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Chapter 1 - Abstract

Streptococcus pneumoniae is a significant pathogen globally and a lead cause of invasive disease,
pneumonia, sepsis and otitis media. The bacteria’s capacity for establishing an infection is aided by
virulence factors (especially the presence of a capsule) and a high prevalence of nasopharyngeal
carriage (up to 30% in healthy populations). Infections from S. pneumoniae account for a significant
burden of morbidity and mortality in the elderly and children globally, with substantial morbidity in
Indigenous children due to very high otitis media rates. There are at present two vaccines available
for protection against S. pneumoniae. Pneumococcal Polysaccharide Vaccine (PPSV) conveys
protection against 23 of the 90+ serotypes, but does not provide a memory response in children
under 2 years old. Pneumococcal Conjugate Vaccine (PCV) only conveys protection against 13
serotypes, but because it utilises protein conjugation it is able to stimulate a memory immune
response in children under 2 years old. The focus of this project was on two strong vaccine
candidates, the pneumococcal capsular proteins PiaA and PiuA. BALB/c mice were vaccinated with
these proteins to elicit a T-cell dependent, humoral and Cell Mediated Immunity (CMI) response. An
adjuvant (Advax™) and conjugation of both PiaA and PiuA to Hepatitis B surface antigen (HBsAg)
were techniques used to stimulate this response. The efficacy of the vaccine was first measured by
determining the immunological response to the vaccine through antibody production. Mice were
then challenged with S. pneumoniae and their response was analysed to determine if protection had
been achieved. The vaccine produced a mostly humoral response, though CMI was higher than for
PiuA and PiaA vaccines in previous studies in the literature. The vaccination appeared to prevent
invasive disease by significantly lowering numbers of the bacteria in the blood, though signs of
infection were present from examination of lung tissue and presence of bacteria in lungs. The HBsAg
was able to stimulate a humoral immunological response against HBV, and conjugation to PiaA and
PiuA did not inhibit this. Both PiaA and PiuA produced a level of protection against S. pneumoniae

and can be potentially conjugated to HBsAg to protect against HBV simultaneously.
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Chapter 2 Literature Review

2.1 Introduction

Streptococcus pneumoniae is a gram positive, facultative anaerobic diplococcus that often colonizes
the nasopharynx in humans. It exists in the upper respiratory tract mainly as a commensal bacterium
in healthy carriers and this carriage is conducive to its ongoing prevalence in communities (van der
Poll & Opal 2009). There are currently 94 distinct serotypes of S. pneumoniae with varying
propensities for nasopharyngeal colonisation and inducing invasive disease (Calix et al. 2012). It
continues to be a leading bacterial cause of invasive disease, pneumonia and otitis media. Strategies
to reduce the global burden of the pathogen involve treatments (dependent on the nature and
severity of the infection) and prevention in the form of vaccination. Vaccination attempts against S.
pneumoniae began in the early 1900s with killed pneumococci acting as the immunogenic agent.
These had limited success due mainly to the underestimated variability between serotypes (Malley &
Anderson 2012). The range of serotypes continues to be problematic for vaccines today, as well as
the establishing of lasting immunity. Much research has been conducted recently attempting to
address these two criteria, but relatively little progress has been made. Surface proteins on the
capsule of the bacterium have been viewed as a vaccine candidate with high potential, especially if

the proteins are shared amongst all serotypes.

2.2 Streptococcus pneumoniae

S. pneumoniae is a significant pathogen on a global scale. The mechanisms by which it causes
disease, the significance of these diseases and the current strategies aimed at preventing these

diseases are discussed in this section.

2.2.2 Virulence Factors

The polysaccharide capsule surrounding the bacterium has been well recognised as the most
important virulence factor due to its anti-phagocytic properties (Jonsson et al. 1985; Mitchell &

Mitchell 2010). The capsule is effective in evading mucus clearance (Nelson et al. 2007), reducing
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exposure to antibiotics (van der Poll & Opal 2009) and in prohibiting antibodies from binding to

phagocytes (Musher 1992). The bacterium has a number of other virulence factors and these are

summarised in Table 1.

Virulence Factor

Method of Virulence

Phosphorylcholine (ChoP)

Adheres to epithelial surface through binding to the receptor for
platelet-activating factor (rPAF) (Bergmann & Hammerschmidt

2006)

Choline-binding protein A

(CbpA)

Binds to secretory component on slgA to inhibit binding of sIgA to

bacterium (Hammerschmidt et al. 1997)

Neuraminidase A (NanA),
B-galactosidase A (BgaA),
B-N-acetylglucosaminidase

(StrH)

Molecules act successively in deglycosylating N-linked glycans on

host glycoproteins (King, Hippe & Weiser 2006)

Hyaluronate lyase (Hyl)

Breaks down Hyaluronan (a polysaccharide of connective tissues)

and promotes adhesion to surface (Jedrzejas et al. 2002)

Pneumococcal adhesion

virulence A (PavA)

Binds to the extracellular-matrix component, fibronectin (Holmes

et al. 2001)

a-Enolase Binds to the extracellular-matrix component, plasminogen
(Bergmann et al. 2001)
Pneumocin Antimicrobial peptide which specifically targets similar bacteria

to counter competition (Dawid, Roche & Weiser 2007)

IgAl protease

Cleaves IgA1 of the host (Polissi et al. 1998; Proctor & Manning

1990)

Pneumococcal surface protein A

(PspA)

Inhibits binding of the complement component C3 with the
surface of the bacterium. Also thought to protect from

bactericidal activity of apolactoferrin (Paton et al. 2008)
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Pneumolysin Very important virulence factor responsible for lysing host cells

through creating transmembrane pores (Tweten 2005)

Table 1. Virulence factors in S. pneumoniae and their method of action

2.2.3 Host Carriage

It is not unusual for carriage to occur in the normal population, yet colonization is clinically
important since it is an essential step in the progression of pneumococcal disease (Bogaert, de Groot
& Hermans 2004; Simell et al. 2012). Nasopharyngeal carriage rates in healthy population vary
between locations and age groups, but they can be up to 30% (Lee et al. 2014) and are found to

generally increase in children as they grow (Syrjanen et al. 2001).

2.2.4 Serotypes

S. pneumoniae serotypes are distinguished through their capsular immunochemistry particularities.
Serotypes differ in their potential for invasive disease, the location of infection in the host and the
severity of the disease (Rodrigo & Lim 2014). Accordingly, specific serotypes have ‘invasive
capacities’ which are determined according to their likelihood of colonisation and causing disease
(Sandgren et al. 2004). These invasive capacities are primarily based on the antiphagocytic
properties conferred on the polysaccharides that the bacterium has on its capsule, and they are to
recognise the importance each serotype has in pneumococcal disease and colonisation (Yildirim et

al. 2010).

2.2.4.1 Worldwide Serotype Distribution
Serotype distribution and replacement is constantly changing with the introduction of vaccines at
various times and at various rates (Weinberger, Malley & Lipsitch 2011). However it is possible to
estimate the geographical distribution of serotypes. One study on the global distribution of
serotypes (Hackel et al. 2013) was conducted from 2005 to 2009 and it produced an approximation
of the main serotypes responsible for invasive pneumococcal infections globally and for each region.
The global incidence of each of the 8 most common serotypes can be seen in Table 2 compared to

their incidence in the Asia-Pacific region. In the Middle East, the most common serotypes were 19A
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(14.3%) and 1 (10.7%). In Africa, 19F and 6B account for 14.3% each. Serotypes 14 and 1 were most
prevalent in South America with 13.2% and 10.4% respectively, while 19A (21%) and 6A (7.3%) were

most common in North America.

Global Asia/Pacific
Serotype
Incidence (%) | Incidence (%)
19A 15.6 10.3
6A 6.9 6.4
7F 6.5 2.6
3 6.1 10.8
22F 54 51
19F 4.4 7.7
14 4.3 8.3
6B 3.8 5.8

Table 2. The 8 most significant serotypes of S. pneumoniae with comparison to their prevalence in the Asia Pacific region

(Hackel et al. 2013)

2.3 Pneumococcal Infections

The nasopharynx is the ecological niche in the host where the organism most commonly colonises
asymptomatically (Blasi et al. 2012). S. pneumoniae is capable of spreading through the lower and
upper respiratory tract, and into major organs. Accordingly S. pneumoniae can cause non-invasive
infections such as sinusitis, otitis media or pneumonia (without bacteraemia), as well as invasive
infections such as bacteraemia, meningitis, or pneumonia (with bacteraemia) (Durando et al. 2013).
The incidence of each type of infection will depend on location, age, serotype and other factors in
the host (Mehr & Wood 2012). Since carriage is a prerequisite to acquiring infection, a predisposition
to carriage of the bacteria is an important factor in susceptibility (Labout 2008). Predisposing factors

in the host for acquiring pneumococcal infections include diabetes mellitus, alcoholism, HIV
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infection, asplenia or hyposplenia and other immunocompromised conditions (van der Poll & Opal

2009).

2.3.1 Scope of Infections

Invasive Pneumococcal Disease (IPD) rates have dropped substantially since the introduction of
routine vaccinations (Greenhow et al. 2014). Of all pneumococcal infections, pneumonia is by far the
most common. Globally, the incidence rate of pneumococcal infections in children under 5 is 2331
per 100000. Of this, approximately 2228 are cases of pneumonia, 17 are cases of meningitis and 87

are due to other infections (O'Brien et al. 2009).

2.3.2 Burden of Infections

The burden of all S. pneumoniae infections is predominantly borne by the elderly and the very
young. In those aged 65 years or older, the risk of acquiring a pneumococcal infection and the
mortality of an IPD are much greater than any other age group (Butler & Schuchat 1999). In
particular, the risk of pneumococcal pneumonia in this demographic is increased due to other
underlying diseases, poor nutrition, immunosuppression and a general reduction in mucociliary
clearance (Fung & Monteagudo-Chu 2010). In children, although the morbidity and mortality of
pneumococcal disease has been consistently dropping through vaccination efforts, pneumococcal
infections still cause an estimated 476,000 deaths of children under 5 years old according to the

World Health Organisation (2012).

Even though the burden is global, it is acute in Asia and Africa which account for 66% of
pneumococcal cases (O'Brien et al. 2009). IPD is still a threat in Australia and has been a nationally
notifiable disease since 2001. Accordingly, data from the National Notifiable Diseases Surveillance
System records the trends in IPD over time and in 2013 there were 1543 cases of IPD recorded in
Australia (de Kluyver 2014). In 2011 the cost of per patient was estimated at $10,132 and $8666 for

meningitis and bacteraemia respectively (Newall et al. 2011).
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2.3.3 Otitis Media

Otitis media (OM) is the term given to any infection of the middle ear and can be divided into
separate conditions. These are: otitis media with effusion (OME), acute otitis media (AOM) and
chronic suppurative otitis media (CSOM) (Morris & Leach 2009). OME is defined as the absence of
acute symptoms whilst having fluid behind the eardrum. AOM involves the presence of both fluid
behind the eardrum and acute symptoms (such as swelling, fever or ear pain) with or without
perforation. CSOM is diagnosed when there is persistent discharge through an eardrum perforation

(Mahadevan et al. 2012; Morris et al. 2011).

S. pneumoniae is not the only causative agent for OM. Other bacteria including Haemophilus
influenzae (especially non typable H. influenzae) and Moraxella catarrhalis or viruses such as
respiratory syncytial virus (RSV), rhinoviruses, adenoviruses and influenza viruses can be the

aetiological agents (Massa, Cripps & Lehmann 2009).

