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ABSTRACT

Streptococcus pneumoniae is a key pathogen of the human respiratory tract responsible for
approximately one million deaths per year, the majority of which occur in young children in
developing countries. Vaccination strategies against the pneumococcus currently target the
dominant immunogen of the bacterium, the polysaccharide capsule. While this has proved
highly effective against vaccine-included serotypes, serotype replacement has prevented
continued reductions in rates of pneumococcal disease over the last two decades. In order to
continue reducing the prevalence of pneumococcal disease, a novel, serotype-independent
vaccination strategy is required. Our lab has previously described a new, gamma-irradiated
pneumococcal vaccine termed y-PNAPsaA. This vaccine contains a whole-cell,
unencapsulated pneumococcal antigen inactivated using gamma-irradiation, and induces a
serotype-independent immune response against highly conserved, sub-capsular protein

antigens.

Gamma-irradiation inactivates micro-organisms primarily through direct damage to genetic
material, introducing strand breakages and preventing genome replication. Unlike genetic
material, proteins are more resistant to direct damage and remain intact throughout the
irradiation process. Data from this study showed that irradiated pneumococci retain functional
enzymes utilised for virulence and gene expression, and it was shown that some genes may be
more susceptible to direct damage than others. Furthermore, irradiated pneumococci appear to
be capable of responding to environmental signals by modifying gene expression accordingly.
Despite retaining functional enzymes and transcriptional abilities, irradiated pneumococci do

not appear to be capable of metabolising carbohydrates.

As the vast majority of pathogenic strains of pneumococci are encapsulated, it was essential to
examine the functionality of y-PNAPsaA-specific antibodies against encapsulated
pneumococci. Immune serum was generated by vaccinating mice via different routes, and
antibody binding to pneumococcal cells expressing various capsule phenotypes was assessed.

It was shown that both capsule structure and IgG subclass profiles play a role in influencing

XV



antibody binding against encapsulated pathogens. Of particular interest, it appears that certain
IgG subclass profiles may be more effective at binding sub-capsular antigens on pneumococci

expressing a wider variety of capsule phenotypes.
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CHAPTER 1

Literature review



1.1. Streptococcus pneumoniae

Streptococcus pneumoniae (the pneumococcus) is an important pathogen of the human
respiratory tract [1], associated with significant levels of global morbidity and mortality. The
pneumococcus is a Gram-positive bacterium, with virulent strains typically expressing a
polysaccharide capsule. To date, over 90 distinct capsular serotypes have been identified [2].
The pneumococcus is found as an asymptomatic coloniser of the nasopharynx in 5-30% of
healthy adults and 10-50% of healthy children [3]. Colonising strains are generally cleared
from the nasopharynx within 4 — 8 weeks [1], however, spread of colonising pneumococci

from the nasopharynx to sterile sites can lead to the development of disease [4].

1.1.1. Global burden and disease

The pneumococcus has remained a key human pathogen since its identification in 1881.
Historically, the pneumococcus has caused large scale mortality during events such as the 1918
Spanish influenza pandemic [5], and remains responsible for up to half of all cases of
community-acquired pneumonia and otitis media [6]. In children less than 5 years old,
pneumococcal diseases cause over 1 million deaths annually [7], with the majority of these
deaths occurring in developing countries [8]. Key risk factors for the development of
pneumococcal disease include age, with prevalence highest amongst children younger than 2
years old and adults over 65 years old, immunocompetence status, with HIV-positive children
at a higher risk for developing IPD [9], co-infection with other respiratory pathogens such as

influenza [10, 11], and genetic background [3].

S. pneumoniae is capable of causing a wide range of pathologies with varying severity. Milder
forms of disease include acute otitis media (AOM), an infection of the middle ear, and sinusitis,
in which the sinuses become inflamed. Life-threatening pathologies can arise upon the
development of invasive pneumococcal diseases (IPDs) such as meningitis, an infection of the
membranes surrounding the brain and spinal cord, and bacteraemia, occurring when bacteria
enter the bloodstream [3, 12, 13]. Bacterial meningitis is one of the top ten global causes of

death by infectious disease. In developed countries, community-acquired meningitis, in which



S. pneumoniae is the causative agent, has a case-fatality rate of approximately 20% [14]. Up
to 40% of survivors suffer long-term effects including deafness and neurological disability
[15]. The situation in developing countries is more severe, with a case-fatality rate of up to

50% and around 60% of survivors suffering long-term effects [16-18].

As previously mentioned, the pneumococcus is also a causative agent of pneumonia, the
leading cause of pneumococcal death worldwide [19, 20]. S. pneumoniae has been implicated
in up to two thirds of cases of community-acquired bacteraemic pneumonia [21] and is

estimated to cause approximately 550,000 cases of pneumonia annually [22].

1.1.2. Pathogenesis

All cases of pneumococcal disease are preceded by nasopharyngeal colonisation. While the
majority of individuals will clear a colonising serotype within weeks to months (depending on
age), spread of the pneumococcus to sterile sites of the body leads to the development of
disease, particularly in those belonging to at-risk groups mentioned earlier. Contact with
infectious respiratory secretions allows for the dissemination of the pneumococcus throughout
the population [23], with young children acting as carriage reservoirs. To successfully colonise
a new host, the pneumococcus must make use of a vast array of virulence factors required for

bacterial-host cell interactions and immune evasion.

Asymptomatic colonisation occurs when pneumococci adhere to resting cells of the respiratory
epithelium in the nasopharynx. Surface proteins mediate adhesion directly through adhesin-
receptor interactions, and indirectly by contributing to the hydrophobic and electrostatic
surface characteristics of the pneumococcus, facilitating non-specific, physiochemical
interactions between bacterial and host cells [13, 24]. Direct interactions typically occur
between cell-wall associated protein adhesins, such as pneumococcal surface protein A (PspA)
and other choline binding proteins [25, 26], and host-cell surface carbohydrates [23]. The
pneumococcus is also capable of remodelling the host environment using enzymes such as
neuraminidase A (NanA) to decrease the viscosity of mucous, reducing nasopharyngeal

clearance. NanA also functions in the removal of terminal sugar residues from host



glycoconjugates, exposing receptors such as N-acetyl-glucosamine (GIcNAc) for the
pneumococcus to bind to [23, 27]. Under pro-inflammatory conditions, another virulence
factor, choline binding protein A (CbpA), interacts directly with host cell polymeric Ig receptor
(pIgR), leading to internalisation and transcytosis of the pneumococcus across the epithelial
barrier [28]. From here, bacterial dissemination to other niches can begin, along with the

development of pneumococcal disease.

The polysaccharide capsule predominantly functions to enhance resistance to
opsonophagocytosis, complement-mediated killing [29], and clearance at mucosal surfaces
[30]. The capsule is made up of chains of repeating monosaccharide units decorated with
various sidechains [31], whose organisation, exportation, and synthesis is determined by
enzymes encoded by an array of c¢ps genes [32]. More complex chain structures may possess
acetylated sugars, and oligosaccharide repeat units may include phosphodiester linkages,
pyruvate, and glycerol amongst other inclusions [33]. Serological differences between each
serotype arise from the possession of different genes encoding highly substrate-specific
glycosyltransferases responsible for forming glyosidic linkages between sugar moieties [34].
Polysaccharide chain length and capsule thickness are key points of structural variability
between serotypes. Chain length has been linked to substrate availability during growth, for
example, modulation of UDP-GIcUA and UDP-GIc availability has been shown to influence
polysaccharide chain length, with UDP-GIcUA availability positively correlating with
polysaccharide chain length in serotype 3 [35]. Capsule thickness is also associated with
carbon source availability in vitro, for example, larger capsules are produced when glucose is
the predominant carbon source, while thinner capsules are produced when fructose acts as the

main carbon source [36].

Importantly, capsular serotype is intrinsically linked to both virulence and disease type, with
up to 100-fold variability in invasiveness between different capsular serotypes. In fact, only
20-30 of the >90 identified serotypes in humans are routinely able to cause IPD [37, 38], due
to differences in the ability of their capsule layer to evade host immune responses. This has
been demonstrated by multiple studies using capsule switch pneumococcal mutants. For

example, serotype 5 is highly virulent, though expressing a serotype 3 capsule in a serotype 5



genetic background generated a completely avirulent pneumococcal strain. Conversely,
expressing serotype 3 capsule on a serotype 6 genetic background generated a switch mutant
that was significantly more virulent than its wild-type parental strain. Furthermore, authors
observed no significant difference in virulence when the serotype 3 capsule was expressed in
a serotype 2 genetic background compared with the parental serotype 2 strain [39]. This study
led to formulation of two distinct hypotheses as to why virulence may be so dramatically
altered by capsule switching. Firstly, an interplay between specific capsule types and virulence
factors may be required for virulence in wildtype strains, and secondly, changes in virulence
associated with capsule switching may be due to changes in sub-capsular antigen shielding by

different capsule types.

IPDs such as bacteraemia and meningitis involve the dissemination of the pneumococcus from
the epithelium to the blood, and subsequently across the blood-brain barrier (BBB). To
facilitate this movement, the pneumococcus hijacks aspects of the host’s immune response
under pro-inflammatory conditions [26]. Bacterial cell wall components and lipotechoic acids
stimulate the release of pro-inflammatory cytokines IL-1, tumour necrosis factor (TNF)-a,, and
IL-12, generating an acute inflammatory response [40] to the disseminating pneumococci. In
response, host cells upregulate surface molecules such as platelet activating factor receptor
(PAF-R). PAF-R is the receptor for PAF, a lipid chemokine which enhances endothelial
permeability and leukocyte extravasation to inflamed sites [41]. The pneumococcus capitalises
on this, binding in place of PAF via a phosphorylcholine determinant of cell wall teichoic acid
shared with PAF [42], undergoing transcytosis from the bloodstream into susceptible tissues

to cause disease.

1.2. Immune response to S. preumoniae

1.2.1. Innate immunity

The mucosal layer of the respiratory tract acts as the first innate barrier to pneumococcal
infection, preventing direct access to the respiratory epithelium below and trapping

pneumococcal cells. The ionic effects of the negatively-charged capsular polysaccharide aid



in avoiding mucosal entrapment by repelling sialic acid-rich mucopolysaccharides [30]. At the
host cell surface, an array of pattern recognition receptors (PRRs) play a synergistic, although
partially redundant, role in innate sensing of pneumococcal pathogen associated molecular
patterns (PAMPs). This drives the initiation of pro-inflammatory responses and recruitment of
phagocytes to mediate bacterial clearance, and subsequently guides the development of the

adaptive immune response.

Toll-like receptor 2 (TLR2), located at the host cell surface, is a key innate sensor of Gram-
positive bacteria [43], detecting cell wall components such as peptidoglycan, lipoteichoic acid,
and lipoprotein [44]. TLR2 plays a role in inflammation following intranasal administration of
pneumococcal lipotechoic acid in mice, driving TLR2-dependent neutrophil influx, and
production of cytokines TNF-a, IL-1f, IL-6 and MIP-2 [45]. In murine models of
pneumococcal pneumonia, TLR2 has been implicated in the early stages of inflammatory
responses driven by alveolar macrophages [46]. In addition, TLR2 has been shown to play a
protective role in meningitis, with TLR2” mice demonstrating aggravated disease progression,
reduced immune cell recruitment, and increased bacterial loads on the brain [47]. TLR4,
another cell-surface TLR [43], has also been implicated as a key sensor and regulator of the
innate immune response to the pneumococcus, with TLR4” mice significantly more
susceptible to lethal pneumococcal infection. Macrophages were found to mount a TLR4-
mediated pro-inflammatory response to the pore-forming toxin, pneumolysin (Ply). This
sensing capability is thought to occur via specific interactions between Ply and TLR4, rather
than a sensing mechanism dependent on the cytotoxic effects of Ply, as non-toxic Ply also
stimulates TLR4-mediated inflammatory responses [48]. Ply has also been shown to be a
potent activator of the NLRP3 inflammasome, driving IL-1f3 production in macrophages and
dendritic cells in a TLR4-independent manner, with inflammasome activation playing an
important role in bacterial clearance and maintenance of respiratory epithelial and endothelial
barriers [49]. Unlike cell surface TLRs 2 and 4, TLR9, the endosomal TLR sensing
unmethylated CpG dinucleotides, has been found to have a redundant role in models of
nasopharyngeal colonisation and meningitis [50, 51]. TLR9 does, however, play a key role in
driving early phagocytic uptake and killing of pneumococci in murine models of pneumonia

[52].



