.gov/BLAST, 2000), which identified a 78% homology match 

with that of an llkDa protein from B. subtilis (accession number P21468, Swissprot, 

2000). A search against S. pneumoniae databases revealed a 99% homology to a 96 

amino acid ribosomal protein S6 (accession number NP _358989.1, S. pneumoniae R6 

and accession number NP _345989.1, S. pneumoniae TIGR4). 

A K Y E I L Y I I R P N I E E 

Ala Lys Tyr GIU Ile Leu Tyr Ile Ile Arg Pro Asn Ile Giu Giu 

Figure 5.1: N-terminal amino acid sequence of native SpUCll. 

5.4.2 Cloning and expression of the S. pneumoniae SpUCll gene 

Oligonucleotide primers were designed (SpUCll-BamHI-5' and SpUCll-Hindlll-3'). 

The primers were used to amplify a DNA segment from S. pneumoniae NTCC 49619 

chromosomal DNA by PCR. BamHI and Hind Ill restriction sites were engineered into 

the 5'-end and 3'-end PCR primer regions respectively, to facilitate ligation and 

directional cloning into pQE30 plasmid. The plasmid was recovered from XLl-Blue 

cells and DNA sequencing was performed prior to expression of the protein in M15 

cells. The DNA sequencing confirmed that the gene encoding SpUCll was cloned in 
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the correct frame (Figure 5.2). The sequence revealed a six-histidine tag at the 5'-end of 

the gene and the stop codon at the 3 '-end. 

The recombinant protein, SpUCll was expressed in pQE30 as an insoluble protein. 

SpUCll was isolated from the insoluble fraction of lysed E.coli M15 cells and was 

absent from the host strain transformed with pQE30 only (Figure 5.3, A and B). The 

eluted protein had a molecular mass of approximately llk:Da and thus was very likely to 

represent the expressed recombinant protein SpUCll (Figure 5.4). To further confirm 

this, a western blot to the pre- and post-induction samples was probed with the 

monoclonal antibody specific to the peptide sequence six-histidine tag. The monoclonal 

antibody recognised a band of approximately l lk:Da in the sample taken at 5 hours after 

induction, but did not recognise the control uninduced sample (Figure 5.5). Of the ten 

eluates collected with the different pH buffers (not all fractions are shown), seven eluted 

fractions contained a band of pure llk:Da (examples in Figure 5.5, Lanes 5 and 6), 

representing the recombinant protein SpUCll. Protein recovery was approximately 

10mg from a 11 culture. Pooled pure fractions were stored at -20°C. 

Attempts to completely remove the urea from the buffer solution resulted in 

precipitation, but the urea concentration could be decreased to 6M. 
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Start 
Codon RGS 6 x Histadine tag 

1 31 61 
ATG AGA GGA TCG CAT CAC CAT CAC CAT CAC GGA TCC GCT AAA TAC GAA ATT CTT TAT ATC ATT CGT CCA AAC ATT GAA GAA GAA GCT AAA 
M R G S H H H H H H G S A K Y E I L Y I I R P N I E E E A K 30 
90 121 151 
AAC GCT TTG GTA GCA CGT TTT GAC TCT ATT TTG ACT GAC AAC GGT GCA ACT GTT GTT GAA TCA AAA ACT TGG GAA AAA CGT CGT CTT GCA 
N A L V A R F D S I L T D N G A T V V E S K T W E K R R L A 60 
180 211 241 
TAC GAA ATC CAA GAT TTC CGT GAA GGG CTT TAC CAC ATC GTT AAC GTT GAA GCA AAT GAC GAT GCA GCT CTT AAA GAG TTT GAC CGT CTT 
Y E I Q D F R E G L Y H I V N V E A N D D A A L K E F D R L 90 
270 301 331 
TCA AAA ATC AAC GCT GAC ATT CTT CGT CAC ATG ATC GTC AAC AAT TGA CGC GTA AGA AGG AAG CTT 
S K I N A D I L R H M I V N N * R V R R K L 112 

LI 
Stop 
Codon 

Figure 5.2: Gene sequence for recombinant SpUCll protein that was cloned in pQE30 vector. Primers are in bold. Restriction enzyme sites are 
underlined, the 5' end contains BamHI site, and the 3' end contains Hindlll site. 
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1 2 3 

1 2 3 

Figure 5.3: Analysis of expression of SpUCll 5 hours post induction in E.coli 
strain M15. 

Figure 5.3A represents a Coomassie stained 12% homogenous SDS-PAGE gel and 
identifies expressed rSpUCll after a 5 hour induction with 2mM fPTG. Cytosolic 
components are shown in Lane 1, the insoluble proteins are in Lane 2 and the 
periplasmic extract in Lane 3. The arrow identifying an llkDa band represents 
rSpUCll. 

Figure 5.3B represents a western blot analysis of the soluble and insoluble components 
of the same profile. This blot was probed with a monoclonal antibody for the six
histidine tag to the PQE-specific peptide sequence. Recombinant SpUCll was found in 
the insoluble fraction (Lane 2), no evidence of the protein was found in the cytosolic 
components or periplasmic extract (Lanes 1 and 2 respectively). 

22 
16 

1 2 3 4 5 6 

Figure 5.4: Analysis of the induction of expression and eluted fractions of rSpUCll 
in E.coli strain M15. 16% homogenous Coomassie stained SDS-PAGE analysis shows 
a pre-induction sample (Lane 2), 5 hour induction of expression of rSpUCll with 2mM 
IPTG (Lane 3), buffer D eluate (Lane 5), buffer E eluate Lane 6. Markers (SeeBlue) in -
kDa are shown at left (Lanes 1 and 4). 
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16_ 

1 2 3 4 5 6 

Figure 5.5: Western blot analysis of the induction of expression and eluted 
fractions of rSpUCll blot. Fractions collected were electrophoresed by a 12% SDS
PAGE, transferred to nitrocellulose and probed with monoclonal antibody specific to the 
Histidine peptide sequence tagged onto the protein expressed in pQE30. Lane 2 
represents the un-induced fraction, and Lanes 3 shows the induced eluted fraction at 5 
hours. Lanes 5 and 6 represent buffers D and E eluates respectively. Molecular mass 
standards in kDa (SeeBlue) are shown at left. 

5.4.3 Conservation of SpUCll 

Southern blotting using a probe designed from the recombinant SpUCII gene was 

carried out to test the expression of the gene in twelve different serotypes of S. 

pneumoniae. NTHi and M. catarrhalis DNA were included as alternatives for 

specificity (Figure 5.6). The strain from which the gene was constructed detected the 

gene on a 3kb Hindlll fragment. The Sp UC 11 gene was found in all strains of S. 

pneumoniae tested at a 1.8kB Hind/II fragment. No gene equivalent to SpUC14 as 

determined by hybridization analysis was found homologous to genomic DNA from 

NTHi or M. cattarhalis. 

To assess whether antibodies raised against rSp UC 11 from S. pneumoniae NTCC 49619 

would also recognise SpUCl 1 from diverse S. pneumoniae strains, whole cell lysates 

from seven other S. pneumoniae strains (representing capsular serotypes 1, 4, 6B, 14, 

18C, 19F and 23F) were probed with anti-rSpUCll. Antisera generated by 
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immunisation with rSpUC 11 recognised a protein of equivalent molecular mass in all 

serotypes tested (Figure 5.7). 

The conservation of SpUCl 1 was further characterised by comparison with published 

S. pneumoniae databases (Figure 5.8). The predicted protein sequence of SpUCll from 

S. pneumoniae NTCC 49619 was aligned to comparative regions of the completed 

genome databases of TIGR4 and R6 (NP _345989.1 S. pneumoniae, TIGR4 and 

NP _358989.1 S. pneumoniae, R6). The amino acid sequence from all the three strains 

exhibited 100% homology. 

23.1 
9.4 
6.6 
4.4 

2.3 
2.0 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 5.6: Detection of SpUCll gene in DNA from different serotypes of S. 
pneumoniae. Southern blotting was performed using a SpUCll specific gene probe 
from S. pneumoniae (NTCC 49619). Hindlll digested chromosomal DNA, NTHi and 
M. catarrhalis (Lanes 2 and 3 respectively), plasmid containing the Sp UC 11 gene as a 
positive control (Lane 4), and eleven S. pneumoniae serotypes (Lanes 5-16). Lanes 5-16 
are 1, 18C, 23F, 6B, 3, 9V, 19F, 14, 5, 7F and NTCC 49619 respectively. The strains 
tested contained DNA sequences homologous to SpUCll at approximately 1.8kb. This 
gene was detected at approximately 3kb in S. pneumoniae NTCC 49619 homologous 
strain. Markers II DIG-Labelled (kb) (Roche) are shown in Lane 1 at left. 
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SpUC14 l::. ;i '' ·. 

llkDa 

1 1 2 3 4 6 5 6 7 8 

Figure 5.7: Recognition of SpUCll from a library of S. pneumoniae serotypes. 
Western blot using antisera from rSpUCll immunised mice. 'A: Lane 1, rSpUCll as a 
control. B: Lanes 1-8 S. pneumoniae NTCC 49619, 1, 4, 6B, 14, 18C, 19F and 23F 
respectively. 
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SpUCll 

TIGR4 

R6 

MAKYEILYIIRPNIEEEAKNALVARFDSILTDNGATWESKTWEKRRLAYEIQDFREGLY 

MAKYEILYIIRPNIEEEAKNALVARPDSILTDNGATWESKTWEKRRLAYEIQDFREGLY 

MAKYEILYIIRPNIEEEAKNALVARFDSILTDNGATWESKTWEKRRLAYEIQDFREGLY 

SpUCll 

TIGR4 

R6 

70 80 90 

HIVNVEANDDAALKEFDRLSKINADILRHMIVNN 

HIVNVEANDDAALKEFDRLSKINADILRHMIVKI 

HIVNVEANDDAALKEFDRLSKINADILRHMIVKI 

Figure 5.8: Multiple alignment of Sp UCll protein sequence from selected S. 
pneumoniae genomes. The sequence data represented corresponds to finished genome 
sequences obtained from genomes, TIGR4 (accession number NC_003028) and R6 
(accession number NC_003098). The sequences were aligned using Pole Bio
Informatique Lyonnaise (CLUSTALWi multiple alignment) [http://npsa-pbil.ibcp.fr/cgi
bin/align_clustalw.pl]. 
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5.4.4 Immunisation Studies 

5.4.4.1 Effect of immunisation on pulmonary clearance of S. pneumoniae 

The immunogenicity of the rSpUCl I protein was tested in a mouse model of acute 

respiratory infection. The effectiveness of the immune response was assessed by 

homologous pulmonary challenge of live homologous S. pneumoniae serotype 3 or 

heterologous S. pneumoniae serotype 6B strain. The recombinant protein expressed in 

E. coli was purified under denaturing conditions in urea. For immunisations this 

resulted in a total urea concentration of 3M per treated animal. Sham groups immunised 

with 3M urea or 6M (in the case of the 20µg dose), showed no difference in response in 

comparison to an untreated mouse group. 

For homologous challenge, mucosa! and parenteral immunisation with lOµg doses of 

rSpUCl I (Table 5.1) resulted in enhanced bacterial clearance. This was not observed at 

the 20µ.g dose, in comparison to a non-immune group. The.mucosa! route resulted in 

97% reduction of bacterial load in the BAL fluid (p < 0.001), but did not result in 

significant clearance in the lung tissue. For the parenteral route, enhanced bacterial 

clearance in both BAL and lung was observed (p < 0.05), with a reduction in bacterial 

load of up to 75% in both the lungs and the BAL. In contrast, mice immunised with the 

20µg dose did not clear the infection following both routes of immunisation. Further to 

these findings, the immunogenicity of rSpUCl I was assessed against a heterologous S. 

pneumoniae 6B strain following parenteral immunisation with the vaccine. The results 

(Table 5.2) showed that the animals were able to clear infection of the 6B strain at the 

20µg dose. A 68% reduction in bacterial load in the BAL was seen in the animals (p < 

0.05), but no significant clearance was measured in the lung tissue. 
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Table 5.1: Live S. pneumoniae NTCC 49619 recovered from the BAL fluid and lung homogenate of mice immunised with rSp UCll. 

