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ABSTRACT

Streptococcus pneumoniae and influenza are the world’s foremost bacterial and viral
respiratory pathogens. In addition to their individual clinical significance, co-infection with
these pathogens enhances disease progression and is associated with substantially increased
mortality rates. Vaccination is the best preventative method to control disease caused by
individual pathogens as well as co-infection. Gamma-irradiation is considered a safe
sterilization method, used routinely to sterilize medical devices, pharmaceuticals and most
commonly food products. It can also be utilised as an inactivation technique to generate
whole cell bacterial and viral vaccines with minimal impact on pathogen structure and
antigenic determinants. This study presents the first evidence illustrating the use of this
inactivation technique for development of a mucosal S. pneumoniae whole cell vaccine (y-
PN). Gamma-irradiation was utilised to inactivate an unencapsulated S. pneumoniae strain
Rx1 with an unmarked deletion of the autolysin gene and with the pneumolysin gene
replaced with an allele encoding a non-toxic pneumolysoid. Intranasal administration of mice
with y-PN without an adjuvant was shown to elicit serotype-independent protection against
pneumococcal challenge in models of sepsis and pneumonia. In particular, vaccine efficacy
was shown to be reliant on B cells and IL-17 responses. Importantly, immunisation promoted
IL-17 production by yd T cells, as opposed to conventional Th17 cells commonly reported
with other pneumococcal whole cell vaccines. Moreover, this study also illustrated that the
immunogenicity and protective efficacy of the y-PN vaccine can be enhanced in the presence

of the mucosal adjuvant, cholera toxin.

In addition, this study describes a novel combination vaccine approach comprising
inactivated whole bacterial cells and whole virions to S. prneumoniae and influenza
respectively. In this study mice were co-immunised intranasally with the un-adjuvanted y-PN
vaccine and a gamma-irradiated influenza vaccine (y-FLU). Interestingly, co-immunisation
was shown to enhance y-PN vaccine efficacy and immunogenicity against virulent
pneumococcal challenge, which was dependent on CD4" T cell responses. In contrast to
vaccination with y-PN alone, co-immunisation enhanced pneumococcal-specific effector
Th17 and Thl memory cells, promoted development of CD4" tissue-resident memory cells,
and enhanced pneumococcus-specific antibody responses. In addition, this combination

approach was shown to elicit significant protection against lethal influenza challenge, as well

Xiv



as against co-infection with both influenza and S. pneumoniae. These data support the notion
that y-FLU exhibits adjuvant-like properties to enhance immunogenicity of a co-administered
vaccine without compromising pathogen-specific immune responses. Future work will be

focused on clinical development of individual and combination vaccines.
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CHAPTER 1

Introduction



1 | INTRODUCTION

Streptococcus pneumoniae (the pneumococcus) is one of the most challenging upper
respiratory bacterial pathogens in humans. In addition to causing a significant global disease
burden from individual infections, co-infection with other respiratory pathogens such as
influenza is associated with higher morbidity and mortality rates. Therefore, vaccination
represents an important prevention measure. This review will outline the pathogenesis of S.
pneumoniae and influenza infection, the underlying causes of co-infection and current
vaccination approaches to each of these respiratory pathogens. This review will also
introduce the concept of gamma-irradiation as a promising inactivation technique for vaccine

development.

1.1. Streptococcus pneumoniae

S. pneumoniae is a Gram-positive bacterium, which is known to be the leading cause of otitis
media, pneumonia, bacteraemia and meningitis worldwide (1). It is a common component of
the nasopharyngeal microflora and is estimated to be carried asymptomatically by
approximately 60% of the population, with higher carriage rates among children under 6
years old (2). Serotype classification of S. pneumoniae is defined by the capsular
polysaccharides (CPS) that constitute the anti-phagocytic capsule forming the outermost
layer of the bacterium (3, 4). 93 structurally distinct CPS have been recognized to date, and

these may differ in their ability to cause disease (5).

1.1.1 Significance

Pneumococcal disease is highly prevalent in young children under the age of 2, the elderly
(>65 yrs) and immuno-compromised individuals with underlying illnesses such as chronic
heart disease, lung disease and asplenia (6-8). In addition, invasive pneumococcal disease has
also been reported to be 25-50 fold higher in patients infected with human immunodeficiency
virus (HIV) (9-11). Furthermore, co-infection with other pathogens such as influenza virus
can also trigger progression of asymptomatic pneumococcal colonization into invasive
disease, which is commonly observed during influenza pandemics (12). In 2006, the World
Health Organization (WHO) estimated that approximately 1.5 million people die annually as
a result of pneumococcal disease, with 1 million of these deaths occurring in children under
the age of 5 in developing countries (1, 13-15). Indeed, it has been reported that for every

100,000 people in developing countries, more than 25-30 cases of invasive pneumococcal
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disease (bacteraemia and meningitis) occur in people of all ages, with more than 50 cases
occurring in the elderly (>65 yrs old) (16). Global estimates of pneumococcal disease burden
in the year 2000 reported 14.5 million cases of pneumococcal infection, with countries within
Asia and Africa accounting for 66% of all cases. Specifically, 96% of these cases were
reported to be pneumonia (14). Therefore, these studies illustrate the high prevalence and

severity of pneumococcal disease in developing countries.

1.1.2 Pneumococcal carriage and disease

Humans are the only known natural reservoir for harbouring S. pneumoniae. Early in life, S.
pneumoniae colonizes the nasopharynx of infants within a few months of birth. Depending
on the immunogenicity of particular serotypes, certain strains can colonize the nasopharynx
for approximately a month or can last up to a year. Eventually as immunity develops towards
colonizing pneumococci, these serotypes are replaced with alternative strains and this process
continues until adulthood (17, 18). It has been reported that the majority of children (~95%)
can be colonized with up to 6 different serotypes by the age of 2 (19). Interestingly, it has
also been shown that colonizing serotypes differ significantly between children (less than 5
yrs) and adults (20). Furthermore, the degree of encapsulation has been shown to influence
rates of carriage, with encapsulated pneumococci associated with higher carriage rates in

comparison to significantly low carriage rates for unencapsulated strains (21).

Pneumococcal disease can be divided into non-invasive and invasive disease. Non-invasive
disease is associated with localised infection within particular niches, such as infection of the
sinuses (sinusitis), the inner ear (otitis media) and the lungs (pneumonia). Of all of the non-
invasive diseases, pneumonia poses the highest risk of morbidity and mortality. In order to
establish pneumonia, pneumococci migrate from the nasopharynx by aspiration into the
alveoli and establish infection, causing excessive inflammation. This results in symptoms
such as fever, cough and tachypnoea. In healthy individuals, pneumococcal pneumonia is
readily treatable, leading to complete recovery. However, in individuals with complicated
health issues, such as those with lung disease or infected with other respiratory infections,
pneumococcal pneumonia can often result in death. Alternatively, S. pneumoniae can
progress to invasive disease, whereby the bacteria can migrate into niches such as brain and
blood to cause meningitis and bacteraemia respectively. Bacteraemia can predispose

pneumococci to cross the blood-brain barrier and cause meningitis, which is an inflammation
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of the meninges that cover the brain and spinal cord. Meningitis initially results in symptoms
such as fever, irritability, vomiting and an altered mental state. Progression of the disease
leads to seizures, focal neuropathology and coma (22). Epidemiological studies have found
that pneumococci that express a large capsule are highly virulent and more likely to progress
to invasive disease. In contrast, strains that are unencapsulated are generally avirulent (22-
24), although some of these strains have been reported to be associated with superficial
infections such as conjunctivitis (25, 26). A study evaluating the relationship between
serotypes and mortality rates found that serotypes 1, 7F and 8 were associated with lower
mortality rates in comparison to that observed with serotype 3, 6A, 6B, 9N and 19F (27).
Nevertheless, all non-invasive and invasive pneumococcal disease results in a high medical

and economical burden.