OM is a substantial burden to healthcare worldwide. It costs the United States approximately $3-5
billion per year in health care funding (Rovers 2008). Globally, approximately 709 million cases of
AOM are reported annually, and 51% of these occur in children below 5 years old. CSOM occurs in
31 million people per year with 22.6% of these occurring in children under 5 (Monasta et al. 2012).
These infections can be responsible for varying levels of morbidity and mortality. Hearing loss is
often associated with each OM, with degrees of loss dependent on age, type and severity of
infection, serotypes and population (Jensen, Koch & Homge 2013; Yehudai, Most & Luntz 2015).
Because of its prevalence in school age children, OM has for a long time been seen as a barrier to
education and school performance (Lieu 2013; Manders & Tyberghein 1984), although the level of
its impact has been debated (Roberts, Rosenfeld & Zeisel 2004). Additionally, clinical complications
associated with OM are responsible for approximately 21,000 deaths worldwide each year (Monasta
et al. 2012) and OM infections represent a significant burden on healthcare systems because they

are one of the leading causes of antibiotic prescriptions (Qureishi et al. 2014).
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2.3.3.1 Prevalence and economic cost of OM in Australia
It was estimated by Taylor et al. (2009) that the number of cases of OM in Australia in 2008 was
between 1 and 2.5 million. Because of the uncertainty of the prevalence of OM in Australia
combined with the variety of treatment options, it is difficult to obtain an accurate estimate of the
economic impact of OM in Australia. Taylor et al. (2009) suggested that treatment costs were $100-

400 million annually.

2.3.3.2 High Risk Groups
In Australia, 73% of children in their first year of life are expected to contract a form of OM
(Mahadevan et al. 2012). Several studies have shown the highest proportion of OM cases occur in
indigenous communities. In one of the most recent studies, 709 young indigenous children from
remote communities were assessed and it was found that 91% were affected by OM (Morris et al.
2005). Of all children assessed, 41% had OME, 26% had AOM and 15% had CSOM. This prevalence
rate is outstandingly high in comparison to other populations including countries in the southeast
Asia region such as China and Thailand in which OM prevalence rates of 10% and 3.25% have been
reported respectively (Chayarpham et al. 1996; Chen et al. 2003). These statistics corroborate other
studies (Gunasekera et al. 2007) which suggest that Australia’s indigenous population has one the
highest rates of OM incidence in the world. Since several communities declined to participate in this
study because they did not consider OM to be a major concern in their community, the data was
potentially skewed and the incidence rate could be higher or lower than reported. Additionally,
universal definitions for what constitutes OM do not exist leading to over diagnosis accounting for
some of the data. Nevertheless, this study does show the enormous health problem that OM
currently poses to the Australian population, especially to indigenous children in remote

communities.

Importantly, indigenous children have considerably higher rates of OM compared to their
nonindigenous Australian counterparts as well as to children in many parts of the world (Bluestone

1998). This disproportionate occurrence of OM is not only apparent in the proportion of incidences,
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but also in the severity. In indigenous children, 8-15% of OM cases have been classified as severe
(CSOM or perforated tympanic membrane), compared to 1.7% for nonindigenous children

(Gunasekera et al. 2007; Morris et al. 2005).

2.4 Pneumococcal Vaccine

The enormous burden of pneumococcal disease has led to a large body of research on prevention.
The main strategies targeting pneumococcal disease include antibiotics and immunisation. Since
antibiotics are only helpful after infection, immunisation is the key to reducing mortality and
morbidity worldwide. The task of creating an effective vaccine has been going on for a century
(Musher, Watson & Dominguez 1990). Currently there are four main vaccines available, three of

which are conjugate vaccines and the fourth is based on a polysaccharide (Table 3).

Vaccine type Brand name Serotypes included

PCv7 Prevnar 4, 6B, 9V, 14, 18C, 19F, 23F

PCV10 Synflorix 4, 6B, 9V, 14, 18C, 19F, 23F, 1,5, 7F

PCV13 Prevnar 13 4, 6B, 9V, 14, 18C, 19F, 23F, 1, 5, 7F,
3, 19A, 6A

PPSV23 Pneumovax 23 4,6B,9V, 14, 18C, 19F, 23F, 1, 5, 7F,
3,19A, 2, 8,9N, 10A, 11A, 12F, 15B,
17F, 20, 22F, 33F

Table 3. Current Pneumococcal vaccines and their serotypes (Chiu & Mcintyre 2013)

2.4.1 Pneumococcal Polysaccharide Vaccine (PPSV)

The function of PPSVs is to promote antibody activation for specific capsular polysaccharides found
on the capsules of certain S. pneumoniae serotypes. The first approved PPSV produced in 1977
covered 14 serotypes (Austrian 2000) and was replaced in 1983 by a new vaccine including 23

serotypes (Jackson & Janoff 2008).
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The initial PPSV14 covered the serotypes that were responsible for approximately 68% of IPD
(Broome & Facklam 1981). The more recent PPSV23 at the time of release accounted for 85% of IPD

causing serotypes at the time of approval (Robbins et al. 1983).

2.4.1.1 Efficacy in Adults
With the relatively long history of PPSV vaccine, there have been many trials demonstrating the

efficacy of PPSV in adults (Shapiro et al. 1991)

A 2013 Cochrane meta-analysis showed an overall protective efficacy in adults of 74% for IPD.
However, the efficacy was diminished in immunocompromised and chronically ill adults (Moberley
et al. 2008). Since protection from pneumococcal disease is closely associated with levels of
circulating antibody (Huo et al. 2004; Musher et al. 2000), it is important to consider the

maintenance of antibodies in circulation for ongoing protection (Pichichero 2009).

Numerous studies have shown that levels of antibody are considerably higher in those recently
vaccinated compared to those who had received polysaccharide vaccination 3 or more years earlier
(Hammitt et al. 2011; Manoff, S. et al. 2010; Manoff, S. B. et al. 2010; Musher et al. 2010). Between
studies, there is a contrast in how long the elevated immunity from vaccination lasts. Several studies
indicate that antibodies produced from PPSV continue to be elevated above unvaccinated levels for
5-10 years at least (Jackson et al. 1999; Waites et al. 2008). Other studies have recorded a return to
regular levels within 3-4 years of vaccination (Sankilampi et al. 1997; Torling et al. 2003). Regardless,
there is unanimity that antibody concentration decreases over time and current Australian and
United States recommendations include repeat vaccinations for any individuals with increased risk

(Chiu & Mclntyre 2013; lyer, Ohtola & Westerink 2015).

2.4.1.2 Efficacy in Children
Soon after the licensing and release of PPSV23, it was noted that the vaccine had little or no effect in
children under 2 (Douglas & Miles 1984). The low efficacy of PPSV23 has been associated with the

inability of capsular polysaccharide antigens to stimulate an appropriate response in immune-
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incompetent individuals including infants. Capsular polysaccharides including PPSV23 belong to a
class of T-cell independent (TI) antigens known as TI-2 which are incapable of stimulating B cell
proliferation but are able to stimulate antibody secretion in mature B cells (Hodgins & Shewen
2012). TI-2 antigens are thus ineffective for infants with an immature immune system, but they
become increasingly effective as the immune system develops (Bondada et al. 2000). One method
for overcoming this is to conjugate the capsular polysaccharide to a carrier protein which can induce

T cell dependent immune response (Hodgins & Shewen 2012).

2.4.2 Pneumococcal Conjugate Vaccine

2.4.2.1 Prevnar (PCV7)
Prevnar (PCV7) is a heptavalent vaccine that consists of capsular polysaccharides from seven
serotypes of S. pneumoniae conjugated to CRM1g7 (a diphtheria protein) and was produced by Wyeth
in the 1990s. It was effective against the respective pneumococcal serotypes in clinical trials (Black et

al. 2000) and subsequently in post licensure (Black et al. 2001).

The serotypes included in the PCV7 vaccine were found to cause 80.5% of IPD in children under 5 in
the United States at the time when the vaccine was released (Beall et al. 2006; Zangwill et al. 1996).
A large scale study in the United States showed that by 2007, the overall incidence of IPD in this age
group was 76% lower, and IPD caused by serotypes covered in PCV7 had dropped by 99% (Pilishvili
et al. 2010). The average number of IPD cases across all age groups had shown a drop in the United
States by 45%, and IPD caused by vaccine serotypes on average was 94% lower. However, this same
study concluded that non-vaccine types were causing 29% more IPD than prior to PCV7 introduction.
In the children under 5 years, IPD from non-vaccine serotypes had increased by 51%, and specifically
IPD from serotype 19A had increased three fold. This is a form of serotype replacement and it can
also occur through a vaccine serotype acquiring the capsule of a non-vaccine type (Coffey et al.

1998).
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Since only 7 of the 94 serotypes were accounted for in the vaccine, there was a niche vacated by the
vaccine serotypes that invited colonisation by other serotypes. The extent to which the other non-
vaccine types would replace vaccine types in causing invasive and non-invasive disease was
unknown but was of concern (Hanage et al. 2007). Hence there was a need for a vaccine which could
account for more serotypes, specifically those that were replacing the vaccine serotypes.
Additionally serotype coverage was predominantly suited to serotypes most prevalent in developed
nations, so vaccines accounting for serotypes more prevalent in developing nations were needed

(Jefferies et al. 2011; Johnson et al. 2010).

2.4.2.2 Prevnar 13 (PCV13)
PCV13 (Prevnar-13) is an expansion of PCV7 and simply adds 6 new serotypes each conjugated to
the same diphtheria protein CRM;q7 (Table 3). These serotypes address the serotype replacement
attributed to PCV7 as well as the global burden of pneumococcal disease. Another 10-valent vaccine
(called PCV10) was licensed by GSK and obtained WHO prequalification in 2009, but because of the
success of PCV13, it had less of an impact (Jefferies et al. 2011). A number of studies confirmed that
the seven original serotypes and the 6 additional ones conveyed equivalent safety and immunogenic
response as those in PCV7 and none interfered with other immunisations (Bryant et al. 2010;

Esposito et al. 2010; Kieninger et al. 2010).

2.5 Immune Response to PCV

2.5.1 Innate Immune Responses

Protection against S. pneumoniae is organised on various levels and involves a variety of aspects. The
first level is that of the innate response. Part of this response uses mucus clearance to deter initial
access of the bacterium to the epithelial surfaces. However, some bacterial virulence factors such as
the polysaccharide capsule overcome this barrier (Nelson et al. 2007). After overcoming clearance
attempts, the bacterium must adhere to the epithelial surface. A change in gene expression can lead

to a ‘transparent variation’ in the capsule of the pneumococcus which will result in a thinner capsule
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and other adherence factors (Weiser et al. 1994). The bacterium often initiates the complement
system, but through various virulence mechanism the pneumococcus is able to interrupt the
complement cascade (Jarva et al. 2002; Quin et al. 2005). Hence, the body requires a specific

antibody to prevent or eliminate any pneumococcal strains.

2.5.2 Humoral Immunity

Beyond the innate response, the immune system can also mount a humoral response through
antibody release and antigen presentation. However the effectiveness of the humoral response is
dependent on the age of the individual since capsular polysaccharides such as PPSV only stimulate
mature B cells and are only immunogenic in individuals with a mature immune system. PPSV only
produces an immediate response by direct stimulation of B cells which release IgM in response (Pletz

et al. 2008).

Once the CD4* cells receive the costimulatory molecules (CD80 and CD86), they begin proliferation
and begin releasing inflammatory cytokines. These inflammatory cytokines such as interferon
gamma (INFy), tumour necrosis factor alpha (TNFa) and several interleukin molecules are identifying

markers to show that the immune response is T-cell dependent (Pletz et al. 2008).