In addition to TLRs, opsonophagocytic killing plays a key part in the innate immune response
to S. pneumoniae. Alveolar macrophages act as first responders in the lungs and are capable of
clearing low bacterial burdens. As larger numbers of pneumococci accumulate in the airways
and inflammation persists, neutrophils are recruited and become the dominant phagocyte [23,
53]. The complement system acts as an integral part of bacterial opsonisation to enhance
phagocytic killing, with the classical pathway playing the largest role [54]. The classical
pathway was thought to be an exclusive arm of the adaptive immune response, activated by
Clq protein binding to the Fc portion of specific IgG antibody-antigen complexes [55].
However, C1q has been shown to be capable of binding directly to bacterial surfaces [56],
indirectly via association with natural IgM [57], and to C reactive protein (CRP) bound to
bacterial phosphorylcholine [58]. The capsule plays a large role in innate immune evasion by
reducing the deposition of complement activating factors, such as CRP, and opsonins such as
C3b/iC3b, on the bacterial cell surface. The capsule extends its role to preventing adaptive
IgG-mediated activation of the classical complement pathway by shielding sub-capsular
antigens from recognition by antigen-specific IgG [59]. Opsonophagocytosis is further evaded
through steric hinderance as the capsule prevents interactions between the Fc portions of bound
antibodies and the Fcy receptors of phagocytic cells [30, 60]. Additionally, neutrophils can
mediate killing via the release of neutrophil extracellular traps (NETs) containing high levels
of antimicrobial peptides in a DNA scaffold [61]. The pneumococcus possesses an
endonuclease (endA) used to degrade the DNA scaffold of NETs, mediating escape and
preventing bacterial killing [62]. Evasion of natural antibody responses at the mucosal surface
is also conferred by enzymatic virulence factors such as IgA protease, which cleave the
protease sensitive hinge region of IgA, the dominant immunoglobulin of the human respiratory

tract [63].

v0 T cells, a subset of lymphocytes associated with the innate immune response, are also
essential for early host defences against pneumococcal infection. TCR-Vy4” mice exhibit
significantly higher bacterial loads and reduced neutrophil influx into the lungs, ultimately
leading to reduced survival, demonstrating an essential role for tissue-specific subsets of y0 T

cells in pulmonary clearance of pneumococci [64]. Importantly, y& T cells have been



demonstrated to be key producers of IL-17 in response to Mycobacterium tuberculosis
infection [65], and thus may also participate in anti-pneumococcal immune responses as
producers of IL-17. In fact, intranasal vaccination of mice with a whole-cell, gamma-irradiated
pneumococcal vaccine has previously been demonstrated to induce innate IL-17 responses
[66]. This cytokine plays a key role in coordinating localised inflammatory responses through
the induction of pro-inflammatory cytokine expression and neutrophil recruitment and

activation [67].

1.2.2. Adaptive immunity

Acquired pneumococcal immunity depends on both cellular and humoral immune responses
to effectively prevent colonisation and disease. Each episode of pneumococcal carriage acts as
an immunising event against the carriage serotype, leading to subsequent increases in

immunity to the pneumococcus in serotype-dependent and —independent manners.

Cellular immunity

The essential role for CD4+ T cells in protection against pneumococcal disease is highlighted
by rates of pneumococcal disease in HIV+ individuals. HIV infection in adults is associated
with a 50-fold increased risk of developing pneumococcal disease and reduced colonisation-
free periods [68, 69]. A study in uMT and MHCII” mice found that both antibody- and CD4+
T cell-mediated responses were involved in protection against mucosal colonisation and the
development of IPD [70]. Subsequent studies aimed to elucidate which cytokines and T helper
cell subsets were responsible for adaptive immunity to the pneumococcus following
colonisation. IFN-y, IL-4, and IL-17AR knockout mice were immunised with a whole-cell
vaccine (WCV) preparation (previously shown to induce CD4+ T cell-dependent protection
[71]) and protection against colonisation was assessed. It was revealed that naive and
vaccinated IL-17AR knockout mice were highly susceptible to pneumococcal colonisation,
indicating a crucial role for IL-17A in the secondary immune response [72]. Further
investigation supported the role of IL-17A in late stage clearance of pneumococcal

colonisation via monocyte/macrophage recruitment in a TLR2-, CD4+ T cell-, and IL-17A-



dependent manner. TLR2” and CD4+ T or IL-17A cell depleted mice showed delayed late
stage clearance of colonising pneumococci during primary exposure, with reduced recruitment
of monocytes and macrophages to facilitate clearance. Depletion of CD4+ T cells and IL-17A
at the time of secondary challenge also abolished enhanced early clearance via phagocyte
recruitment, further highlighting the key role of IL-17A producing T helper cell subsets in both

primary and secondary immune responses [73].

IL-17 has also been implicated in human responses to the pneumococcus. In a model of
experimental human carriage, nasopharyngeal pneumococcal colonisation was associated with
the expansion of pneumococcal-specific IL-17+ CD4+ (Th17) effector and memory T cell
populations in the lung [74]. Futhermore, those carrying polymorphisms in the IL-17A gene,
ILI7A, are more susceptible to colonisation and lung infection by Gram-positive bacteria [75,

76].

The protective effects of Th17 responses in mice have also been shown to be synergistic with
antibody responses, enhancing phagocytic capabilities in the lung through increased phagocyte
recruitment and enhanced leakage of anti-pneumococcal IgG from the serum into the lung,

increasing bacterial opsonisation [77].

Humoral immunity and the role of the anti-protein antibody response

As S. pneumoniae is predominantly an extracellular pathogen, opsonising antibodies are
essential for the effective clearance of pneumococci via opsonophagocytic methods described
earlier. Protective antibody responses to the pneumococcus were thought to be primarily driven
by the development of serotype-specific anti-capsular antibodies, however, recent data has
begun to challenge this paradigm, highlighting a role for the anti-protein antibody response in

protection against pneumococcal disease.

The key role of systemic antibody responses has been highlighted in a murine model of
pneumonia and subsequent bacteraemia. uMT mice lacking antibody responses rapidly

develop bacteraemia upon challenge, however, passive transfer of anti-pneumococcal



antibodies from serum isolated from vaccinated mice greatly reduced bacterial burden in the
lungs and the likelihood of developing bacteraemia. Furthermore, serum from colonised mice
enhanced neutrophil-mediated phagocytosis, compared with serum from uncolonised or uMT
mice [78]. However, this study did not distinguish between IgG directed against capsular
polysaccharide and protein antigens. Interestingly, a previous study indicated partial antigenic
redundancy between pneumococcal antigenic groups, with unencapsulated mutants also

inducing protective antibody responses in mice [79].

In general, Ig isotype and subclass profiles have been demonstrated to be dependent on the
inducing antigen. In mice, capsule specific antibody responses are typically dominated by [gM
and IgG3, while protein specific responses are dominated by [gG2b and IgG2a [80]. In humans,
antibody responses to carbohydrate antigens are typically dominated by IgG2, followed by
IgG1, while anti-protein responses are dominated by IgG1 and IgG4 [81]. IgG1, rather than
I1gG2, is a more effective opsonin and activator of the classical complement pathway, the main
complement pathway involved in anti-pneumococcal responses. Interestingly, IgG1:1gG2
ratios have been found to vary between age groups, with IgG2 typically higher in adults, and
IgG1l dominant in infants in response to polysaccharide antigen [82, 83]. The effect of
IgG1:I1gG2 ratios has been found to have a negative, though non-significant, impact on
opsonophagocytic activity (OPA) in vitro, with total anti-capsule IgG titres playing a more

significant role in OPA [82].

Despite the association between anti-capsular IgG and in vitro OPA, human intravenous
immunoglobulin (IVIG) depleted of anti-capsular IgG was demonstrated to retain
agglutinating capabilities against encapsulated pneumococci [84]. Furthermore, depleted IVIG
has been shown to prevent the development of IPD in mouse models, demonstrating a clear

protective role for antibodies targeting non-polysaccharide antigens [84].

Further compelling evidence for the role played by anti-protein, rather than anti-capsular,
antibodies in natural immunity to S. pneumoniae arises from analysis of IgG titre kinetics and
age-related declines in pneumococcal disease. Incidence of pneumococcal disease follows a

well-known trend; peaking in infancy, declining significantly in children over 5 years old and
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adults, and rising again in the elderly [85]. Assuming anti-capsular antibodies are primarily
responsible for age related declines in IPD, it would be expected that anti-capsular antibody
titres would increase significantly over the first few years of life. In a study examining IgG
responses to pneumococcal antigens in infants, it was found that between 5.6% and 85.7% of
infants developed serum IgG concentrations above the putative protection level for IPD
(0.35mg/L) in a serotype-specific manner. Considering this high level of variability, it is
unlikely that serotype-specific anti-capsular IgG is contributing to the serotype-independent
phenomenon of age-related decline in IPD [86]. Comparatively, a number of studies have
observed rapid increases in IgG levels against protein antigens over the first two years of life.
Unlike capsular polysaccharide, the antigenic structure of pneumococcal proteins is highly

conserved between serotypes.

Studies of anti-protein antigen titres in different age groups in Kenya found that anti-
pneumolysin titres increased four-fold over the first years of life, reaching adult titres by four
years of age, while anti-PspA IgG titres increased 13-fold over the same time period.
Interestingly, IgG titres against the three protein antigens studied, PspA, Ply, and PsaA were
not found to significantly decrease in the elderly, suggesting immunological senescence in the
form of decreased anti-protein antibody titres may not be a cause of increased susceptibility
for IPD in the elderly [87]. Subsequent studies in the Philippines and Finland further supported
the findings of the Kenyan study, demonstrating rapid kinetics in the development of IgG titres
against pneumococcal protein antigens [88, 89]. Mothers in the Philippines were shown to have
higher 1gG titres on average compared to adults in Finland, though this is likely due to
increased pneumococcal carriage rates amongst this population. Infants in this study were
shown to develop IgG titres exceeding adult levels between 20 and 30 weeks of age against
PsaA, while anti-Ply and anti-PspA IgG titres were not shown to reach adult levels over the
50-week study period [88]. A cohort study from Finland found that anti-PsaA IgG titres in
infants exceeded adult titres by 6 months of age, while anti-Ply titres approached adult levels
by 24 months of age. Anti-PspA titres were found to increase with slower kinetics, though this

is likely due to high levels of PspA antigenic heterogeneity [89].
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Further compelling evidence for the role of anti-protein antibodies in protection against
pneumococcal carriage and disease arose from an experimental model of human carriage in
adults. Healthy adult volunteers received an intranasal inoculum of pneumococcal serotype
23F. Susceptibility to carriage was more strongly linked to the absence of pre-existing antibody
responses against a 22kDa protein — later identified as PspA — rather than pre-existing titres of
IgG or IgA against the 23F capsule type [90]. Taken together, these studies demonstrate a key
role for the anti-protein antibody response in protection against pneumococcal disease and
carriage both early and later in life. As cross-reactivity between capsule serotypes is highly
limited, the serotype-independent, age-related decline in pneumococcal disease is far more
likely a result of the development of an immune response against highly conserved protein
antigens, particularly in the early years of life. Considering this evidence, the anti-protein

antibody response should be further investigated for the purpose of pneumococcal vaccination.

1.3. Treatment of pneumococcal disease

With the majority of pneumococcal disease cases occurring in developing countries, treatment
of IPD and pneumococcal pneumonia generally relies on the oral administration of inexpensive
antibiotics following diagnosis by primary healthcare workers. Amoxycillin and trimethoprim-
sulphamethoxazole (TMP-SMX) remain frontline treatments for less severe cases in children,
while more severe cases are often referred to hospital for administration of penicillin or
chloramphenicol. Treatment options for adults include oral administration of tetracyclines in
addition to antibiotics used in cases of childhood illness [91]. In developed countries, penicillin
acts as a first line antibiotic against pneumococcal infection, with more severe cases treated in
hospital through administration of broad-spectrum antibiotics until sensitivity testing has been

undertaken [92].

Disturbingly, isolation of single- and multi- drug resistant strains of S. pneumoniae is becoming
more frequent. Penicillin resistant strains have been isolated worldwide, with resistance
occurring through the structural modification of pneumococcal penicillin-binding proteins,
allowing the synthesis of peptidoglycan and new cell wall in the presence of the antibiotic [23,

93]. Resistance to TMP-SMX treatment is also highly prevalent worldwide, and often occurs
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concurrently with penicillin- and macrolide- resistance [94, 95]. Increases in non-susceptibility
to frontline treatments used in both developing and developed countries against pneumococcal
disease has led to the development of prophylactic approaches, such as vaccination, in a bid to

reduce the global burden of pneumococcal disease.

1.4. Pneumococcal vaccines

The generation of anti-capsular antibodies provides the current basis of pneumococcal
vaccination. These antibodies are highly protective against IPD in a serotype-specific manner
[96, 97], however, a number of shortcomings are limiting the impact of vaccination on the
global burden of pneumococcal disease. This has led to continued interest in the development

of novel pneumococcal vaccination strategies.

1.4.1. Purified polysaccharide vaccine (PPV)

The first widely available pneumococcal vaccine was released in the 1970s, and the current
formulation contains purified polysaccharide antigen from 23 capsular serotypes (23vPPV).
23vPPV has been formulated to include polysaccharide from serotypes 1,2, 3,4,5,6B, 7F, 8,
ON, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F [98], and is
currently recommended for use in Australia for healthy non-indigenous adults over 65 years

old, healthy indigenous adults over 50 years old, and adults with an increased risk of IPD [99].

Despite boasting relatively high serotype coverage, 23vPPV is associated with significant
shortcomings that have limited its effectiveness in reducing the global burden of pneumococcal
disease. The key limitation of 23vPPV arises from the immunogenic nature of polysaccharide
antigens, classified as T-independent (TI) immunogens. These antigens activate B cells
primarily via natural killer (NK) cells with limited T-cell regulation in murine models [100].
In the absence of T cell help, polysaccharide antigens fail to induce memory responses,
disproportionately favour IgM antibody production, and are poorly immunogenic in young
children with the highest risk of IPD [101]. Furthermore, while 23vPPV is effective at

preventing pneumococcal bacteraemia in the elderly, it is associated with limited efficacy in
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preventing community-acquired, non-bacteraemic pneumonia in this cohort [102, 103]. Some
studies also reported reduced serotype-specific immunogenicity of some 23vPPV antigens,
particularly polysaccharide belonging to serotypes 3 and 4, with serotype 4 considered the
leading cause of IPD in North America prior to the introduction of the protein-conjugate

vaccine [104].