1.1.3 Antibiotic treatment

Since the 1940s, penicillin was the traditional antibiotic used for treatment of S. pneumoniae
infections. Prior to the use of penicillin, approximately 20%, 50% and between 80-100%
mortality rates were associated with pneumococcal pneumonia, bacteraemia and meningitis,
respectively (28). However after introduction of penicillin, these mortality rates significantly
reduced to 5%, 20% and 30%, respectively (29). With continued overuse of antibiotics
throughout the years, pneumococcal strains began to evolve mechanisms to resist the actions
of antibiotics. The first penicillin-resistant pneumococcal strain was isolated in 1967 in Papua
New Guinea followed by reports from South Africa, Israel, Poland, Spain and the US (30)
and by 1974, penicillin-resistant clinical isolates were detectable worldwide (31).
Pneumococci became multi-resistant against not only penicillin but also other antibiotics such
as erythromycin, clindamycin, tetracycline, streptomycin and chloramphenicol (32, 33).
Therefore, it is important that antibiotic resistance patterns are carefully monitored and that
on-going research to develop new antimicrobials effective against S. pneumoniae continues.
Nevertheless, the rapid evolution and dissemination of resistant pneumococci underscore the

need for more effective pneumococcal vaccines, as discussed later.

1.1.4 Pathogenesis

Transmission of the bacterium generally occurs via aerosol droplets or direct contact with

infectious secretions. Upon entrance through the nasal cavity, components of the cell wall
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such as phosphorylcholine (ChoP) mediate direct attachment to the respiratory epithelium via
binding to the platelet-activating factor receptor (PAFr) (34). In addition, hyaluronidase
secreted by S. pneumoniae degrades hyaluronic acid, which is an important component of
host connective tissue and the extracellular matrix. This assists in the binding of bacterial
surface proteins such as pneumococcal adhesion and virulence A (PavA) and enolase (Eno)
to host’s fibronectin and plasminogen, respectively (35-37), which further facilitates
adherence to the epithelium. The enzyme neuraminidase also plays a critical role as it cleaves
N-acetylneuraminic acid to decrease the viscosity of mucus lining the upper respiratory tract
and exposes N-acetyl-glycosamine receptors on host epithelial cells through cleaving
terminal sialic acid from glycolipids, glycoproteins, and oligosaccharides (38). Furthermore,
pneumococcal surface protein C (PspC), also known as choline-binding protein A (CbpA),
promotes translocation of the bacterium across the epithelium via interactions with human
secretory component located on the polymeric immunoglobulin receptor (39). Overall,
synergistic activities of these virulence factors promote successful nasopharyngeal

colonization (Figure 1.1).

In addition to invading the respiratory epithelium, S. pneumoniae utilises many virulence
factors to evade the hosts’ immune defence. For example, the capsule, which is the most
potent virulence factor, forms an inert shield that strongly impedes opsonisation by
preventing the binding of IgG and complement component deposition of C3b/iC3b on the
bacterial surface by both the classical and alternative complement pathways. As a result, it
inhibits the process of phagocytosis mediated by both complement and Fcy receptors on
phagocytic cells (40). In addition, the capsule has also been reported to reduce trapping of the
bacteria by neutrophil extracellular traps (41). Another crucial virulence factor is the toxin
pneumolysin (Ply), which is a pore forming toxin released from the bacterium through the
action of the enzyme autolysin (LytA) (42). Ply contributes greatly to the pathogenesis of S.
pneumoniae via many mechanisms; it can bind to cholesterol within the membranes of target
cells leading to the formation of large pores and cytolysis (43), it has been shown to inhibit
the ciliary beating of respiratory epithelium (44), it is involved with activation of the
complement pathway (45) and it has been shown to reduce lymphocyte proliferation (46, 47).
Ply has also been shown to promote the production of inflammatory mediators such as, TNF-
a, IL-6, as well as the chemokines CXCL1 and CXCL2. This combination of pro-
inflammatory cytokines and chemokines facilitates the induction of an inflammatory

response and contributes to the influx of neutrophils during early stages of infection (48, 49).
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In addition, pneumococcal surface protein A (PspA) located on the cell wall is also pivotal
for virulence. It has a high negative charge, which is important for interfering with
complement component C3b deposition on the bacterial surface (50). It has also been
reported to bind to lactoferrin, which is an iron storage glycoprotein, to increase the amount
of iron available for maintaining growth of the bacterium (51, 52). Similarly, aside from its
major role during bacterial invasion, CbpA also interferes with the complement system by
recruiting negative regulators serum factor H and C4-binding protein to prevent activation of
the alternative and classical pathways, respectively (53, 54). Overall, a combination of these
virulence factors and many others not listed here are essential for the persistence of

pneumococci within the host.
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Figure 1.1: S. pneumoniae structure and virulence factors (55).

1.1.5 Immunity

1.1.5.1 Innate immunity

Upon infection, S. pneumoniae is recognised by an array of germline-encoded pattern
recognition receptors (PRRs). PRRs such as Toll-like receptors (TLRs) are capable of
detecting an extensive range of conserved microbial signatures termed pathogen associated

molecular patterns (PAMPs). Recognition of PAMPs by TLRs trigger signalling pathways
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that result in the activation of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) and Interferon regulatory factors (IRF) 3/7, which lead to the synthesis of
proinflammatory chemokines/cytokines such as interleukin (IL-) 8, tumor necrosis factor
(TNF-0) and interferon type I (IFN-I) (56). During pneumococcal infection, components of
the cell wall such as lipoteichoic acid and lipoproteins are recognized by TLR2 (57), bacterial
DNA containing unmethylated CpG motifs are recognized by TLR9 (58) and the toxin
pneumolysin has been shown to interact with TLR4 (59). In addition, gene knock out (KO)
studies in mice have illustrated the importance of signalling through TLR2, TLR4 and TLR9
in defence against pneumococcal infection. TLR2 signalling has been shown to play a critical
role in protection against colonization (60). It has also been demonstrated to be important for
clearance of bacteria in pneumococcal meningitis as TLR2 KO mice were associated with
increased blood brain barrier permeability, CNS bacterial burden and inflammation (61).
TLR4 signalling has also been demonstrated to be important for protective immune responses
against pneumococcal pneumonia. Particularly, evaluation of Ply-mediated TLR4 signalling
showed that TLR4 deficient mice were unable to control proliferation in the nasopharynx,
which caused them to be highly susceptible to invasive disease (59, 62). Moreover, TLR9 has
been shown be important in the lower respiratory tract during the early stages of
pneumococcal infection. TRL9 was not involved in the recruitment of immune cells, but

rather had a pivotal role in the phagocytic clearance of bacteria by resident macrophages (58).

In addition to TLRs, Nod-like receptors (NLR’s) also play important roles in the recognition
of bacterial components during pneumococcal infection. NLR’s are intracellular PRR’s
within the cytosol which function via activation of the multi-protein complex called the
inflammasome, which in turn promotes the cleavage and secretion of cytokines IL-1f and IL-
18. These powerful proinflammatory cytokines display pleiotropic functions to defend
against bacterial infections (63, 64). During S. pneumoniae infection, the toxin Ply readily
activates the NLRP3 inflammasome to mediate the production of IL-1f in macrophages and
DCs (65). Other NLR’s including NOD?2 is also important in host defence. It has been shown
that upon recognition of bacterial cell wall components that contain muramyl dipeptide,
NOD2 signalling induces the production of the chemokine attractant CCL2, which is
essential for promoting macrophage recruitment (66). Pyrin and HIN200 domain-containing
(PYHIN) proteins, another family of PRRs that also facilitate formation of the inflammasome
(67), have been reported to play a role during pneumococcal infection. In particular, the

PYHIN protein AIM2, which binds to cytosolic double-stranded DNA, is critical for
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activation of caspase 1 in macrophages following infection with S. pneumoniae, leading to

the secretion of IL-18 and IL-1 (68).

Furthermore, aside from PRR signaling, innate immune cell populations such as NKT cells
and yo T cells are also crucial during pneumococcal infections. In particular, these cells have
been shown to stimulate the production of TNF-o and CXCL2 to promote neutrophil-
mediated host defense against bacteria (69, 70).

Overall, the response to pneumococcal infection is multifaceted and involves many aspects of
the innate immune system, which shapes the adaptive immune response against S.

pneumoniae.