2.6 Hepatitis B

Hepatitis B is a viral infection that is easily transmissible through bodily fluid from person to person
contact. It is a disease of the liver and is caused by hepatitis B virus (HBV). HBV is a circular, 3.2kb,
partially double stranded DNA virus (Chang 2007). It involves a large spectrum of symptoms and a
large range of severity. Hepatitis B can be acute, meaning that illness is present for up to six months

after first exposure to HBV, or chronic, meaning that it is an ongoing illness that remains in the body.

2.6.1 Infection

Hepatitis B largely occurs in children with 90% of cases occurring in infants and up to 70% of these
resulting in chronic hepatitis B (Della Corte, Comparcola & Nobili 2012). In contrast, HBV infection in

adults with mature immune function only results in chronic infection approximately 5% of the time
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(Bauer, Sprinzl & Protzer 2011). Infection can be identified by the detection of Hepatitis B surface
antigen (HBsAg), envelope antigen (HBeAg) and core antigen (HBcAg) or through antibody response

to these (Bauer, Sprinzl & Protzer 2011; Della Corte, Comparcola & Nobili 2012).

2.6.2 Significance

Globally, over 2 billion people have been infected with HBV and approximately 350 million people
have chronic liver infections associated with HBV (Lavanchy 2005). The infection rates vary
dramatically around the globe and between different populations. The areas with the highest rates
of HBV prevalence are East Asia (apart from Japan), the Amazon Basin, southern Europe and parts of
Africa. In Australia there are currently 160,000 people living with chronic hepatitis B (Jimenez et al.
2013) and there has been a recent rise that has been attributed possibly to refugees settling in

Australia from HBV highly endemic populations (Donohue & Benson 2007).

2.6.3 HBV Vaccine

The Hepatitis B vaccine is available in Australia under several brand names with varying dosage
guantities and number of recommended doses. Each vaccine contains a certain dosage of HBsAg, a

protein which will stimulate an immune response.

The efficacy and safety of Infanrix hexa (Curran & Goa 2003), Engerix-B (Keating & Noble 2003),
Twinrix (Van Damme & Van Herck 2004) and H-B-VAX Il (Lai et al. 1986), the current HBV vaccines
available in Australia, have been established. The safety and efficacy of HBV vaccine lends itself to
the possible conjugation of HBsAg protein to specific capsular antigens to provide an effective

conjugate vaccine.

2.7 Purpose of the Project

The central goal of this project is to test the efficacy of a novel vaccine that could potentially provide
immunity from all serotypes of S. pneumoniae. This research stems off the back of recent work by
Professor Jeremy Brown on the immunogenicity of certain capsular proteins on the surface of the S.
pneumoniae capsule. These proteins, called PiaA and PiuA, are involved in iron transportation and

are found in all known serotypes of S. pneumoniae (Sutcliffe & Russell 1995; Tai, Yu & Lee 2003). The
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fact that the proteins are found across all serotypes makes them an ideal vaccine candidate.
Additionally, due to the importance of iron transportation in in vivo growth (Brown, Gilliland &
Holden 2001; Brown & Holden 2002), it would be difficult (though not impossible) for new serotypes
to arise without these proteins. Since these antigens are proteins, they overcome the T-cell
independent problem faced by current vaccine PPSV, and they do not require conjugation to
another protein as in PCV13. Therefore, these proteins are ideal for creating an all serotype
encompassing immune response of a T-cell dependent nature. The ability for these proteins to
provide this protection upon immunization in BALB/c mice has been documented by Jomaa et al.
(2006; 2005), however they only showed a humoral response and full protection requires both

humoral immunity and cell mediated immunity (CMI) (Wilson et al. 2014).

If the PiaA or PiuA proteins can be modified in such a way as to elicit CMI in addition to the currently
established humoral response, it would show a very high potential for a novel vaccine that can
provide protection against S. pneumoniae infection. Two possible methods for eliciting a CMI

response are investigated in this project.

Firstly, the study by Jomaa et al.(2005) used aluminium hydroxide as an adjuvant to enhance the
immunological response. Aluminium hydroxide is a common adjuvant, yet recent studies into the
possibility of novel adjuvants have shown a better immunological response. Specifically, in this
project the adjuvant Advax™ will be used in place of aluminium hydroxide because it has been
known to enhance a CMI response in other vaccines (Honda-Okubo, Saade & Petrovsky 2012; Saade

et al. 2013). It is hoped that Advax™ may work similarly with PiaA and PiuA.

Secondly, as discussed in section 2.5.3, vaccination with HBsAg has been very effective in providing
protection from HBV in humans for decades. HBsAg is not only helpful in providing protection
against HBV, but it is also able to assist in the immunogenicity of other vaccines. Specifically, virus-
like particles (VLPs) composed of HBsAg have been successfully used as carriers in stimulating a CMI
and humoral response (Kotiw et al. 2012; Nystrém et al. 2008; Petrovsky 2006). This project will
incorporate the independent conjugation of PiaA and PiuA to a VLP composed of HBsAg to promote
a CMlI response. The other benefit to incorporating HBsAg into the vaccine is that it may function as
a dual vaccine to provide protection against S. pneumoniae and HBV. The safety and efficacy of HBV
vaccination has been known for decades, yet as discussed in Section 2.5.2, there is still a great need

for immunization.

In summation, this project was largely similar to the work conducted by Jomaa et al. (2005), but with
additional measures to improve CMI response. BALB/c mice were vaccinated with various
combinations of PiaA and PiuA conjugated to VLP (HBsAg). The response was measured by

comparison between unvaccinated mice, mice vaccinated with PiaA or PiuA or a combination, mice
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vaccinated with PiaA or PiuA or both conjugated to VLP. Because S. pneumoniae infections start with
nasopharyngeal colonisation, additional mice were used to test whether delivering the vaccine via
an intranasal route would increase immunogenicity. The project will centre firstly on confirming
whether vaccinating with PiaA and PiuA produces a greater immunological response than no
vaccination and secondly on whether a conjugated vaccine produces a greater response than an

unconjugated vaccine.
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Chapter 3 Methods

3.1 Mice

Seventy two female BALB/c mice aged between 3 and 5 weeks were acquired from the Animal
Resource Centre, Canning Vale, West Australia and were housed in temperature and humidity-
controlled ventilated cabinets (Techniplast, cat No. 1264C). The mice were allowed ad libitum access
to water and food and all procedures performed in adherence to animal ethics guidelines provided
by the University of Southern Queensland Animal Ethics Committee (AEC) and in accordance with
the NHMRC guidelines (NHMRC 2008), Vaccination procedures commenced when the mice were 6

to 8 weeks old after allowing at least one week of acclimatisation to the housing environment.

3.2 Preparation of the vaccine

The research project involved taking a premade vaccine and testing in mice to determine the
immunological response. The process is explained here to provide important background
information on the vaccine construction and the method by which conjugation took place since this
is fundamental to the results. This information was provided from Dr Stephen Wanyonyi.

Full length S. pneumoniae iron uptake ABC proteins, PiaA and PiuA were purified as described by
Jomaa et al (2006) and eluted in phosphate buffered saline (PBS). Recombinant Hepatitis B surface
antigen (HBsAg) also referred to in this study as Virus-like Particle (VLP) was purchased from
Resolving Images, Preston, Victoria (Cat No. MBS637600). Conjugated VLP-PiaA and VLP-PiuA
proteins were provided to the study by Dr Lisa Seymour (Centre for Health Sciences Research, USQ).
The conjugated proteins were constructed by chemical cross-linking using the carbodiimide
crosslinker chemistry. In brief, carboxyl activation was performed by incubating 300 ug of VLP
antigen in activation buffer (0.1M morpholino ethane sulfonic acid (MES), 0.5M NaCl, pH 6.0)
containing 0.1mg 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
(Thermofisher, Cat,.No. PIE22980) and 0.15mg N-Hydroxysulfosuccinimide (NHS) for 15 minutes at

room temperature. The activation reaction was quenched by adding 0.85 pl mercaptoethanol and
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the pH adjusted to 7.0 by adding 20 ul 20X PBS. Subsequently, PiaA and PiuA were individually
conjugated to VLP in separate reactions by adding 390 ug of each protein to the activation mix and
incubating for 2 hr at room temperature and conjugation stopped by adding hydroxylamine to a final
concentration of 10 uM. The conjugated proteins were equilibrated to PBS using 5ml single-use

desalting columns (Thermofisher, Cat. No. 89891).

3.3 Vaccination

Vaccinations and mice handling were performed by Dr Stephen Wanyonyi, Dr Lisa Seymour and
Heing Lu. The 72 mice were divided into 12 groups of 6 mice each according to the vaccination
regimen (Table 4). Mice were vaccinated with 5ug of each conjugate protein three times at 14 day
intervals (day 0, 14 and 28) (Table 5). Vaccination was conducted through intranasal and
intramuscular routes. Each individual mouse was anaesthetised with 4% isofluorane (Provet QLD,
Brisbane) in 100% medical grade oxygen at a flow rate of 1L/min using the isoflurane vaporiser
(NorVap, North Yorkshire, UK) before the specific vaccination into the nasal cavity or the hind thigh
as specified in Table 6. For each mouse the vaccine was prepared by mixing 5ug of the p-proteins
(PiaA or PiuA) with either 1mg of Advax P or 1 ug of Advax M (Vaxine, Bedford Park, South Australia)
depending on the vaccination route and the volume adjusted to 50ul per vaccination site. Advax P
was used for intramuscular vaccination (IM) while Advax M was used for intranasal (IN) inoculation.
Intramuscular vaccinations were performed using 26G needles following sanitisation of the injection

site with 70% ethanol.

Vol. of | Vol. of | Total
Vacc. Protein Vol. of
Group | Vaccination Advax | Saline | Vol.
Route | concentration | protein (ul)
(O] (") (')
M 0 0 20 30 50
1 Saline
IN 0 0 0.1 19.9 20
2 Saline Y 0 0 20 30 50
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IN 0 0] 0.1 19.9 20
3 VLP IM 4250 1.2 20 28.8 50
4 PiaA IM 251 19.9 20 10.1 50
5 PiuA IM 280 17.9 20 12.1 50
10 PiaA
6 PiaA + PiuA M 20 11 50
9 PiuA
7 VLP:PiaA IM 344.4 14.5 20 15.5 50
8 VLP:PiuA IM 383.7 13 20 17 50
VLP:PiaA 7.3 VLP:PiaA
9 IM 20 16.2 50
+ VLP:PiuA 6.5 VLP:PiuA
IM 344.4 14.5 20 15.5 50
10 VLP:PiaA
IN 14.5 0.1 5.4 20
IM 383.7 13 20 17 50
11 VLP:PiuA
IN 13 0.1 6.9 20
7.3 VLP:PiaA
IM 20 16.2 50
VLP:PiaA + 6.5 VLP:PiuA
12
VLP:PiuA
IN 7.3 VLP:PiaA 0.1 6.1 20

Table 4. The vaccination type assigned to each mouse group. Group 1 and 2 are both control groups however only Group

2 was challenged with the bacteria

A summary of the vaccination schedule, tail bleeds, bacterial challenge and euthanasia is shown in

Table 5.

Daniel Smith

Day Procedure

0 Initial tail bleed and 1 Vaccination
14 Tail bleed and 2™ Vaccination

28 Tail bleed and 3™ Vaccination

Page |25




38 Final Bleed

42 Bacterial Challenge

44 Euthanasia and Sample Collection

Table 5. The vaccine and euthanasia schedule for each mouse group.