1.4.2. Protein Conjugate Vaccine (PCYV)

A second class of pneumococcal vaccine, the protein conjugate vaccine (PCV), was first
introduced in the early 2000s in an attempt to address some of the limitations associated with
23vPPV. This formulation contains polysaccharide antigen from a maximum of 13 serotypes
(1,3,4,5,6A,7F,9V, 14, 18C, 19A, 19F, 23F) conjugated to a protein carrier, switching the
antigen from a TI to T-dependent (TD) immunogen [105]. The switch from a TI to TD antigen
restores immunogenicity in young children who failed to mount a protective response against
polysaccharide-based 23vPPV, delivering protection to a key high-risk group for IPD.
Furthermore, this switch also facilitates the development of a memory response and Ig isotype
switching [81]. In Australia, 13vPCV is currently recommended for indigenous and non-
indigenous infants and children younger than 5 years old, with indigenous children at a higher

risk of IPD recommended to receive 4 doses rather than 3 [99].

PCVs have been demonstrated to be highly effective at preventing non-invasive and invasive
pneumococcal disease caused by vaccine serotypes. Rates of AOM in young children have
been reported to have decreased by 96% following the introduction of 7vPCV, and a further
85% following the introduction of 13vPCV [106]. The benefits of widespread use in young
children have also extended to adult populations, with reduced childhood carriage rates leading
to community-wide decreases in pneumococcal transmission in a serotype-specific manner.
For example, rates of IPD in adults over 50 in the US have been reported to have decreased by
up to 37% in the post-PCV era [107]. Despite enhanced immunogenicity in infants and the
flow-on effects for the wider community, the high cost of manufacture limits antigen inclusion
in PCV, limiting serotype coverage to 13. Furthermore, high costs can limit vaccine

accessibility in developing countries where the burden of pneumococcal disease is highest [4].
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1.4.3. Serotype replacement

While providing protection against vaccine-included serotypes, both 23vPPV and 13vPCV
share a significant limitation in that they fail to offer protection against pneumococcal disease
caused by non-vaccine serotypes (NVTs). Due to high levels of structural diversity in the
polysaccharide chains of each capsular serotype, cross-reactivity of vaccine-induced immune
responses is extremely limited. Not only does serotype specificity limit vaccine efficacy in
different geographical regions, with coverage ranging from over 85% of circulating serotypes
in the US, to 55% in Asia [13], but serotype specific vaccination is the driving force behind
serotype replacement [108]. This occurs when the nasopharyngeal niche is vacated by
serotypes targeted by vaccination and re-occupied by NVTs against which widespread pre-
existing immunity is absent [3, 4, 13]. Subsequently, carriage and rates of disease caused by
NVTs increases, reducing the impact of vaccination on the overall burden of pneumococcal

disease.

Randomised placebo-controlled trials (RCTs), from the Gambia [109], South Africa [110], the
Netherlands [111], and the US [112] have shown an increase in NVT carriage following
vaccination with 7vPCV [108]. Rates of invasive disease caused by NVTs have also increased,
with cohort studies from Wales identifying a 48% increase in NVT disease in adults older than
65, and a 68% increase in children under 2 [113]. Similarly, in the US, rates of NVT disease
were found to increase from 44% before the introduction of PCVs (1998-1999) to 78% by
2004 [114]. Capsule-targeted vaccines also offer no protection against unencapsulated strains
of S. pneumoniae, or non-typeable strains (NT-Spn). While the majority of clinical isolates of
S. pneumoniae are encapsulated, with different serotypes showing varied propensities for
causing disease [115], NT-Spn, are becoming more clinically relevant. NT-Spn has been
associated with epidemic bacterial conjunctivitis [116], AOM [117], and invasive

pneumococcal disease [118].

1.5. Experimental vaccines
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Considering the limitations of current pneumococcal vaccines, a new approach is required to
offer serotype-independent protection in all age groups in a cost-effective manner. Protein-
based vaccines have become a focus of experimental pneumococcal vaccine research as, unlike
the polysaccharide capsule, cell-surface proteins are highly conserved across serotypes.
Furthermore, vaccinating against protein antigens may more closely mimic the natural
development of the anti-pneumococcal immune response associated with age-related declines

in pneumococcal disease.

1.5.1. Protein-based vaccines

Despite possessing an array of protein antigens, many studies focus on the protective effects
of vaccinating with PspA, PsaA, and Ply. PspA represents an attractive vaccine antigen due to
its exposure at the pneumococcal cell surface, protruding through the capsule to aid in
interfering with complement fixation and lactoferrin binding [119, 120]. Vaccination of mice
with full-length recombinant PspA has been shown to elicit protection in a serotype-
independent manner in multiple studies [121, 122]. However, this serotype-independent
protection is limited. While some cross-reactivity does exist, PspA is an antigenically variable
molecule consisting of three major structural domains; the N-terminal domain, a proline-rich
central domain, and a C-terminal domain. Major cross-reactive epitopes are predominantly
located in the alpha-helical N-terminal domain, with antigenic variations allowing PspA
molecules to be categorised into three distinct families, and six clades [123]. Thus, the
serotype-independent protection offered by PspA may be restricted to serotypes within the
same family as that used for vaccination. In contrast, the surface protein PsaA is highly
conserved across pneumococcal serotypes [124]. Also exposed at the pneumococcal surface,
PsaA acts as an ABC-type permease complex involved in the uptake of Mn®* [125].
Vaccination of mice with antigenic PsaA peptides was shown to reduce carriage rates of
serotypes 2, 4, and 6B [126]. Non-haemolytic pneumolysin toxoid has also been investigated
as a vaccine antigen and has been demonstrated to offer protection in a serotype-dependent
manner in mice. It has been hypothesised that differences in protection conferred against

various serotypes depends on the role of pneumolysin in virulence of the challenge strain [127].
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Despite offering some protection against pneumococcal disease and colonisation, single-
antigen pneumococcal protein vaccines fail to elicit levels of protection comparable to those
induced by vaccination with PCVs. Subsequently, the effect of combining protein antigens was
investigated in an attempt to enhance immunogenicity of protein-based vaccines. Vaccination
with multiple antigens was shown to have an additive effect on immunogenicity, with the
combination of pneumolysin toxoid, PspA, and PspC providing the highest level of protection
in mice compared to vaccination with each antigen alone, or in combination with other antigens

[128].

1.5.2. Whole-cell inactivated vaccines

Whilst protein-based vaccines may appear to be an attractive alternative to PPVs and PCVs,
the cost associated with large-scale protein expression and purification would likely become a
limiting factor. High costs may limit both antigenic inclusion and restrict accessibility to
vaccines in developing countries. Multiple groups have focused on an alternative approach to

the protein-based vaccine using whole-cell, unencapsulated pneumococcal vaccine antigen.

Chemically inactivated pneumococcal vaccines

A number of chemical inactivation methods have been investigated in pursuit of generating a
whole-cell, killed pneumococcal vaccine. Initially, ethanol treatment appeared to be the most
effective option, generating a whole-cell antigen with enhanced immunogenicity when
compared to antigens inactivated using more traditional methods such as heat [48], formalin,
and UV radiation [129]. Administration of whole-cell, encapsulated pneumococcal antigens
treated with ethanol was demonstrated to protect against intranasal carriage in mice and the
development of pneumonia in rats following challenge with heterologous pneumococcal
strains [130]. This robust immune response was reliant on intranasal administration of this
vaccine with added cholera toxin adjuvant. While intranasal vaccination has the advantage of
generating an immune response via the natural route of infection, the requirement for adjuvant
to induce a strong immune response using this preparation prevents utilisation in humans until

FDA-approved mucosal adjuvants become available [131].
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In order to generate GMP-grade chemically inactivated pneumococcal vaccines, -
propiolactone (BPL) [132] and chloroform [133] have been utilised. While effective, these
methods require further processing steps for the elimination of residual chemicals from the
final vaccine preparation. Additionally, whole-cell vaccine preparations inactivated using
ethanol, chloroform, trichloroethylene and BPL have been found to damage the microbial

membrane, resulting in the solubilisation of approximately 15% of total protein content [129].

Gamma-irradiated pneumococcal vaccine

y-irradiation is gaining more interest as a powerful vaccine inactivation method. Routinely, it
has been used for the sterilisation of pharmaceutical products [134], food [135], and highly
pathogenic materials, such as Ebola virus, for safe transportation [136]. y-irradiation sterilises
biological material through direct and indirect mechanisms. Direct damage occurs when
gamma-rays cause the displacement of a molecule’s outer shell electrons, leading to the
ionisation of the molecule, and subsequent breakage of covalent bonds [137]. In
microorganisms (and eukaryotic cells), this leads to the introduction of breakages into genetic
material, preventing genome replication [138], whilst having a low overall effect on protein
epitopes [139]. Most protein damage occurs via indirect damage when gamma-rays or ejected
electrons interact with water molecules to generate oxidising free radicals [137]. Importantly,
indirect damage can be minimised through optimisation of irradiation conditions to reduce the
formation and movement of free radicals, whilst still permitting genome damage via direct
mechanisms. This leaves protein antigens intact and immunogenic [140], whilst rendering the
pathogen replication-incompetent and thus, killed. As a result, our y-irradiated, whole-cell

killed pneumococcal vaccine is completely killed and safe, and also highly immunogenic.

y-irradiation has been proposed as a method to generate killed but metabolically active
(KBMA)/non-dividing but metabolically active (NDMA) vaccines. As proteins both externally
and internally are left intact, enzymatic activity is likely to be retained by irradiated, replication
incompetent pathogens. This may allow for the unique pairing of the safety benefits of killed

or subunit vaccines, with the enhanced immunogenicity of live-attenuated vaccines. This
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enhanced immunogenicity is thought to be due to the immune system’s ability to distinguish
between live and dead pathogenic material. This distinction is essential for the fine-tuning of
an immune response; too vigorous a response to non-infectious pathogenic material may lead
to an inappropriate and damaging inflammatory response, while an insufficient response to a
live pathogen may lead to the unchecked development of life-threatening disease [141].
Detection of vita-PAMPs (PAMPs associated exclusively with live pathogens) is thought to
allow for pathogen viability assessment and appropriate scaling of the immune response [142,
143]. Prokaryotic RNA has been identified as a key vita-PAMP, with actively transcribed
mRNA associated with enhanced inflammasome activation, IFN- production and

immunoglobulin class-switching [144].

A KBMA vaccine against Listeria monocytogenes was described in 2005 in which the
genetically-modified microorganism was photochemically inactivated using psoralen and
long-wavelength UV light. In addition to being replication incompetent, KBMA L.
monocytogenes was shown to be capable of protein synthesis and induced a cellular immune
response comparative in strength to that observed in mice vaccinated with the live bacterium.
Contrastingly, no significant CD8+ T cell response was observed when mice were vaccinated
with the heat-killed microorganism [145]. y-irradiated Brucella melitensis has also been shown
to be incapable of replication whilst maintaining metabolic activity as measured by Alamar
Blue and luminescent promoter assays. Vaccination of mice with NDMA B. melitensis induced
enhanced, long-term protective cytotoxic T lymphocyte (CTL) responses compared to
vaccination with heat-killed B. melitensis [146]. The KBMA term has been modified to NDMA
when applied to y-irradiated B. melitensis due to the extent of DNA damage anticipated during
each respective inactivation process. The KBMA method aims for minimal psoralen cross-
linking events to maximise gene expression post-inactivation. Comparatively, y-irradiation
induces widespread genomic damage, reducing the availability of undamaged genes for
expression [147]. Gene expression post-inactivation has never been compared between KBMA

and NDMA organisms, however.

Our lab has been working on an alternative whole-cell pneumococcal vaccine. Rather than

purifying a select panel of protein antigens, we have generated an unencapsulated derivative
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of pneumococcal serotype 2, termed Rx1. Through the use of Rx1 as a whole-cell vaccine
antigen, all pneumococcal proteins and other surface antigens are included in the vaccine
preparation, effectively generating the highest valency pneumococcal vaccine to date. For
safety purposes, the vaccine strain has been further attenuated through knock-out of the /ytA
(autolysin) and psaA genes, and replacement of the pneumolysin-encoding gene, ply, with non-
haemolytic PdT. Whilst vaccination with purified PsaA has previously been demonstrated to
induce serotype-independent protection in mice, removal of this highly immunogenic antigen
for safety purposes does not reduce the overall immunogenicity of our vaccine preparation,
with other protein antigens effectively compensating for the removal of this specific antigen.
This highly attenuated strain (PNAPsaA) is then exposed to a sterilising dose of y-irradiation,
generating y-PNAPsaA. As y-PNAPsaA is unencapsulated, the immune responses generated
against this pneumococcal vaccine are targeted against highly conserved protein antigens.
Furthermore, as this vaccine is based on a whole-cell antigen, the costly process of protein
expression and purification is avoided, potentially lowering manufacturing costs and
increasing accessibility. Intranasal vaccination with a prior form of this novel vaccine (y-PN)
has been shown to induce serotype independent protection in mice following challenge with
strains P9 (serotype 6A), EF3030 (serotype 19F), and D39 (serotype 2) in a B cell dependent

manner [66].

1.6. Project rationale

This research investigated the enzymatic and metabolic activities of gamma-irradiated
Streptococcus pneumoniae and mechanisms by which antibodies mediate protection against
encapsulated pneumococci. The extent of enzymatic activities retained by irradiated
pneumococci has not been described previously and is expected to provide novel insight into
the generation of an NDMA-like vaccine. In addition, analysis of IgG functionality against
encapsulated pneumococci could provide an insight into how antibodies function more broadly
against encapsulated pathogens, aiding in the development of more effective vaccination

strategies based on IgG subclass profiles.
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The first part of this project investigated the possible retention of enzymatic activities by
irradiated pneumococci. Gamma-irradiation has been proposed as an ideal method for the
generation of whole-cell vaccines as antigenic proteins are left intact in their native
conformation. As proteins remain relatively undamaged, I investigated if enzymes remained
functional following killing of the whole-cell organism. This could be assessed in terms of the
capacity for continued activity of pre-synthesised enzymes, and the retention of transcriptional
and translational activities following killing. Importantly, gene expression by KBMA or
NDMA organisms has not been demonstrated previously. In addition, a broad-spectrum
indicator of metabolic activity could be used to assess whether or not irradiated pneumococcal

antigens can be considered KBMA or NDMA for the purposes of vaccination.