1.1.5.2 Adaptive immunity
Antibody responses

During S. pneumoniae infection, antibodies generated against the CPS are particularly
important for mediating bacterial clearance by the process of opsonophagocytosis and have
been proven to provide protection in humans and in various animal species (71, 72). In
addition, antibodies can also be generated against the subcapsular antigens that lie underneath
or are interspersed between the CPS such as PspA, CbpA, pneumococcal surface antigen A
(PsaA) and pneumococcal histidine triad protein D (PhtD) and E (PhtE). However, unlike the
serotype specific anti-capsular antibodies, antibodies directed against the subcapsular
antigens can target all serotypes and have also been demonstrated to be capable of mediating
immunity to pneumococcal infections (73-77). Besides the prominent role of antibodies in
opsonising pneumococci for phagocytic clearance, there is also evidence to show that the
capsular polysaccharide conjugate vaccines (PCV)’s can induce non-opsonic antibodies to
the CPS. Studies evaluating the efficacy of non-opsonic antibodies have demonstrated that
these antibodies are protective against lethal pneumococcal challenge with serotype 3 and 8
(78, 79). Further work investigating the efficacy of the human non-opsonic antibody, 1E2,
showed that in contrast to the opsonic antibody 7A9, 1E2 reduced colonization and prevented
bacterial dissemination throughout the host. Interestingly, it was found to mediate protection
in an Fc-independent manner. Although, the precise mechanisms of how these non-opsonic
antibodies mediate protection in vivo is currently under investigation, bacterial agglutination

and enhanced fratricide have been proposed (80).
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CD4" T cell immunity

Aside from the process of complement-mediated opsonophagocytosis, CD4" T helper cell
responses have been shown to be another important component in adaptive immunity against
S. pneumoniae. The subset of CD4" T cells that produces IL-17, known as T helper 17 (Th17)
cells are predominately involved in host defence against extracellular pathogens and fungi
(81). In recent years, it has been confirmed that the Th17 signature cytokine IL-17 is essential
for protection against S. pneumoniae infection, as neutralization of IL-17 was shown to
abrogate protection following mucosal immunization with a whole-cell vaccine (82, 83).
CD4" T cells of the IL-17 lineage have been clearly demonstrated to be required for early
recruitment of neutrophils and macrophages during the initial stages of colonisation. This
process subsequently facilitates the clearance of invading pneumococci, by opsonisation-
dependent mechanisms (84, 85). In addition, Moffitt and colleagues used a proteomic
approach to identify antigens that stimulated production of IL-17 in CD4" T cells from mice
immunized with the whole-cell vaccine. They demonstrated that there was a hierarchy in
antigens promoting IL-17 responses and proposed that these antigens differ to those
recognized by protective antibodies. In particular, they found that the antigens SP0148,
SP2108 and SP0882 promoted robust Th17 responses and conferred significant protection
against colonization following intranasal immunization (86). Further work evaluating SP2108
and SP0148, which are substrate-binding lipoproteins of ATP-binding cassette (ABC)
transporter complexes, showed that the lipid moieties of these proteins are critical in

mediating TLR2-dependent protection against nasopharyngeal carriage (87).

Taken together, these studies demonstrate the importance of Thl7 responses during
pneumococcal infection and therefore induction of these cells would be highly desirable for

eliciting vaccine-induced immunity to S. pneumoniae.

1.1.5.3 Complement and antibody-mediated immunity

The host’s major defence mechanism against pneumococcal infections is the induction of
antibody-initiated complement-dependent opsonisation (88), whereby phagocytosis and
intracellular destruction of pneumococci is highly dependent on the presence of opsonins, i.e.
immunoglobulins and complement (89). In general, all classes of the pneumococcal-specific
antibodies (IgM, IgG or IgA) can initiate the process of complement-dependent
opsonophagocytosis through the binding of Clq indirectly to Fc portions of the antibody-
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antigen complexes. This results in activation of the classical pathway of the complement
system, which is found to be the most dominant pathway for protection against the
pneumococcus (90, 91). In addition to antibodies, other factors can also lead to classical
pathway activation during pneumococcal infection. C-reactive protein (CRP) has been shown
to bind to ChoP within the bacterial cell wall resulting in an interaction with Clq (92).
Furthermore, Clq itself has also been shown to directly bind to the bacterial surface causing
activation of the complement pathway (93). Overall, activation of the complement system
leads to the deposition of complement components C3b and iC3b on the bacterial cell
surface. This triggers a cascade that ultimately causes phagocytic cells to mediate effective
clearance of opsonized bacteria by binding to the Fc fragments of IgG/IgM and complement
components (C3b and iC3b) via their complementary receptors (2). The alternative pathway
can also be activated upon pneumococcal infection, but to a lesser extent (90, 94). As
mentioned earlier, pneumococcal virulence factors such as PspA and CbpA are well known

for their ability to interfere with complement activation (50, 53).

1.1.6 Pneumococcal vaccines

1.1.6.1 Capsular Polysaccharide vaccines

The CPS are considered the major virulence factor and dominant surface antigen of S.
pneumoniae, therefore have been the primary target for vaccination. Given the extensive
number of S. pneumoniae capsular serotypes (93 identified to date), the ability to
manufacture a universal pneumococcal vaccine remains a substantial challenge. One of the
first pneumococcal vaccines licensed was the polyvalent polysaccharide vaccine, which
covered initially 14, and later 23 of the most common circulating serotypes (95). This vaccine
is immunogenic in adults and children older than 5 years, but is poorly immunogenic in
children less than 5 years old (96). CPS are T-cell independent antigens that are poorly
immunogenic and do not induce robust long-term humoral memory. This has been reported
to be responsible for the lack of protection in younger children. These limitations led to
development of pneumococcal conjugate vaccines (PCV)’s, whereby the CPS is conjugated
to a protein carrier to promote induction of T cell-dependent immunity. This lead to the initial
development of the 7 valent pneumococcal conjugate vaccine (PCV7) containing serotypes 4,
6B, 9V, 14, 18C, 19F and 23F. The most recent pneumococcal conjugate vaccine (PCV13)
(Prevnar 13®) covers 13 serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F & 23F) and

has been in routine use since 2010. These preparations elicit strong immunity in infants and
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young children (97). However, high cost and technical complexity restricts the number of
serotypes that can be included in existing vaccine combinations. In addition, although there
has been a significant reduction in the incidence of invasive disease corresponding to
particular vaccine-included serotypes, these current vaccine formulations do not protect
against non-vaccine serotypes. This has resulted in an increased prevalence of non-vaccine
serotypes in pneumococcal carriage and disease, a phenomenon known as 'serotype

replacement' (1, 98).

Serotype replacement

Serotype replacement refers to the replacement of vaccine type pneumococci harboured
within the nasal microflora with alternative serotypes. Replacement of these particular strains
due to protective immunity induced by current vaccines, has consequently increased the
incidence of pneumococcal carriage and disease with non-vaccine serotypes (98-100) as well
as other colonizing bacteria such as Staphylococcus aureus (S. aureus) (101). This mitigates
the benefits of vaccination regimes and has affected the overall aim of reducing the incidence
of pneumococcal invasive disease. For example, although the introduction of PCV7 in
Australia significantly reduced invasive disease in children under the age of 2 by 74% during
the period of 2002-2007, the incidence of invasive disease due to non-vaccine serotypes
significantly increased (102). Indeed, serotype 19A accounted for approximately 38% of
cases in 2007 (103), which was consistent with data from other countries such as Canada
(104), USA (105) and Spain (106). In addition, the introduction of PCV7 coupled with
continued antibiotic use, also resulted in an increase in antibiotic resistance in non-vaccine
serotypes of which 19A was the most prominent and highly resistant strain (107-110). Thus,
considering multi-drug resistance associated with this particular serotype, serotype-
replacement represents a significant health risk (111, 112). As a result, the PCV7 was
modified to include additional serotypes (1, 3, 5, 6A, 7F, and 19A) in an attempt to induce
broader spectrum coverage and to reduce invasive disease caused by these non-PCV7
serotypes. A study comparing immunization of healthy infants with the PCV7 and the 13-
valent PCV (PCV13) reported that the PCV13 immunisation resulted in a significant
reduction in nasopharyngeal colonization with the additional serotypes 1, 6A, 6C, 7F and
19A included in the vaccine formulation in comparison to that observed with the PCV7
(113). These findings also support other reports in France, the United Kingdom and the
United States outlining the efficacy of the 13-valent PCV in reduction of these additional
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serotypes (114-116). Although PCVI13 is effective, it still does not protect against all

pneumococcal serotypes and therefore does not resolve the problem of serotype replacement.