3.4 Blood Collection and preparation of serum

Immediately prior to each vaccination, approximately 50ul of blood sample was collected from the
tail vein of each mouse and pooled into a single tube for every vaccination group. This step was
conducted by Dr Stephen Wanyonyi, Dr Lisa Seymour and Heing Lu. The blood was stored for up to
16hr at 4°C to allow for clotting following which the blood was centrifuged at 500g for 10 minutes at
room temperature. The serum was pipetted into a separate 1.5ml microfuge tube and stored at -
20°C until required. Following euthanasia, a terminal bleed was performed through 23g needle
puncture of the jugular vein and serum harvested in a similar manner. Terminal serum samples from

each mouse were stored individually at -20°C until required.

3.5 Bacterial Challenge

14 days after the final vaccination (day 42) the mice (with the exception of the negative control
group) were anaesthetised in the same manner as previously described and were challenged
intranasally by Dr Stephen Wanyonyi with approximately 108 colony forming units (CFU) of
Streptococcus pneumoniae strain D39 in 50l of PBS. All bacterial inoculations were performed in a
Biosafety Class Il cabinet and mice placed in a cage equipped with a Hepa filter before being placed
back into the ventilated Hepa filtered cabinet. Infected mice were monitored for clinical signs of
disease at two hour intervals for the first day and twice a day for the second day according to the

following schedule of animal clinical signs.

3.6 Euthanasia and tissue collection

48 hours post bacterial challenge the mice were euthanized for sample collection. Mice were

individually anesthetised by Professor Michael Kotiw using the method previously described and
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then given an intraperitoneal injection of 200ul sodium pentobarbitone (Virbac, Lethabarb) using a

24G needle.

3.6.1 NPA and Blood Cultures

In order to collect Nasopharyngeal Aspirate (NPA), 2ml of Phosphate Buffered Saline (PBS) was
injected into the trachea in such a way that it would travel through the nasopharynx and out the
nostrils. This was collected and a 100ul aliquot of the NPA was serially diluted and cultured on
Columbia Horse Blood Agar (HBA) plates, (Macromedia, cat. No.1085) and the plates incubated at
37°C, 5% CO? for 16hr followed by examination and colony enumeration of S. pneumoniae. As
described in Section 3.4, a terminal bleed was taken and cultured in the same form as the NPAs. |

assisted Professor Michael Kotiw in both of these procedures.

3.7 ELISA

Enzyme Linked Immunosorbent Assays (ELISA’s) were performed to measure the level of total IgG,
IgG1 and IgG2a induced by vaccination with either PiaA, PiuA or VLP. 96 well plates (NUNC) were
coated overnight at 4°C with 2ug/ml of either PiaA or PiuA in 0.1M NaHCO3 (pH8), or 0.5pg/ml VLP
in 0.1M NaHCO3 (pH9.5). The plates were then blocked for 1hr with 2% skim milk dissolved in PBS.
Serial dilutions (diluted in 1% skim milk from 1/200 to 1/32000000) from the final bleed (day 38) of
pooled sera from each group were allowed to bind for 2 hours before washing 3 times using PBS
with 0.1% Tween-20 (PBST). Appropriate goat anti-mouse antibody (AbD Serotec) diluted (IgG
1:3000, IgG1 and IgG2a 1:5000) in 1% skim milk was added to wells and incubated for 1 hour at
room temperature. After washing 6 times with PBST, 3,3’,5,5'-Tetramethylbenzidine (TMB) (Sigma-
Aldrich) was added before stopping colour development with 0.1M Sulfuric Acid. Plates were read at

450nm.
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3.8 Histology

3.8.1 Lung Collection

After mice were euthanized and following blood and BALF collection, a lung lobe was collected using

sterilised tweezers and scalpel from each mouse and stored in 10% buffered formalin until use.

3.8.2 Slide Preparation

With assistance from Sharyn Carnahan and Wendy Merrin, lung tissue was trimmed (approximately
to a 1cm? piece) and fixed overnight using a Shandon Pathcentre© Tissue Processor before being

embedded in paraffin. Sections 5um thick were cut and put on slides.

3.8.3 Haematoxylin and Eosin (H&E) staining

H&E staining was conducted for determining pathology of the lung tissue including visible signs of
inflammation or tissue damage as described in Gurcan et al. (2009). This step was conducted by
Queensland Health Staff at the Toowoomba Base Hospital. For H&E staining, slides were added to
xylene 3 times for 2 minutes each for dewaxing. The slides were then placed in decreasing
concentrations of ethanol for 2 minutes each (100% x2, 90%, 70%) and then placed under running
water for 2 minutes. The slides were placed in haematoxylin stain for 6 minutes then placed back
into running water for another 2 minutes. 70% ethanol was applied to the slides for 2 minutes
before being placed in Eosin Yellowish counterstain for 6 minutes. The slides were then placed in
increasing ethanol concentrations and then fixed in xylene in exactly the reverse of the steps at the
beginning of this process. Slides were examined by Professor Kotiw using an Olympus BX61 digital

imaging microscope and images taken using x40 and x20 maghnification.

3.8.4 Gram Stain

A Gram stain was conducted on the slides to establish the presence of bacteria in the lung sections
following the procedure described by Beveridge (2001). This procedure was also conducted by the

staff at the Toowoomba Base Hospital. In brief, after dewaxing (as detailed in the H&E method) each
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slide was flooded with Crystal Violet for 1 minute before rinsing with distilled water and applying
Gram’s lodine for 1 minute. The water rinse was repeated and the sections were decolourised with
acetone before applying 95% ethanol as a decolourising agent for up to 5 seconds before another
rinse. Then the safranin stain was applied for 30 seconds before rinsing a final time and leaving to
dry. Slides were examined and images taken at x100 magnification by Professor Kotiw under oil

emersion using an Olympus BX61 digital imaging microscope.
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Chapter 4 Results

4.1 ELISA

In order to determine the immunologic response to vaccination with Streptococcus pneumonia outer
membrane proteins PiaA and PiuA, ELISA’s were performed on the final bleed sera (Day 38) to
measure PiaA and PiuA-specific total IgG, IgG1 and IgG2a titres. Serial dilutions were performed on
sera starting at 1/200 until the dilution which yielded an optical density (O.D) reading lower than a
predetermined cut-off (negative control O.D). The cut-off point is for differentiating a positive
reading from background absorbance and was calculated as the mean of O.D readings from 24
control wells plus their Standard Deviation (SD). Using statistical analysis software (GraphPad Prism):

Mean = 0.05563; SD = 0.01272. Therefore the cut-off value was 0.06835.

The ELISA results are categorised by antibody sub-type (total IgG, IgG1 and IgG2a), and these
sections are divided into the particular protein that the antibody is specific for PiaA, PiuA and the
VLP. Most of the vaccination was conducted through the intramuscular route. Three mouse groups

were given intranasal and intramuscular vaccination and these are denoted by “(IM+IN)”.

The serial dilutions are presented on the x-axis in the graphs in figures 1,3,5,7,9,11,13,15 and 17
where the dotted line represents the cut-off point (0.06835). The raw data has been aggregated and

placed in the appendix for reference.

4.1.1 Total IgG Response

4.1.1.1 Anti-PiaA Total IgG
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Figure 1. Total anti-PiaA IgG antibody titres in serum from mice vaccinated with PiaA and PiuA. Values were

measured in triplicate. Error bars are present for dilutions with significant variation. A) anti-PiaA IgG

antibody titre in mice vaccinated with PiaA. The serum was serially diluted and the titre determined to be
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the dilution factor corresponding to the O.D reading immediately before the cut-off (shown with a dotted
line). B) anti-PiaA IgG antibody titre in mice vaccinated with PiaA and PiuA. C) anti-PiaA IgG antibody titre in
mice vaccinated with PiaA conjugated to VLP. D) anti-PiaA IgG antibody titre in mice vaccinated with a
combination of VLP-PiaA and VLP-PiuA conjugates E) anti-PiaA IgG antibody titre in mice vaccinated with
VLP-PiaA conjugate through intramuscular and intranasal routes. F) anti-PiaA IgG antibody titre in mice
vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates through intramuscular and intranasal

routes

The titre points determined from Figure 1 have been collated and compared in Figure 2. Notably, all
groups vaccinated with the protein elicited an IgG response. Titres of the VLP:PiaA and
VLP:PiaA/PiuA vaccinates were relatively similar, with only 2 dilutions apart between them. Those
vaccinated with PiaA alone had a titre 6 times higher than when it was combined with the PiuA

protein.

IgG Titres for PiaA Groups

102400
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Figure 2. Collated titres of Anti-PiaA total IgG for mouse groups vaccinated with the PiaA protein. Some
mouse groups were vaccinated with a combination of both PiaA and PiuA. In these cases, it is only the Anti-

PiaA IgG that is measured. Anti-PiuA IgG is measured in the PiuA section (4.1.1.2).
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4.1.1.2 Anti-PiuA Total IgG
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Figure 3. Total anti-PiuA IgG antibody titres in serum from mice vaccinated with PiaA and PiuA. A) anti-PiuA

IgG antibody titre in mice vaccinated with PiuA. B) anti-PiuA IgG antibody titre in mice vaccinated with PiaA
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and PiuA. C) anti-PiuA IgG antibody titre in mice vaccinated with PiuA conjugated to VLP. D) anti-PiuA IgG

antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E) anti-PiuA I1gG

antibody titre in mice vaccinated with VLP-PiuA conjugate through intramuscular and intranasal routes. F)

anti-PiuA IgG antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates

through intramuscular and intranasal routes.

There was no difference in total IgG titre between mice vaccinated with PiuA alone and a

combination of PiuA and PiaA. Except for mice vaccinated with a combination of VLP:PiaA and

VLP:PiuA through both the intramuscular and intranasal routes the conjugation of PiuA to VLP

induced a greater total IgG titre than the unconjugated vaccines.
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Figure 4. Collated titres of Anti-PiuA total IgG for mouse groups vaccinated with the PiuA protein.

In comparing the total IgG titres between PiaA and PiuA, PiuA induced a significantly higher titre

than PiaA. The lowest PiuA titre (204800) was greater than the highest PiaA titre (102400).
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4.1.1.2 Anti-VLP Total IgG

Within the experiment, there were 6 groups which had either PiaA or PiuA conjugated to the virus

like particle (VLP) composed of hepatitis B surface antigen (HBsAg). VLP-specific IgG was examined to

establish the immunogenicity of the VLP and determine the potential of a dual pneumococcus and

HBV vaccine.
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Figure 5. Total anti-VLP IgG antibody titres in serum from mice vaccinated with HBsAg, PiaA and PiuA. A)
anti-VLP IgG antibody titre in mice vaccinated with VLP. B) anti-VLP IgG antibody titre in mice vaccinated
with VLP-PiuA conjugate. C) anti-VLP IgG antibody titre in mice vaccinated with PiuA conjugated to VLP. D)
anti-VLP IgG antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E)
anti-VLP IgG antibody titre in mice vaccinated with VLP-PiaA conjugate through intramuscular and intranasal
routes. F) anti-VLP IgG antibody titre in mice vaccinated with VLP-PiuA through intramuscular and

intranasal routes. G) anti-VLP IgG antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-

PiuA through intramuscular and intranasal routes

The VLP control vaccine produced a titre of 6400 which was within one dilution from all the
vaccinations involving VLP conjugation. This suggests that the conjugation of VLP to either PiaA or

PiuA does not diminish the overall immune response from VLP-alone vaccination.
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Figure 6. Collated titres of VLP total IgG for mouse groups vaccinated with the VLP.

4.1.2 IgG1 Response

The IgG1 response provides insight into the nature of the immunological response. Specifically, a

high IgG1 titre represents a humoral response to the specific antigen used in the vaccination.

Accordingly the titres of PiaA, PiuA and VLP specific-IgG1 were measured and are presented in

figures 7-12.