The second part of this project investigated the vaccine-mediated antibody response against
encapsulated strains of Streptococcus pneumoniae. As y-PNAPsaA is formulated with an
unencapsulated strain of S. pneumoniae, the immune response generated following vaccination
is directed towards sub-capsular antigens, the majority of which are proteins. These antigens
are highly conserved across pneumococcal serotypes, allowing for the generation of a
protective, serotype-independent immune response. Whilst these sub-capsular antigens are
readily accessible on the surface of unencapsulated pneumococcal strains, the majority of
clinically relevant strains express varying levels of capsular polysaccharide implicated in the
shielding of sub-capsular antigens from specific IgG. The vaccine-induced immune response
has previously been shown to offer protection against challenge with encapsulated
pneumococcal strains in a murine model, though the method by which vaccine-induced
antibodies mediate protection against encapsulated pneumococci is yet to be elucidated. By
manipulating capsule expression through growth under different conditions, this is expected to
provide a novel insight into how protection against pneumococcal disease via antibody-
mediated immunity occurs in terms of two key aspects. Firstly, as the pneumococcus is known
to vary capsule expression in vivo, I addressed whether a specific pneumococcal phenotype is
the target of vaccine-induced antibodies. Secondly, considering, specific IgG subclasses are
associated with enhanced opsonophagocytic activity, I investigated the impact of changes in
IgG subclass profiles on antibody binding to pneumococcal cells, aiming to elucidate an ideal

subclass profile for opsonisation of encapsulated pathogens.
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1.6.1. Hypotheses and aims

Hypotheses

1. Enzymatic activity is retained by S. pneumoniae receiving a sterilising dose of y-
irradiation

2. Total IgG binding to pneumococcal cells will be influenced by capsule expression

3. Different vaccination routes will be associated with changes in IgG subclass profiles in

mice

Aims

Aim 1: Investigating the enzymatic and metabolic activity of y-irradiated S. preumoniae
* Aim 1.1: Investigate the retention of enzymatic activity by y-irradiated pneumococci
* Aim 1.2: Analyse RNA expression from inducible genes by y-irradiated pneumococci

* Aim 1.3: Examine metabolic activity by y-irradiated pneumococci

Aim 2: Investigating the functionality of vaccine-induced antibodies against encapsulated

strains of S. pneumoniae

* Aim 2.1: Analyse the cross-reactivity of y-PNAPsaA immune sera against a wide range of
pneumococcal serotypes

* Aim 2.2: Assess Yy-PNAPsaA vaccine-induced IgG interactions with whole-cell
encapsulated strains of S. pneumoniae

* Aim 2.3: Investigate the impact of vaccination route on IgG subclass profiles and total IgG

binding
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CHAPTER 2

Materials and Methods
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2.1. Ethics statement

Animal work was conducted in strict accordance with the Australian Code of Care and Use of
Animals for Scientific Purposes (7" edition 2004, 8" edition 2013) and the South Australian
Animal Welfare Act 1985. Experimental protocols approved by AEC at the University of
Adelaide. Ethics number: S-2016-183.

2.2. Growing bacterial stocks

To generate working stocks, 15-25ul of inoculum was taken from bacterial strain master
stocks, streaked onto blood agar plates, and incubated at 37°C in 5% CO, overnight. Colonies
were then collected from the plates and inoculated into pre-warmed growth media (serum
broth, THY, SILAC + 0.5% glucose, galactose, or raffinose) to a start OD,, of 0.05 — 0.07.
Cultures were incubated at 37°C in 5% CO, and ODy,, checked periodically. When ODy,
reached 0.2, growth was stopped by placing the culture on ice. The culture was then distributed
into 1ml aliquots for storage at -80°C or washed three times in PBS before resuspension in
PBS + 13% glycerol for freezing in 1ml aliquots. Stocks were titrated by colony counts

following serial dilutions (titres expressed as colony forming units (CFU)/ml).

Inactivation of the parent strain D39 and vaccine strain PNAPsaA occurred via exposure of
each preparation to 16 kGy of y-irradiation from a Cobalt-60 (*Co) source located at ANSTO,
NSW. Samples were kept frozen on dry-ice during irradiation and transportation. Sterility of

treated samples was confirmed by plating on blood agar plates.

2.3. Neuraminidase assay

Live and irradiated samples of D39 were plated in a 96-well flat-bottomed plate at 2.5 - 10°
CFU/well in a volume of 25ul, with 0.125mM 4-MUNANA neuraminidase substrate. The
plate was incubated at 37°C in 5% CO, for 2 hours before 100ul ice cold Na,CO, stop solution
was added to each reaction well. Fluorescence was read immediately (Ex = 365nm, Em =

450nm, automatic cut-off =435nm) on a SpectraMax plate reader. The bacterial neuraminidase

cleaves the 4-MUNANA substrate into fluorescent 4-MU, and NANA, thus the fluorescence
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readout gives an indication of the retained functionality of pneumococcal enzymes after

irradiation.

2.4. RNA extraction and qRT-PCR

y-irradiated and live PNAPsaA were inoculated into SILAC (+ 0.5% raffinose, galactose,
glucose, or no sugar) shock media from frozen stocks to a starting ODy, of 0.25. Cultures were
incubated at 37°C in 5% CO, for one hour before being placed on ice to stop transcription.
ODq, of each culture was measured and all were adjusted to match the lowest ODy, reading.
Pellets were generated from each culture by centrifugation of 2ml aliquots at 4°C, 13,000 rcf
for 5 minutes. RNA was extracted from combined pellets by hot phenol extraction and
collected following the Qiagen RNA extraction protocol. RNA concentration and purity were
determined using a NanoDrop Microvolume Spectrometer and samples were stored in RNase

free water at -80°C until use.

20ug/ul RNA samples were used as RNA template in PCR reactions. Each reaction mix
consisted of 0.1ul Taq polymerase mixture, Sul 2- SYBR green reaction mix, 0.2ul F and R
primers (10uM), and 4ul DEPC-treated water per gene analysed (rafK, rafG, galK, aga).
Gyrase A (gyrA) expression was used as an internal control for normalisation of RNA
expression. 9ul of reaction mix was combined with 20ng of template RNA for plating on a 384

well tray. qRT-PCR was undertaken in a Light Cycler 480 II. See table 1 for primers.

Table 2.1. Primers used for gqRT-PCR experiments

rafK

F5 AACGACGTAGCTCCAAAAGA 3’ R 5" GCTGGTTTACGTTCCAAGAA 3’
rafG

F CCTATGGCAGCCTACTCCATC R 5 GGGTCTGTGGAATCGCATAGG 3’
galK

F5 CACGTTTCTCTGGAGCATGA 3’ R 5> ATGGCACAGCCACTAAAACC 3’

aga

F 5 AAGGTCAGAATGGTCCACAG 3’ R 5’ GCTGGAAAATCAGCCATAAA 3°
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gyrA
F5 ACTGGTATCGCGGTTGGGAT 3’ R 5 ACCTGATTTCCCCATGACAA 3’

2.5. Glucose utilisation assay

500ul of OkGy or 16kGy irradiated D39 was thoroughly washed in PBS to remove glycerol
(10,000 x g, 5 minutes). 500ul washed samples were inoculated into 10ml prewarmed SILAC
media containing ImM glucose. Cultures were incubated at 37°C in 5% CO, for 7 hours and
OD,,, readings taken at the start and end of the incubation period to measure growth. At T, and
T, endpoint, 1ml aliquots of each culture were taken and processed for glucose quantification
assay. Bacteria were pelleted and supernatant collected before spinning through a 10kDa spin
column to deproteinate (3,750rpm, 10 minutes, 4°C). Supernatant was stored at -80°C until use
in glucose quantification assay. Glucose quantification was undertaken following the

manufacturer’s instructions contained in the Abcam Glucose Detection Kit (ab102517).

2.6. Generating serum

4 — 6-week-old female outbred Swiss mice were vaccinated three times intramuscularly (IM)
with 50ul y-PNAPsaA +/- 10% alum or intraperitoneally (IP) with 100ul y-PNAPsaA, with
doses delivered 2 weeks apart. Vaccines were normalised based on protein content with doses
of 4.3mg/ml protein administered. Blood was collected by sub-mandibular bleeding following
the second vaccination. After the final vaccination, mice were sacrificed by cervical dislocation
and blood collected from the heart cavity. Collected blood was kept at room temperature for
45 minutes to allow for clotting before centrifugation at 13,000rpm for 5 minutes. Supernatant

was collected and stored at -20°C.

2.7. Enzyme-linked immunosorbent assay (ELISA)

Antibody titres were determined by ELISA. COSTAR high affinity flat bottom ELISA plates
were coated with 50ul 1 - 10° CFU/ml Rx1 IytA"PdT and incubated at 4°C overnight. Wells
were washed three times with PBS + 0.5% Tween20, and the remaining protein binding sites
were blocked with PBS + 2% (w/v) skim milk blocking buffer at room temperature for 2 hours.

Serum was serially diluted 1:2 in PBS by 1:2 from a starting dilution of 1:40, and added to the
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appropriate washed wells, and the plate incubated for 2 hours at room temperature. Following
washing, 50ul of goat anti-mouse 1gG (H+L)-HRP (31430, ThermoFisher Scientific) was
added to each well at a dilution of 1:10,000. After incubation for 2 hours at room temperature,
wells were washed and 75ul of TMB colour developer solution was added. The plate was
incubated in the dark for 20-30 minutes before the reaction was stopped by the addition of S0ul
sulphuric acid. Absorbance of each well was read immediately at 450/620nm on a SpectraMax

plate reader.

2.8. Flow cytometry

100ul of 1 - 10* CFU/ml S. pneumoniae (Rx1, D39 (serotype 2), serotype 3) was plated in a
96-well U-bottomed plate, topped up to 200ul with filter sterilised (f.s) PBS and centrifuged
at 3,750rpm, 10 minutes, 4°C to pellet. Pellets were resuspended in 50ul diluted murine
primary antibody (y-PNAPsaA immune sera from mice vaccinated IM + alum or IP) f.s PBS +
1% w/v BSA. Plates were incubated on ice for 45 minutes, then washed three times by
centrifugation and resuspension in f.s PBS as described above. Following the final wash,
pellets were resuspended in 50ul of AlexaFluor 488 conjugated goat anti-mouse IgG (H+L) at
1:2,000 in f.s PBS + 1% w/v BSA and incubated in the dark on ice for 45 minutes. Plate was
washed three times with f.s PBS, and pellets were resuspended in 200ul f.s PBS + 2% (v/v)
PFA. Events were acquired on an Accuri flow cytometer and analysed with FlowJo software.

A minimum of 10,000 events were acquired per sample.

2.9. LRR fixation and capsule transmission electron microscopy (TEM)

Lysine ruthenium red fixation (LRR fixation) was used for visualisation of capsular
polysaccharide by TEM with guidance from Dr Lisa O’Donovan and Ms Ruth Williams at
Adelaide Microscopy. Fresh cultures of pneumococci (D39 (serotype 2) or serotype 3) were
grown for fixation following the growth methods detailed previously, however, all cultures
were centrifuged and washed gently to prevent loss of capsular material (slow
acceleration/deceleration, gentle resuspension of pellets). Washed pellets were gently
resuspended in formaldehyde/glutaraldehyde fixative (provided by Adelaide Microscopy)
containing 0.075% (w/v) ruthenium red and 0.075M lysine acetate (LRR fixative) and
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incubated on ice for 20 minutes. LRR fixative was removed and replaced with fixative
containing 0.075% ruthenium red only (RR fixative) and incubated at 4°C overnight. Further
fixation steps were undertaken at Adelaide Microscopy following their preestablished
protocol. Briefly, samples were washed twice in PBS + 4% sucrose with 0.075% RR (RR
wash) at room temperature. Pellets were fixed in PBS + 2% osmium and 0.075% RR for 1 hour
before two RR washes. Pellets were dehydrated sequentially in 70%, 90%, and 100% ethanol
(3 changes, 10-minute incubations) followed by a 15-minute incubation in 100% propylene
oxide. Pellets were then incubated in a 1:1 mix of propylene oxide and resin for 1 hour, before
being incubated overnight in 100% resin. Resin was changed three times the following day and
polymerised at 70°C for a minimum of 24 hours following the final resin change. Samples
were rotated during all incubation steps until polymerisation. Images were taken using an FEI

Technai G2 Spirit TEM. Capsule measurements were made using ImagelJ software.

2.10. Uronic acid capsule quantification

Fresh pneumococcal cultures (D39 (serotype 2) or serotype 3) were grown following the
growth methods detailed previously, however, cultures were pelleted once and resuspended in
500ul reaction buffer (150mM Tris, ImM MgSO,, pH 7.0 in MilliQ water). Sul 10% DOC
was added, and suspension incubated at 37°C for 30 minutes to lyse cells. 10ul mutanolysin
(100U), 5ul DNase, and Sul RNase was added, and suspension incubated at 37°C in 5% CO,
overnight. Sul proteinase K was added, and suspension incubated at 54°C for 4 hours.

Suspensions were briefly centrifuged to pellet debris and stored at -20°C until use.