1.1.6.2 Experimental vaccines

Considering the serotype specific immunity generated by CPS-based vaccines, a vaccination
approach that generates broad-spectrum immunity is required to reduce prevalence of
invasive disease and consequently reduce use of antibiotics. Examples of such serotype-

independent vaccines include protein vaccines and whole-cell vaccines.

Protein Vaccines

Protein vaccines are based on the possibility of using highly conserved purified proteins
common to all serotypes. These proteins are T-dependent antigens and are therefore expected
to induce long lasting immunity. Previous studies have tested the immunogenic potential of
purified PspA, PspC, PsaA, Ply and PhtD (117-119). All of these proteins are important
virulence factors that play a wide array of roles in pneumococcal pathogenesis. PspA is
essential for inhibition of complement-mediated opsonisation (120, 121) and also has roles in
preventing the antimicrobial activity of apolactoferrin (52). PspC is pivotal in adherence and
invasion of host cells by pneumococci by binding to the polymeric immunoglobulin receptor,
which is required for trancytosis of IgA across mucosal epithelial cells (122, 123). PhtD also
has a role in attachment to epithelial cells although interactions still remain unclear (124-
126). PsaA is involved in manganese uptake and resistance to oxidative stress (127, 128).
Ply, as mentioned earlier, is a pivotal virulence factor that plays many significant roles
contributing to pneumococcal pathogenesis (Section 1.1.4). Various combinations of these
proteins rather than single antigens, have been shown to induce robust antibody responses
and subsequently have proven to be protective upon pneumococcal challenge when
administered either parenterally or via mucosal routes (117-119). Furthermore, in addition to
the advantage of serotype-independence, protein vaccines can be produced at relatively low

cost and in high quantity, which makes them quite promising vaccine candidates.

Whole-cell vaccines

Another approach towards generation of serotype-independent vaccines is employing
pneumococcal whole-cells. Since the introduction of inactivated whole-organism vaccines by

Almroth Wright in 1902, researchers have adopted this concept and have investigated the
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effects of live-attenuated and completely inactivated whole-cell preparations as mucosal
vaccines for S. pneumoniae. Employing bacterial whole-cells allows exposure of all antigens
in their native biological conformation to promote induction of natural immune responses. In
addition, the immunity induced by an array of antigens may be advantageous in comparison

to protein vaccines or the PCVs, which comprise only a selected number of antigens.

1. Live attenuated pneumococcal vaccines: Live attenuated vaccines involve the attenuation

of a strain by deletion or disruption of particular genes involved in virulence. Many studies
have demonstrated the efficacy of these attenuated strains in mediating protective immunity
against pneumococcal infections. For example, intranasal immunisation with a pep27 mutant
strain (an autolysis-inducing factor involved in cell lysis) was shown to elicit serotype-
independent protection against lethal intranasal challenge (129). In addition, Rosch and
colleagues generated a live attenuated vaccine that involved the deletion of the fisY gene, a
signal pathway recognition component that is required for delivery of membrane and
secretory proteins. This allowed pneumococci to colonise the nasopharynx without causing
invasive disease. Similarly, intranasal immunisation was also shown to provide serotype-
independent protection against multiple infectious models including sinusitis, pneumonia,
otitis media and invasive pneumococcal disease (130). The approach of using nasopharyngeal
colonization with live pneumococcal strains as mucosal vaccines has also been demonstrated
in humans. Administration of a live encapsulated serotype 6B strain was shown to induce
protective mucosal and systemic antibodies as well as preventing re-colonisation upon
challenge (131). Although these attenuated strains have shown promising results, there is still
a major safety concern for the use of live-attenuated vaccine strains in humans, especially
those in immunosuppressed groups (132). Therefore, completely inactivated vaccine

preparations are more desirable.

2. Inactivated pneumococcal whole-cell vaccines: Unencapsulated strains of pneumococcus

have been utilised by many researchers to develop inactivated whole-cell vaccines. This
allows maximum exposure of multiple pneumococcal antigens, particularly sub-capsular
antigens for the induction of cross-reactive immune responses against multiple serotypes.
Previous work by Malley and colleagues investigated the protective efficacy of whole-cell
vaccines based on the unencapsulated Rx1 strain, which was modified to be autolysin
deficient and to express a non—toxic derivative of Ply. Ethanol-inactivation of these modified

pneumococcal whole-cells (whole-cell vaccine (WCV)) with cholera toxin as an adjuvant,
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was shown to elicit significant protection against nasopharyngeal colonization and invasive
disease following intranasal immunisation (133, 134). Protection with this vaccine was
reported to be dependent on Th17 cell responses (85). Similarly, the effectiveness of an
ethanol-killed pneumococcal strain, SPY1, defective in the capsule, teichoic acids and
pneumolysin has also been investigated. Intranasal immunization with SPY1 and CT as an
adjuvant was shown to provide serotype independent protection and reduce colonization
(135). In these studies, both of these whole-cell vaccines utilized ethanol for inactivation of
pneumococcal whole-cells. Considering the concerns with handling and disposal of large
quantities of ethanol, Lu et al evaluated the immunogenicity of whole-cells inactivated by
other chemical methods such as chloroform, trichloroethylene and B-propiolactone (136).
Interestingly, these chemically inactivated WCV preparations were found to be more
immunogenic than ethanol-killed preparations. In addition, chemical treatment with
chloroform, trichloroethylene and B-propiolactone resulted in solubilization of approximately
15% of total proteins. However, these soluble components are retained and were proposed to
contribute to immunogenicity (136). Despite the efficacy reported with these intranasal
whole-cell vaccines, CT has not been approved as a safe mucosal adjuvant, which has lead to
investigating the efficacy of whole-cell vaccines administered via parenteral routes.
Vaccination subcutaneously with WCV inactivated by B-propiolactone with alum hydroxide
as an adjuvant was shown to elicit serotype-independent protection and induce humoral (IgG)
as well as Th17 mediated immunity (137-139). Thus, the protective efficacy reported with
this vaccine prompted the development of the WCV into phase I clinical trials

(ClinicalTrials.gov ID: NCT01537185) which are still in progress.
Nevertheless, considering that mucosal vaccination is desirable to defend against

pneumococcal infection and carriage, development of a safe, intranasal whole-cell vaccine

without the need for an adjuvant would be most optimal to defend against S. pneumoniae.

1. 2 Influenza A Virus

Influenza is a major respiratory pathogen, which is known to cause significant morbidity and
mortality. It infects 3-5 million people worldwide resulting in approximately 250-500, 000
deaths per year (140). Influenza can infect people of all ages, but young children and the

elderly are particularly susceptible. In addition, people suffering from underlying illnesses
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such as respiratory failure, acute respiratory distress syndrome (ARDS), asthma and those
with chronic lung or liver disease are at high risk of infection. Furthermore, people infected
with respiratory bacterial pathogens such as S. pneumoniae are also very susceptible (141,

142).

Seasonal influenza epidemics refer to local outbreak of infection that prominently occur in
the winter between November-April in the northern hemisphere and May-September in the
southern hemisphere (143). In addition, introduction of novel viruses into the population
through mechanisms such as antigenic drift and shift can result in the emergence of
pandemics, i.e. global outbreaks of infection. Pandemics do not occur frequently, but when
they emerge, they are potentially catastrophic, resulting in excessive mortality rates and a
significant economic burden. Some of the major pandemics that have occurred since the
1900’s include the Spanish Flu (HIN1) (1918-1920), Asian Flu (H2N2) (1957-1958), Hong
Kong Flu (H3N2) (1968-1969) and more recently the swine Flu (HIN1) (2009) (144). The
Spanish flu was the most devastating pandemic, as it resulted in 30-50 million deaths (145).
In comparison, the 1957 and 1968 pandemics resulted in ~ 1 million deaths (146).
Interestingly, geographical analysis of the Spanish flu pandemic showed that countries within
Asia, sub-Saharan Africa and Latin America had significantly higher mortality rates

compared to countries within Europe and North America (147, 148).