Antigenb and route BAL bacterial recovery % clearancec Lung bacterial recovery % clearancec 

a 

b 

C 

d 

* 
** 

(Log10 CFUt (Log10CFUt 

Non-immune Immune Non-immune hnmune 

rSpUCl 1 lOµg 5.1 ±0.2 3.5 ± 0.2** 97.5 5.3 ±0.1 5.1 ± 0.1 37 
mucosa! 

rSpUCll 20µg 4.0 ±0.2 4.0 ± 0.2 0 3.9 ±0.1 3.7 ±0.1 37 
mucosa! 

rSpUCll IOµg 5.4 ± 0.1 4.8±0.1* 75 5.2±0.1 4.6 ± 0.1* 75 
parenteral 

rSpUCll 20µg 4.7 ±0.3 5.3 ± 0.1 0 5.6 ±0.2 5.3 ±0.1 50 
arenteral 

The values shown represent the mean ± standard error of the mean (SEM) for the BAL fluid and lung homogenate 
n = 5-7 mice per group 
% clearance compared with bacteria recovered in non-immune group 
Challenge dose given per animal on day 21 
p < 0.05 compared with Non-immune mice 
p < 0.001 compared with Non-immune mice 
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Table 5.2: Live S. pneumoniae 6B strain recovered from the BAL fluid and lung homogenate of mice immunised parenterally with rSpUCll. 

a 

b 

C 

** 

Antigenb and route BAL bacterial recovery % clearance Lung bacterial recovery 
(Log10 CFU)3 (Lo 10CFU)3 

Non- Immune Non- Immune 
immune immune 

SpUCl 1 l0µg parenteral 5.1 ± 0.1 5.2±0.2 0 4.3 ±0.2 4.3 ±0.2 

SpUCl 1 20µg parenteral 5.1 ± 0.1 4.6±0.2** 68 4.3 ±0.2 4.4 ± 0.2 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
Challenge dose given per animal on day 21 
p < 0.001 compared with Non-immune mice 
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5.4.4.2 Total white cell counts and the recruitment of phagocytic cells 

Enhanced pulmonary clearance demonstrated earlier following challenge with the 

homologous and heterologous strains (Table 5.1 and 5.2) was seen in the absence of 

enhanced recruitment of white cells in the immunised mice compared with the non

immune group (Table 5.3). The percentage phagocytic cell recruitment (Table 5.3) 

following mucosa! immunisations at lOµg and 20µg doses enhanced significantly (p < 

0.001) and correlated with enhanced clearance of infection. 

5.4.4.3 Specific antibody titres in the serum and BAL fluid 

The demonstration of antigen specific antibody was tested using ELISAs. For the 

homologous challenge (Table 5.5), antigen-specific sera IgG indicated significantly 

increased specific-SpUCll antibody following immunisation via the parenteral route at 

the 20µg dose of antigen (P < 0.05). In comparison, the mice challenged with strain 6B 

(Table 5.6) demonstrate significantly increased specific-SpUCll IgG following 

immunisation via the parenteral route at lOµg and 20µg doses of antigen (p < 0.001). 

IgA antibodies in the BAL or sera were not detected in any of the groups. 
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Table 5.3: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar lavage 5 hours post-pulmonary challenge with 
live S. pneumoniae NTCC 49619. 

a 

b 

* 

Antigenb and route White cell count (xl05
) Percentage differential cell count 

Non-immune Immune Non-immtme hnmune 

PMN MQ 

SpUCll IOµg 14.9 ± 1.11 13.2 ± 1.60 89.3 ± 1.4 7.9 ± 1.7 
mucosa! 

SpUCll 20µg 2.4 ± 0.60 4.0± 1.11 86 ± 3.5 12.3 ± 4.1 
mucosa! 

SpUCll IOµg 4.3 ± 1.10 5.9 ± 1.30 87.2 ± 3.7 6.3 ± 1.3 
parenteral 

SpUCll 20µg 180 ± 4.70 71.4 ± 3.50 86 ± 3.5 12.3 ± 4.1 
parenteral 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
p < 0.05 compared with Non-immune mice 
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Other PMN MQ 

2.8 ±0.7 83.5 ± 1.9 16.0 ± 1.9* 

2.0±0.0 65.4 ± 7.7 32.2 ± 7.2* 

3.4 ± 1.0 89 ± 1.9 8.9 ± 1.6 

2.0±0.0 85.5 ± 2.8 12.1 ± 3.2 

Other 

0.6 ± 0.1 

3.0±0.9 

1.6 ± 0.6 

2.8±0.8 



Table 5.4: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar lavage 5 hours post-pulmonary challenge with 
live S. pneumoniae 6B strain. 

a 

b 

Antigenb White cell count (x 105
) Percentage differential cell count 

Non-immune Immune Non-immune Immune 

SpUCll IOµg 
Parenteral 

SpUCll 20µg 
parenteral 

0.12 ± 0.04 

0.12 ± 0.04 

0.16 ±0.04 

0.07 ± 0.01 

PMN MQ 

80.6 ± 2.8 18.8 ± 2.8 

80.6 ± 2.8 18.8 ± 2.8 

The values shown represent the mean ± standard error of the mean (SEM) 
n == 5-7 mice per group 

119 

Other PMN MQ 

0.8 ±0.3 82.1 ± 2.1 24±2 

0.8 ±0.3 80 ± 2.4 17.9±2.1 

Other 

1.5 ±0.3 

2.1 ± 0.6 



a 

b 

* 

Table 5.5: rSpUCll-specific antibody titres in serum following mucosal and 
parenteral immunisation with S. pneumoniae NTCC 49619 challenge. 

Antigen 

Non-immune 

SpUCll 10µ,g mucosal 

Sp UC 11 20ttg mucosal 

SpUCll lOµg Parenteral 

SpUCll 20µg parenteral 

Mean IgG antibody titres in serum 
(ng/mlt 

90±26 

ND 

470 ±460 

24400 ± 21000* 

The values shown represent the mean ± standard error of the mean (SEM) 
ND= not detectable 
P < 0.05 compared with non-immune mice 

Table 5.6: rSpUCll-specific antibody titres in serum following parenteral 
immunisation and challenge with a heterologous S. pneumoniae 6B strain. 

a 

b 

** 

Antigenb 

Non-immune 

SpUCll 10µ,g parenteral 

SpUCll 20µg parenteral 

Mean IgG antibody titres in serum 
(ng/mlt 

200 ± 56 

31500 ± 12600** 

217950 ± 25248** 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
P < 0.001 compared with non-immune mice 
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5.4.5 SpUCll-specific cell surface reactivity 

Using flow cytometry the presence of SpUCl 1 on the bacterial surface was assessed. 

Figure 5.9 demonstrates native SpUCl 1 immune recognition on the bacterial surface. 

Incubation with recombinant Sp UC 11 antisera resulted in no significant shift in 

comparison to incubation with the non-immune sera. In contrast, a positive control peak 

(Curve 3) is shown with a shift to the right indicating the presence of a mix of anti

whole killed cell vaccine proteins . 

.. SillGL11 PniifiHET1111 

Figure 5.9: Analysis of antibody binding to S. pneumoniae NTCC 49619 by flow 
cytometry. Vertical axis indicates the events detected by the flow cytometer and the 
horizontal axis indicates log fluorescence. Curve 1 represents S. pneumoniae NTCC 
49619 assayed with non-immune serum. Curve 2 shows detection of fluorescence 
following binding by antibody for S. pneumoniae NTCC 49619 assayed with antisera to 
recombinant SpUCll. Curve 3 represents S. pneumoniae assayed with antisera to native 
whole killed cell vaccine as a positive control. 
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5.5 Discussion 

Proteomics as an approach is a reasonably new technology that is more feasible due to 

the availability of genome sequences. It was used as an approach in investigating 

Sp UC 11 (Chapter 3). From a 15-residue N-terminal sequence, the approach allowed 

utilisation of the GeneBank databases to identify a protein with a 78% homology to an 

l lk:Da ribosomal protein from B. subtilis (accession number P21468, Swissprot). A 

search in S. pneumoniae databases revealed an identical match to pneumococcal 

ribosomal protein S6 (NP _345989.1 S. pneumoniae, TIGR4 and NP _358989.1 S. 

pneumoniae, R6). In this Chapter, Sp UC I I was cloned and further characterised. 

Mucosa! and parenteral immunisation with IOµg of rSpUCl I led to significant 

pulmonary clearance of homologous S. pneumoniae infection (type 3 NTCC 49619). 

Increasing the dose of antigen to 20µg did not result in significantly enhanced bacterial 

clearance. In contrast, parenteral immunisation with a 20µg dose of antigen led to 

significantly enhanced clearance of infection with a heterologous S. pneumoniae 6B 

serotype, but not at the IOµg dose. Parenteral immunisation resulted in superior serum 

lgG titres to the mucosa! immunisation. The lgG titres correlated with an increased 

antigen dose. Although mice immunised mucosally failed to develop a detectable 

humoral immune response, they recorded significantly greater percentage of 

macrophages recruited to the site of infection. 

Characterisation studies at the gene and protein levels revealed that Sp UC I I was 

expressed in all S. pneumoniae serotypes tested. Protein sequence alignments 

demonstrated a highly conserved Sp UC I I from three geographically distributed S. 
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pneumoniae serotypes. Sp UC 11 was not expressed on the bacterial surface, nor was 

there evidence that it was secreted. 

The degree of conservatio,n of this bacterial antigen is essential for an appropriate 

vaccine candidate. Southern blot analysis detected SpUCll in S. pneumoniae NTCC 

49619 strain on a 3kb Hindlll fragment, in comparison to the heterologous serotypes 

where it was located on a l.8Kb Hindlll fragment. The approximate 1.2kb difference is 

possibly due to a mutation in the homologous genome, which may have resulted at one 

stage in the removal of a Hindlll site within this genome. Further studies would need to 

be done to determine if this was relevant to the expression of Sp UC 11. Such variations 

are not surprising since it is well documented that this pathogen results in variation 

between strains over time. Such variation is responsible for immune evasion and 

increased problems associated with the emergence of antibiotic resistance to this 

bacterium (Musher, 1992; Paton et al. 1993; Shelly et al. 1997). However, Sp UC I I 

was highly conserved among other geographically distributed serotypes and was further 

capable of clearing bacterial infection elicited by a heterologous S. pneumoniae 6B 

serotype, an isolate from a different geographical region. In addition, the polysaccharide 

capsule of serotype 6B is believed to be a weak immunogen in children and is a 

common cause of paediatric infections (Dennehy, 2001; Lucas et al. 1997). Although 

preliminary analysis at the protein level suggests high conservation, in order to 

determine the relationship and the level of conservation of SpUCl I among the different 

heterologous types, cloning and sequencing of the genes from a range of serotypes is 

essential and will be investigated in future studies. 

The pattern of bacterial clearance between the homologous and heterologous challenged 

mice indicates that the outcome was not consistent between the groups. However, the 
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ability of SpUCl 1 to clear a heterologous S. pneumoniae serotype was certainly of 

interest. The higher titres of lgG that correlated with clearance of infection of the 

groups immunised via the parenteral route, could suggest that this protein may be still 

attached to the extracellular surface of the bacterial membrane, but shielded to some 

extent from interaction with antibodies by the bacterial cell wall and the capsule. 