Capsule suspension was serially diluted % four times in MilliQ water in duplicate. 100ul of
diluted samples was added to 600ul H,SO,/Na,B,O, (sulphuric acid/sodium tetraborate
solution, 0.0125M Na,B,0, in concentrated H,SO,) in 2ml safe lock Eppendorf tubes on ice in
duplicate for each dilution. Tubes were briefly vortexed and incubated at 95°C for 5 minutes.
Tubes were cooled on ice before addition of 3-phenylphenol solution or 0.5% NaOH. 10ul 3-
phenylphenol (0.15% (w/v) 3-phenylphenol in 0.5% NaOH) or 0.5% NaOH was added to each
tubes of each dilution (3-phenylphenol to one tube, 0.5% NaOH to duplicate tube/dilution).
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Tubes were shaken immediately to mix and 200ul transferred to wells of a 96 well flat-

bottomed tray. Absorbance was measured within 5 minutes of plating at 520nm.

2.11. Western blotting

1ml aliquots of various S. pneumoniae strains (serotypes 4, 19F, 3,1, 19A, 6A, 10, 15B, 11A,
22,29, 2, strain Rx1) at approx. 1 - 10° CFU/ml) were lysed by sonication in a Bioruptor for
30 cycles (30sec on/30sec off) with 0.04g acid-washed glass beads (Sigma, G4649). Protein
content of lysed cultures was measured using the Pierce BCA protein assay kit (Thermo

Scientific, cat no. 23225) as per the manufacturer’s instructions. Aliquots of each lysate were
made to a final protein concentration of 800ug/ml and 1- LUG buffer was added. Samples were
boiled at 95°C for 5 minutes, and 25ul was loaded per well on a 12 or 17-well NuPage 12%
Bis-Tris protein gel (Invitrogen, cat no. NP0349BOX) in a western tank filled with 1- MES

running buffer. Gels were run for 22 minutes, 200V, mA: 500.

Separated proteins were then transferred to nitrocellulose membranes using a Thermofisher
iBlot transfer system and NOVEX mini kit. The membrane was then blocked in 20ml PBS +
5% (w/v) skim milk blocking buffer for 2 hours on a shaker table. Immune serum from y-
PNAPsaA-vaccinated mice (IM +/- alum) was added directly to the blocking buffer at dilutions
of 1:5,000, 1:10,000, or 1:25,000 and the membrane was incubated at room temperature
overnight with shaking. The membrane was washed three times in PBS + 0.5% tween before
ODYSSEY IRDye goat anti-mouse 800 secondary antibody was added at a dilution of
1:50,000 in 20ml PBS + 0.5% tween + 0.05% w/v skim milk. The membrane was incubated in
the dark at room temperature for 2 hours on the shaker table. Following three washes, excess
liquid was removed from the membrane, followed by incubation at 37°C for 15 minutes. The

dry membrane was then visualised using a LI-COR ODYSSEY machine and software.

2.12. Coomassie staining
25ul of 800ug/ml whole cell lysates (generated as above) were run on 17-well NuPage 12%
Bis-Tris protein gels. Gels were covered with Coomassie stain and boiled for 2 minutes

followed by incubation for 10 minutes with shaking at room temperature. The coomassie stain
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was removed and the gel rinsed with water until the water ran clear. The gel was then covered
with destain solution and boiled for 2 minutes followed by a minimum of 30 minutes
incubation at room temperature with shaking. Destain was removed and replaced with water

prior to imaging of the gel with a GelDoc camera.

2.13. Statistical analysis

GraphPad Prism v. 7.0c for Mac was used for statistical analysis, with quantitative results
expressed as mean +/- SEM. Statistical significance was determined by one or two-way
ANOVA, or unpaired t-test, with P values <0.05 considered statistically significant (* P <0.05,
** P <0.01, #** P <0.001, **** P <0.0001).
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CHAPTER 3

Results



3.1. The enzymatic activity of gamma-irradiated S. pneumoniae

Gamma-irradiation has been investigated as an inactivation method for a number of
experimental vaccines against challenging pathogens and illnesses. Varying degrees of success
have been observed in animal and human models when applying gamma-irradiation
technology to pathogens such as Schistosoma mansoni [148], Venezuelan Equine Encephalitis
Virus (VEEV) [149], and malaria [150] for vaccine development. In humans, gamma-
irradiated vaccines have been examined in Phase 1 clinical trials against metastatic melanoma
[151], and more recently, HIV-1 [152]. In addition to Streptococcus pneumoniae, members of
our lab have used gamma-irradiation to inactivate influenza A virus, generating a whole-virus
vaccine capable of inducing cross-reactive T cell responses in mice [153], and have examined

the application of this technology to the generation of a rotavirus vaccine [154].

Exposure to low doses of gamma-irradiation is expected to primarily affect genetic material,
with limited impact on protein antigens and their native conformation. While previous studies
from our lab illustrated the immunogenicity of y-PN, these studies did not investigate the
enzymatic or metabolic activity of gamma-irradiated S. pneumoniae. Interestingly, other
groups have classified gamma-irradiated L. monocytogenes [145] and B. melitensis [146] as
KBMA or NDMA primarily on the basis of the retained ability to synthesis new proteins. In
this study, I aimed to provide a more thorough investigation into multiple pathways that may
remain viable and functional in a KBMA/NDMA-like organism after treatment with gamma-
irradiation. Firstly, I assessed the retention of enzymatic activity, with focus on a key enzyme
involved in pneumococcal virulence, neuraminidase. Secondly, the activity of transcriptional
machinery was assessed through the measurement of new mRNA produced from inducible

genes. Finally, I examined whether the maintenance of these pathways culminated in the
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retention of metabolic activity in a broader sense, via assaying glucose uptake as an indicator

of metabolic activity.

3.1.1. Retention of enzymatic activity by inactivated pneumococci

The neuraminidase activity of S. pneumoniae was used as read out to assess the enzymatic
activity of pneumococci killed using gamma-irradiation, heat, or ethanol treatment (Fig. 3.1.).
Samples of D39 (serotype 2) were either left un-irradiated (0 kGy live control), or killed by
exposure to 16kGy of gamma-irradiation on dry-ice. Rx1, the vaccine strain, was not utilised
as this strain does not possess measurable neuraminidase activity. It is hypothesised that
retention of secreted neuraminidase enzymes is reliant on the presence of the pneumococcal
capsule, and thus used the encapsulated parental strain, D39, for this experiment. My data show
that while irradiated pneumococci lost a significant amount of neuraminidase activity
compared to the non-irradiated (OkGy) control, the reduction in activity was significantly less
severe than that observed for heat-inactivated or ethanol-killed samples. In fact, heat-killed
pneumococci did not exhibit any neuraminidase activity, with RFU equivalent to background
fluorescence observed in the PBS control group. Interestingly, ethanol-killed pneumococci
retained low levels of neuraminidase activity. In addition, unexpectedly I did not detect any
neuraminidase activity for Rx1, which is unencapsulated derivative of D39. Considering that
neuraminidase is a secreted enzyme, the capsule may therefore be required for the retention of
this enzyme throughout the washing steps utilised to generate bacterial cultures. Repetition of
this experiment using media taken directly from an Rx1 culture may help investigating the lack

of neuraminidase activity in our experimental settings.

3.1.2. RNA expression by irradiated pneumococci

In order to examine the capacity of gamma-irradiated pneumococci for gene expression at the
transcriptional level, I analysed gene expression from four sugar-controlled inducible genes
using qRT-PCR (Fig 3.2.). Specifically, I analysed genes induced by the sugar raffinose,
including aga (Fig. 3.2.A), rafK (Fig 3.2.C), and rafG (Fig. 3.2.D). The expression of a
galactose-controlled gene, galK (Fig. 3.2.B), was also examined. These genes were selected as
the vaccine strain is known to possess them, and to respond at a transcriptional level to the

presence of their respective inducing sugars. RNA was extracted from live PN(APsaA) cells
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grown in different conditions including SILAC media without sugar (no sugar) , SILAC
supplemented with glucose, and SILAC supplemented with the inducing sugar for each gene.
Importantly, the no sugar and glucose groups acted as controls for gene expression of aga,
rafK, rafG, and galK under non-inducing conditions. Strong induction of these genes was
detected in the appropriate conditions for the live 0 kGy PN(APsaA) samples. Surprisingly, I
also detected production of mRNA in response to these sugar-based stimuli for irradiated
pneumococci samples. While 16kGy irradiated bacteria trended towards producing fewer
transcripts from the aga and galK genes, there was no statistically significant difference in
expression rates when compared to the OkGy control under inducing conditions. Conversely,
16kGy irradiated bacteria produced significantly fewer transcripts from the rafK and rafG
genes compared to their live counterparts under inducing conditions. Regardless, 16 kGy
irradiated pneumococci produced detectable transcripts for all four genes compared to control
no sugar and glucose samples. Expression levels in all experiments were normalised to gyrA

expression.

3.1.3. Glucose utilisation as an indicator of broad-spectrum metabolic activity

Considering the retention of enzymatic and transcriptional activities, I investigated the
possibility that irradiated bacteria may be capable of utilising glucose as a carbon source for
metabolic activities (Fig. 3.3.). Non-irradiated (OkGy) live bacteria (D39) were inoculated into
SILAC supplemented with 1mM glucose growth media to a starting ODy,, of 0.04, while 16
kGy irradiated bacteria was inoculated to either the same starting ODy,, of 0.04 (low), or to a
higher starting ODy, of 0.1 (high). This high starting titre was intended to replicate the final
bacterial burden of the live control at the end of the assay, given that the irradiated
pneumococci cannot replicate. Quantification of glucose at the end of the 7-hour growth period
showed a significant amount of glucose was consumed over the course of the assay by live (0
kGy) pneumococci. Conversely, the 16kGy irradiated bacteria inoculated at either a low or
high starting ODy, failed to consume a measurable amount of glucose. Given that sugars in
culture media are readily imported for utilisation by irradiated pneumococci as illustrated in
Fig. 3.2, this lack of glucose consumption is unlikely to be a result of a failure in sugar sensing

or internalisation.
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3.2. Humoral responses induced by y-PN(APsaA) and their interactions with

encapsulated strains of S. pneumoniae

Previous publications illustrated that vaccination with y-PN induces B-cell mediated, serotype-
independent protection against lethal pneumococcal challenge in a murine model [66]. As
gamma-irradiation allows for the preservation of proteins in their native conformation,
antibody responses induced by y-PN(APsaA) are expected to target commonly shared surface
pneumococcal protein antigens. In addition, considering the encapsulated nature of wild-type
S. pneumoniae serotypes and the possible effect of the polysaccharide capsule on shielding
protein antigens, it is important to investigate the effect of capsule expression on interactions
between y-PN(APsaA) induced antibodies and sub-capsular protein antigens. In fact, the exact
mechanism by which protein-specific antibodies can bypass the outer capsule layer of wild-
type pneumococci is currently unknown. Thus, the highly reactive antibodies against a suite of
sub-capsular protein antigens induced following vaccination with y-PN(APsaA) could be used
to investigate how these antibodies interact with encapsulated pneumococci. Of note, the
pneumococcus is known to vary capsule expression under different environmental conditions,
which may mean that certain phenotypes are more readily targeted by vaccine-induced protein-
specific antibodies. For example, capsule expression is downregulated during colonisation,
exposing sub-capsular adhesins to the host environment to mediate adherence [60].
Conversely, enhanced capsule expression is required for the progression to an invasive
phenotype, with the capsule conferring essential resistance to opsonophagocytic clearance in
the blood [4]. Thus, exposing pneumococci to different growth conditions could be utilised to
manipulate capsule expression to gauge which capsular phenotype may be more susceptible to
binding by y-PN(APsaA)-induced protein-specific antibodies. Furthermore, I investigated the
impact on antibody subclass profiles on total antibody binding to encapsulated pneumococci,

to determine if a specific subclass was best suited to opsonising encapsulated pathogens.

3.2.1. Cross-reactivity of y-PN(APsaA)-induced antibodies against different

pneumococcal serotypes
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Previous studies have demonstrated in vivo protection against heterologous serotypes 6A and
19F, and homologous serotype 2 [66]. Given that the formulation of y-PN(APsaA) was based
on an unencapsulated derivative of serotype 2, the observed protection was considered
serotype-independent. However, the broad cross-reactivity of vaccine-induced immunity
against a wider range of pneumococcal serotypes had not been assessed. For this, I examined
the breadth of y-PN(APsaA)-induced antibody cross-reactivity against whole-cell lysates of
PCV included and non-included pneumococcal serotypes using Western Blot. As shown in
Fig. 3.4.A serum from y-PN(APsaA) vaccinated animals were able to react to every single
pneumococcal serotype tested, demonstrating the broadly-reactive serotype-independent
immune responses induced by this gamma-irradiated pneumococcal vaccine. Importantly, the
whole-cell lysates tested in this experiment were prepared from live non-irradiated
pneumococci, and the high intensity banding patterns indicate high specificity of vaccine-
induced antibodies for these native protein antigens. Reactivity banding patterns were also
highly consistent against proteins expressed by the range of PCV-included and non-included
serotypes tested in this assay, with reactivity against serotype 3 lysate being the only notable
exception as banding intensity was lower against some proteins despite the similar banding
pattern. Coomassie staining of each lysate showed eqivalent protein content in each lane (Fig.

34.B).