1.2.1 Biology and pathogenesis

Influenza is a member of the Orthomyxoviridae family. It is an enveloped negative-strand
RNA virus which is comprised of 8 genome segments that encode surface glycoproteins
(hemagglutinin (HA) and neuraminidase (NA)), matrix proteins (M1 & M2), as well as
internal proteins such as nucleoprotein (NP), basic polymerase protein 1 and 2 (PB1, PB2),
and acidic polymerase (PA) (142, 149) (Figure 1.2). There are 3 classes of influenza viruses
(A, B and C), based on antigenic differences in their NP and M proteins. Influenza A viruses
can infect both avian and mammalian species, whereas Influenza B and C viruses are
essentially restricted to humans (141). It is viruses within this A class that are responsible for
the vast majority of pandemics that have occurred throughout history. This is in contrast to B
and C class viruses, which have limited outbreaks and are normally associated with low level
sporadic disease (150). Influenza A viruses can be further subtyped based on the differences

in surface glycoproteins HA and NA; there are 16 known subtypes of HA and 9 subtypes of
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NA identified to date (151). This review will focus on the biology of influenza A class

viruses.

Figure 1.2: Influenza structure (152)

Influenza A causes acute inflammation within the upper and lower respiratory tract that
results in severe epithelial destruction (142). Infection results in typical symptoms such as
fever, muscle aches, fatigue, runny nose and sore throat, which last 7-10 days (153).
Influenza has been shown to enter the host cell via receptor-mediated endocytosis upon
binding of the HA surface protein to sialic acid receptors (a-2,6-linked sialic acid for human
strains) located on cell surfaces of epithelial cells in the upper respiratory tract (154, 155).
Upon internalization of the virus, the M2 protein, a low pH gated proton channel, lowers the
pH of the virion to facilitate fusion of viral and endosomal membranes. This leads to the
release of viral RNA segments into the cytoplasm to be trafficked to the nucleus (156).
Subsequently, transcription and replication of the viral genome is mediated by the viral RNA
polymerase complex, which comprises PA, PB1 and PB2 (157, 158). Each influenza viral
RNA segment is coated with NP to form a ribonucleoprotein (RNP). After replication, newly
synthesized RNP complexes are exported from the nucleus to the cytoplasm by the nuclear

export protein (NEP) and MI1. NA then cleaves sialic acid residues from
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sialyloligosaccharides, which allows the release of progeny virus from infected cells for
dissemination within the host (159, 160).

Like all pathogens, influenza also possesses virulence factors such as non structural protein 1
(NS1) and PB1-F2, which mediate evasion of host anti-viral defence mechanisms. NSI1 is
pivotal for inhibiting IFN-I production. It interferes with RIG-I signalling, which
subsequently prevents induction of interferon-stimulated genes (161). Alternatively, PB1-F2,
translated from an alternative reading frame in the PB1 gene, has been shown to interact with
mitochondrial membrane proteins, adenine nucleotide translocator 3 (ANT3) and the outer
mitochondrial membrane voltage-dependent anion channel 1 (VDACI). Interaction with
these proteins has been shown to cause permeabilization of the mitochondria which in turn

promotes apoptosis of infected cells (162).

1.2.2 Immunity

1.2.2.1 Innate immunity

Various components of the innate immune system play pivotal roles in recovery from
influenza infection. Upon infection of respiratory epithelial cells or immune cells such as
DCs, viral components are recognized by PRRs such as TLRs and retinoic acid—inducible
gene (RIG)-like receptors. During infection, TLR7 and RIG-I recognize the single stranded
RNA genome, whereas upon replication, double stranded RNA is recognized by TLR3 (163-
165). Signaling through these PRRs promotes NF-xf activation and production of pro-
inflammatory mediators, particularly IL-6, IL-12, TNF-a and IFN-I (166). IFN-I produced
predominantly by macrophages and plasmacytoid DCs, is essential for stimulating the
expression of IFN-stimulated genes which promote anti-viral defences to limit viral
replication and dissemination throughout the host (167). Signaling through these PRRs also
promotes the production of chemokines for recruitment of effector immune cells, such as
macrophages, neutrophils and NK cells to the airway to mediate phagocytic clearance of
virus-infected cells (168, 169). As mentioned earlier, influenza possesses the virulence factor
NS1, which is able to evade the innate immune response by inhibiting the production of IFN-
I through interfering with RIG-I signalling, as well as binding to protein kinase R (PKR)
(165, 170, 171).

Activation of the inflammasome complex has also been demonstrated to be essential for

survival following influenza infection (172). Single stranded RNA, as well as viral proteins
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M2 and polymerase PB1-F2, have been shown to activate the NLRP3 inflammasome.
Activation ultimately leads to the release of major pro-inflammatory mediators IL-18 and IL-
1B (173-175). Inflammasome activation can promote pyroptosis of infected cells (176) and
has been shown to be important in tolerance to infection through mechanisms such as tissue
repair (175). This is contrary to the direct anti-viral resistance observed with induction of

IFN-L

1.2.2.2 Adaptive immunity
Antibody responses

Various arms of the adaptive immune response play critical roles in the defence against
influenza infection including humoral responses. In general, antibody responses generated
against the influenza surface proteins are critical for host recovery, as demonstrated in many
studies using B cell deficient mice (177, 178). Antibodies against the receptor binding sites of
the HA glycoprotein are most important in neutralizing the virus, as it prevents attachment of
virions to host cells (179). In addition, antibodies against other surface viral proteins NA and
M2 have also been demonstrated to contribute to protection against live virus challenge (180-
182). All classes of antibodies (IgG, IgA and IgM) can be detected following influenza
infection, but IgA has been found to be the principle isotype within the respiratory tract that
provides superior protection (183). Generally, due to antigenic changes that occur in the
surface proteins (HA and NA), antibodies directed against the globular heads of these
epitopes are only effective in preventing re-infection with the same strain and do not
accommodate for antigenic variation that generates drift variant virus strains (184, 185).
However, there have also been reports of cross-reactive antibodies that mediate protection
against heterosubtypic challenge, as observed following transfer of anti-HA IgA sera into
naive mice (186). In particular, these cross-reactive antibodies have been shown to be

specific for conserved stalk domains of HA (187).

T cell immunity

T cell immune responses play an important role in recovery from influenza infection. CD8" T
lymphocytes (CTLs) recognize highly conserved viral epitopes from internal viral proteins
and have been demonstrated to be essential for clearance of virus-infected cells (188, 189).
Upon recognition of MHC class I-antigenic peptide complexes on viral-infected cells, CTLs

cause cell lysis by release of cytotoxic mediators such as perforin and granzyme (190, 191).
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Studies have demonstrated the importance of CTLs during influenza infection, as their
cytotoxic effects have been shown to mediate recovery in mice devoid of antibodies and
mature B cells (192). Unlike strain-specificity associated with humoral responses, CTL
responses are highly advantageous within vaccine design as they are cross-reactive against
drifted as well as heterosubtypic viruses. Furthermore, CD4" T cells are also vital in the
host’s defence against influenza and have been shown to be protective independently from B
cells and CD8" T cells (193). Interestingly, like CD8" T cells, CD4" T cells in the lung have
also been shown to directly kill influenza-infected cells in a perforin-dependent manner
(194). In addition, follicular CD4" T (Tfh) cells located within the lymph nodes and
circulation are essential for providing help to B cells for activation/differentiation to promote
the development of class switched antibodies by viral specific B cells and plasma cells (195,
196). Influenza is also associated with the polarization of Thl cells, which are important for
secreting cytokines such as IFN-y, TNF-a and IL-2 (197). Thl signature cytokine IFN-y is
pivotal for promoting isotype switching to IgG2a and IgG3 and for the recruitment of innate
immune cells such as NK cells (198-200), whereas IL-2 secretion has been shown to be

important in enhancing the proliferation of CTLs (201).

Another specialised T cell memory subset known as tissue resident memory (TRM) cells has
been reported to be important for faster secondary responses upon a secondary infection.
TRM cells are non-circulating memory cells that persist for long periods in peripheral tissues
such as the lung (202), skin (203), gut (204) and brain (205). These cells can respond rapidly
to antigen at the site of infection and are completely independent of T cells from the
circulatory pool. They have a distinct phenotype from T effector and T central memory
subsets that have been defined by upregulated expression of common markers such as CD69,
CD103 and CD11a (203, 206, 207). In particular, it has been shown after influenza infection
that lung TRM cells express CD103 (208). Importantly, both CD4" and CD8" TRM cell
subsets have been shown to be essential for mediating optimal protection upon influenza
infection (209, 210). Therefore, given the superiority of TRM responses in comparison to
circulating memory, current vaccination strategies are attempting to generate vaccines that

establish these local memory responses.
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1.2.3 Influenza Vaccines

Influenza virus has caused ever-evolving problems for vaccinologists due to the continuous
emergence of new strains and the limited scope of cross-protective immunity within current
vaccine preparations. Pandemic influenza A virus infections are known to be associated with
high degree of morbidity and mortality worldwide (142, 211). The best method of prevention
and control of influenza infection is vaccination (140). Creating a universal influenza vaccine
is very challenging due to high frequencies of mutations that occur in the structural genes,
through mechanisms that include antigenic-drift and -shift (185). This is due to the low
fidelity of the RNA-dependent RNA polymerase during replication, which introduces point
mutations in the surface glycoprotein coding sequences. As a result of these antigenic
variations, previously acquired immunity is often ineffective, allowing the newly emerged
virus strains to evade the hosts' immune recognition upon re-infection. This results in
epidemic and pandemic outbreaks (155, 212). Therefore, influenza vaccines require annual

updating to match the newly arising strains that cause seasonal endemics (142).