Otherwise, this protein may still be secreted, but its levels of secretion are probably too 

low for detection. 

Due to the presence of urea in the SpUCl 1 buffer, specific lymphoproliferative studies 

could not be performed, because urea inhibits the growth of the cells in culture. In this 

study it was not possible to determine the role of cellular immunity in the clearance 

mechanism. From our results, it is suggested that the immune mechanism associated 

with clearance of this bacterial infection following parenteral immunisation is at least 

part antibody mediated, but the effectiveness of the mucosal route with lower antibody 

titres would suggest a role for a cell-mediated response. Furthermore, the recruitment of 

macrophages clearly plays a role in clearance of the infection and will be looked at in 

more detail in future studies. 

Although the presence of urea in the buff er does not appear to enhance the immunogenic 

response of these animals, the urea may affect the mechanism of immunity exerted by 

certain antibodies following mucosal immunisation with rSpUCl 1. When mice are 

vaccinated via the mucosal route, the urea is in direct contact with lymphoid tissue via 

the Peyer's patches, hence this may disturb the presentation of the denatured antigen to 

the immune system. Otherwise, the lack of IgG antibody response of these animals may 

indicate that the immune response is biased towards a cellular rather than a humoral 
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response. Unfortunately specific lymphoproliferative cultures could not be performed 

because of the presence of urea, as mentioned earlier. 

Identification of SpUCl 1 and the demonstration that this pneumococcal antigen is 

capable of eliciting enhanced clearance of homologous and heterologous strains of S. 

pneumoniae provides further evidence that proteins are important for the prevention of 

infection associated with this pathogenic bacterium. Additionally, the findings presented 

in this chapter support the concept that vaccine antigens do not necessarily need to be 

bacterial surface proteins. Defining proteins that are immunogenic allows the 

identification of potential candidates for a new protein-based vaccine, resulting in an 

improved pneumococcal vaccine. The data presented in this chapter make SpUCl 1 

worthy of further investigation as a potential vaccine antigen. 
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Chapter 6 

Enhanced respiratory clearance of 

S. pneumoniae following immunisations 

with native and recombinant SpUC14 



6.1 Abstract 

N-terminal sequence analysis of the first 15 residues of a 14kDa protein identified it as 

an L7/L12 ribosomal protein that appears to be relatively conserved and to have a high 

degree of homology across bacterial species. This protein has been designated as 

Sp UC 14. Determination of this protein as a potential vaccine candidate was based on 

the enhancement of pulmonary clearance of live S. pneumoniae NTCC 49619 following 

immunisation with the native SpUC14 in Chapter 4. This Chapter aimed to further 

investigate SpUC14. Antibody and bacterial clearance with two immunisation regimes 

and different dosages were examined. It was further demonstrated that increasing the 

vaccine dosage of the native protein from lµg to lOµg resulted in greater clearance of 

the bacteria in the immunised animals. A corresponding increase in the serum IgG titres 

was also dosage related. Immunisation with recombinant SpUC14 resulted in a 

SpUC14-specific IgG response in the serum, however, no significant bacterial clearance 

following either mucosal or parenteral immunisation was observed. The results indicate 

that SpUC14 is immunogenic and highly conserved across strains, however, 

modifications in the recombinant protein appear to have affected the protective efficacy. 
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6.2 Introduction 

The research outlined previously in Chapter 4 identified the vaccine potential of the 

14kDa protein isolated from S. pneumoniae NTCC 49619. This 14kDa protein 

enhanced bacterial clearance following challenge with S. pneumoniae in an acute mouse 

pulmonary infection model. Significantly increased antigen-specific IgG titres in the 

serum accompanied enhanced clearance. In order to further investigate the 

immunological characteristics of this antigen and gain further insight into its potential as 

a vaccine component, the gene was cloned and expressed in a bacterial expression 

system to obtain recombinant protein. 

The protein in this study was found to be equivalent to the 12kDa protein previously 

identified by Kolberg and colleagues (Kolberg, Lopez and Sletten, 1997), which showed 

an 86% homology to a B. subtillis ribosomal protein BL9 (accession number P02394, 

BLAST). In addition, it corresponded to a previously reported E.coli ribosomal protein 

L7/L12 (Itoh and Wittmann, 1978). Comparison of the N-terminal sequences of 16 

eubacterial L7/Ll2 ribosomal proteins showed that several regions were similar to the 

N-terminal sequence of the L7/L12 ribosomal protein of E.coli (Kolberg, Lopez and 

Sletten, 1997). Using monoclonal antibodies, Kolberg and co-workers demonstrated 

that the protein was highly conserved across a number of bacterial species. L7/L12 

ribosomal proteins are essential in prokaryotes for proper functioning of several 

elongation factors involved in protein synthesis, and have been shown to share strong N

terminal sequence identity within the eubacteria (Liao and Dennis, 1994). 

Ribosomal vaccines prepared from purified bacterial ribosomes of K. pneumoniae, H. 

influenzae, S. pneumoniae and S. pyogenes have been shown to induce antigen-specific 

antibody responses in mice (Dussourd, Pineland Rey, 1980). Furthermore, ribosomal 
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vaccines have also been examined for use in humans (Bene et al. 1995; Lynn, Katz and 

Santucci, 1983; Michel et al. 1978). Ribosomal vaccines delivered by an aerosol or 

oral route induced specific-antibody in humans (Michel et al. 1978). Sera from 

populations of normal adults and children as well as sera from children with systemic H. 

influenzae type b infections reacted with specific ribosomal proteins from H. influenzae 

type b. Specific H. influenzae type b antibodies appeared to cross react with P. 

aeruginosa and S. pneumoniae bacterial cells (Lynn, Katz and Santucci, 1983). 

This Chapter aimed to investigate whether immunisation with recombinant SpUC14 

(rSpUC14), if like the native form, has the ability to enhance pulmonary clearance 

following challenge with S. pneumoniae. The relationship between the induced immune 

response and bacterial clearance was assessed by measurement of antigen-specific 

antibody, specific-lymphocyte proliferation responses and the influence on the 

recruitment of phagocytic cells to the lung following challenge. Characterisation of 

SpUC14 was achieved through sequencing of the gene and assessment of the presence 

of the gene and expression in different S. pneumoniae serotypes. 

129 



6.3 Materials and methods 

6.3.1 Cloning of the SpUC14 gene into pQE30 expression vector 

6.3.1.1 Bacterial strains and plasmids 

Genomic DNA for bacterial strains was prepared as described (Section 2.7.1). The 

bacterial serotypes used were serotypes 3 (S. pneumoniae NTCC 49619), 5, 18C, 23F, 

7F, 1, 6B, 4, 3, 19F, 9V and 14. The SpUC14 gene cloning was undertaken using the 

expression plasmid pQE30 in E. coli XLl Blue strain, and the recombinant gene 

expressed in E. coli M15 cells. 

6.3.1.2 Oligonucleotide design 

Expression constructs were engineered using PCR and primers designed to amplify the 

DNA sequence for the SpUC14 gene. The primers were designed with BamHJ-5' and 

Kpnl-3' restriction sites that were used in subsequent cloning procedures. The primers 

used were SpUC/4-BamHI-5' (5'- CG GOA TCC GCA TTG AAC AIT GAAAAC -

3'), and SPVC14-Kpnl-3' (5' - CC GOT ACC TTA AGA OTA ACT GAA OCT CCA G -

3'). 

6.3.1.3 PCR amplification and digestion 

SpUC14-BamHI-5' and SPVC14-Kpnl-3' primers were used in PCR (Section 2.7.5) 

reactions using the proof reading DNA polymerase Pfu (stratagene ). The PCR products 

were purified (Section 2.7.6), digested with BamHI and Kpnl in restriction buffer A 

(Boehringer Mannheim) (Section 2.7.2), and gel purified using the Ultra Clean gelspin 

kit (Section 2.7.4.1). Inserts were ligated overnight at 16°C (Section 2.7.5) into pQE30 

vector previously digested with BamHI and Kpnl in restriction buffer A (Section 2.7.2). 
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E.coli XLl Blue competent cells (Section 2.7.7) were transformed with the pQE30 

ligation products by heat shock transformation (Section 2.7 .8). Aliquots of the 

transformed cells were plated onto LB agar plates containing ampicillin (lO0µg m1-1
). 

Following overnight culture at 37°C, colonies were analysed for the presence of 

recombinant plasmids using PCR containing SpUC14-BamHI-5' and SPUC14-Kpnl-3' 

primers (Section 2.7 .9). 

From the PCR containing the insert of interest, the plasmid was recovered by mini prep 

(2.7.13.1) and transformed by the heat shock method (2.7.8) into M15 competent cells 

containing the repressor plasmid pREP4. Aliquots of the transformed cells were plated 

onto LB agar plates containing ampicillin (lO0µg m1-1
) and kanamycin (25µg mr1

). 

Following overnight culture at 37°C, colonies were again analysed for recombinant 

plasmids using PCR, this time the minipreps prepared from MIS cells. 

Table 6.1: PCR program as used for SpUC14 using the Corbett FTS 4000 Capillary 
Thermal Sequencer (Corbett). 

Process Temperature Time Cycles 

Initial 
Denaturing 94°c 3min 1 
Denaturing 94°c lmin 
Annealing ss0c 4min 30 
Extension 12°c 3min 
Extension 12°c l0min 1 

6.3.1.4 Bacterial expression of SpUC14 

The expression of the protein was tested as described (Section 2.7 .10). Several colonies 

of E.coli M15 strain transformed with pQE30 containing the SpUC14 gene were grown 

in small-scale cultures to test for expression (Section 2.7.10). 

The recombinant protein was recovered using denaturing conditions and purified using 

Ni-NTAresin (Section 2.7.12). All fractions were collected and analysed by SDS-PAGE 
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(Section 2.2.2.1) for both Coomassie stain (2.2.2.3) and western blot analysis (2.2.4) 

with the monoclonal antibody to the six-histidine tag (Qiagen). Fractions containing 

recombinant SpUC14 were pooled, dialysed against two 3 hour changes of 41 of PBS 

and overnight with fresh PBS. The protein was stored at a concentration between 1-

5mg/ml at -20°C. 

6.3.1.5 DNA sequencing 

The recombinant gene in pQE30 was prepared for sequencing using gene specific 

primers, (SpUC14-BamHI-5' and SPUC14-Kpnl-3') or pQE specific primers (pQE-5' 

and pQE-3') as described in Section 2.7.15. This was done to ensure the gene was 

cloned in the correct reading frame and orientation, and that no polymerase errors were 

present. 

6.3.2 Immunisation studies 

Mice were immunised with different doses of rSp UC 14 using one of two routes, 

mucosal or parenteral (Section 2.3). The native protein was tested via the mucosal route 

with lµg and lOµg. The recombinant protein was tested via both the mucosal and 

parenteral routes at 1 µg, 1 0µg and 20µg. 

6.3.3 Antigen-specific ELISAS 

Titres of specific IgG and IgA directed against rSpUC14 (lOµg/ml for IgG and 20µg/ml 

for IgA) were assessed (Section 2.6). 

6.3.4 Western blot analysis 

Electro-transfer of proteins was performed as previously described (Section 2.2.4 ). 

Probing of the western blots was performed (Section 2.2.5), using SpUC14 immune sera 
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at a 1/20 dilution. Whole cell extracts (Section 2.2.1) for serotypes 1, 4, 6B, 14, 18C, 

19F and 23F were prepared and used in this study. 

6.3.5 Southern blot analysis 

Hybridisations were carried out as described in Section 2.7.16. The probe used was 

prepared by PCR amplification with specific primers, SpUC14-BamHI-5' and SpUC14-

Kpnl-3'. 

6.3.6 rSpUC14 specific lymphocyte proliferation assay 

The antigen specific lymphocyte assay was performed essentially as previously 

described in Section 2.5 using two concentrations of purified rSpUCl 4, 1 µg and 1 Ottg. 