3.2.2. The effect of growth medium on capsule expression

To assess the binding of vaccine-induced antibodies to whole encapsulated pneumococci, I
attempted to generate a panel of bacteria expressing different levels of capsular polysaccharide
through growth in different mediums. Transmission electron microscopy (TEM) was used to
assess which growth mediums would impact capsule expression and thickness most
dramatically. The representative TEM images presented in Fig. 3.5.A show D39 (serotype 2)
grown in serum broth to have a surface densely packed with short capsular polysaccharide
chains. Comparatively, THY-grown D39 appeared to have polysaccharide chains of
approximately the same length as chains on serum broth grown D39, but these chains appeared
to be more sparsely packed (Fig. 3.5.B). Interestingly, SILAC + 0.5% glucose-grown D39
appeared to express the longest polysaccharide chains relative to the cell wall thickness (Fig.

3.5.0).
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Quantitative analysis of capsule thickness (Fig. 3.6.A) and total capsular polysaccharide
production using uronic acid capsule quantification (Fig. 3.6.B) provided further insight into
the influence of growth media on capsule production and structure. This analysis indicated that
serum broth- and THY-grown D39 expressed capsules of a similar thickness, both measured
to be approximately 60nm thick. Comparatively, SILAC + 0.5% glucose-grown bacteria
expressed a significantly thicker capsule with an average thickness of approximately 130nm.
Despite expressing capsules of similar thicknesses, serum broth- and THY grown-D39
produced different amounts of total capsular polysaccharide. Serum broth grown-D39
produced approximately 40% less polysaccharide compared to THY grown-D39. This
provided further insight into the capsule structure revealed by TEM imaging. While appearing
similar structurally in terms of polysaccharide chain length, these chains must be more sparsely
distributed over the surface of serum broth-grown cells compared to their THY-grown
counterparts. Surprisingly, SILAC + 0.5% glucose and THY grown-D39 expressed similar
levels of total capsular polysaccharide. While SILAC + 0.5% grown bacteria trended towards
producing slightly less capsule than THY grown-D39, this trend was not significant. The
combination of TEM imaging data and uronic acid capsule quantification suggests that changes
in growth conditions have an impact not only on polysaccharide chain length, but also the

amount of polysaccharide expressed on the surface of the pneumococcal cell.

The impact of these same growth conditions on capsule expression were similarly determined
for serotype 3. TEM images showed serotype 3 cells grown in serum broth exhibited a dense
capsule, however, the polysaccharide chains appeared to be much longer than those on the D39
counterpart (Fig. 3.7.A). Growth in THY resulted in the generation of a “patchy” capsule, with
regions of densely packed, long and short polysaccharide chains (Fig. 3.7.B.). Interestingly,
growth in SILAC + 0.5% glucose resulted in highly variable capsule expression. While some
cells appeared to express thick capsules like their D39 counterparts, others expressed a
comparatively thin capsule. This was observed for multiple SILAC-grown pneumococci cells
visualised in this manner, with images presented in Fig. 3.7. C and D being representative of

the two ‘phenotypes’ observed.
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Unlike D39 grown in serum broth and THY, serotype 3 grown in these mediums expressed
capsules of significantly different thicknesses, with serum broth grown cells expressing a
capsule with an average diameter of 300nm, compared with an average thickness of less than
100nm when grown in THY. Serotype 3 cells were selected as they produce thick capsules,
thus allowing differences in capsule structure to be observed more easily. No significant
difference in capsule thickness was observed when comparing serum broth or THY grown
cells to SILAC + 0.5% glucose due to high levels of variability in this population. SILAC +
0.5% glucose grown cells, however, on average, exhibited thicker capsules than their THY
grown counterparts (Fig. 3.8.A.). Interestingly, despite significant variability in capsule
thickness between groups, no significant difference in total CPS content between all three

groups was observed by uronic acid capsule quantification (Fig. 3.8.B.).

3.2.3. Antibody binding to encapsulated serotype 2 (strain D39)

While Western Blot analysis demonstrated high levels of cross-reactivity for vaccine-induced
antibody responses against pneumococcal proteins, recognition of these antigens in vivo is
complicated by the variable expression of the polysaccharide capsule in different anatomical
niches. To address the possible effect of capsule expression on antibody interactions, I used
pneumococci grown in various mediums to mimic variation in capsule expression and tested
antibody binding using flow cytometry analysis. In this assay, cells were incubated with
primary immune sera from vaccinated animals and stained with FITC-conjugated secondary
antibody against murine IgG prior to flow cytometry analysis. As a control, pneumococci were
treated with secondary antibody alone. Serotype 2 (D39) pneumococci grown in serum broth,
THY, or SILAC media were probed with primary immune sera from mice vaccinated via the
IP route with three doses of y-PN(APsaA) (Fig. 3.9), or mice vaccinated via the IM route with
three doses of y-PN(APsaA) + alum adjuvant (Fig. 3.10). IP vaccination was utilised to
generate very high titre ‘hyper immune’ sera, whilst IM + alum vaccination was used to mimic
the administration route that will be adopted for clinical application of the whole inactivated
vaccine. When using serum from IP immunised mice, IgG binding against D39 grown in serum
broth demonstrated extremely low levels of antibody reactivity, with no significant difference
in geometric mean fluorescence intensity (GMFI) observed between bacterial cells treated with

primary antibody versus cells treated with secondary antibody only as a control. THY grown
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cells demonstrated a significant increase in GMFI relative to their secondary antibody only
counterpart, however, total IgG binding remained relatively low. Interestingly, IgG binding
was highest when SILAC + 0.5% glucose grown cells were used, with a very clear positive
shift in FITC fluorescence. A GMFI of approximately 7000 was observed, compared with <
1000 for serum broth or THY grown cells.

Interestingly, when probing the same D39 bacterial samples with serum generated by IM
vaccination with y-PN(APsaA), these trends were completely reversed (Fig 3.10). Here, I
observed IgG binding was highest using cells grown in serum broth, followed by THY, and
SILAC + 0.5% glucose grown cells. Statistically significant increases in GMFI were achieved
when treating cells grown in serum broth or THY only, whilst SILAC + 0.5% glucose grown
cells showed a slight change in GMFI, without reaching statistical significance. Additionally,
the background level of FITC fluorescence detected for serum-broth grown D39 was very high,
suggesting some level of non-specific adsorption of the secondary antibody alone to the
serotype 2 capsule. Regardless, the level of fluorescence detected when cells were stained with
both primary and secondary antibodies was vastly higher, indicating the majority of signal

detected was mediated by protein-specific vaccine induced antibodies.

3.2.4. The effect of vaccination route on IgG subclass profiles

Given the large variability between reactivity of immune sera generated using IP versus IM
vaccination to encapsulated pneumococci by flow cytometry, I next assessed whether the IgG
subclass profiles differed between the two types of immune sera. Direct ELISAs were
conducted to measure the relative amount of IgG subclasses IgG1, [gG2a, I[gG2b and 1gG3 in
the murine serum samples. As shown by Figure 3.11.A, vaccination by the IP route generated
an IgG subclass profile that is not dominated by any single IgG subclass. Relative titres of
IgG1 were not significantly different compared with titres of the remaining IgG subclasses.
However, I detected a clear hierarchy between IgG2a, [gG2b and IgG3. Relative titres of IgG3
were significantly higher than IgG2b, with both IgG2b and IgG3 being significantly higher
than [gG2a. Data related to sera generated using the IM route of vaccination with y-PN(APsaA)
without alum showed an even distribution of the four IgG subclasses, although relative titres

of IgG1 were highest (Fig. 3.11.B). In contrast, immune sera from mice vaccinated with y-
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PN(APsaA) + alum showed a very clear shift in the IgG profile as antibody responses were
largely dominated by the IgG1 subclass, followed by IgG2b with minimal levels detected for
IgG2a and 1gG3 (Fig. 3.11.C).

3.2.5. Antibody binding to encapsulated serotype 3

To further investigate whether there exists an ‘optimal’ subclass profile for binding to
encapsulated pneumococci, binding experiments to encapsulated pneumococci were repeated
using serotype 3. This serotype is renowned for expressing some of the highest levels of
capsule of all pneumococcal serotypes, and thus was selected as a model to best identify Ig
subclasses most suited to penetrating the capsule layer. Similarly, serotype 3 pneumococcal
cells were grown in serum broth, THY, or SILAC + 0.5% glucose medium, and binding of
pneumococcal-specific antibodies was assessed by flow cytometry following treatment of cells
with serum from IP vaccinated mice (Fig. 3.12) or IM + alum vaccinated mice (Fig 3.13). An
IM without alum group was not included due to lack of statistical significance among the levels

of IgG subclasses shown in Fig. 3.11.B.

Interestingly, probing serotype 3 pneumococcal cells with serum from IP vaccinated mice
generated an IgG binding trend different to that seen against D39 grown under the same
conditions. While immune sera from IP vaccinated mice could not bind at all to serum broth-
grown serotype 2 (Fig. 3.9), this immune sera bound significantly better to serum broth-grown
serotype 3 when compared to the binding profile of the secondary antibody only control. This
immune sera also effectively bound to THY-grown and SILAC-grown serotype 3, with
significant increases in FITC signal above the background fluorescence levels for each culture
type. Of the three, SILAC + 0.5% glucose cultures showed the highest overall GMFI for IgG
binding, which is similar to what was observed for IgG binding to serotype 2, though this

difference was far less obvious for serotype 3.

Additionally, all three cultures of serotype 3 showed statistically significant increases in GMFI
relative to their secondary antibody only controls when probed with sera from mice vaccinated
via the IM route with y-PN(APsaA) + alum (Fig. 3.13). IgG binding was approximately

equivalent between serum broth and SILAC + 0.5% glucose-grown cells, while binding to
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THY grown-cells was substantially lower. Regardless, this immune sera was able to
significantly bind to all three culture types. This trend actually mimics what was seen when
probing the same serotype 3 cultures with sera from mice vaccinated via the IP route indicating

that serotype 3 shows similar increases in FITC signal regardless of the vaccination route.

Taken together, these data reveal a complex interplay between IgG subclass profiles, capsule
characteristics, and pneumococcal serotypes. The role of the capsule in sub-capsular antigen
shielding, however, remains clear, with increases in GMFI consistently lower when using
serotype 3 cells versus serotype 2 cells with thinner capsules. Despite this, while no clearly
beneficial subclass profile emerged, an encouraging observation was found in that IgG appears
to be capable of binding protein antigens expressed by pneumococci concurrently expressing
a thick polysaccharide capsule. Whether this comparatively lower level of IgG binding

translates to preserved OPKA, however, is yet to be determined.
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Figure 3.1. Neuraminidase activity of strain D39 (serotype 2) and Rx1 pneumococci
inactivated using different mechanisms. Live pneumococci (0kGy), pneumococci
inactivated using gamma-irradiation (16kGy), heat (HI), or ethanol (EtOH), and an
unencapsulated derivative (Rx1) were incubated in PBS for two hours with a non-fluorescent
neuraminidase substrate, 4-MUNANA. Cleavage of this substrate by active neuraminidase
produces a fluorescent product, 4-MU, and this activity was measured in terms of relative
fluorescence units (RFU). Statistical significance analysed by one-way ANOVA (* P <0.05,
¥ P <001, *** P <0.001, **** P <0.0001, n.s. = not significant). Data presented as mean +

SEM (n = 3). Data indicative of a single experiment.
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Figure 3.2. qRT-PCR of inducible genes controlled by the raffinose and galactose operons

under inducing and non-inducing conditions. Live (OkGy) and irradiated (16kGy) PN APsaA

were incubated under growth permissive conditions in which no sugar, glucose, or an inducing

sugar (raffinose or galactose) was available as the primary carbon source. After one hour, RNA

was harvested using hot phenol extraction and purified. Expression of aga (A), galK (B), rafK

(C), and rafG (D) were normalised to gyrA expression. Statistical significance analysed using

unpaired t-test (* P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001, n.s. = not significant),

data presented as mean + SEM (n = 2) and indicative of a single experiment.
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Figure 3.3. Glucose utilisation by live (0kGy) and irradiated (16kGy) Rx1 pneumococci.
Bacteria were incubated under growth permissive conditions in SILAC + 1mM glucose.
Starting glucose content was measured at t,, and compared to glucose content after growth.
Cultures were started at an equivalent ODy,, and glucose was measured once cultures reached
an OD,, = 0.1 (approximately 7 hours of growth, t;). Cultures of irradiated bacteria were
inoculated to a starting ODy,, equivalent to the starting ODy,, of the live culture (low), or to
the final ODy,, of 0.1 (high) to account for increases in bioburden occurring in live, dividing
culture. Statistical significance analysed by one-way ANOVA (* P <0.05, ** P <0.01, *** P
<0.001, **** P <0.0001, n.s. = not significant), data presented as mean + SEM (n = 2) and

indicative of a single experiment.
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Figure 3.4. Western blot (A) and Coomassie stain (B) of whole-cell lysates from PCV (A.1,
B.1) and non-PCYV serotypes (A.2, B.2). Live pneumococcal cultures or irradiated vaccine
preparations were all lysed by sonication, and 20ug of whole cell lysate (determined by BCA
protein assay) loaded into wells in duplicate for SDS-PAGE. Separated proteins were
transferred to nitrocellulose membranes and probed with serum from Swiss mice vaccinated
intramuscularly with alum (A), or stained with Coomassie without transfer to nitrocellulose
(B). Bound IgG was detected using IRDye 800CW goat anti-mouse and fluorescence
visualised using an Odyssey imaging system. Coomassie staining was visualised using a