The current licenced influenza vaccines are multivalent and comprise components of
influenza A: HIN1, H3N2 and influenza B strains. These vaccines are separated into 2
classes: inactivated and live attenuated. Inactivated vaccines are administered parenterally
and are either split virus, whole virions, subunit (purified glycoproteins) or recombinant HA
based vaccines. Inactivation methods involve the disruption of the virus using chemicals such
as P-propiolactone (213) and ether (214). Consequently, these vaccines mainly induce
antibody responses against the surface glycoproteins (HA & NA), but lack the ability to elicit
strong cross protective T cell responses against conserved internal proteins (214-216).
Although inactivated vaccines are safe, they are not capable of providing full protection
against newly emerging influenza strains and thus have prompted the development of live
attenuated influenza vaccines (LAIV). LAIV are currently licenced for human use and are
administered through the intranasal route. These vaccines also contain a mixture of influenza
strains but they are attenuated so they can mimic natural infection without causing significant
clinical infection. LAIV are heat sensitive, which allows them to replicate only in the nostrils
but not in lower regions of the respiratory tract such as the lungs. Examples of currently
licenced intranasal vaccines for influenza are FluMist® and NasoVac®. FluMist® comprises
influenza A strains HINI and H3N2 as well as 2 influenza B strains. FluMist” has been

approved for use in healthy people from 5-49 years. Alternatively NasoVac®, only contains
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the pandemic A/California/7/2009 (HIN1) strain and is recommended for adults, the elderly
and children over the age of 3 (217, 218). These strains can induce strain specific IgG and
mucosal antibody responses. In addition, they induce effective cross protective T cell
responses, which renders them highly efficient against antigenically drifted strains of
influenza (219, 220). Despite the efficacy reported with LAIV, there are still concerns
regarding the ability of these vaccines to revert to their wild type virulent form. There have
also been reports of adverse side affects such as respiratory symptoms (cough, runny nose,
sore throat and wheezing). In particular, in some patients wheezing has been reported to last
up to 42 days, which prevents administration of this vaccine to patients with unstable asthma
(221). Furthermore, problems with efficacy in the elderly and restriction of age groups that
can receive these LAIV increases the demand for a universal vaccine that can protect all age
groups against multiple strains of influenza, particularly upon emergence of a pandemic
strain. In fact, since the proofing of this thesis, the Advisory Committee on Immunization
Practices (ACIP) have recommended that FluMist® not be used during the 2016-2017

influenza season.

Recently, gamma-irradiation has been utilised as a method of inactivation to develop whole
inactivated virions for intranasal administration. Previously published data illustrate that
gamma-irradiated influenza vaccine (y-FLU) is a promising mucosal vaccine candidate that

induces cross-protective immunity (222-224) (Discussed below in Section 1.7.1).

1.3. Co-infection with Influenza and S. pneumoniae

Influenza-induced susceptibility to secondary bacterial pneumonia is well documented and it
is responsible for the excess mortality that occurs during influenza pandemics. The 1918
pandemic was reported to be associated with the infection of 500 million people worldwide
and more than 50 million deaths (225, 226). Importantly, S. pneumoniae was the most
common bacterial pathogen recovered from the sputum, lung and the blood of infected
patients. Fortunately the subsequent introduction of antibiotics and influenza vaccines
significantly reduced mortality rates during the Asian flu (1957-58) and the Hong Kong Flu
(H3N2) (1968-1969) pandemics relative to the 1918 pandemic (225, 227, 228). Nevertheless,
there still remains a very significant morbidity and mortality rate associated with newly

emerging pandemics. This is evident from the more recent influenza pandemic that occurred
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in 2009, which resulted in approximately 200,000 deaths. Similarly, S. preumoniae and S.
aureus were the common bacterial pathogens associated with bacterial super infection, which
resulted in substantially higher numbers of deaths. Overall, this signifies the continuous

global threat of lethal synergism between these pathogens (229, 230).

1.3.1 Mechanisms underlying synergism

Primary infection with influenza induces many factors that enhance susceptibility to
pneumococcal infection (Figure 1.3). Recent reports have described a number of mechanisms
underlying the synergism between the two pathogens. Firstly, alterations in lung physiology
represent the major factor responsible for facilitating the entry of invading bacteria into the
respiratory epithelium. Severe epithelial cell destruction caused by influenza in the lung, in
conjunction with loss of epithelial cell reproliferation and repair, exposes binding sites and
facilitates bacterial attachment (231, 232). In addition, the cleaving of sialic acid receptors by
the influenza glycoprotein NA increases the exposure of adherence receptors, which also
promotes bacterial colonization (233). In particular, expression of PAFr is upregulated which
is one of the major receptors that facilitate pneumococcal cell adherence to host cells (234).
Furthermore, the epithelial ciliary function is also compromised, leading to a decrease in the

mechanical clearance of bacteria (235).

Apart from changes in the lung physiology, there are also a number of chemical mediators
induced by influenza, which further promote bacterial infection. Expression of the viral
cytotoxic accessory protein PB1-F2 has been reported to significantly enhance inflammatory
responses and cell death, which subsequently increases the severity of pneumococcal
pneumonia (236, 237). In addition, high levels of pro-inflammatory cytokines induced during
influenza infection such as IFN-I have been reported to downregulate neutrophil
chemoattractants CXCL1 and CXCL2, thereby impairing neutrophil recruitment for bacterial
clearance (238). Moreover, high IFN-I levels have also been shown to attenuate the
production of IL-17 by yd T cells, which also interferes with neutrophilia (239). In particular,
it has been noted that IFN-I dependent production of IL-27 is associated with suppression of
these IL-17 producing yd T cells (240). Other cytokines such as IFN-y and IL-10 have also
been implicated in enhanced susceptibility to secondary bacterial pneumonia. IL-10, known
to be important for suppression of neutrophil functions such as degranulation (241), was

shown to play a significant role in reducing neutrophil-mediated pneumococcal clearance
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(242). Moreover, high IFN-y levels induced during influenza infection have been shown to
downregulate the expression of the scavenger receptor MARCO on alveolar macrophages,
thereby suppressing bacterial uptake and killing by phagocytosis (243). In addition, previous
viral infection was shown to desensitize lung alveolar macrophages to TLR ligands and
consequently reduce NF-kB activation and chemokine production, significantly affecting
neutrophil recruitment (244). Influenza infection also depletes airway-resident alveolar
macrophages, which affects early surveillance and phagocytic clearance of pneumococci,

consequently enhancing the susceptibility to bacterial infection (245).
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Figure 1.3: Mechanisms underlying influenza and bacterial co-infection (246).

Overall, a combination of these physical and chemical factors facilitates pneumococcal
colonization and dissemination throughout the host. Although multiple mechanisms have
been reported, there still remain many unknown factors regarding the mechanisms that result

in enhanced susceptibility to bacterial infection. The cellular immune defence mechanisms
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against S. pneumoniae and influenza infections are disparate. Antibody-dependent
opsonisation and neutrophil mediated phagocytosis are responsible for effective clearance of
the bacteria, whilst cytotoxic CD8" T lymphocytes are essential for clearance of virus-
infected cells. However the innate immune mechanisms elicited to control these infections
are quite similar. In addition to the physical barriers as the usual first line of defence (i.e.
mucus, ciliary beating), both S. pneumoniae and influenza are capable of signalling through
TLRs in order to promote the production of cytokines and recruitment of immune effector
cells. Considering the overlap in the induction of pro-inflammatory mediators, it is
reasonable to expect that the two pathogens have synergistic effects within the host, which

further complicates the process of controlling co-infection.