A negative control containing no rSpUC14 antigen was also assayed. 

6.3.7 Flow cytometry 

S. pneumoniae NTCC 49619 was prepared for flow cytometry as described in Section 

2.6.2. Incubation was carried out with a 1:50 dilution of immune sera from animals 

immunised with SpUC14 native or recombinant, and non-immune sera from the non

immunised animals. 

6.3.8 Statistical analysis 

Data were expressed as the mean and standard error of the mean (SEM). Statistical 

analysis between the immunised and the negative control groups were assessed using an 

independent t-test (Macintosh Systat). 
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6.4 RESULTS 

6.4.1 Native N-terminal sequence 

As mentioned in Chapter 4, N-terminal sequence of the native SpUC14 protein 

identified the first 15 amino acids, shown here in Figure 6.1. A search of the databases 

(http://www.ncbi.nlm.nih.gov/BLAST) identified a 100% homology to a S. pneumoniae 

12kDa ribosomal protein L7/L12 (accession number P80714, Streptococcus pneumoniae 

TIGR4) (Kolberg, Lopez and Sletten, 1997). Primer design was based on this sequence. 

A L N I E N I I A E I K I A S 

Ala Leu Asn Ile Glu Asn lle lle Ala Glu lle Lys lle Ala Ser 

Figure 6.1: N-terminal amino acid sequence of native SpUC14. 

6.4.2 Cloning and expression of the S. pneumoniae SpUC14 gene 

Oligonucleotide primers were designed for the gene (SpUC14-BamHI-5' and SPUC14-

Kpnl-3'). These primers were used to amplify a DNA segment from S. pneumoniae 

(NTCC 49619) chromosomal DNA by PCR. BamHI and Kpnl restriction sites were 

engineered into the 5'-region and 3'-region respectively to facilitate ligation and 

directional cloning of the pQE30 expression plasmid. Ligated product was initially 

transformed into XLl-Blue and the plasmid recovered and transformed into M15 cells 

for expression. 

Prior to the expression of SpUC14 in E. coli M15 cells, DNA sequencing was performed 

to confirm that the gene encoding SpUC14 was cloned in the correct frame (Figure 6.2). 

The sequence revealed a six-histidine tag at the 5 '-end of the gene and the 3' -end 

terminus revealed an extra 12 amino acids, which are part of the pQE30 3' - region, 
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resulting from the clone. The induced recombinant protein representing the native 

SpUC14 showed a molecular mass of approximately 17kDa on SOS-PAGE analysis. 

The predicted theoretical molecular mass for SpUC14 was 12.4kDa and 14.9kDa for the 

recombinant. 

The recombinant protein, SpUC14 was expressed in pQE30 plasmid as an insoluble 

protein. SpUC14 was isolated from the insoluble fraction of lysed E. coli M15 cells. 

The host strain transformed with pQE30 only, produced no major protein band of 

similar size (Figure 6.3). The elution profile of the recombinant protein purification is 

shown in Figure 6.4. Urea present in the elution buffer was removed from solution by 

dialysis against PBS buffer. Expression studies showed high levels of purified protein, 

yielding up to 90mg of protein from a 11 culture. 

The presence of the 6x histidine tag was tested by western blot analysis against anti

histidine-tag specific antibody (Qiagen). The anti-histidine IgG antibody did not 

recognise the histidine-tag, although this analysis was repeated several times, and the 

protein bound the nickel column. This observation has not previously been reported 

according to the manufacturer's instructions. A positive control, rSpUCll, was 

recognised by the 6-histidine antibody (results not shown). Attempts were made to 

clone and express SpUC14 without the extra vector amino acids, however, despite 

numerous attempts these clones failed to express the protein. 
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Start 
Codon RGS 

11 

6 x Histidine tag 

61/21 
ATG AGA GGA TCG CAT CAC CAT CAC CAT CAC GGA TCC GCA TTG AAC ATT GAA AAC ATT ATT GCT GAA ATT AAA GAA GCT TCA ATC CTT GAA 
M R G S H H H H H H G S A L N I E N I I A E I K E A S I L E 
91/31 121/41 151/51 
TTG AAC GAC CTT GTA AAA GCT ATC GAA GAA GAA TTT GGT GTA ACT GCA GCT GCT CCT GTA GCT GTT GCT GCA GCT GAT GCA GCT GAT GCT 
L N D L V K A I E E E F G V T A A A P V A V A A A D A A D A 
181/61 211/71 241/81 
GGT GCT GCT AAA GAT TCA TTC GAC GTT GAA TTG ACA TCT GCA GGC GAC AAA AAA GTT GGC GTT ATC AAA GTT GTA CGT GAA ATC ACT GGT 
G A A K D S F D V E L T S A G D K K V G V I K V V R E I T G 
271/91 30101 33111 
CTT GGT CTT AAA GAA GCT AAA GAA CTT GTT GAC GGT GCA CCA GCA CTT GTT AAA GAA GGC GTT GCA ACT GCA GAA GCT GAA GAA ATC AAA 
L G L K E A K E L V D G A P A L V K E G V A T A E A E E I K 
36121 39131 42141 
GCT AAA TTG GAA GAA GCT GGA GCT TCA GTT ACT CTT AAG GTA CCC CGG GTC GAC CTG CAG CCA AGC TTA ATT AGC TGA 
A K L E E A G A S V T L K V P R V D L Q P S L I S * 

LJ 
Stop 
Codon 

Figure 6.2: Gene sequence for the recombinant SpUC14 gene that was cloned into the pQE30 vector. Primers are shown in bold. Restriction 
enzyme sites are underlined. 
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1 2 3 4 5 6 7 8 

Figure 6.3: Analysis of expression of SpUC14 5 hours post induction in E.coli strain 
M15. 16% Coomassie stained SDS-PAGE analysis of a pre-induction sample (Lane 2); 
following the addition of 2mM IPTG for 4 hours (Lane 3); the flow through material 
obtained after washing the resin (Lane 4). Buffer C and buffer D eluates (Lanes 5 and 6); 
buffer E eluates (Lanes 7 and 8). Markers (SeaBlue) in kDa are shown in Lane 1 at left. 

6.4.3 Conservation of SpUC14 

Southern blotting using the recombinant SpUC14 gene as a probe was carried out to test for 

its presence in twelve different serotypes of S. pneumoniae. NTHi and M. catarrhalis were 

included as alternative bacterial strains. 

Regions homologous to the SpUC14 gene was found in all strains of S. pneumoniae tested 

(Figure 6.4). The strain from which the probe was constructed (NTCC 49619) was located 

in a lKb fragment. The other pneumococcal serotypes tested contained DNA sequences 

homologous to SpUC14 at either of the two locations, 1kb or 4kb, which may be due to a 

HindIII site lost upstream or downstream from the gene. No homologous bands were 

visible in Lanes containing NTHi or M. catarrhalis genomic DNA. 
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23.1 
9.4 
6.6 
4.4 

2.3 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 6.4: Detection of SpUC14 gene in DNA from different serotypes of S. 
pneumoniae. Southern blotting was performed using a SpUC14 specific gene probe from 
S. pneumoniae (NTCC 49619). HindIII digested chromosomal DNA, NTHI and M. 
catarrhalis (Lanes 2 and 3 respectively), plasmid containing the SpUC14 gene as a positive 
control (Lane 4), and eleven S. pneumoniae serotypes (Lanes 5-16). Serotypes 1, 18C, 23F, 
6B, 3, 9V, 19F, 14, 5, 7F and NTCC 49619 (Lanes 5-16). The strains tested contained DNA 
sequences homologous to SpUC14 at either of the two locations, at approximately 1kb or 
4kb. Markers II DIG-Labelled (kb) (Roche) is shown in Lane 1 at left. 

In order to determine if SpUC14 was expressed in other strains of S. pneumoniae, western 

blots using antisera from recombinant SpUC14-immunised mice were carried out using cell 

lysates from seven serotypes. Antisera generated by immunisation with recombinant 

SpUC14 recognised a protein of equivalent molecular mass in all serotypes tested (Figure 

6.5). The band detected in Lane 2 at approximately 36kDa is an E. coli contaminant 

detected at the purification stages of SpUC14. 

The conservation of SpUC14 was further characterised by comparison with published S. 

pneumoniae databases (Figure 6.6). The predicted protein sequence of SpUC14 from S. 

pneumoniae (NTCC 49619) was aligned to comparative regions of the TIGR4 (accession 

number NP 345812.1) and R6 (accession number 358804.1) completed genome sequences. 

The predicted complete protein sequence from all three strains was identical. 
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1 2 3 4 5 6 7 8 9 10 

Figure 6.5: Recognition of SpUC14 from a library of S. pneumoniae serotypes. 
:Western blot using antisera from SpUC14 immunised mice demonstrating recognition of 
SpUC14 from a library of S. pneumoniae serotypes. Molecular mass markers (SeaBlue) in 
k.Da (Lane 1); recombinant SpUC14 (Lane 2); S. pneumoniae NTCC 49619, 1, 4, 6B, 14, 
18C, 19F and 23F respectively (Lanes 3 - 10). 

SpUC14 
TIGR4 
R6 

SpUC14 
TIGR4 
R6 

10 20 30 40 50 60 
I I I I I I 

MALNIENIIAEIKEASILELNDLVKAIEEEFGVTAAAPVAVAAADAADAGAAKDSFDVEL 
MALNIENIIAEIKEASILELNDLVKAIEEEFGVTAAAPVAVAAADAADAGAAKDSFDVEL 
MALNIENIIAEIKEASILELNDLVKAIEEEFGVTAAAPVAVAAADAADAGAAKDSFDVEL 

70 80 90 100 110 120 
I I I I I I 

TSAGDKKVGVIKVVREITGLGLKEAKELVDGAPALVKEGVATAEAEEIKAKLEEAGASVT 
TSAGDKKVGVIKWREITGLGLKEAKELVDGAPALVKEGVATAEAEEIKAKLEEAGASVT 
TSAGDKKVGVIKWREITGLGLKEAKELVDGAPALVKEGVATAEAEEIKAKLEEAGASVT 
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SpUC14 LK 
TIGR4 LK 
R6 LK 

Figure 6.6: Multiple sequence alignment of SpUC14 from selected S. pneumoniae 
genomes. The sequence data represented corresponds to finished genome sequences 
obtained from www.ncbi.nlm.nih.gov/BL:AST/finished genomes, TIGR4 (accession number 
NC_003028) and R6 (accession number NC_003098). The sequences were aligned using 
Pole Bio-Informatique Lyonnaise (CLUSTALW multiple alignment) [http://npsa
pbil.ibcp.fr/cgi-bin/align_clustalw.pl]. 
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6.4.4 Effect of immunisation on pulmonary clearance of S. pneumoniae 

The immunogenicity of the recombinant SpUC14 (rSpUC14) protein was compared to that 

of the native protein in the mouse acute respiratory infection model. The effectiveness of 

the immune response was assessed by pulmonary challenge with lx107 CFU of live S. 

pneumoniae (NTCC 49619), following mucosal and parenteral immunisations. 

Results in Table 6.2 show that mucosal immunisation with native SpUC14 enhanced the 

clearance of S. pneumoniae (NTCC 49619) from the lungs of mice in comparison to a non

immunised control group. Increasing the dose of native antigen from lµg to lOp.g resulted 

in greater clearance of the bacteria in the immunised animals. The data for the lµg dose 

showed a statistical significance of p < 0.05 for both BAL and lung tissue with a reduction 

of 80% and 90% in bacterial load, respectively. Further reduction of the bacterial load was 

seen following the lOp.g dose with a 99% reduction in the BAL (p < 0.001), and a 93% 

reduction of bacteria in the lungs (p< 0.05). In comparison to the native antigen, rSpUC14 

did not result in a significant decrease in bacterial load following three different dosages of 

antigens (lµg, lOp.g or 20µg) delivered either mucosally (Table 6.2) or parenterally (Table 

6.3). 
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Table 6.2: Live S. pneumoniae NTCC 49619 recovered from the BAL fluid and lung homogenate of mice immunised mucosally with native or 
recombinant SpUC14. 