GelDoc camera.
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Figure 3.5. Transmission electron microscopy (TEM) of serotype 2 (strain D39)
pneumococci grown in different mediums. Pneumococcal cultures were generated by
growing D39 in serum broth (A), THY (B), and SILAC + 0.5% glucose (C) to mid-log phase,
and capsule structure was visualised using lysine ruthenium red (LRR) fixation. Representative

images from each culture are shown and were captured using an FEI Technai G2 Spirit TEM.
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Figure 3.6. Measurements of capsule thickness (A) and total capsular polysaccharide
(CPS) production (B) by serotype 2 pneumococci. Capsule thickness was measured using
Imagel software, with measurements taken from a TEM images of pneumococcal cells. Four
measurements were taken and averaged to generate a capsule thickness measurement for each
cell. Total CPS was measured by uronic acid assay using freshly grown cultures. Growth of all
cultures was stopped at mid-log phase. CPS production expressed in terms of CPS produced
relative to CPS produced when cells were grown in THY media (% THY). Statistical
significance analysed by one-way ANOVA (* P <0.05, ** P <0.01, *** P <0.001, **** p
<0.0001, n.s. = not significant), data presented as mean + SEM (n = 25/growth condition (A)

or 3 (B)) and indicative of a single experiment.
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Figure 3.7. Transmission electron microscopy (TEM) of serotype 3 pneumococci grown
in different mediums. Pneumococcal cultures were generated by growing serotype 3 in serum
broth (A), THY (B), and SILAC + 0.5% glucose (C and D) to equivalent points in the growth
curve, and capsule structure was visualised using lysine ruthenium red (LRR) fixation.
Representative images from each culture are shown and were captured using an FEI Technai

G2 Spirit TEM.
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Figure 3.8. Measurements of capsule thickness (A) and total capsular polysaccharide
(CPS) production (B) by serotype 3 pneumococci. Capsule thickness was measured using
Imagel] software, with measurements taken from a TEM images of pneumococcal cells. Four
measurements were taken and averaged to generate a capsule thickness measurement for each
cell. Total CPS was measured by uronic acid assay using freshly grown cultures. Growth of all
cultures was stopped at mid-log phase. CPS production expressed in terms of CPS produced
relative to CPS produced when cells were grown in THY media (% THY). Statistical
significance analysed by one-way ANOVA (* P <0.05, ** P <0.01, *** P <0.001, **** p
<0.0001, n.s. = not significant), data presented as mean + SEM (n = 25/growth condition (A)

or 3 (B)) and indicative of a single experiment.
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Figure 3.9. IgG binding to serotype 2 pneumococcal cells grown in different mediums

and treated with serum from mice vaccinated via IP route. 1x10’ CFU/well were treated

with primary antibody sourced from Swiss mice vaccinated three times intraperitoneally with

y-PNAPsaA. Total IgG binding was detected using a FITC-conjugated goat anti-mouse I1gG

secondary antibody and fluorescence was read using an Accuri flow cytometer. Representative

histograms showing shifts in FITC positivity from cells treated with secondary antibody only

(grey) to cells also treated with primary antibody (blue line) (left). FITC positive shift

quantified for statistical analysis in terms of GMFI (right). Data was analysed by one-way

ANOV A by comparing GMFI for primary + secondary antibody treated cells versus GMFI for
control cells treated with secondary antibody only (* P <0.05, ** P <0.01, *** P <0.001, ****

P <0.0001, n.s. = not significant) and presented as mean + SEM (n = 3). Data indicative of a

single experiment.
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Figure 3.10. IgG binding to serotype 2 pneumococcal cells grown in different mediums
and treated with serum from mice vaccinated via IM using alum as adjuvant. 1x10’
CFU/well were treated with primary antibody sourced from Swiss mice vaccinated three times
intramuscularly with y-PNAPsaA and alum. Total IgG binding was detected using a FITC-
conjugated goat anti-mouse IgG secondary antibody and fluorescence was read using an
Accuri flow cytometer. Representative histograms showing shifts in FITC positivity from cells
treated with secondary antibody only (grey) to cells also treated with primary antibody (blue
line) (left). FITC positive shift quantified for statistical analysis in terms of GMFI (right). Data
was analysed by one-way ANOVA by comparing GMFI for primary + secondary antibody
treated cells versus GMFI for control cells treated with secondary antibody only (* P <0.05,
¥ P <0.01, *** P <0.001, **** P <0.0001, n.s. = not significant) and presented as mean =+

SEM (n = 3). Data indicative of a single experiment.
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Figure 3.11. The effect of vaccination route and adjuvant on IgG subclass profiles. Swiss

mice were vaccinated three times, with doses administered two weeks apart, intraperatineally
(A), intramuscularly (B), or intramuscularly with alum (C) (n = 6 per group). Serum was
harvested by submandibular bleeding and titres of PNAPsaA-specific IgG1, IgG2a, 1gG2b, and
IgG3 were determined by ELISA. Data presented as mean titres + SEM, calculated relative to
a cut-off value at 1:160 dilution of control sera from PBS-mock vaccinated mice. Statistical
significance analysed by one-way ANOVA (* P <0.05, ** P <0.01, *** P <0.001, **** p

<0.0001, n.s. = not significant). Data indicative of a single experiment.
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Figure 3.12. IgG binding to serotype 3 pneumococcal cells grown in different mediums
and treated with serum from mice vaccinated via IP route. 1x10’” CFU/well were treated
with primary antibody sourced from Swiss mice vaccinated three times intraperitoneally with
v-PNAPsaA. Total IgG binding was detected using a FITC-conjugated goat anti-mouse I1gG
secondary antibody and fluorescence was read using an Accuri flow cytometer. Representative
histograms showing shifts in FITC positivity from cells treated with secondary antibody only
(grey) to cells also treated with primary antibody (blue line) (left). FITC positive shift
quantified for statistical analysis in terms of GMFI (right). Data was analysed by one-way
ANOVA by comparing primary antibody treated GMFI to secondary only GMFI (* P <0.05,
¥ P <0.01, *** P <0.001, **** P <0.0001, n.s. = not significant) and presented as mean =+

SEM (n = 3). Data indicative of a single experiment.
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Figure 3.13. IgG binding to serotype 3 pneumococcal cells grown in different mediums

and treated with serum from mice vaccinated via IM route with alum adjuvant. 1x10’

CFU/well were treated with primary antibody sourced from Swiss mice vaccinated three times

intramuscularly with y-PNAPsaA and alum. Total IgG binding was detected using a FITC-

conjugated goat anti-mouse IgG secondary antibody and fluorescence was read using an

Accuri flow cytometer. Representative histograms showing shifts in FITC positivity from cells

treated with secondary antibody only (grey) to cells also treated with primary antibody (blue

line) (left). FITC positive shift quantified for statistical analysis in terms of GMFI (right). Data

was analysed by one-way ANOV A by comparing primary antibody treated GMFI to secondary
only GMFI (* P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001, n.s. = not significant) and

presented as mean + SEM (n = 3). Data indicative of a single experiment.
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CHAPTER 4

Discussion
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4.1. Characterisation of gamma-irradiated pneumococci

While gamma-irradiated whole-cell vaccines are yet to be tested clinically, this technology has
received considerable attention in the laboratory setting and has been proposed as a method to
generate a non-dividing but metabolically active (NDMA) cells that can be used as highly
immunogenic vaccines. However, the metabolic and enzymatic activities of NDMA-like
organisms are yet to be fully characterised. Thus, I examined the retention of specific
enzymatic, replicative, and metabolic activities related to gamma-irradiated pneumococcal
vaccine y-PNAPsaA to generate a more in-depth picture of the high immunogenicity and the
serotype-independent protective immunity reported previously by our lab. Furthermore, this
characterisation also serves to assess whether gamma-irradiated pneumococci can be

considered NDMA organisms, or if a new classification is required.

Firstly, I examined the neuraminidase activity of live pneumococci, compared to bacteria
inactivated using gamma irradiation, heat, and ethanol. These inactivation techniques have
been previously used in laboratory settings to generate whole-cell bacterial antigens [129, 155].
As anticipated, live pneumococci possessed the highest level of neuraminidase activity in this
assay. Importantly, while irradiated pneumococci showed a significant drop in enzymatic
activity compared to this live counterpart, I detected significant levels of neuraminidase
activity for the irradiated materials compared to heat or ethanol inactivated preparations. The
drop on enzymatic activity for irradiated materials compared to the live control is likely due to
some damage to protein antigens sustained during the irradiation process via the generation of
oxidising free radicals. Damage caused by oxidising free radicals is classified as a mechanism
of ‘indirect’ damage’ during the process of irradiation. While possible damage to proteins
cannot be avoided during the irradiation process, damage can be mitigated through
modification of irradiation conditions. Previously, our group have employed the use of dry-ice
to minimise damage to vaccine antigens, reducing both the formation and the movement of
free radicals generated during the irradiation process [156, 157]. Conversely, damage
mitigation against specific targets, such as proteins, cannot be employed when broad-target

methods such as heat and ethanol are used as inactivation methods. As a result, irradiated
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pneumococci possessed significantly higher neuraminidase activity relative to heat- and

ethanol-killed pneumococci.

In fact, these more conventional inactivation methods reduced enzymatic activity to almost
undetectable levels. In fact, one of the primary mechanisms by which heat-killing inactivates
biological organisms is through the denaturation of proteins, preventing enzymatic and
metabolic activities required for viability [158]. Thus, it was unsurprising to observe that no
neuraminidase activity was retained by heat-killed pneumococci. Interestingly, very limited
neuraminidase activity was retained by ethanol-killed pneumococci, though this was
significantly lower than activity possessed by gamma-irradiated pneumococci. As ethanol-
killed cultures were checked for sterility, these results are likely not due to the presence of
viable bacteria in the killed culture. Exposure to ethanol denatures proteins through the
disruption of hydrophobic interactions [159]. This may be a concentration- or time-dependent
process, and thus increases in the concentration of ethanol or exposure time may lead to

different results.

In addition to neuraminidase activity, I assessed the maintenance of transcriptional activities
by irradiated pneumococci. In order to assess the production of new RNA transcripts, I
examined transcription from inducible genes. The inducible genes chosen, aga, rafK, rafG,
and galK are controlled by the raffinose and galactose operons, respectively. Raffinose and
galactose act as alternative carbon sources for the pneumococcus, utilised when the preferred
carbon source, glucose, is unavailable. These experiments aimed to test whether irradiated
pneumococci possess transcriptional activities, subsequently indicating that another enzyme,
RNA polymerase, remained active after irradiation. Indirectly, this would also demonstrate
that irradiated pneumococci retain functional sugar import enzymes and are also capable of

responding to new environmental signals.

These data revealed a number of insights into genomic damage sustained via gamma irradiation
that may warrant further investigation. Gamma irradiation results in the introduction of
breakages into genetic material, known as direct damage. The points at which gamma-rays

interact with the genome and introduce breakages is random, however, it appears that some
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regions of the genome may be more susceptible to direct damage than others. In the case of
aga and galK expression, irradiated pneumococci produced fewer transcripts overall, but this
was not a significant decrease when compared with live pneumococci exposed to the same
inducing conditions. This trend towards lower rates of transcription is likely a result of some
bacteria in the 10" CFU/ml population sustaining damage to the genes of interest.
Interestingly, this trend was not consistent in the four genes examined as my data demonstrated
significantly reduced rates of transcription for rafK and rafG genes in irradiated pneumococci
under inducing conditions. It is possible that variations in expression level may have arisen
due to differences in gene sizes, with longer genomic regions sustaining damage more
frequently than a smaller counterpart. However, this possibility could be ruled out considering
the fact that aga is the largest gene of the four assayed (2160bp), and galK, rafK, and rafG are
of similar sizes (1179bp, 1131bp, 839bp, respectively). Alternatively, as both genes exhibited
significantly reduced expression belonged to the raffinose operon, it is possible that raffinose
import may be affected by treatment with gamma-irradiation. However, this is unlikely to be
the cause for the variation in gene expression as aga expression was not similarly affected.
Therefore, the physical characteristics of coding regions or control elements may play a role
in enhanced susceptibility to direct damage by gamma rays. Characteristics that may warrant
further investigation include examining whether epigenetic changes can modify susceptibility
to direct damage. It is reasonable to expect that changes in susceptibility may be partially due
to differences in DNA conformation, with tightly packed genetic material less likely to sustain
damage compared to coding regions with a looser conformation. Other aspects that may
warrant investigation include examining whether specific inducer or repressor proteins are
associated with both genes that demonstrated significant decreases in transcriptional levels,

with enhanced sensitivity possibly associated with protein rather than DNA damage.

In addition to investigating gene expression, I examined the retention of metabolic activity in
terms of glucose utilisation. Depletion of glucose from growth media after a period of seven
hours was used as an indicator of metabolism. As anticipated, glucose content was significantly
depleted after seven hours when live pneumococci were incubated under replicative
conditions. Comparatively, no significant depletion in glucose was detected when irradiated

pneumococci were cultured under the same conditions. The observed lack of glucose depletion

58



over time could be due to the low bacterial burden in the culture when irradiated bacteria were
inoculated to an equivalent starting OD to their live counterpart, as irradiated pneumococci do
not replicate. To account for this possibility, the culture of irradiated pneumococci was set up
to an OD value equivalent to that of the live pneumococcal culture at the end of the growth
period. Interestingly, incubating the irradiated culture with a high OD value had no impact on
glucose utilisation over the course of the incubation period, with these conditions similarly
resulting in no depletion of glucose. There are a number of possibilities that can potentially
explain this observation. Firstly, irradiated pneumococci may take up an amount of glucose
required for normal metabolism, however, due to their inability to divide, metabolic products
create an internal backlog, shutting down further metabolism via feedback loops. Secondly,
the enzymes of irradiated pneumococci may not remain active for extended periods of time
after cultures are thawed, preventing the detection of early metabolic activity under less
sensitive conditions. Finally, cell lysis may occur over time due to damage accrued throughout
the irradiation process, which would deplete the number of bacteria available to take up
glucose, and also release internalised glucose back into the growth media. Overall, this assay
indicates that irradiated bacteria are not broadly metabolically active, despite possessing

functional enzymes.