4.1.2.1 Anti-PiaA IgG1
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Figure 7. Anti-PiaA IgG1 antibody titres in serum from mice vaccinated with PiaA and PiuA. A) anti-PiaA IgG1
antibody titre in mice vaccinated with PiaA. B) anti-PiaA IgG1 antibody titre in mice vaccinated with PiaA
and PiuA. C) anti-PiaA IgG1 antibody titre in mice vaccinated with PiaA conjugated to VLP. D) anti-PiaA IgG1
antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E) anti-PiaA IgG1
antibody titre in mice vaccinated with VLP-PiaA conjugate through intramuscular and intranasal routes. F)
anti-PiaA 1gG1 antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates

through intramuscular and intranasal routes.

PiaA alone (Group 4) induced a higher anti-PiaA titre than when it was combined with PiuA (Group

6). The IgG1 titre was almost identical to the total IgG titres for vaccination groups.
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Figure 8. Collated titres of PiaA specific IgG1 for mouse groups vaccinated with PiaA.

4.1.2.2 Anti-PiuA IgG1
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Figure 9. Anti-PiuA IgG1 antibody titres in serum from mice vaccinated with PiaA and PiuA. A) anti-PiuA

IgG1 antibody titre in mice vaccinated with PiuA. B) anti-PiuA IgG1 antibody titre in mice vaccinated with

PiaA and PiuA. C) anti-PiuA I1gG1 antibody titre in mice vaccinated with PiuA conjugated to VLP. D) anti-PiuA

1gG1 antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E) anti-PiuA

IgG1 antibody titre in mice vaccinated with VLP-PiuA conjugate through intramuscular and intranasal routes.

F) anti-PiuA IgG1 antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates

through intramuscular and intranasal routes.
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The PiuA-specific 1gG1 titres aligned with the trend observed for anti-PiuA total IgG titres.

Specifically, highest titres were observed in all VLP-conjugated vaccines with the exception of the

intramuscular and intranasal VLP:PiaA/PiuA group (Group 12).
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Figure 10. Collated titres of PiuA specific 1gG1 for mouse groups vaccinated with PiuA.

It is notable that overall the IgG1 titres for PiuA were considerably greater than anti-PiaA titres as

was observed for total IgG.

4.1.2.3 Anti-VLP IgG1
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Figure 11. Anti-VLP IgG1 antibody titres in serum from mice vaccinated with VLP, PiaA and PiuA. A) anti-VLP

1gG1 antibody titre in mice vaccinated with VLP. B) anti-VLP IgG1 antibody titre in mice vaccinated with VLP-
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PiaA conjugate. C) anti-VLP IgG1 antibody titre in mice vaccinated with PiuA conjugated to VLP. D) anti-VLP

1gG1 antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates. E) anti-VLP

IgG1 antibody titre in mice vaccinated with VLP-PiaA conjugate through intramuscular and intranasal routes.

F) anti-VLP IgG1 antibody titre in mice vaccinated with VLP-PiuA through intramuscular and intranasal

routes. G) anti-VLP IgG1 antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA

through intramuscular and intranasal routes.

The anti-VLP IgG1 titre for the VLP control group gave an identical titre to those in the conjugated

vaccines delivered both intranasally and intramuscularly. The conjugated vaccines that were only

given intramuscularly all had lower titres, though it is important to note that these were vaccinated

with a lower overall dose of VLP. All Anti-VLP IgG1 titres are summarised in Figure 12.
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Figure 12. Collated titres of VLP specific IgG1 for mouse groups vaccinated with VLP.

4.1.3 IgG2a Response
4.1.3.1 Anti-PiaA IgG2a
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Figure 13. Anti-PiaA 1gG2a antibody titres in serum from mice vaccinated with PiaA and PiuA. A) anti-PiaA

IgG2a antibody titre in mice vaccinated with PiaA. B) anti-PiaA IgG2a antibody titre in mice vaccinated with

PiaA and PiuA. C) anti-PiaA IgG2a antibody titre in mice vaccinated with PiaA conjugated to VLP. D) anti-
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PiaA 1gG2a antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E)

anti-PiaA IgG2a antibody titre in mice vaccinated with VLP-PiaA conjugate through intramuscular and

intranasal routes. F) anti-PiaA IgG2a antibody titre in mice vaccinated with a combination of VLP-PiaA and

VLP-PiuA conjugates through intramuscular and intranasal routes.

The IgG2a response to PiaA showed a much smaller difference between the PiaA alone vaccine

(Group 4) and the combined PiaA/PiuA vaccine (Group 6) than in the total IgG and IgG1. A higher

IgG2a titre was recorded in the conjugated vaccines given intramuscularly rather than through both

intramuscular and intranasal routes.
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Figure 14. Collated titres of PiaA specific IgG2a for mouse groups vaccinated with PiaA
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4.1.3.2 Anti-PiuA IgG2a
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Figure 15. Anti-PiuA 1gG2a antibody titres in serum from mice vaccinated with PiaA and PiuA. A) anti-PiuA

IgG2a antibody titre in mice vaccinated with PiuA. B) anti-PiuA IgG2a antibody titre in mice vaccinated with

Daniel Smith

Page | 46




PiaA and PiuA. C) anti-PiuA 1gG2a antibody titre in mice vaccinated with PiuA conjugated to VLP. D) anti-

PiuA IgG2a antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates E)

anti-PiuA IgG2a antibody titre in mice vaccinated with VLP-PiuA conjugate through intramuscular and

intranasal routes. F) anti-PiuA I1gG2a antibody titre in mice vaccinated with a combination of VLP-PiaA and

VLP-PiuA conjugates through intramuscular and intranasal routes.

As seen in Figure 16, all vaccine types (whether conjugated or not) produced a similar anti-PiuA

IgG2a titre with the exception of the VLP:PiuA intramuscular vaccination which yielded a

considerably higher titre.
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Figure 16. Collated titres of PiuA specific IgG2a for mouse groups vaccinated with PiuA

4.1.3.3 Anti-VLP IgG2a
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Figure 17. Anti-VLP IgG2a antibody titres in serum from mice vaccinated with VLP, PiaA and PiuA. A) anti-

VLP I1gG2a antibody titre in mice vaccinated with VLP. B) anti-VLP IgG1 antibody titre in mice vaccinated with

VLP-PiaA conjugate. C) anti-VLP IgG2a antibody titre in mice vaccinated with PiuA conjugated to VLP. D)

anti-VLP IgG2a antibody titre in mice vaccinated with a combination of VLP-PiaA and VLP-PiuA conjugates. E)

anti-VLP IgG2a antibody titre in mice vaccinated with VLP-PiaA conjugate through intramuscular and

intranasal routes. F) anti-VLP IgG2a antibody titre in mice vaccinated with VLP-PiuA through intramuscular

and intranasal routes. G) anti-VLP IgG2a antibody titre in mice vaccinated with a combination of VLP-PiaA

and VLP-PiuA through intramuscular and intranasal routes.
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Figure 18. Collated titres of VLP specific IgG2a for mouse groups vaccinated with VLP
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4.2 Bacterial Load

In order to estimate the bacterial load in the blood and the lung, blood and NPA samples were
collected following euthanasia (48 hours after bacterial challenge), the bacterial load was estimated
by spreading blood and NPA samples on HBA plates and counting haemolytic colonies. The raw data
for bacterial load in each mouse has been collated and added to the appendix for reference. The raw

data was collected by Lisa Seymour and was provided to me for analysis for the purpose of assisting

interpretation of serological antibody data.

4.2.1 S. pneumoniae Cultured from Blood

Figure 19 shows the blood S. pneumoniae load average for each vaccine type.

Cultured CFU in Blood

log19(CFU/mI)

Figure 19. Blood S. pneumoniae loads for each vaccinated group. Positive controls were challenged but

unvaccinated, negative controls were unchallenged and unvaccinated.

A one-way ANOVA established that there was a statistically significant difference in the CFUs in the

blood between vaccination types, F (11,60) = 3.354, p = 0.0012. Specifically, t-tests between the

positive control and the individual vaccine types showed significant variation in the PiaA vaccine
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(p=0.0164), the VLP:PiaA (IM) vaccine (p=0.0119), the VLP:PiuA (IM) vaccine (p=0.0477), the
VLP:PiaA/PiuA (IM) vaccine (p=0.0306), the VLP:PiaA (IM+IN) vaccine (p=0.0189) and the VLP: PiuA

(IM+IN) vaccine (p=0.0475).

4.2.2 S. pneumoniae Cultured from Nasopharyngeal Aspirate (NPA)

Figure 20 shows the NPA bacterial load average for each group.

Nasopharyngeal Aspirate Culture Data
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Figure 20. NPA cultures for each vaccination type. Positive controls were challenged but unvaccinated, negative

controls were unchallenged and unvaccinated.

A one-way ANOVA showed that there was statistically significant differences in the CFUs in NPA
between different vaccine groups, F (11,60) = 22.40, p = 0.0001. Further t-tests comparing vaccine
groups showed that only the VLP vaccine (0.0302) and the PiaA vaccine (0.0165) had statistically
significant results when compared to the unvaccinated, challenged mice. Counterintuitively, these
values were higher than the positive control, which suggests the possibility of a technical error in the

challenge in these two groups.
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4.3 Histology
4.3.1 H&E Stain
4.3.1.1 Lung Sections of Positive Control - Challenged, Unvaccinated
The positive control mice show clear signs of pathology that are expected 48 hours post challenge.
Specifically, the abundance of neutrophils, the increased number of macrophages, congested

capillaries and a thickening of alveolar walls.

Figure 21. H&E Stained lung tissue at x20 magnification from the unvaccinated S. pneumoniae challenged positive
control group (Group 1). A) Mouse 2. B) Mouse 3. C). Mouse 4. D) Mouse 5. Macrophages are circled in red.
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4.3.1.2 Lung Sections of Negative Control - Unchallenged, Unvaccinated
Mice that were unvaccinated and unchallenged showed healthy lung tissue (Figure 22). Alveoli walls
were thinner and the cells were considerably less congested than those in the positive control
(Figure 21). Importantly, macrophages were still present, though not as common as in the positive

control.
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Figure 22. H&E stained lung tissue at x20 magnification from the unvaccinated, unchallenged negative control group
(Group 2). A) Mouse 1 — macrophage is circled in red. B) Mouse 2 — macrophage is circled in red. C). Mouse 3. D) Mouse
4,
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4.3.1.3 Lung Sections of PiaA Vaccinates

L 3
ion from mice vaccinated with the PiaA

Mouse 3. C). Mouse 4. D) Mouse 5.
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4.3.1.4 Lung Sections of PiuA Vaccinates
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Figun;e 24.. H&E stained lung tissue at x20 magnificatin from mice vaccinated with the PiuA protein. A) Mouse 2. B)

Mouse 3. C). Mouse 4. D) Mouse 5.
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4.3.1.5 Lung Sections of PiaA/PiuA Vaccinates
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Figure 25. H&E stained lung tissue at x20 magnification from mice vaccinated with the PiaA/PiuA protein. A) Mouse 3. B)
Mouse 4. C). Mouse 5. D) Mouse 6.
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4.3.1.6 Lung Sections of VLP:PiaA Vaccinates
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F}gure 26. H&E stained lung tissue at x20 maghnification from mice challenged with S. pneumoniae and vaccinated with
i.m. with VLP:PiaA. A) Mouse 1. B) Mouse 2. C). Mouse 3. D) Mouse 4.
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4.3.1.7 Lung Sections of VLP:PiuA Vaccinates
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Eiéur 27. H&E stained Iung‘tissue at x20 magnification from mice challenged with . pneumoniae and vaccinated i.m.
with VLP:PiuA. A) Mouse 1. B) Mouse 3. C). Mouse 5. D) Mouse 6.
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4.3.1.8 Lung Sections of VLP:PiaA + VLP:PiuA Vaccinates
B
) ‘%ﬂlv '“__;/-- “‘Q-,“;‘(ﬁg,

RPN 1

& o 44 n_;i.,g-i{-
BRSS!
D
r < Wil f%ﬂ 3 1_'. ;.‘
.;._‘:; . ' '?_‘

ke

f ." o 4 b
Hlo AR A Y

& W
P .7 e lfdh o

Figure 28. H&E stained lung tissue from mice challenged with S. pne
Mouse 1 (x20). B) Mouse 2 (x20). C). Mouse 3 (x40). D) Mouse 4 (x40).
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4.3.2 "Gram Stained Lung Sections
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Figure 29. Unvaccinated mice challenged with S. pneumoniae show bacteria clusters in the lung tissue as observed at
100x maghnification.