Antigenb BAL bacterial recovery % clearancec 
(Log10 CFUl 

Non
immuned 

Immune 

SpUC14 native lµg 5.1 ± 0.3 4.4 ± 0.3* 

SpUC14 native IOµg 5.1 ± 0.3 2.5 ± 0.2** 

rSpUC14 lµg 5.8 ± 0.1 5.5 ± 0.2 

rSpUC14 lOµg 5.8 ± 0.1 5.6 ± 0.1 

rSpUC14 20µg 5.1 ± 0.2 4.6 ± 0.4 

80 

99 

50 

37 

68 

Lung bacterial recovery 
(Log10 CFUl 

N 
. d on-immune Immune 

5.4 ± 0.1 4.4 ± 0.04* 

4.8 ± 0.4 3.6 ± 0.42* 

5.5 ± 0.1 5.4 ± 0.39 

5.5 ±0.1 5.6 ± 0.19 

5.3 ± 0.1 5.2 ± 0.13 

% clearance c 

90 

93 

21 

0 

21 

Challenge Dosee 
(log CPU/mouse) 

7.4 

7.4 

6.6 

6.6 

6.7 

a 

b 
The values shown represent the mean ± standard error of the mean (SEM) for the BAL fluid and lung homogenate. 
n = 5-7 mice per group 

C 

d 

e 

* 
** 

% clearance compared with bacteria recovered in non-immune group 
Non-immune mice were either untreated or sham PBS immunised 
challenge dose given per animal on day 21 
p< 0.05 compared with non-immune mice 
p< 0.001 compared with non-immune mice 
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Table 6.3: Live S. pneumoniae NTCC 49619 recovered from the BAL fluid and lung homogenate of mice immunised parenterally with 
rSpUC14. 

Antigenb BAL bacterial recovery % clearancec Lung bacterial recovery 
(Log10 CFU? (Log10 CFU? 

Non-immuned Immune Non-immuned 

rSpUC14 lµg 6.0 ± 0.1 5.4 ±0.6 75 5.6 ±0.0 

rSpUC14 lOµg 6.0 ± 0.1 5.6 ± 0.4 60 5.6 ±0.0 

rSpUC14 20µg 5.4 ± 0.1 5.1 ± 0.1 50 5.2 ±0.1 

a 

b 

C 

d 

e 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
% clearance compared with bacteria recovered in non-immune group 
Non-immune mice were either untreated or sham PBS immunised 
challenge dose given per animal on day 21 
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5.7 ±0.1 

5.6 ±0.2 

5.0 ± 0.1 

% clearancec Challenge Dosec 
(log CPU/mouse) 

0 7.3 

7.3 
0 

37 6.8 



6.4.5 Total white cell counts and the recruitment of phagocytic cells 

Counts of the white blood cell population in the BAL showed that the total numbers of cells 

recruited to the lungs did not differ significantly between the non-immune mice and the 

groups immunised with either native or recombinant SpUC14 via both routes of 

immunisation (Table 6.4 and 6.5). The percentage of macrophages recruited (Table 6.4 and 

6.5) to the lungs significantly increased following mucosal immunisation with rSpUC14 at 

lOµg (p < 0.05) and 20µg doses (p< 0.05), and native SpUC14 at the lOµg dose (p< 0.05). 

Mucosa! immunisation with rSpUC14 at the lOµg and 20µg doses increased the recruitment 

of macrophages (Table 6.4) but did not result in any significant protection. Similarly the 

same phenomenon was seen for parenteral immunisation of 20µg of rSpUC14. 

6.4.6 Sp UC14-specific antibody titres in the serum and BAL fluid 

Antibodies generated to rSpUC14 showed that antisera recognised both native and 

recombinant SpUC14 by ELlSA (Table 6.6). Furthermore, dot blot analysis with antisera 

has shown cross binding recognition of native and rSpUC14 (results not shown). 

Increasing the immunisation dose resulted in increased SpUC14-specific titres of serum IgG 

(Table 6.6) [lµg, l0µg (p< 0.05) and 20µg (p< 0.05)]. The antibody response following 

immunisations with the rSpUC14 was higher than that generated to the native antigen and 

was further enhanced following parenteral immunisation with rSpUC14, at lµg (p< 0.05), 

lOµg (p< 0.05), and 20µg doses, (p< 0.001) (Table 6.7). No specific-IgA was detected for 

any of the groups in either BAL or serum. 
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Table 6.4: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar lavage 5 hours post-pulmonary 
challenge following mucosa! immunisation with native or recombinant SpUC14. 

Antigenb White cell count (x I 05
) Percentage differential cell count 

Non-immune Immune Non-immune 
PMN MQ Other 

SpUC14 native 2.6 ± 5.0 14 ± 0.8 87 ± 1.3 12± 1.1 0.0±0.0 
lµg 

SpUC14 native 12 ± 2.9 12 ± 7.0 83 ± 12 16 ± 12 0.0±0.0 
IOµg 

rSpUC14 lµg 5.0±0.2 2.2±0.8 91 ± 1.3 8.2 ± 1.1 0.0±0.0 

rSpUC14 IOµg 5.0±0.2 3.9 ±0.8 89± 1.4 7.9 ± 1.7 2.8 ±0.7 

rSpUC14 20µg 15 ± 1.1 66± 57 89± 1.4 7.9 ± 1.7 2.8 ±0.7 

a 

b 
The values shown represent the percentage mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 

* p< 0.05 compared with non-immune mice 
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Immune 
PMN MQ 

92 ± 1.9 6.8 ± 1.4 

61 ±22 39 ± 21* 

98 ±0.6 2.1 ± 0.7 

81 ± 2.0 18 ± 2.2* 

86 ±4.6 13 ± 3.4* 

Other 

0.8 ±0.5 

0.0±0.0 

0.0±0.0 

1.2 ± 0.3 

1.8 ± 1.2 



Table 6.5: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar lavage 5 hours post-pulmonary challenge 
following parenteral immunisation with rSpUC14. 

a 

b 

* 

Antigenb White cell count (x105
) Percentage differential cell count 

Non-immune Immune Non-immune 
PMN MQ Other 

rSpUC14 lµg 3.0±0.2 5.4±0.9 89 ± 0.8 11.2 ± 0.7 0.1 ± 0.1 

rSpUC14 IOµg 3.0±0.2 3.4 ± 0.5 89 ± 0.8 11.2±0.7 0.1 ± 0.1 

rSpUC14 20µg 4.3 ± 1.1 1.3 ± 0.2 87 ± 3.7 6.3 ± 1.3 3.4 ± 1.0 

The values shown represent the percentage mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
p< 0.05 compared with non-immune mice 
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Immune 
PMN MQ Other 

91 ± 1.1 6.25 ± 0.99 2.25 ± 0.58 

89 ± 0.7 10.67 ± 0.00 ± 0.00 
0.70 

65 ± 13 34.00 ± 1.14 ± 0.40 
11 OQ* 



Table 6.6: rSpUC14-specific antibody titres in the serum following mucosal 
immunisation with rSpUC14. 

Antigenb 

Non immune 

SpUC14 native lµg 

SpUC14 native IOµg 

rSpUC14 lµg 

rSpUC14 I0µg 

rSpUC14 20µg 

Mean IgG antibody titres in serum 
(ng/ml)a 

455 ± 147 

130 ± 70 

1650 ± 780* 

850 ± 590 

23,190 ± 17,760* 

25,050 ± 17,490* 

a 

b 
The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 

* p< 0.05 compared with non-immune mice 

Table 6.7: rSpUC14-specific antibody titres in the serum following parenteral 
immunisation and comparison of dosage response. 

Non immune 

rSpUC14 lµg 

rSpUC14 lOµg 

rSpUC14 20µg 

Antigenb Mean IgG antibody titres in serum 
(ng/ml)a 

367 ± 240 

11,160 ± 4000* 

34,000 ± 16,220* 

63,170 ± 21,320** 

a 

b 
The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 

* 
** 

P< 0.05 compared with non-immune mice 
P< 0.001 compared with non-immune mice 
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6.4.7 Antigen specific lymphocyte proliferation 

Lymphocytes from the spleens of groups of mice immunised mucosally or parenterally with 

rSPUC14 at the 10µ.g dose were cultured at three different concentrations of antigen to 

assess levels of proliferation (Figure 6.7). Significant antigen-specific proliferation was 

observed in response to rSpUC14 in immunised groups at lµg/ml and lOµg/ml 

concentrations (p< 0.05). Proliferation was greater (at the same stimulating concentrations) 

in the mucosally immunised mice as compared to the parenterally immunised. Untreated 

mice used as a background control showed no significant stimulation of lymphocytes. 
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Figure 6.7: Lymphocyte proliferation following immunisation with 10µ.g rSpUC14. 
rSpUC14-specific proliferation of lymphocytes isolated from the spleens of mice mucosally 
immunised (A), parenterally immunised(■) and non-immune control group(♦). The 
values shown are means ± the standard error of the means of triplicate cultures of 5-7 
animals at three concentrations. 

6.4.8 SpUC14-specific cell surface reactivity 

The presence of SpUC14 on the bacterial surface recognised by anti-recombinant, anti

native SpUC14 antibody and anti-whole killed cell antibody was assessed by flow 

cytometry. Figure 6.8 shows the results of the flow cytometry and demonstrates that the 
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curve shift was of the same magnitude for both native and recombinant SpUC14 antibody 

binding to the bacterial surface. Incubation with antisera resulted in no significant shift in 

comparison to incubation with non-immune sera, whereas incubation with antisera resulting 

from whole killed cell immunisations resulted in a marked shift in comparison to the non

immune sera. Furthermore western blot analysis of the growth media revealed that 

SpUC14 was also not secreted (data not shown) 
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Figure 6.8: Analysis of antibody binding to S. pneumoniae NTCC 49619 by flow 
cytometry. Vertical axis indicates the events detected by the flow cytometer and the 
horizontal axis indicates log fluorescence. Curve 1 represents S. pneumoniae NTCC 49619 
assayed with non-immune sera. Curve 2 and Curve 3 show detection of fluorescence 
following binding by antibody for type 3 S. pneumoniae NTCC 49619 assayed with antisera 
to native and recombinant SpUC14 respectively. Curve 4 represents S. pneumoniae assayed 
with antisera to native whole killed cell vaccine. 
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6.5 Discussion 

Previously in Chapter 4, data demonstrated that a native L7/Ll2 ribosomal protein, 

SpUC14, could elicit protective immunity against S. pneumoniae infection. In this Chapter, 

the study aimed to test this antigen in the dose dependent immune response and produce a 

recombinant form of the protein for further investigations. SpUC14 was characterised at 

the gene and protein levels for determination of its use as a vaccine candidate. The study 

further assessed this protein in the acute mouse pulmonary model for specific antibody and 

immunoproliferative responses. 

Mucosa! immunisation with native SpUC14 led to significant clearance in both lung tissue 

and BAL fluid (Chapter 4 and 6), which correlated with increased antigen dose (Chapter 6). 

Mucosa! and parenteral immunisations with rSpUC14 resulted in no significant clearance of 

bacterial infection from the lung. All immunisations led to the development of SpUC14-

specific serum IgG titres that increased in a dose dependent manner. Mucosa! 

immunisation with native SpUC14 resulted in lower titres of antibody compared to the 

same dose of the recombinant protein. Parenteral immunisation resulted in greater antibody 

IgG titres than did mucosa! immunisation. Antigen-specific IgA was not detected in either 

BAL fluid or serum. 