4.2. Interactions between y-PNAPsaA-induced antibodies and encapsulated

strains of pneumococci

As our y-PNAPsaA vaccine was designed to induce an immune response against highly
conserved sub-capsular antigens, I examined the breadth of serotype cross-reactivity of
vaccine-induced antibodies. 13vPCV and non-PCV serotypes were included in my screening
panel. Overall, y-PNAPsaA-induced antibodies were shown to be capable of recognising an
array of protein antigens expressed by all serotypes examined. A high degree of consistency in
terms of banding patterns was observed between each lysate, attesting to the highly conserved
nature of these sub-capsular antigens. Banding intensity appeared to be the most consistent
across all serotypes for higher kDa bands, with more variability in banding intensity existing

at mid- to low-kDa ranges. Changes in banding intensity between serotypes may be due to
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differential expression as some antigens, such as PspA, exhibit serological variability (as
discussed in Chapter 1). As our vaccine antigen is a derivative of serotype 2, expression of
antigens such as PspA from different serological families may result in changes in banding
patterns relative to the homologous serotype 2 lysate. Despite the possible presence of
antigenic variability between each serotype, the induction of an antibody response against all
surface antigens ensures that cross-reactivity is maintained through redundancy; while
antibodies might react poorly against a specific antigen, the multi-valent nature of our whole-
cell vaccine ensures that an antibody response exists against other surface antigens to

accommodate for some serological mismatch.

In addition to examining vaccine-induced immune sera cross-reactivity to whole cell lysates
from different serotypes, I investigated antibody binding to whole-cell encapsulated
pneumococci. This is essential to gain insight into the action of antibodies in a more clinically
relevant setting, as pneumococcal disease is mainly caused by encapsulated strains of bacteria.
Considering that the pneumococcus is known to vary capsule expression in vivo, I grew
pneumococci using different culture conditions in an attempt to manipulate capsule expression
to examine how the capsule hinders access to sub-capsular antigens, and which stage of
infection vaccine-induced antibodies may be targeting. Capsule structure was assessed both in
terms of width and overall polysaccharide production. Interestingly, I found that cultures
expressing larger capsules in terms of polysaccharide length do not necessarily express the
highest levels of total polysaccharide. Bacterial growth in serum broth and THY media
generated capsules of equivalent thicknesses, while growth in SILAC + 0.5% glucose medium
produced much larger capsules. Despite similarities in size, cultures of THY grown serotype 2
cells expressed more total polysaccharide than their serum broth grown counterparts. Most
interestingly, despite SILAC + 0.5% glucose grown D39 expressing a significantly larger
capsule than both THY and serum broth grown D39, cultures grown under these conditions
produced total CPS concentrations equivalent to those produced by THY grown cultures.
These results indicate that growth conditions influence capsule production not only in terms of
thickness, but also in terms of overall structure. For example, comparing serum broth and THY
grown cells indicates that while the polysaccharide chains detected for both cultures may be of

a similar length, THY grown cells may decorate their surfaces with more chains than their
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serum broth grown counterparts. Contrastingly, SILAC + 0.5% grown D39 appears to generate
long polysaccharide chains, though these must decorate the bacterial surface more sparsely,

leading to equivalence in total CPS production with THY grown cells.

To examine whether these trends were a serotype-independent phenomenon, I also examined
capsule expression by serotype 3 cells grown under the same conditions. Interestingly, the
trends observed in serotype 2 cultures was not repeated when using serotype 3, indicating that
responses to changes in growth media are serotype dependent. Under each condition, serotype
3 capsules were measured to be significantly thicker than their serotype 2 counterparts, with
growth in serum broth rather than SILAC + 0.5% glucose producing the largest capsule.
Additionally, unlike serotype 2, there appeared to be no significant difference in total
polysaccharide content in each culture despite large differences in capsule size. When TEM
and UAA data are taken together, this may suggest that cells grown in serum broth possess a
more homogenous capsule structure than those grown in THY. When grown in serum broth,
polysaccharide chains appear to uniformly decorate the cell surface, while cells grown in THY
appear to possess a mixture of long and short polysaccharide chains organised into nodule-like

structures or coating the surface evenly.

In order to examine the impact of encapsulation on antibody binding, I firstly examined IgG
binding to serotype 2 cells grown under different conditions. For this study, I used immune
sera from mice vaccinated using different route of administration to address whether
vaccination route can influence IgG subclass profiles and antibody-pathogen interactions. I
firstly examined IgG binding to serotype 2 pneumococci using serum from mice vaccinated
using IP administration route. Interestingly, while serum broth and THY grown cells expressed
relatively thin capsules, IgG binding to these cells was not significantly different, or only
increased mildly, when compared to their secondary antibody only controls. Comparatively,
SILAC + 0.5% glucose grown cells, which exhibited a thick capsule, showed a substantial
increase in IgG binding compared to both its control and either counterpart. Taken together
with data from the TEM and Uronic Acid Assay (UAA) experiments, this may indicate that
capsule thickness alone is not always indicative of the degree of efficacy of sub-capsular

antigen shielding by the capsule. Additionally, structural aspects of how polysaccharide chains
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are arranged on the bacterial surface must also be considered. In this case, while growth in
SILAC + 0.5% glucose may lead to the production of long polysaccharide chains and thus a
thick capsule, the overall content of capsular polysaccharide indicated by UAA suggests a
sparsely encapsulated phenotype, a phenotype what can by characterised accurately based on

TEM images alone.

In order to examine the impact of encapsulation in a more clinically relevant setting, I repeated
this experiment using serum from mice vaccinated IM, with alum included in vaccine
formulation as an adjuvant. Interestingly, the trends observed using immune sera from IP
vaccinated mice could not repeated using sera from IM vaccinated mice. While THY grown
cells showed mid-range IgG binding once more, IgG binding trends in serum broth and SILAC
+ 0.5% glucose grown cells was reversed. A factor associated with the serum may influence
IgG binding to encapsulated pneumococci and therefore I examined IgG subclass profiles. In
the case of sera generated using IP vaccination, there is no clear domination by a single
subclass, with relative IgG1, IgG2b, and IgG3 titres slightly higher than relative IgG2a titres.
Comparatively, serum from mice vaccinated via the IM route with alum as adjuvant is clearly
dominated by the IgG1 subclass, followed by IgG2b with significantly lower relative titres,
[gG3, and finally IgG2a. This is typical of an antibody response induced in the presence of
alum, which favours the generation of a Th2-type response dominated by the IgG1 subclass
[160, 161]. While this profile of IgG subclasses is associated with higher IgG binding to serum
broth grown D39, the binding to SILAC + 0.5% glucose grown D39 is much lower than that
observed for immune sera from mice vaccinated via IP route, with GMFI values of ~1200 and
~6500, respectively. This may suggest that this subclass profile offers sub-optimal IgG binding
against encapsulated pneumococci, particularly since Th2-type responses are most closely

associated with immunity against helminth-type pathogens [162].

Subsequently, I examined IgG binding to serotype 3 pneumococcal cells using immune sera
from mice vaccinated via IP route and mice vaccinated via IM with alum as an adjuvant.
Overall, rates of IgG binding were lower against serotype 3 cells treated with IP serum when
compared to cells treated with serum from mice vaccinated using IM route with alum. In each

case, however, higher levels of IgG binding were not polarised towards cells grown in one

62



particular growth medium. IgG binding tended to be slightly higher against SILAC + 0.5%
grown cells, with IgG binding to serum broth cells closely behind. Similar to the serotype 2,
IgG binding to serotype 3 was lowest against THY grown cells when using either serum type.
As serotype 3 cells typically expressed thicker capsules than their serotype 2 counterparts
under all growth conditions, these capsular phenotypes may be more effective at preventing
IgG binding, hence the lower GMFI values observed against all serotype 3 cells relative to
serotype 2. Combining antibody binding data may suggest that immune serum generated by
vaccination using IM with alum as an adjuvant (dominated by IgG1) is better able to bind to
pneumococci with a broader range of capsule thicknesses, and hence is potentially better able
to bypass the capsule for effective protein antigen binding. Conversely, immune sera from
mice vaccinated using IP route of administration (equal distribution of IgG subclasses) was
more effective in binding to pneumococcal cells when SILAC + 0.5% glucose was used for
growth. The sparser capsule generated by culture in this media type only may allow binding

by the ‘non-optimal’ IgG profile associated with IP immunisation.

Taken together, these data indicate that aspects associated with both capsule phenotype and
serum subclass profiles can influence IgG binding to encapsulated pneumococcal cells. The
functional relevance of these IgG binding rates remains of particular interest. For example,
there may be a specific subclass that binds pneumococci with any capsular phenotype most
consistently. It may also be worth examining whether higher rates of IgG binding correlate
with increased OPK, or if there is a minimum level of IgG binding required for protection

against pneumococcal disease.

4.3. Future directions

A key characteristic shared by both KBMA and NDMA organisms lies in their ability to
combine the safety of killed vaccines with the enhanced immunogenicity of live-attenuated
vaccines. Both KBMA and NDMA organisms have been demonstrated to stimulate immune
responses comparable to those induced in mice following non-lethal challenge with the live
organism. This characteristic is thought to be due to the maintenance of metabolic activities.

Traditionally, the retention of translational activities has acted as a benchmark for deeming
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whole-cell antigens as KBMA or NDMA. To complete the examination of our whole-cell
antigen, radiolabelled amino acid incorporation may be utilised to examine whether protein
synthesis pathways similarly remain functional. Furthermore, it would be of interest to
examine whether the gamma-irradiated preparation stimulates immune signalling to a
comparable degree with its live counterpart. Innate immune signalling may be examined in
vitro by comparing TLR stimulation by irradiated and live vaccine preparations, while adaptive
responses may be further examined via administration of a sub-lethal dose of live pneumococci
or y-PNAPsaA. Of further interest may be examining which processes are required for
enhanced immune signalling by the inactivated organism. For example, immune signalling
experiments could be repeated to compare signalling via y-PNAPsaA alone, and y-PNAPsaA
treated with a transcription inhibitor to see if mRNA production is responsible for enhanced

signalling by irradiated organisms versus those inactivated using methods such heat or ethanol.

Further examination of IgG binding to encapsulated pneumococci will be required if an ideal
IgG subclass profile is to be elucidated. Rather than examining total IgG binding, future
experiments may focus on examining whether there is a specific IgG subclass that is most
effective at binding sub-capsular antigens. This may be achieved through flow cytometry
analysis using secondary antibodies specific to each IgG subclass, rather than to total IgG.
Additionally, my data showed that immune sera from mice vaccinated via the IM route with
alum adjuvant was capable of binding pneumococci expressing a variety of capsular
phenotypes, albeit at lower levels than immune serum from mice vaccinated via the IP route.
It would be beneficial to examine whether these lower levels of IgG binding are associated
with efficient OPK activity. This can be achieved in vitro using a phagocytic cell line and spot

plating to generate OPKA titres.

4.4. Conclusion

To date, the only pneumococcal vaccines available on the market consist of purified
polysaccharide capsule alone (PPV), or conjugated to a protein carrier (PCV). While effective
against the limited number of serotypes included in their formulation, the PPV and PCV

pneumococcal vaccines suffer from a shared shortcoming; serotype specificity. To address this
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issue, our lab has endeavoured to develop a new, serotype-independent pneumococcal vaccine
using unencapsulated whole cells inactivated using gamma-irradiation. Our formulation
branches away from traditional pneumococcal vaccines, containing a whole-cell inactivated
antigen rather than purified pneumococcal components. The removal of the polysaccharide
capsule further subverts characteristics of conventional pneumococcal vaccines, leading to the
induction of a B cell-dependent immune response specific to highly conserved sub-capsular

antigens, conferring the serotype-independent nature of our vaccine.

Overall, this study has further characterised irradiated pneumococcal cells. I have
demonstrated that these inactivated cells retain enzymatic activities both externally
(neuraminidase) and internally (RNA polymerase). Furthermore, my data represent the first
illustration that irradiated bacteria are capable of responding to environmental signals in terms
of available carbohydrates, and can modifying gene expression accordingly. These
experiments also provided further insight into how gene structure may influence susceptibility
to damage by gamma-irradiation. Our vaccine preparation does not appear to retain activities
associated with carbohydrate utilisation and metabolism in a broader sense. This may not
preclude irradiated pneumococci from being classed as an NDMA organism, however. While
metabolic activity reported by Brockstedt and colleagues, and Magnani and collegues was
established by demonstrating translational pathways remain active, the detection of microbial
viability and enhanced immunogenicity is thought to occur via sensing of microbial mRNA
[143, 144]. Therefore, the demonstration of new mRNA synthesis may be a more appropriate
benchmark for the classification of organisms as NDMA, as illustrated for gamma-irradiated
S. pneumoniae, unless long-term protein synthesis can be demonstrated as this would also

require the synthesis of new mRNA transcripts.

Additionally, I have shown that capsular phenotype can be influenced by changes in growth
conditions that may impact both polysaccharide chain length and density on the bacterial
surface. These experiments subsequently revealed that polysaccharide chain length alone is not
necessarily an ideal indicator of sub-capsular antigen shielding capabilities. Furthermore, IgG
binding to pneumococcal cells is also impacted by the IgG subclass profiles induced by

different routes of vaccination. Taken together this data provides valuable insight into the
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characteristics of a gamma-irradiated pneumococcal vaccine that will help us to understand the
high immunogenicity and the serotype-independent protection induced by this vaccine

candidate.
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