4.3.2.1 Lung Sections of PiaA Vaccinates
Mice vaccinated with the PiaA protein alone showed a high IgG titre and a statistically significant
decrease of culture in the blood. Mice from this group showed the presence of S. pneumoniae in the

lung tissue (Figure 30).
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Figure 30. Gram Stain of mice vaccinated with PiaA showing very sparse S. pneumoniae in lung tissue at 100x
maghnification.

4.3.2.2 Lung Sections of PiuA Vaccinates
PiuA vaccination produced a significant IgG titre, though the blood culture had no statistically
significant difference than that of the positive control. These mice showed colonies of S. pneumoniae

that were in chains (Figure 31).
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Figure 31. Gram Stain of mice vaccinated with PiaA showing very sparse S. pneumoniae in lung tissue at 100x

magnification.

4.3.2.3 Lung Sections of PiaA/PiuA Vaccinates

"

Figure 32. Gram Stain of mice vaccinated with PiaA/PiuA showing S. pneumoniae in lung tissue of PiaA/PiuA vaccinates

at 100x magnification.

4.3.2.4 Lung Sections of VLP:PiaA Vaccinates
The conjugated VLP:PiaA vaccine (whether given IM or IN+IM) had high IgG titres coupled with
significantly decreased blood culture. The H&E stains showed that alveoli had thin walls and a low
number of neutrophils and macrophages visible (Figure 26). Overall, the gram stained sections
showed very few pneumococci present with the few that were observed appearing singularly and
not in chains. It was noted earlier that mice vaccinated with VLP:PiaA through both intramuscular

and intranasal routes has a noticeably smaller IgG1 and IgG2a titre than when the vaccine was
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delivered intramuscularly only. The mouse lung sections from the intramuscular and intranasal

vaccine had S. pneumoniae just as all other challenged groups had.
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Figure 33. Gram Stain of mice vaccinated with VLP:PiaA showing small numbers of S. pneumoniae in lung tissue at 100x

magnification. A) Mouse lung from VLP:PiaA vaccine delivered IM+IN. B) Mouse lung from VLP:PiaA vaccine delivered IN.

4.3.2.5 Lung Sections of VLP:PiuA Vaccinates
For VLP:PiuA vaccinated mice, high titres were measured for total IgG and IgG1. In 1gG2a, a very high
titre was recorded in the intramuscular vaccinates, but a much lower titre was determined for those
vaccinated with intramuscular and intranasal VLP:PiuA. The H&E stains showed a thin alveoli wall in
some sections, yet still there was notable congestion and a number of macrophages and neutrophils.

Gram staining only showed the small presence of pneumococci (Figure 34).

Figure 34. Gram Stain of mice vaccinated with VLP:PiuA showing small numbers of S. pneumoniae in lung tissue at 100x

magnification.
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4.3.2.6 Lung Sections of VLP:PiaA/PiuA Vaccinates

Mice vaccinated with both VLP:PiaA and VLP:PiuA showed very high total IgG titres. The IgG1 and

IgG2a responses were high in the IN vaccinates, but less so when the vaccine was delivered through

IN+IM. Similarly in blood culture, the vaccine significantly decreases the CFUs in the IM delivery, but

there was no significant decrease when it was administered IN+IM. H&E staining shows some level

of congestion in alveoli walls, but this was more pronounced in the IN+IM vaccinates than the IM

alone. Similarly, the gram staining of lung from these groups shows that while a number of S.

pneumoniae were present, fewer were shown in the IM vaccinates.

A

Figure 35. Gram Stain of mice vaccinated with VLP:PiaA/PiuA showing S. pneumoniae in lung tissue at 100x

magnification. A) VLP:PiaA/PiuA mouse lung from IM vaccinate. B) VLP:PiaA/PiuA mouse lung from IM+IN vaccinate.
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Chapter 5 Discussion

Antibody titres are quantitative measurements of the size and nature of the immunological
response. Total IgG is a measurement of all IgG subclasses (including IgG1, 1gG2a, 1gG2b and 1gG3 in
mice). IgG is the major antibody in sera and is a standard indication of the overall immunological
response that is occurring. IgG1 is associated with a Tn2 cell response which is humoral, whereas
IgG2a is associated with a Th1 response which is cell mediated. The total IgG value will indicate the
presence and strength of an immune response. The measurement of IgG1 and IgG2a in each mouse

group indicates the form of immunity generated.

5.1 HBV

HBV already has a safe and effective vaccine that has been available for decades. HbsAg is in itself
not immunogenic, and is therefore coupled with an adjuvant (usually aluminium hydroxide) to
stimulate an immune response. Recently it was found that Advax™ has the potential to replace

aluminium hydroxide since it confers an improved response.

The addition of Advax™ as an adjuvant to HBsAg has been shown to increase the total IgG response

predominantly through IgG1 and to a lesser extent IgG2a in BALB/c mice (Saade et al. 2013).

In our study, mice vaccinated with the VLP(HBsAg)/Advax™ mixture exhibited a medium 1gG and

IgG1 response and a lowered IgG2a response as expected.

5.1.1 Antibody Response in Conjugate Vaccines
VLP-specific IgG, 1gG1 and IgG2a were measured in all conjugate vaccine types. The total IgG titres
from the different conjugate vaccines were all within one dilution of the VLP-alone vaccine response,
showing that conjugating the VLP to the pneumococcal proteins did nothing to diminish the overall

immune response towards VLP.
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5.1.1.1 Comparing Vaccination Routes (i.m. vs i.n. + i.m.)
The nature of the immune response was shown through IgG1 and IgG2a. The VLP-alone vaccination
gave an IgG1 titre of 12800, and this was identical to the IgG1 titres for all conjugate vaccines given
intranasally and intramuscularly (VLP:PiaA, VLP:PiuA and VLP:PiaA/PiuA). However, IgG1 titres in
conjugate vaccines delivered only intramuscularly delivered a lower titre (1600-3200). This
difference is likely due to the fact that mice given i.m. and i.n. vaccination were injected with more
protein than i.m. alone. The i.n. route has shown to be an effective vaccination method for VLP
(Jaganathan & Vyas 2006). Similar results were observed in 1gG2a, with IgG2a titres in the i.n. and

i.m. vaccinates being higher or equivalent to i.m. alone.

5.1.1.2 IgG1/IgG2 Ratio
By determining the ratio of IgG1 to I1gG2, it can be established whether the immune response was
CMI or humoral. Figure 36 compares the IgG1 titre to the IgG2a titre obtained from each
vaccination type. High IgG1 titres resulted in 1gG1 being the majority of the response in almost every

case, as was expected (Saade et al. 2013).
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Figure 36. The Anti-VLP IgG1 and IgG2a titres for each vaccine type are compared. IgG1 makes up the majority of the

response with the exception of VLP:PiaA i.m.
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5.1.2 Potential as a Dual Vaccine

Comparing the VLP-specific IgG, IgG1 and IgG2a titres of the VLP-alone vaccinated mice with the
conjugate-vaccinated mice has shown that the conjugation of pneumococcal capsular proteins have
not diminished the immunological response. This lends to the possibility of VLP being used as an

effective vaccine against HBV and not only to stimulate an IgG2a response.

5.2 Pneumococcal Proteins

The pneumococcal proteins, PiaA and PiuA were selected as vaccine candidates because of their
potential in giving immunity to all serotypes of S. pneumoniae. In addition to being an antigen
relevant to all serotypes, it also is able to provide a T-cell dependent response (required for lasting
immunity). These proteins have been investigated for their potential as a vaccine, yet they fail to
give an adequate humoral and cell mediated response (Jomaa et al. 2005) which is necessary to
confer protection. By conjugating the VLP, which is known to produce both a humoral and a CMI
response, to the pneumococcal proteins, it is hoped that a T-cell dependent CMI and humoral
response will be generated (Kotiw et al. 2012). Therefore, the antibody titres will determine whether
the vaccine has developed an antibody response and if so, the nature of that response. Then,
additional results will determine the effectiveness of these antibody titres in actually preventing

infection.

5.2.1 PiaA Response

5.2.1.1 Response in PiaA vaccine and PiaA/PiuA
The vaccinations of the pneumococcal proteins alone gave a standard by which we could compare
the conjugated vaccines. With the PiaA protein alone, vaccination produced a very high IgG titre
(102400) compared to the PiaA/PiuA combined vaccination (1600). The lower titre in the combined
vaccine could be potentially due to the fact that only half the amount of PiaA protein was in the

combined vaccination compared to the PiaA alone vaccine (10ul vs 19.9ul). This explanation is not
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supported by Jomaa et al. (2005), who found that a 5ul vaccination of PiaA produced an identical

response to a 10ul or 20ul vaccination.

The PiaA alone vaccine had a statistically significant clearance of S. pneumoniae CFUs in the blood,
whereas in the PiaA/PiuA vaccine there was no significant difference from the positive
(unvaccinated) control (Figure 19). In the lung, H&E staining indicated that there were varying levels
of alveoli congestion in both vaccination groups, though a very high number of macrophages and
neutrophils are clear in the PiaA/PiuA combination (see Figure 25, A & C). From this, there is good
evidence that the PiaA/PiuA vaccine was less successful than the PiaA alone vaccine. This is counter
to the Jomaa et al. (2005) study which proposed that there was no noticeable difference whether

the proteins were combined or not.

5.2.1.2 Determining Precision
Due to sera being pooled upon collection (so that sufficient collection for ELISAs could take place),
the antibody titre for each vaccination type comes as one number with no error bars, standard
deviation, or any way of knowing the precision of the results. This method has proven to be difficult
with regards to determining statistical significance in titre concentrations, since outliers are included

and can impact the overall titre significantly.

5.2.1.3 Determining IgG1/IgG2a ratio
However, since the aim of this project is not to measure how high the titres are, but rather to
produce a humoral and CMI response to the proteins, the efficacy of the project fundamentally rests
on the IgG1 to IgG2a ratio in each vaccination type. The comparative titres for anti-PiaA IgG1 to

IgG2a in each group vaccinated with PiaA is seen in Figure 37.
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Anti-PiaA 1gG1:1gG2a Ratio
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Figure 37. The Anti-PiaA 1gG1 and IgG2a titres for each vaccine type are compared. IgG1 makes up the majority of the

response with the exception of PiaA/PiuA.

Of all the PiaA vaccinations, the one with the most promising 1gG1:1gG2a ratio was the PiaA/PiuA
unconjugated vaccine (with an equal IgG1 to IgG2a response). However, as discussed previously, this
group failed to clear pneumococcus from the blood, had bacteria in the gram stains and produced
congested lung tissue in the H&E stains. Since the PiaA/PiuA vaccination yielded very low Anti-PiaA
response, yet the Anti-PiuA response with the same vaccination yielded a high response, it is likely
that a technical error occurred in either the construct or the delivery of the vaccine resulting in an

inability to produce the expected antibody response.