Immunisation with rSpUC14 at the IOµg dose led to antigen-specific lymphocyte 

proliferation responses, for both mucosa! and parenteral immunisations. In contrast to the 

antibody data, mucosa! immunisation induced a greater immuno-proliferative response than 

the parenteral immunisation although the difference was not statistically significant. 
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The recombinant form of SpUC14 was analysed for its DNA sequence, which revealed that 

the gene contained 12 extra amino acids. These extra bases were a result of the cloning 

process, due to the selection of Kpnl as a restriction site as part of SpUC14-Kpnl-3'. The 

presence of these twelve extra amino acids may have had an impact on the conformation of 

the recombinant protein resulting in subtle changes in the specificity of the induced immune 

response. Hybridisation studies, western blot analysis of antibody to SpUC14 and 

alignment of gene sequences demonstrated that SpUC14 was present and conserved across 

all S. pneumoniae isolates tested. SpUC14 was not surface expressed, nor was it secreted in 

the media. 

The significance in clearance induced following mucosal immunisation with native 

SpUC14 and the conserved nature of this antigen suggest that SpUC14 would be an ideal 

vaccine candidate against S. pneumoniae respiratory infections. This is despite its apparent 

lack of surface expression. However, the lack of clearance induced by the recombinant 

form is surprising given that the recombinant form is highly immunogenic and an antibody 

against the recombinant protein recognises native SpUC14. There are several possible 

explanations for this lack of clearance of bacterial infection in animals immunised with 

rSpUC14. One explanation could be due to the urea used in the process of purification of 

the recombinant protein. This may have altered the conformation of the recombinant 

protein by unfolding the molecule, hence keeping it in such a way that it may mask a 

putative protective epitope. Another explanation is that the extra amino acids in the 

sequence may be responsible for the impaired efficacy of rSpUC14 compared to the native 

protein. Furthermore, the histidine tag itself could be influencing immune specificity to the 
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important epitope. It is also suspected that immunisation with the recombinant form of the 

antigen could be inducing an inappropriate immune response which was an essential 

requirement for the clearance of the respiratory infection. In fact, the immune response data 

provides some evidence of this. Mucosa! immunisation with native SpUC14 was highly 

efficacious, and induced less antibody than immunisation with the recombinant protein. 

Unfortunately no comparative lymphocyte proliferation studies were done between the 

native and recombinant antigens, because of the insufficient quantities of the native protein. 

Further studies would need to characterise these immune responses, such as antigen

specific lymphocyte studies and IgG subclass determination. 

In addition to the detection of specific lymphocytes and antibody populations, the 

percentage of the non-specific macrophages also appear to play a role in the mechanisms of 

clearance of bacterial infection associated with this infection model. The correlation 

between increased clearance and increased percentages of macrophages in the native 

antigen delivery is evident and further studies will in particular investigate this response. 

These data have also been consistent with different pneumococcal antigen immunisations 

using the same infection model (Chapters 4 and 5). 

The effectiveness of oral and subcutaneous immunisation has been previously demonstrated 

for S. pneumoniae (Wu et al. 1997; Yamamoto et al. 1997). Studies have shown that oral 

immunisation with PspA provides protection against carriage by inducing mucosa! IgA 

antibodies (Wu et al. 1997) and serum IgG antibodies (Yamamoto et al. 1997). Further to 

this work, oral immunisation of PspA in the presence of the mucosa! adjuvant cholera toxin 

elicited PspA-specific serum IgG titres that protected against systemic infection (Yamamoto 

151 



et al. 1997). It is, however, apparent that elicitation of protection is dependent on cholera 

toxin and a more effective mucosa! adjuvant for human use needs to be identified. In 

contrast to the oral immunisations, subcutaneous immunisation with PspA led to higher 

titres of serum IgG but no serum IgA, which was also consistent with other studies 

(McDaniel et al. 1991). Such findings reveal that mucosa! immunisation may lead to 

systemic protection against this respiratory pathogen. This was consistent with the results 

obtained in this study where the parenteral immunisation led to higher specific-IgG, and no 

specific-IgA in the serum. However, Yamamoto and colleagues did not check for the 

presence of IgA titres in the nasal secretions (Yamamoto et al. 1997). This study has 

detected no rSpUC14 specific-IgA in the BAL fluid. 

Current dogma would have it that an ideal vaccine candidate is highly conserved, induces 

an appropriate immune response that results in protection against infection rather than 

causing exacerbation of disease, and is surface expressed on the infecting bacterium. 

SpUC14 whilst meeting the first two of these criteria is a ribosomal protein and is not 

surface expressed or secreted. Ribosomal proteins are well conserved across bacterial 

species (Itoh and Wittmann, 1978; Liao and Dennis, 1994) and these cytoplasmic proteins 

are reportedly not secreted (Simonen and Palva, 1993). This may be due to inefficient 

export of these proteins, as previously observed in E. coli for a major cytoplasmic 

oxidoreductase (Debarbieux and Beckwith, 1998). 

Ribosomal vaccines have been reported to induce protective immune responses in S. 

pneumoniae (Swendsen and Johnson, 1976) and P. aeruginosa (Lieberman and Ayala, 

1983). Induced immunity is suggested to be antibody mediated against these bacteria and 
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several serotypes of S. pneumoniae. However these vaccines contain ribosome mixes, 

hence they could contain certain surface exposed proteins, as evidenced for P. aeruginosa 

(Lieberman and Ayala, 1983). L7/Ll2 ribosomal protein from B. abortus is a promising 

candidate for the development of oral vaccines against brucellosis (Ribeiro et al. 2002). 

This ribosomal protein has been reported to elicit a cell mediated immune response of the 

T-helper type and confers protective immunity in mice (Oliveira et al. 1996). However, in 

order to promote opsonophagocytosis Ribeiro and colleagues constructed L. lactis strains to 

produce L7/L12 in a cell wall anchored and secreted form (Ribeiro et al. 2002). 

The only cytoplasmic protein reported as a vaccine candidate for S. pneumoniae is 

pneumolysin (Paton, Lock and Hansman, 1983). However, it has been shown that 

antibodies directed against pneumolysin may exert their protective effect by neutralisation 

of free toxin released during autolysis (Berry and Paton JC, 2000; Paton et al. 1993). 

SpUC14 may be located beneath the S. pneumoniae capsule and cell wall, and opsonising 

antibody would not be the expected mechanism of bacterial clearance, although evidence 

presented in this thesis suggests that both humoral and cellular immunity appear to play a 

role (Chapter 6). 

The data presented in the current study are encouraging and are of interest for further 

investigations of a more appropriate approach for developing a protein based vaccine for 

preventing infections caused by S. pneumoniae. A further extension of this study could 

include an evaluation of the structural differences between the native and recombinant 

proteins, and further analysis of the parameters of the protective immune response, such as 

antibody subclass and further antigen-specific proliferation studies. 
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Chapter 7 

Enhanced respiratory clearance of 

S. pneumoniae following immunisations 

with the recombinant SpUC11 and 

recombinant SpUC14 combined vaccine 



7.1 Abstract 

The vaccine potential of rSp UC 11 and rSp UC 14 was evaluated as a combination 

inoculum in both mucosal and parenteral immunisation regimes. The clearance of 

bacterial infection following mucosal and parenteral immunisations was significantly 

greater than that previously shown for mice immunised with either of the antigens alone. 

IgG was the dominant specific antibody. More anti-rSpUC14 was measured than anti

rSpUC 11 antibody. The combination of antigens may enable the development of a more 

improved vaccine that may also prevent infections across serotypes. This study has 

further outlined the important synergistic role that proteins may play as vaccine 

components. 
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7 .2 Introduction 

Previous studies have shown that parenteral and mucosal immunisation with rSpUCl 1 

led to significantly enhanced pulmonary clearance of homologous and heterologous 

strains of S. pneumoniae (Chapter 5). Mucosal immunisation with 10µ.g of native 

SpUC14 resulted in significant bacterial clearance, although, the recombinant form did 

not retain the same ability to clear the infection, despite this protein being highly 

immunogenic (Chapter 6). In addition, rSpUC 11 and rSpUC14 were highly conserved 

across other S. pneumoniae serotypes at the gene and protein expression levels. These 

factors justified conducting studies on combining rSp UC 11 and rSp UC 14 and testing 

the combined formulation with the same experimental model. 

Several studies focusing on the development of effective vaccines have shown that 

certain combinations of pneumococcal PspA, PsaA, pneumolysin and CbpA may 

provide enhanced protection against S. pneumoniae (Briles DE et al. 1996; Briles et al. 

2000; Brown et al. 2001; Ogunniyi et al. 2000; Ogunniyi et al. 2001). In addition, such 

proteins are likely to enhance the immunogenicity of the current polysaccharide-based 

vaccines by providing coverage across a greater number of strains and facilitating a shift 

in the immune response to a more immunogenic T-cell dependent response. It is likely 

that more than one protein may be required in the most effective vaccine formulation to 

provide protection against all strains. 

Recombinant Sp UC 11 and Sp UC 14 pneumococcal antigens were combined to 

determine whether synergistically the immune responses could enhance clearance of 

infection. SpUC14 was used in its recombinant form, because sufficient amounts of the 

native protein were limited for a comprehensive study. The pulmonary challenge model 
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with the type 3 S. pneumoniae NTCC 49619 was used to measure enhanced clearance of 

infection following immunisation with the combination vaccine over that achieved with 

either of the antigens alone or with non immunised groups. 

7 .3 Materials and methods 

7.3.1 Bacterial strains and recombinant proteins 

The bacterial strain used in the challenges was S. pneumoniae NTCC 49619, this strain 

is capsular type 3. Pneumococcal antigens (rSpUCI I and rSpUC14) were purified from 

recombinant E. coli expressing the respective cloned genes as described in Chapters 5 

and 6. 

7.3.2 Immunisation studies 

Mice were immunised with different doses of rSpUCI I and rSpUC14 combined using 

one of two routes, mucosa! or parenteral (Section 2.3). Mice received rSpUCI I and 

rSpUC14 mixtures in IFA at the same concentrations of IOµg of each antigen on day 0 

followed by the same dose on day 14. On day 21, all mice were challenged with S. 

pneumoniae NTCC 49619 (Section 2.3.4), and samples collected (Section 2.4). 

For the control group mice were either non-immunised or sham immunised with 3M 

urea in IFA. :Another control group involved the immunisation of mice with rSpUC14 

in 3M urea. Since urea was present in the buffer containing rSpUC 11, this control 

assessed whether the presence of urea might have possible effects on the immune 

response to the individual proteins. All animal groups were ultimately compared to a 

non-immunised group of mice. The mouse model studies of the single vaccines from 

chapters 5 and 6 were not conducted concurrently with the combined study in chapter 7. 

The groups of animals were too large for the one concurrent experiment. 

158 



7.3.3 Antigen-specific ELISA's 

The sera were analysed for specific antibodies to each of the antigens used in the 

immunisation experiments. Titres of specific IgG and IgA directed against rSpUC14 

and rSpUCl 1 were assessed. The concentration of antigen coating was, lOµg/ml for 

lgG and 20µg/ml for lgA. Antibody titres were measured in both BAL and serum of 

immune and non-immune animals by ELISA, as described in Section 2.6. 

7.3.4 Statistical analysis 

Data were expressed as the mean and standard error of the mean (SEM). Statistical 

analysis between the immunised and the negative control groups were assessed using an 

independent t-test (Macintosh Systat). 
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7.4 RESULTS 

7.4.1 Effect of the combined vaccine immunisation on pulmonary clearance of 

S. pneumoniae mice 

The efficacy of immunisation with the combined rSpUCl l/rSpUC14 vaccine in 

clearance of S. pneumoniae strain NTCC 49619 infection in mice was demonstrated. 