1.3.2 Vaccination strategies against co-infection

As discussed previously, vaccines are currently employed to protect against invasive disease
caused by influenza and S. pneumoniae infections individually. In line with this, researchers
have reported the positive impact of single vaccination against either pathogen on reducing
the effects of co-infection. For example, in Africa, vaccination with a 9-valent pneumococcal
conjugate vaccine was shown to reduce pneumonia associated with influenza by 45% (247).
Similarly, a study evaluating the frequency of bacterial otitis media cases in young children
under the age of 5, reported that vaccination with the trivalent inactivated influenza vaccine
(Fluarix) reduced the incidence of acute otitis media by ~50% (248). In recent years,
scientists have also investigated the synergistic effect of dual vaccination at separate
administration sites on the overall outcome of co-infection. A large study conducted in the
USA in elderly persons with chronic lung disease reported that patients receiving both an S.
pneumoniae and an influenza vaccine had a reduced incidence of hospitalization for
pneumonia (~63%) and an 81% reduction in the risk of death, in comparison to patients
receiving single immunisation (249). A large study in Sweden focused on elderly persons
also reported a 29% and 44% reduction in overall hospital admissions for pneumonia and
IPD respectively, when patients received both vaccines. These values were higher in
comparison to patients receiving the pneumococcal vaccine alone. In addition, there was a
37% reduction in influenza hospitalization observed in patients receiving both vaccines in
comparison to 26% observed in patients that only received the influenza vaccine (250). A
study conducted in Spain also found that vaccination with both the PPV23 and influenza

vaccines reduced influenza hospitalization by ~ 81%, which was significantly higher than the
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41% reduction observed with patients only vaccinated with the PPV23 vaccine (251). The
additive effect of dual vaccination on the outcome of influenza or pneumonia infections has

been further demonstrated in studies conducted in Taiwan (252) and Japan (253).

Taken together, previous studies illustrate the effectiveness of dual vaccination regimes in
protection against both of the pathogens to limit the effects of co-infection. However, despite
the success observed with single vaccination regimes, lack of optimal vaccines that offer
broad-spectrum serotype-independent and heterosubtypic protection against S. pneumoniae
and influenza respectively, still remain a significant global problem (98, 142). Thus, the
prospect of designing a single vaccine to protect against both pathogens would be highly
desirable. Katsura and colleagues developed a bivalent vaccine against S. pneumoniae and
influenza which comprised of a replication incompetent hemagglutinin knock out influenza
strain that expressed the antigenic region of pneumococcal PspA. Interestingly, this vaccine
was shown to protect against lethal challenge with individual pathogens (254), but the
efficacy of this vaccine against co-infection was not reported. Aside from this report, there
are very limited studies evaluating the effectiveness of incorporating antigens from both
pathogens as a single vaccination approach to protect against influenza and S. pneumoniae

individual disease in conjunction with their lethal synergism.

1.4 Combination vaccines

Combination vaccines have been investigated since the early 1940's as a means to protect
against multiple diseases. This strategy was initially employed to minimize the number of
injections a child must receive in an attempt to simplify childhood immunization schedules.
Other advantages include fewer visits to the health practitioner, reduced vaccination
administration costs and higher coverage rates (255). In addition, considering that the number
of vaccines available for immunization is increasing over the years, combination vaccines

will be essential to minimise the number of injections required.

Within combination vaccine design, the immunogenicity of co-administered vaccine antigens
is generally intended to be equivalent or higher than administration of the vaccines
separately. It is also important that immune responses elicited by each of the vaccine antigens

does not inhibit or interfere with the quality of immunity induced by co-administered
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antigens. Diphtheria-tetanus-acellular pertussis (DTaP) and measles, mumps and rubella
(MMR) combined vaccines are among the few combination vaccines that are effective in the
clinical setting (256, 257). DTaP is comprised of inactivated toxins and surface antigens from
bacterial pathogens Corynebacterium diphtheria, Clostridium tetani and Bordetella pertussis.
Many studies have shown the protective efficacy of the vaccine and have reported sufficient
antibody titres to each of the antigens (69, 258). The DTaP vaccine was shown to elicit Th2
polarized immunity associated with elevation of cytokines IL-4, IL-5 and IL-13, as well as
enhanced levels of IgE (84, 259). In particular, type 2 antibody responses (IgGl) were
reported to be most effective at neutralising the diphtheria toxin (260). Alternatively, the
MMR vaccine, first licenced in the early 1970's, is a very effective combination vaccine,
which comprises live attenuated measles, mumps and rubella viruses. Similarly, combination
of this trivalent vaccine was shown to induce high titres of antibodies against each of the
included viruses (261). It was also reported to induce good cellular immune responses, which
is important for intracellular pathogens. In particular, the measles component induced a

strong Th1 response, which was associated with an increase in NK and CD8" cells (262).
g P

Over the years, scientists have explored the possibility of combining additional antigens to
existing vaccine formulations and subsequently have developed combination vaccines
containing both viral and bacterial antigens. A good example is the hexavalent vaccine
(DTaP-IPV-Hep B-Hib), which involves the addition of inactivated poliovirus (IPV),
hepatitis B virus (Hep B) and Haemophilus influenzae type b (Hib) to the pre-existing DTaP
vaccine. This elicits optimal immunity against 6 of the major childhood diseases. This
combination vaccine has been shown to induce immunity against all vaccine antigen
components (263, 264). Although this vaccine contains a mixture of viral and bacterial
antigens, there are currently no combination vaccines that comprise whole virions and whole

bacterial cells.

1.5. Intranasal Vaccination

Many viral and bacterial pathogens enter through mucosal membranes such as the
respiratory, intestinal or urinogenital tracts. The mucosa has a highly developed immune
system and many researchers have investigated the possibility of using mucosal

immunization as a means of generating local as well as systemic immune responses against
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mucosal pathogens (219, 265). For common respiratory pathogens such as influenza and S.
pneumoniae, intranasal delivery of vaccine antigens into the nasal mucosa is advantageous
for generating antigen-specific mucosal immune responses. Normally, during intranasal
delivery, antigen uptake occurs at mucosal lymphoid follicles located within the
nasopharynx. This is referred to as the nasopharynx-associated lymphoid tissue (NALT) in
rodents and the Waldeyers ring in humans (the adenoid and tonsils) (266-269). This inductive
site is composed of specialised follicle-associated epithelium that contains microfold cells (M
cells) as well as antigen specific T and B cells. M cells are specialized epithelial cells that act
as membrane transporters. They readily sample antigens from the lumen of the nasal mucosa
and deliver them to intraepithelial antigen-presenting cells (B cells, DC’s and macrophages)
for processing and presentation. This subsequently leads to the local activation and expansion
of effector memory B and T cells (270, 271). B cells transform into plasma cells, which
generate specific mucosal IgA and IgG antibodies that are typically important for preventing
pathogens from attaching to the nasal epithelium (272, 273). Alternatively, DCs migrate to B
cell and interfollicullar T cell zones to present antigens to naive T cells, which promotes
cellular immunity (274). The nasal mucosa is highly vascularised which allows entry of these
activated T and B cells into the circulation mediating systemic immune responses (275)

(Figure 1.4).

1
1
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Figure 1.4: Intranasal administration and induction of mucosal immune responses (219).
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Intranasal immunisation as a means to induce appropriate immunity for mucosal pathogens is
highly advantageous due to the fact that it is relatively safe, easy, painless, needle free and a
more publicly acceptable vaccination approach. It also decreases the risk of disease
transmission through the use of syringes. Intranasally delivered vaccines approved for human
use (FluMist® and NasoVac®) are based on live attenuated influenza strains, which mimic
natural infection, but do not produce symptoms other than mild rhinitis due to reduced

virulence.