The PiaA alone vaccine produced an IgG2a titre of 3200, which was a very high response compared
to PiaA vaccinated mice in the study by Jomaa et al. (2005) which yielded a titre close to zero. The
difference between the mice in that study was the use of aluminium hydroxide as opposed to the
use of Advax™. Advax™ is known to stimulate both a humoral and CMI response, which suggests the

likelihood that Advax™ is the agent responsible for the IgG2a titre.
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The conjugated PiaA vaccinations produced clear IgG1 biased responses. Despite the response being
largely IgG1 based (and subsequently humoral based), the titres for IgG2a are still indicative that
some cell mediated immunity was generated. It is unclear whether this response is the result of the
Advax™ adjuvant or the VLP conjugation, though since equivalently high titres were obtained in the
unconjugated vaccinations, the former option is more probable. This component of the
experimentation could have been more effective if there had been another vaccination group with

PiaA and aluminium hydroxide to compare the impact that Advax™ was contributing as an adjuvant.

5.2.2 PiuA Response

In the two previous studies regarding PiaA and PiuA immunogenicity in mice, PiuA was seen to
produce a greater antibody titre, though this was not necessarily coupled with increased actual

protection (Jomaa et al. 2006; Jomaa et al. 2005).

5.2.2.1 Response in PiuA vaccine and PiaA/PiuA vaccine
Total IgG in the PiuA and PiaA/PiuA vaccines gave identical high titres (204800). The IgG1 values for
each vaccine type gave similar titres (409600 and 204800 respectively). IgG2a titres were
considerably lower than IgG1 responses (12800 and 6400 respectively). However, as with PiaA, the
PiuA vaccination was not expected to produce a high IgG2a titre on its own (based on previous

studies), and the likely explanation for the high titre is the use of Advax™ as an adjuvant.

5.2.2.2 Determining IgG1/IgG2a Ratio

The comparative titres of IgG1 and IgG2a are summarised in Figure 38.
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Anti-PiuA IgG1:1gG2a Ratio
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Figure 38. The Anti-PiaA IgG1 and IgG2a titres for each vaccine type are compared. IgG1 is again the dominant response
type,

The comparison between different vaccination combinations and routes shows relatively minor

differences both in IgG1 and IgG2a titres. The conjugated vaccines were not consistently higher or

lower in IgG1 or IgG2a. All vaccination types produced a high IgG1 titre and a medium to high 1gG2a

titre. The conjugation to VLP and the delivery routes (i.m. or i.n. and i.m.) seem to not produce any

significant impact on the titres or the nature of the response.

5.3 Impact of VLP on Immune Response

The conjugation of VLP to either PiaA or PiuA produced no clear shift in the nature of the immune
response. In retrospect, the experiment would have produced a clearer result if there had been a
control group for PiaA and for PiuA using aluminium hydroxide as the adjuvant. Previous studies had
shown that using either PiaA or PiuA with aluminium hydroxide had produced an IgG2a titre only

just above zero. In this experiment, two variables were changed which would both potentially affect
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the type of immune response. ldeally, the study would have been able to measure the individual
effects that Advax™ and conjugation had on 1gG1/IgG2a titres. Instead, the results indicated (in an
unquantifiable manner) that indeed a greater IgG2a response was being produced than previous
studies, though a causal relationship was difficult to establish because there were at least two main
variables to account for this. There is good reason to believe that VLP conjugation is not the major
cause of this higher 1gG2a response due to insignificant differences between conjugated and
unconjugated groups. Therefore, it would be wise to pursue further investigation of Advax™ as a

possible IgG2a promoter.

The reason VLP conjugation was focused on in this experiment was due to the recent success it has
had in eliciting a CMI response with other antigens (Kotiw et al. 2012; Nystrom et al. 2008; Petrovsky
2006). Since the concept of manipulating the immune response through the use of a VLP is a
relatively recent concept (Schirmbeck, Bohm & Reimann 1996), the exact mechanisms of VLP
induced CMI responses are uncertain. The concept of VLP conjugation not eliciting a CMI response is
certainly possible due to improper conjugation, conjugation of proteins at positions which hindered
immunogenicity (both of VLP and the pneumococcal proteins) or a number of other possibilities

relating to protein size, structure, stability, immunogenicity and more.

5.4 Clearing Infections

Antibody titres are beneficial as long as they lead to protection in the form of stopping infection. The
histology of the lung tissue showed that some level of protection was being conveyed into each of
the vaccinated groups. It was clear upon examining the challenged, unvaccinated controls that there
was an improvement on congestion. Though there were also clear signs of infection (including
macrophages, neutrophils and occasionally congested alveoli), vaccination with any combination of
PiaA and PiuA made an impact in reducing signs of pathology. There was also statistically significant
reductions in blood culture CFUs in all vaccinates with the exception of the PiuA vaccinates, the
PiaA/PiuA vaccinates and the VLP:PiaA/PiuA i.n. and i.m. vaccinates. Although, there are

explanations as to why these groups did not have the same reduction in blood culture. The mouse

Daniel Smith Page |71




group vaccinated with PiuA also had a statistically significantly higher number of CFUs in the NPAs
than the positive control, suggesting that this group was actually challenged with a larger number of
S. pneumoniae (Section 4.2.2). The PiaA/PiuA group produced peculiar antibody titres, suggesting an
error in the vaccine construct or delivery (Section 5.2.1.1). The VLP:PiaA/ PiuAi.n. and i.m.
vaccinates also produced a peculiarly low anti-PiaA and anti-PiuA titres in IgG1 and IgG2a compared
to the other conjugated vaccine types. In summation, the majority of the data regarding the efficacy
of the vaccinated mice in clearing the infection showed a significant improvement from the
unvaccinated control mouse group. The fact that mice were able to mount a response to the
infection indicates that a CMI response was present since protection from S. pneumoniae lung

infection requires a humoral and CMI response (Wilson et al. 2014).

5.4 Significance

The discovery of an effective and safe vaccine available to all age groups against all known serotypes
of S. pneumoniae would be a major breakthrough in the global fight against pneumococcal diseases.
It is difficult to establish just how much research is currently being conducted into novel
pneumococcal vaccines, though recent reviews on new vaccine candidates have shown the variety
of antigens each presenting a number of problems (Malley & Anderson 2012). Overall, the potential
seen in the PiaA and PiuA proteins is very impressive. They fulfil so many of the criteria in an ideal
candidate, with the only exception at this stage being their inability to produce a significant CMI
response. This project has been an advancement upon previous studies involving PiaA and PiuA and
will hopefully lead to a further discovery which can transition this novel vaccine from being a

possibility to being a breakthrough in healthcare worldwide.

5.5 Future Directions

The potential discovery of a novel all-serotype encompassing, effective vaccine for conferring
protection in the host towards Streptococcus pneumoniae would be a drastic improvement for
healthcare universally. As noted earlier, the deficiencies in current vaccines are due to insufficient

coverage (not effective in all serotypes) and a non-lasting immune response. Several avenues are
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currently being investigated to discover a vaccine capable of delivering this protection and the
approach used in this experiment has high potential. The use of PiaA and PiuA are critical since they
are present in all serotypes that have been discovered. Additionally, the use of those proteins is
important in producing the desired (T-cell dependent) response. The clear next step in the pathway
to this being a successful vaccine is being able to produce a humoral and CMI response. The PiaA and
PiuA proteins naturally elicit a humoral response. An adequate mechanism for a significant CMI
response has remained elusive in this study, though the inclusion of Advax™ has been advantageous
to this cause. The VLP conjugation concept could be improved upon by conjugating to specific
immunogenic regions on VLPs. The purpose of this search for a CMI response is to provide
protection from infection, so upon finding a mechanism for providing a high CMI response the next
step is to make sure that this does translate directly into protection. If proper protection is indeed

given by the vaccine, the establishment of the safety of the vaccine is of primary concern.

Another important facet to vaccine research is an ability to predict what challenges may be faced
following the introduction of a new vaccine to the market. An effective vaccine strategy is to judge
what impact a vaccination will have on global health and be two steps ahead of any foreseeable
problems. Challenges of serotype replacement can be lessened if these are expected and addressed
before they actually pose a health threat. Due to the high recombinogenic nature of S. pneumoniae,
if a single antigen is used for cross-serotype vaccination it is expected that recombination will quickly
result in a new serotype without that specific antigen. Croucher et al. (Croucher et al. 2011)
described the high recombination in S. pneumoniae and mentioned surface proteins that were
potential vaccine candidates until recent discovery of new serotypes that do not express these
proteins. Therefore, if PiaA and PiuA continue to be promising vaccine candidates, a future direction
will be discovering the next surface protein to replace these when recombination will likely occur. A
number of other surface proteins are being studied currently which could serve this purpose (Malley

& Anderson 2012).
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Chapter 6 Conclusion

The results of this study indicate that PiaA and PiuA coupled with Advax™ has a potential for
providing real protection against all serotypes of Streptococcus pneumoniae. VLP conjugation
provided very little evidence of being able to elicit a CMI response. Though the responses in all
vaccines trialled in this experiment were mainly of a humoral nature, there was a noticeable CMI
response which was likely due to the use of Advax™ as an adjuvant. This produced a level of
protection in the mice that could be observed through a significant reduction of CFUs in blood
culture and decreased pathology in lung tissue. Although VLP conjugation did not stimulate the CMI
response as expected, there are other conjugation techniques that could potentially elicit this
response. Additional research would be worthwhile in identifying how VLP can be utilized to improve

the desired CMI response and lead to a vaccine providing full protection from S. pneumoniae.
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Chapter 7 Appendix

Antibody Titres

Antibody titres were recorded in triplicate in a serial dilution. Titres are recorded below grouped by

the

7.1 Anti-PiaA

7.1.1 Total IgG

Vaccination: PiaA

Vaccination: PiaA/PiuA

Optical Density Readings

Dilution (450nm)

1/50000 0.09 0.102 0.099
1/100000 0.098 0.087 0.074
1/200000 0.072 0.071 0.057
1/400000 0.054 0.056 0.061
1/800000 0.048 0.052 0.051
1/1600000 0.046 0.048 0.046
1/3200000 0.049 0.046 0.048

Optical Density Readings

Dilution (450nm)

1/200 0.242 0.259 0.256
1/400 0.209 0.208 0.221
1/800 0.117 0.137 0.112
1/1600 0.084 0.084 0.08
1/3200 0.056 0.063 0.061
1/6400 0.05 0.053 0.05
1/12800 0.045 0.044 0.044

Vaccination: VLP:PiaA

Vaccination: VLP:PiaA/PiuA

Optical Density Readings

Dilution (450nm)

1/200 0.372 0.449 0.437
1/400 0.254 0.284 0.279
1/800 0.201 0.175 0.198
1/1600 0.161 0.137 0.149
1/3200 0.102 0.103 0.118
1/6400 0.085 0.094 0.084
1/12800 0.076 0.076 0.078

Optical Density Readings

Dilution (450nm)

1/200 0.946 0.984 0.974
1/400 0.704 0.69 0.641
1/800 0.423 0.424 0.411
1/1600 0.298 0.269 0.274
1/3200 0.16 0.16 0.163
1/6400 0.11 0.137 0.128
1/12800 0.08 0.08 0.089

Vaccination: VLP:PiaA (IM+IN)

Vaccination: VLP:PiuA (IM+IN)

Optical Density Readings

Dilution (450nm)

1/200 0.408 0.405 0.406
1/400 0.244 0.245 0.239
1/800 0.163 0.157 0.163
1/1600 0.12 0.114 0.11
1/3200 0.088 0.09 0.082
1/6400 0.074 0.073 0.073
1/12800 0.064 0.061 0.064