Mice were immunised either mucosally or parenterally with lOµg of each antigen. 

Immunised mice were challenged intratracheally with S. pneumoniae strain NTCC 

49619. Results in Table 7.1 show that mucosa! and parenteral immunisation with the 

combined vaccine enhanced the clearance of S. pneumoniae from both the BAL fluid 

and lung homogenate of mice, in comparison to a non-immune group. For both routes 

of immunisation, the reduction in bacterial load was 90% in the BAL fluid (p < 0.001), 

and 80% in the lung homogenate (p< 0.001). 

In order to determine if the presence of urea in the rSpUCl I buffer had any significant 

role, groups of mice were immunised with rSpUC14 in the presence or absence of 6M 

urea. No statistical difference was found between either of these groups. Furthermore, 

both control groups did not vary in the level of clearance, that is non-immunised or 

sham 6M urea treated (data not shown). 
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Table 7.1: Live S. pneumoniae NTCC 49619 recovered from the BAL fluid and lung homogenate of mice immunised with the combined 
vaccine. 

Antigenb 

rSpUCl l/rSpUC14 
mucosal 

rSpUCll/rSpUC14 
parenteral 

BAL bacterial recovery 
(Logio CFUt 

Non- Immune 
immune 

5.16 ± 0.2 4.1 ± 0.2** 

5.16 ± 0.2 4.2 ±0.2** 

% 
clearancec 

92 

90 

Lung bacterial recovery 
(Logio CFUY 

Non- Immune 
immune 

4.7 ± 0.1 4.0 ± 0.1 ** 

4.7 ± 0.1 3.8 ± 0.3** 

% 
clearancec 

80 

78 

Challenge 
Dosed 
(Log 

CPU/mouse) 

6.8 

6.4 

a 

b 
The values shown represent the mean ± standard error of the mean (SEM) for the BAL fluid and lung homogenate. 
n = 5-7 mice per group 

C 

d 

** 

% clearance compared with bacteria recovered in non-immune group 
challenge dose given per animal on day 21 
p < 0.001 compared with non-immune mice 
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7.4.2 Total white cell counts and the recruitment of phagocytic cells 

The BAL was assessed for the total number of white blood cell population (Table 7.2). 

The total numbers of cells recruited to the lungs were not significantly different between 

the non-immune animals and groups immunised with the combined vaccine. Percentage 

phagocytic cell recruitment (Table 7.2) to the lungs significantly increased following 

mucosa! immunisation with the combined vaccine, for both routes of vaccination (p < 

0.05). 

7.4.3 rSpUCll and rSpUC14-specific antibody titres in the serum 

To determine immunogenicity of the combined preparation's specific titres of serum IgG 

and serum and BAL IgA, ELISAs were performed (Table 7 .3). The parenteral 

immunisation (p< 0.001) resulted in superior IgG titres compared to the mucosa! 

immunisation (p< 0.001). Specific antibody responses to rSpUCll were detected 

following parenteral immunisation with the combined vaccine (p< 0.05), but not the 

mucosa! route. No specific-IgA titres were detected for any of the groups in either BAL 

or serum. 
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Table 7.2: Total white cell counts and percentage phagocytic cell counts in the bronchoalveolar lavage 5 hours post-pulmonary challenge with 
live S. pneumoniae NTCC 49619. 

a 

b 

* 

Antigenb and route 

rSpUCl l/rSpUC14 
mucosal 

rSpUCl l/rSpUC14 
parenteral 

White cell count 
(xl05t 

Non
immune 

Immune 
PMN 

11.3 ± 2.9 9.5 ± 1.5 89 ± 1.3 

11.3 ± 2.9 12.0 ± 3.8 89 ± 1.3 

Percentage differential cell count 

Non-immune Immune 
MQ Other PMN MQ Other 

7.9 ± 1.7 2.8 ± 0.7 83.5 ± 1.9 16 ± 1.9* 0.6 ± 0.1 

7.9 ± 1.7 2.8 ± 0.7 84 ± 2.5 15 ± 2.5* 1.2 ± 0.7 

The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 
p < 0.05 compared with non-immune mice 
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Table 7.3: Serum antibody titres as measured by ELISA obtained from mice immunised with purified rSpUCll and rSpUC14. 

Mean lgG antibody titres (ng/mll in serum against: 
Antigenb 

rSpUCll rSpUC14 

Sham control mucosa! 327 ± 286 

rSpUCll + rSpUC14 mucosal 230 ± 210 8858 ± 392** 

Sham control parenteral 

rSpUCl 1 + rSpUC14 parenteral 1170 ± 720* 48,166 ± 11,496** 

a 

b 
The values shown represent the mean ± standard error of the mean (SEM) 
n = 5-7 mice per group 

* 
** 
p 

p < 0.05 compared with non-immune mice 
p < 0.001 compared with non-immune mice 
Pooled sera 
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7 .5 Discussion 

In Chapters 4, 5 and 6 it was established that the two S. pneumoniae cytoplasmic 

proteins, SpUCl 1 and Sp UC 14, demonstrated potential as vaccine antigens. The aim of 

this Chapter was to identify any synergistic effect resulting from combining these two 

proteins in the one vaccine formulation. Previous research demonstrated that immunity 

might be synergistic when combining more than one antigen in a protein-based 

pneumococcal vaccine (Briles et al. 2000; Ogunniyi et al. 2000; Ogunniyi et al. 2001). 

In the earlier Chapters it was demonstrated that mucosal and parenteral immunisation 

with rSpUC14 resulted in no significant clearance of pulmonary infection (Chapter 6), 

although mucosal immunisation with the native protein (Chapter 4) did enhance 

clearance. Mucosal immunisation with rSp UC 11 led to a significant reduction in 

bacterial numbers from the BAL, but not from the lungs (Chapter 5); however, 

parenteral immunisation with rSpUCl 1 resulted in a significant reduction in bacterial 

numbers from both the BAL and the lungs (Chapter 5). Further studies in this Chapter 

revealed that mucosal and parenteral with the combined rSpUCl l/rSpUC14 vaccine 

resulted in significant clearance of S. pneumoniae infection from both BAL and lungs. 

Mice immunised with the combined vaccine cleared bacteria more rapidly than when 

immunised with either antigen alone, especially a better clearance was noted in the 

lungs. Furthermore, both routes of delivery resulted in similarly significantly enhanced 

clearance. Following mucosal immunisation with the combined vaccine and in 

comparison to the individual antigen immunisations, an enhanced bacterial clearance of 

82% and greater than 97% was seen for SpUCl 1 and SpUC14 respectively. Following 

parenteral immunisation, a 75% and greater than 98% enhancement of bacterial 

clearance was demonstrated by the combined vaccine compared to Sp UC 11 and 

165 



SpUC14 alone, respectively. Following mucosal immunisation, specific-rSpUC14 and

rSpUC 11 serum IgG titres were significantly increased whether the antigen was 

administered alone or in combination. However following parenteral immunisation, the 

combined vaccine led to higher specific-rSpUC 11 and rSpUC14 IgG titres than when 

the antigens were delivered alone. 

Ogunniyi and colleagues (Ogunniyi et al. 2000) demonstrated that immunisation with a 

combination of pneumolysin and PspA provides a higher degree of protection than 

either antigen alone in a mouse intraperitoneal model of infection, and that the 

protection was at least in part antibody-mediated. An extension of this work by the 

same group (Ogunniyi et al. 2001) chose to determine whether any additive protection 

could be achieved by immunisation intraperitoneally with a combination of pneumolysin 

and CbpA. This revealed marked protection compared with pneumolysin alone but not 

compared to the CbpA alone. 

The possibility that dual immunity to both rSpUCl 1 and rSpUC14 could provide more 

effective protection than either single antigen alone was addressed. Since the single 

antigen and combined antigen vaccines were compared with the same concentration 

doses, the improved effectiveness of the rSpUCl l/rSpUC14 combination was not 

merely due to an additive effect of the two immunogens but rather provided evidence of 

vaccine synergy between rSpUCl 1 and rSpUC14 in this model. Furthermore, antigen 

specific antibody titres were not diminished when the antigens were administered in 

combination, indicating that there was no detectable antagonistic effect of combining 

these antigens. Higher IgG titres for the parenteral immunisations were obtained when 

these antigens were combined than when they were alone. Results also suggest that 

SpUC14 may be more immunogenic with respect to antibody when administered in 
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combination with rSpUC 11, regardless of the route of immunisation. This raised the 

issue of the possibility that urea present in the rSpUC 11 buffer may play a role by 

disturbing the lymphoid tissue as the antigen comes in contact with the Peyer's patches 

via the IPP immunisation, possibly resulting in decreased antibody production. This 

possibility was discarded by immunising with rSpUC14 in the presence of urea, which 

still resulted in significant IgG titres (results not shown). A similar response was 

achieved by Brown et al. when two ABC transporter pneumococcal proteins were tested 

as vaccine antigens, alone or combined. PiaA had relatively low antibody titres alone or 

when combined with PiuA. PiuA had high titres of antibody whether the mice were 

immunised with it alone or in combination with PiaA (Brown et al. 2001). Therefore, 

this study demonstrates that immunisation with the combined vaccine elicited IgG 

responses in the serum. We were unable to detect increased titres of IgA in the BAL 

fluid, but these results do not rule out a potential role for IgA antibody to either of these 

two proteins. 

To confirm that the antisera raised against the rSpUCl 1 and rSpUC14 ribosomal 

proteins were directed against S. pneumoniae proteins, a whole cell extract preparation 

of S. pneumoniae NTCC 49616 was reacted with each of the antisera in a western blot 

(Chapters 5 and 6). Both anti-rSpUCll and anti-rSpUC14 reacted with bands of their 

approximate molecular masses from the S. pneumoniae NTCC 49619 extract. Anti

rSpUCll and anti-rSpUC14 did not cross react with any other pneumococcal proteins in 

the extract. Previous data has also shown that SpUCl 1 and SpUC14 were recognised 

across a diverse range of cell wall extracts of S. pneumoniae clinical serotypes tested 

(representing capsular serotypes 1, 4, 6B, 14, 18C, 19F, and 23F). This data indicated 

that there was little functionally significant antigenic variation in rSpUC 11 and 

rSpUC14 between the different serotypes. The result reinforces the genetic data also 
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shown in the same relevant Chapters that SpUCll and SpUC14 were present in all 

strains of S. pneumoniae tested (representing capsular serotypes 1, 3, 4, 5, 6B, 7F, 9V, 

14, 18C, 19F, and 23F). Hence, a vaccine based on rSpUCl 1 and rSpUC14 is likely to 

provide protection against most of the clinically relevant strains and therefore avoid the 

difficulties with the existing polysaccharide-based vaccines, which provide only 

serotype-specific protection. 

As a consequence of our findings, this study provides further support for the use of 

combinations of pneumococcal associated proteins as components of new pneumocccal 

vaccines, which warrant further considerations. Clearly, the clearance of infection 

imparted by immunisation with rSpUCl 1 and rSpUC14, singly and in combination 

needs to be further assessed for its effects on the cellular immune response and 

evaluated using a variety of challenge strains. 
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Chapter 8 

General Discussion 



8.1 General discussion 

This thesis aimed to identify novel pneumococcal vaccine candidates in order to 

advance research into the development of a protein-based vaccine against infections 

caused by S. pneumoniae. Novel proteins were purified and their efficacy was measured 

by enhanced bacterial clearance from the lungs as assessed in a mouse model of acute 

infection. 