Daniel Smith

Optical Density Readings

Dilution (450nm)

1/200 0.547 0.592 0.549
1/400 0.329 0.34 0.333
1/800 0.128 0.222 0.215
1/1600 0.128 0.143 0.125
1/3200 0.095 0.095 0.099
1/6400 0.077 0.074 0.083
1/12800 0.075 0.073 0.066
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7.1.2 IgG1

Vaccination: PiaA

Vaccination: PiaA/PiuA

Optical Density Readings

Optical Density Readings

Dilution (450nm)

1/200 0.174 0.185 0.182
1/400 0.19 0.171 0.151
1/800 0.095 0.119 0.095
1/1600 0.073 0.08 0.07
1/3200 0.052 0.063 0.058
1/6400 0.046 0.055 0.047
1/12800 0.043 0.042 0.042

Vaccination: VLP:PiaA/PiuA

Dilution (450nm)

1/50000 0.095 0.091 0.089

1/100000 0.063 0.064 0.066

1/200000 0.055 0.052 0.054

1/400000 0.051 0.052 0.062

1/800000 0.049 0.05 0.047

1/1600000 0.045 0.044 0.046

1/3200000 0.048 0.048 0.045

Vaccination: VLP:PiaA
Optical Density Readings

Dilution (450nm)
1/200 0.256 0.293 0.266
1/400 0.193 0.206 0.212
1/800 0.147 0.134 0.122
1/1600 0.097 0.099 0.107
1/3200 0.072 0.078 0.074
1/6400 0.085 0.086 0.073
1/12800 0.233 0.069 0.061

Optical Density Readings

Dilution (450nm)

1/200 0.917 0.828 0.878
1/400 0.673 0.648 0.674
1/800 0.441 0.422 0.43
1/1600 0.252 0.252 0.256
1/3200 0.17 0.15 0.16
1/6400 0.102 0.116 0.105
1/12800 0.079 0.074 0.079

Vaccination: VLP:PiaA (IM+IN)

Vaccination: VLP:PiaA/PiuA (IM+IN)

Optical Density Readings

Dilution (450nm)

1/200 0.247 0.247 0.25
1/400 0.156 0.132 0.16
1/800 0.112 0.103 0.101
1/1600 0.086 0.078 0.073
1/3200 0.063 0.059 0.069
1/6400 0.055 0.053 0.053
1/12800 0.051 0.049 0.049
Daniel Smith

Optical Density Readings

Dilution (450nm)

1/200 0.203 0.191 0.192
1/400 0.137 0.129 0.113
1/800 0.1 0.1 0.092
1/1600 0.072 0.076 0.076
1/3200 0.059 0.064 0.062
1/6400 0.056 0.062 0.056
1/12800 0.054 0.052 0.048
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7.1.3 IgG2a

Vaccination: PiaA Vaccination: PiaA/PiuA

Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/200 0.565 0.562 0.604 1/200 0.285 0.271 0.306
1/400 0.403 0.414 0.411 1/400 0.168 0.153 0.175
1/800 0.23 0.235 0.228 1/800 0.11 0.105 0.104
1/1600 0.14 0.147 0.146 1/1600 0.077 0.073 0.075
1/3200 0.091 0.089 0.09 1/3200 0.06 0.059 0.062
1/6400 0.068 0.065 0.069 1/6400 0.056 0.063 0.054
1/12800 0.056 0.053 0.055 1/12800 0.049 0.059 0.05

Vaccination: VLP:PiaA Vaccination: VLP:PiaA/PiuA

Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/200 0.266 0.272 0.28 1/200 0.249 0.233 0.263
1/400 0.165 0.166 0.144 1/400 0.194 0.145 0.149
1/800 0.111 0.113 0.1 1/800 0.119 0.09 0.102
1/1600 0.073 0.083 0.072 1/1600 0.08 0.071 0.074
1/3200 0.047 0.055 0.057 1/3200 0.053 0.053 0.059
1/6400 0.05 0.048 0.049 1/6400 0.051 0.076 0.051
1/12800 0.051 0.057 0.054 1/12800 0.045 0.045 0.046

Vaccination: VLP:PiaA (IM+IN)

Optical Density Readings

Dilution (450nm)

1/200 0.056 0.061 0.058
1/400 0.049 0.051 0.05
1/800 0.051 0.048 0.045
1/1600 0.043 0.043 0.043
1/3200 0.056 0.043 0.043
1/6400 0.043 0.046 0.042
1/12800 0.041 0.041 0.042

Daniel Smith

Vaccination: VLP:PiaA/PiuA (IM+IN)
Optical Density Readings

Dilution (450nm)

1/200 0.087 0.086 0.086
1/400 0.064 0.063 0.058
1/800 0.059 0.05 0.051
1/1600 0.047 0.048 0.047
1/3200 0.05 0.043 0.048
1/6400 0.044 0.044 0.043
1/12800 0.042 0.041 0.042
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7.2 Anti-PiuA

7.2.1 Total IgG

Vaccination: PiuA

Vaccination: PiaA/PiuA

Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/25000 0.503 0.509 0.441 1/25000 0.34 0.348 0.352
1/50000 0.042 0.175 0.258 1/50000 0.194 0.205 0.201
1/100000 0.07 0.109 0.191 1/100000 0.112 0.103 0.111
1/200000 0.04 0.073 0.105 1/200000 0.078 0.078 0.08
1/400000 0.039 0.053 0.069 1/400000 0.058 0.06 0.063
1/800000 0.038 0.049 0.058 1/800000 0.048 0.048 0.048
1/1600000 0.036 0.042 0.048 1/1600000 0.043 0.043 0.043

Vaccination: VLP:PiuA Vaccination: VLP:PiuA

Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/25000 0.649 0.657 0.647 1/200 0.547 0.592 0.549
1/50000 0.429 0416 0.424 1/400 0.329 0.34 0.333
1/100000 0.234 0.248 0.229 1/800 0.128 0.222 0.215
1/200000 0.149 0.146 0.156 1/1600 0.128 0.143 0.125
1/400000 0.096 0.087 0.096 1/3200 0.095 0.095 0.099
1/800000 0.067 0.074 0.069 1/6400 0.077 0.074 0.083
1/1600000 0.054 0.05 0.053 1/12800 0.075 0.073 0.066

Vaccination: VLP:PiuA (IM+IN)

Vaccination: VLP:PiaA/PiuA (IM+IN)

Optical Density Readings

Dilution (450nm)

1/25000 0.674 0.67 0.574
1/50000 0.365 0.365 0.336
1/100000 0.251 0.245 0.212
1/200000 0.125 0.137 0.133
1/400000 0.102 0.101 0.096
1/800000 0.077 0.071 0.07
1/1600000 0.068 0.05 0.052
Daniel Smith

Optical Density Readings

Dilution (450nm)

1/25000 0.252 0.275 0.273
1/50000 0.146 0.148 0.161
1/100000 0.095 0.088 0.094
1/200000 0.083 0.077 0.07
1/400000 0.069 0.077 0.056
1/800000 0.054 0.06 0.048
1/1600000 0.049 0.057 0.045
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7.1.2 IgG1

Vaccination: PiuA

Optical Density Readings

Vaccination: PiaA/PiuA

Optical Density Readings

Dilution (450nm)

1/25000 0.411 0.372 0.402
1/50000 0.233 0.223 0.23
1/100000 0.125 0.122 0.13
1/200000 0.088 0.086 0.09
1/400000 0.068 0.07 0.065
1/800000 0.056 0.054 0.053
1/1600000 0.046 0.042 0.049

Vaccination: VLP:PiaA/PiuA

Optical Density Readings

Dilution (450nm)

1/25000 0.516 0.498 0.456

1/50000 0.307 0.304 0.303

1/100000 0.181 0.204 0.187

1/200000 0.123 0.133 0.119

1/400000 0.087 0.09 0.082

1/800000 0.062 0.062 0.059

1/1600000 0.048 0.049 0.049

Vaccination: VLP:PiuA
Optical Density Readings

Dilution (450nm)
1/25000 0.668 0.76 0.729
1/50000 0.49 0.511 0.462
1/100000 0.296 0.272 0.308
1/200000 0.187 0.173 0.202
1/400000 0.11 0.138 0.121
1/800000 0.077 0.076 0.108
1/1600000 0.056 0.074 0.068

Dilution (450nm)

1/25000 0.607 0.639 0.6
1/50000 0.37 0.385 0.341
1/100000 0.227 0.23 0.223
1/200000 0.136 0.128 0.126
1/400000 0.091 0.087 0.094
1/800000 0.061 0.066 0.058
1/1600000 0.056 0.05 0.051

Vaccination: VLP:PiuA (IM+IN)

Vaccination: VLP:PiaA/PiuA (IM+IN)

Optical Density Readings

Optical Density Readings

Dilution (450nm)

1/25000 0.725 0.608 0.637
1/50000 0.407 0.444 0.421
1/100000 0.237 0.234 0.235
1/200000 0.163 0.149 0.163
1/400000 0.104 0.1 0.104
1/800000 0.071 0.07 0.089
1/1600000 0.056 0.069 0.052
Daniel Smith

Dilution (450nm)

1/25000 0.313 0.334 0.289
1/50000 0.179 0.181 0.169
1/100000 0.104 0.093 0.107
1/200000 0.08 0.073 0.071
1/400000 0.058 0.056 0.054
1/800000 0.047 0.047 0.046
1/1600000 0.044 0.051 0.043
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7.1.3 IgG2a

Vaccination: PiuA Vaccination: PiaA/PiuA
Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/200 0.712 0.761 0.742 1/200 0.54 0.551 0.572
1/400 0.646 0.635 0.627 1/400 0.483 0.462 0.444
1/800 0.461 0.45 0.411 1/800 0.27 0.286 0.259
1/1600 0.284 0.293 0.304 1/1600 0.172 0.174 0.162
1/3200 0.184 0.174 0.184 1/3200 0.104 0.098 0.099
1/6400 0.12 0.122 0.129 1/6400 0.071 0.07 0.071
1/12800 0.079 0.081 0.082 1/12800 0.049 0.054 0.055
Vaccination: VLP:PiuA Vaccination: VLP:PiaA/PiuA
Optical Density Readings Optical Density Readings
Dilution (450nm) Dilution (450nm)
1/25000 0.183 0.205 0.206 1/200 0.842 0.883 0.874
1/50000 0.111 0.108 0.123 1/400 0.639 0.655 0.652
1/100000 0.074 0.072 0.073 1/800 0.439 0.452 0.441
1/200000 0.062 0.054 0.06 1/1600 0.257 0.239 0.267
1/400000 0.072 0.052 0.058 1/3200 0.174 0.157 0.161
1/800000 0.044 0.045 0.05 1/6400 0.105 0.096 0.102
1/1600000 0.046 0.044 0.044 1/12800 0.074 0.069 0.07

Vaccination: VLP:PiuA (IM+IN)

Optical Density Readings

Dilution (450nm)

1/200 0.869 0.924 0.869
1/400 0.679 0.781 0.716
1/800 0.593 0.572 0.613
1/1600 0.424 0.43 0.41
1/3200 0.279 0.282 0.287
1/6400 0.176 0.163 0.166
1/12800 0.111 0.113 0.107

Daniel Smith

Vaccination: VLP:PiaA/PiuA (IM+IN)
Optical Density Readings

Dilution (450nm)

1/200 0.933 0.921 0.957
1/400 0.592 0.556 0.547
1/800 0.332 0.315 0.329
1/1600 0.203 0.194 0.204
1/3200 0.141 0.127 0.137
1/6400 0.089 0.088 0.087
1/12800 0.064 0.062 0.065
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