Using a cell wall extraction method, proteins were isolated from S. pneumoniae. The 

separation techniques employed in the purification of proteins were polyacrylamide gel 

electrophoresis followed by electro-elution (Chapter 3). The six native proteins 

examined in this thesis were denoted by their molecular weights as: 14-, 34-, 38-, 48-, 

57-, and 75kDa. Two of the proteins that resulted in the most significant interest were 

of molecular weight 14kDa (SpUC14) and 34kDa (Chapter 4). In addition using a 

proteomics approach an l lkDa protein, SpUCl 1 was identified and tested in the mouse 

model directly in its recombinant form (Chapter 5). 

Mucosal immunisations with the 34kDa protein, a surface exposed GAPDH (Hughes et 

al. 2002; Pancholi and Fischetti, 1992) led to enhanced pulmonary clearance in the 

lungs (Chapter 4). No further studies were undertaken with this protein because of its 

significant homology to human antigens. A six-residue N-terminal sequence revealed 

100% homology to other glyceraldehyde-3-phosphate dehydrogenases of both 

eukaryotic and prokaryotic origins. Given its significant homology to human antigens 

and the potential of it inducing an immune response that was directed against self 

antigens, this protein is not likely to be used as a human vaccine component. However, 
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future studies may identify and clone this gene which will identify the exact homology 

of this pneumococcal gene to other genes of different origins. 

The most significant native antige,n tested in the animal model was that of molecular 

weight 14kDa (Chapter 4). Despite its lack of surface expression and secretion, mice 

mucosally immunised with the 14kDa protein via the mucosa! route were found to clear 

live bacteria from both lung and BAL significantly better than the non-immunised mice. 

The 14kDa protein appears to be an isomer as a result of its co-elution patterns with a 

protein of similar molecular weight. The ability of the l 4kDa protein immunisation to 

reduce bacterial numbers improved on that of the whole killed cell vaccine (Chapter 4). 

To assist in further studies of this antigen, recombinant 14kDa protein was produced, 

rSpUC14 (Chapter 6). The cloning strategy produced rSpUC14 and the identity of the 

recombinant protein was confirmed by amino acid and DNA sequencing. SpUC14 was 

conserved and expressed across strains at both the DNA and protein levels. 

Immunisation with rSpUC14 resulted in a greater immunogenic response than the native 

vaccine; however, it did not lead to significantly enhanced clearance of S. pneumoniae 

infection from the lungs (Chapter 6). This was surprising given the high 

immunogenicity of rSpUC14 and its ability to cross recognise the native form of the 

antigen. The lack of clearance could be due to several reasons. Urea used in the 

purification process may alter the conformation of the protein, otherwise. the additional 

twelve amino acids at the C-terminus or the histidine tag at the N-terminus could lead to 

a possible change in the immune response to an important epitope. Thus, immunisation 

with rSpUC14 could be inducing an inappropriate or different immune response to that 

which was essential for clearance of the respiratory infection. However, all these are 

speculations and further studies need to be conducted and until then the question 
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remains unanswered. Future studies will involve antigen-specific lymphocyte 

proliferation assays and studies on antibody subclasses and epitope specificity. 

SpUCll was conserved across all serotypes of S. pneumoniae tested and was not surface 

exposed or secreted. Mucosa! and parenteral immunisation with SpUCI I led to 

significantly enhanced bacterial clearance of a homologous and heterologous serotypes 

of S. pneumoniae. The mechanism of clearance is not clear and further studies need to 

be conducted. Mucosa! immunisation resulted in less specific lgG antibody in 

comparison to parenteral immunisation. However, both routes of immunisation resulted 

in equally efficient bacterial pulmonary clearance. This would suggest that subclass lgG 

responses may be important, and further studies need to be conducted. 

The assessment of single and combination pneumococcal vaccine candidates in different 

studies has been undertaken. For example, intranasal immunisation of mice with a 

mixture of PspA and PsaA elicited significant protection against carriage than either of 

the antigens alone (Briles et al. 2000). Furthermore, PspA elicited better protection 

than did PsaA when used in single antigen immunisations, however, PsaA was the more 

immunogenic antigen. Other studies showed that parenteral immunisation with 

combinations of PspA with pneumolysin (Briles et al. 2000; Brown et al. 2001; 

Ogunniyi et al. 2000; Ogunniyi et al. 2001), PiuA with PiaA ((Briles et al. 2000)), and 

pneumolysin with CbpA (Briles et al. 2000) could lead to enhanced protection and 

immunogenicity compared to either of the antigens immunised alone. Generally, and in 

agreement with this study, the protein vaccines led to retained or enhanced 

immunogenicity when two antigens were delivered in combination, although in most 

cases one of the antigens was more immunogenic than the other. The precise 

mechanism for this protein-protein interaction and synergism is unknown. The most 
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likely explanation is that by delivering two antigens the immune response is directed to 

a greater number of epitopes associated with protection. Hence, it was decided to 

combine rSpUCl I and rSpUC14 to test whether a synergistic effect would occur with 

this combined vaccine. Mucosa! and parenteral immunisation with a combination of 

rSpUCl I and rSpUC14 proteins led to enhanced clearance of infection in the acute 

respiratory model. Furthermore, antigen-specific IgG titres in the serum were retained 

or improved compared to immunisations with each antigen alone. Enhanced 

immunogenicity was also observed following parenteral immunisations. 

Throughout the studies in this thesis, macrophage recruitment was a consistent trend 

associated with enhanced bacterial clearance following immunisations. The mechanism 

behind this novel finding and the relationship between the data would warrant further 

investigation as this was a consistent finding with all the individual, native or 

recombinant, and combined vaccines. The role associated with this finding is not clear; 

however data suggests that these macrophages play a distinctive role in the mechanisms 

of clearance of pneumococcal infection associated with this infection model. 

Most successful vaccines for control of many infectious diseases in the past four 

decades have been achieved mainly with the use of parenterally administered vaccines, 

which do not always induce a specific mucosa! immune response. Today, all licensed 

pneumococcal vaccines are delivered by injection, as previously reported in a human 

study in Finland for the heptavalent pneumococcal polysaccharide conjugate vaccine 

(CRM197) (Eskola et al. 2001). While the use of the parenterally administered 

vaccines is still a very attractive and likely option for some newer vaccines under 

development, the average infant receives 20 to 25 vaccine doses by injection by the age 

of 18 months. The availability of a mucosally delivered vaccine has the potential to 
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reduce side effects associated with parenteral vaccines and may provide greater 

opportunity for more efficient delivery of multivalent vaccines against different 

infectious diseases. 

The route of mucosa! immunisation selected in the current study was intestinal, which 

via the gut associated lymphoid tissue is a major inductive site. The Peyer's patches M 

cells are adept at uptake and transport of luminal antigens, including proteins and 

particulates such as viruses and bacteria (Ermark et al. 1995). The intact antigen is then 

delivered into the underlying lymphoid tissue (Wolf et al. 1984). Intestinal exposure or 

immunisation results in the induction of antigen-sensitised B lymphocytes (IgA, IgG and 

IgM) and T lymphocytes that migrate from the gut associated lymphoid tissue to the 

mesenteric nodes from where they can enter the blood stream via the major lymphatic 

ducts. In the blood, the cells disseminate to different mucosa! tissues (effector sites) 

such as the lungs, nasal cavities, oral cavity, uritogenital tract, the eye (Kiyono et al. 

1992; Ogra et al. 1996) and the ear (Kiyono et al. 1992; Yamamoto et al. 1998). At the 

effector sites, the antigen-specific Band T lymphocytes perform their immunologic 

function, production of antibody or cytokine respectively, to protect the mucosa! 

surfaces from the infection. 

The major entry site of the pneumococci into the human body is through mucosa! 

surfaces (Cundell et al. 1995). Colonisation of the nasopharyngeal mucosa by 

S. pneumoniae is a recognised prerequisite for the development of these diseases as well 

as for the more invasive, life threatening diseases such as pneumonia and meningitis. 

Mucosa! immunisation should be more advantageous to young children and the elderly 

among whom otitis media, meningitis, pneumonia and sepsis are most prevalent, since 

the mucosa! immune system develops earlier in infants and lasts longer in the elderly 
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than the systemic immune system (Rognum et al. 1992). Furthermore, immunisation at 

the mucosa! surface against S. pneumoniae is most effective because the mucosa! 

immune system is capable of responding to the invading pathogens in the respiratory 

tracts by producing pathogen-specific secretory IgA antibodies (Service, 1994). The 

local secretory lgA has been known to prevent both the colonisation at the mucosa! 

tissues and the spread into the systemic circulation more efficiently than the systemic 

antibodies (Service, 1994). Furthermore, it has been shown that pneumococcal carriage 

and infections induce salivary and serum antibodies to PsaA, pneumolysin and PspA in 

children (Rapola et al. 2000; Simell et al. 2001). More recently, the importance of 

PspA, PsaA, pneumolysin and CbpA as good mucosa! immunogens was demonstrated 

in adenoidal B cells in children (Rapola et al. 2000; Zhang, Choo and Finn, 2002). The 

study by Zhang and co-workers suggests that adenoids may be important inductive sites 

for memory IgG responses and important sources of salivary IgA, and that some of the 

vaccine antigens may also prime for mucosa! IgA memory (Zhang et al. 2002). 

In the present study mucosa! immunisation was assessed and compared to parenteral 

immunisation (Chapters 5, 6, and 7) in order to determine the relative importance of 

inducing a mucosa! immune response. Mucosa! immunisation was as efficacious in 

clearance of infection as parenteral immunisation and induced significant serum 

antigen-specific IgG, although parenteral immunisation in all cases resulted in higher 

specific-serum IgG. However, mucosa! immunisation did not elicit any antigen-specific 

IgA levels in the BAL and serum. This is surprising, although it does not rule out the 

possible role IgA may play in protection against these live bacterial challenges. 

Although the extraction method used was a cell wall based method, this did not rule out 

the isolation of cytoplasmic or possibly secreted proteins. After all, the method was 
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successful in purifying the pneumococcal cytoplasmic pneumolysin (Lock et al. 1988). 

Outer membrane proteins are considered as the prime candidates for pneumococcal 

vaccine development. Host defences against S. pneumoniae infections may be largely 

dependent on their opsonophagocytic activity by specific serum antibodies, killing by 

polymorphonudear leukocytes and macrophages (AlonsoDeVelasco et al. 1995; Anttila 

et al. 1999; Viioarsson et al. 1994). However, this study demonstrated that protective 

and immunogenic protein antigens are not necessarily dependent on surface exposed 

antigens, and that immunogenicity is not entirely dependent on these types of proteins. 

The novel vaccine candidates, SpUCl I and SpUC14 are not surface expressed or 

secreted and are both ribosomal proteins. 

The mechanisms of immune protection induced by ribosomal proteins can only be 

speculated upon. Previous studies on B. abortus, Shigella and P. aeruginosa reported 

that immunisation with ribosomal proteins induced cell mediated (Oliveira and Splitter, 

1994) and humoral immune responses (Liubinskaia et al. 1986) (Lieberman et al. 1983). 

However, lipopolysaccharide contamination in the preparations may have been 

responsible for the enhanced immunogenicity in these gram negative bacteria. 

Furthermore, pneumococcal ribosomal mixes have been reported to induce antibody 

mediated protective immune responses (Swendsen and Johnson, 1976). However these 

ribosomal vaccine mixes are very likely contaminated with cell surface determinants 

(Gregory, 1986). Protective efficacy may have been as a result of the presence of other 

proteins or fragments being expressed by the ribosomes at the time of purification. 

To conclude, this study has explored the likely contribution to pulmonary protection in a 

rodent model of acute challenge induced by mucosa! and systemic immunisation with 

various S. pneumoniae protein antigens. This study is the first report that demonstrates 

176 



immune responses induced by a single ribosomal protein are protective against 

subsequent challenge with live S. pneurnoniae. The mechanism of clearance that these 

antigens are eliciting is yet to be determined and further studies are needed to further 

improve our understanding for the use of these antigens as future vaccine components. 
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