1.6. Adjuvants for intranasal delivery

Although the currently approved intranasal vaccines (live attenuated vaccines) are highly
efficacious, there are still concerns that these live attenuated strains might revert to their
virulent form, compromising overall safety of these vaccines. Therefore, scientists have
shifted their focus towards developing inactivated intranasal vaccines using either subunit or
split viruses and also purified antigens. Although they are considerably safer, some of these
vaccines still remain poorly immunogenic. The goal for mucosal immunization is to generate
a vaccine that upon delivery is sustained within the nasopharynx for a sufficient period of
time to ensure the appropriate induction of long lasting immune responses. Therefore,
adjuvants have been employed for delivery of nasal antigens and studied extensively as an
approach to enhance immunogenicity towards the co-administered vaccine antigens. They
target specific arms of the immune system to tailor the most appropriate immune responses
for the desired antigen. Common intranasal adjuvants investigated to date include
enterotoxins such as cholera toxin (CT) and heat labile toxin (LT), Toll like receptor (TLR)
agonists and natural killer T cell (NKT) agonists. Each of these adjuvants will be discussed

briefly below.

1.6.1 Enterotoxins

Enterotoxins produced by Vibrio cholerae, such as CT, and LT from Escherichia coli are the
most experimentally used mucosal adjuvants. They are the most potent mucosal adjuvants
and have been reported to enhance both systemic and mucosal antibody responses against co-
administered antigens (276). These toxins comprise an A subunit which has ADP-
ribosylating activity and a B subunit which mediates binding to GM1-ganglioside receptors

on the surface of mammalian cells (277). Although, many studies have proposed mechanisms
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by which enterotoxins such as CT enhance immunogenicity, the precise mechanisms are still
not fully understood. In particular, CT is known for its superior ability to augment mucosal
IgA responses, through stimulating B cell isotype switching to IgA (278). Furthermore, it has
been shown to increase the permeability of the transepithelial cell layer, which ultimately
leads to greater absorption of the vaccine antigen into the NALT (279). As a result, CT has
been reported to enhance antigen processing and presentation through its ability to upregulate
MHCII and co-stimulatory molecule expression on APCs. In addition, it has also been
shown to increase the expression of chemokine receptors, particularly CCR7 and CXCR4 on
mature DC’s, which has been proposed to accelerate migration to secondary lymphoid organs
for presentation to T cells (280, 281). Moreover, CT favours the induction of Th2 responses,
which are associated with high levels of IgG1 and release of cytokines I1-4, IL-5 and IL-10
(281, 282). However, CT has also been reported to induce a Th17 dominated response to
bystander antigens (283).

The potent stimulatory effects of CT have been documented in many studies when
administered through mucosal routes with a range of viral and bacterial antigens. Specifically
for S. pneumoniae, CT has been employed as an effective adjuvant for protein antigen
vaccines (117, 284, 285), as well as for pneumococcal whole-cell vaccines (133, 286) to
enhance immunogenicity and protective efficacy against pneumococcal challenge. Although
enterotoxins are superior adjuvants, they have been reported to penetrate into the CNS via the
olfactory nerve, increasing the potential for neuronal damage (287). Indeed, reports of
adverse effects in humans such as facial nerve palsy, have prevented the clinical application

of these adjuvants (288).

1.6.2 TLR agonists

Most immunostimulatory adjuvants have been designed to potently stimulate innate
signalling pathways through PRRs such as TLRs and cytosolic receptors (289). Activation of
these receptors results in the recruitment of adaptor molecules such as MyD88 or TRIF,
which ultimately leads to the activation of essential transcriptional programs involving key
transcription factors such as NF-kB, IRF-3 and IRF-7. This ultimately leads to the induction
of genes encoding essential cytokines such as IFN-I, that further promote the induction of
inflammatory cytokines, anti-viral enzymes and co-stimulatory molecule expression

important in priming the immune response (290). Many studies have evaluated the efficacy
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of TLR agonists as mucosal adjuvants. For example, cytosine phosphate guanosine
oligodeoxynucleotides (CPG ODN) resemble sequences that are found in bacterial DNA
which are commonly recognized by TLR-9 (291). CPG ODN has been demonstrated to be
effective as an adjuvant for inducing B cell differentiation, proliferation and promoting
isotype class switching (292). It has also been shown to upregulate expression of MHCII and
co-stimulatory molecules for augmenting antigen presentation (293). In addition, CPG ODN-
mediated signalling promotes Thl dominated responses associated with enhanced IFN-y, IL-
12, class switching to IgG2a and production of CTL responses (294, 295). In particular,
studies with a formalin-inactivated influenza virus have shown that intranasal administration
with CPG ODN effectively enhanced influenza-specific systemic and mucosal antibody

responses (296).

The TLR4 agonist, monophosphoryl lipid A (MPL) (a detoxified form of lipid A from
Salmonella minnesota R595) is also widely used experimentally and is one of the clinically
approved adjuvants for human use. It is commonly incorporated within adjuvant formulations
containing liposomes and alum. MPL is a licenced adjuvant component within the hepatitis B
vaccine Fendrix® and the Human papilloma virus (HPV) vaccine Cervarix” (297, 298). The
effectiveness of MPL has been attributed to its ability to elicit cytokine cascades upon
macrophage activation such as TNF-q, IL-2 and IFN-y, which promote the development of
Thl responses (299). The intranasal adjuvant activity of MPL has also been demonstrated
with antigens from influenza, hepatitis B and Clostridium tetani. MPL was shown to enhance
levels of IgG2a to all antigens, highlighting the strong induction of type 1 antibody responses
(300).

Imidazoquinolines, modified synthetic ssSRNA that are recognised by TLR7 and TLRS, have
also been reported to have adjuvant activity (301). Intranasal delivery of an
imidazoquinoline-based TLR7 agonist, gardiquimod (GARD) with Norwalk virus-like
particles was shown to induce profound antigen-specific humoral responses. However, in
contrast to CPG ODN and MPL agonists, this was associated with strong polarization of Th2
responses as indicated by higher IgG1 levels. It was also reported to enhance mucosal IgA

responses in gastrointestinal, respiratory, and reproductive tract samples (302).

Finally, considering that IFN-I induction is pivotal upon TLR activation, previous studies

have also demonstrated the beneficial influence of exogenous IFN-I on the magnitude of
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immune responses to mucosal inactivated vaccines. Combination of IFN-o/f with an
intranasally delivered influenza subunit vaccine was shown to enhance the antibody levels

and increase the survival rates of mice compared to vaccination without IFN-I (303).

1.6.3 Natural killer T (NKT) cell agonists

Another popular adjuvant that has been utilized to enhance immunogenicity of mucosal
vaccines is invariant natural killer T (NKT) cell agonists such as a-galactosylceramide (o-
GalCer). NKT cells are a distinct population of af TCR" T cells, which have similar
characteristics to natural killer (NK) cells. However, they express a restricted TCR repertoire
that recognises glycolipids such as a-GalCer (a glycolipid extracted from marine sponges),
which bind to the MHC class I like molecule CD1d (304, 305). They secrete large amounts of
cytokines such as IL-4 and INF-y that can significantly modulate the immune response
towards either Thl or Th2 responses (306-308). NKT cells are also important for the
activation of immune subsets such as NK cells, macrophages and B cells. In particular, NKT
cells have been shown to be involved in maturation and proliferation of B cell memory
responses and have been demonstrated to enhance CTL activity, as well as mediating direct
cell lysis through Fas and perforin-dependent mechanisms (309-312). The effectiveness of a-
GalCer as an intransal adjuvant has been associated with strong induction of systemic and
mucosal antibody responses as well as enhancement of CTL responses (313). Furthermore,
protective immune responses have been observed in a NKT-cell mediated influenza vaccine,
whereby immunization of mice with a formalin-inactivated whole virion vaccine with a-
GalCer exhibited higher secretory IgA responses and provided heterosubtypic protection
against influenza challenge, in comparison to mice vaccinated without o-GalCer.
Furthermore, this study also showed that immunization with a-GalCer and an HA influenza

vaccine was associated with a localized increase in the number of NKT cells (314).

1.6.4 Delivery systems

Generally antigens have minimal affinity for the nasal epithelium and do not have a long
retention time before they are removed by mucociliary clearance. In addition, other factors
such as nasal enzymes and high mucus turnover hinder the effective absorption of these
vaccine antigens into the nasal mucosa. Therefore to overcome these obstacles, in addition to
using adjuvants, different delivery systems have been explored to act as carriers to deliver

antigens to target host cells to facilitate longer exposure time and absorption into the NALT.
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These include formulation with chitosan, polylactic acid, liposomes and virosomes, but these
components will not be discussed in great detail here, as they have been extensively reviewed
previously (265, 273).

Regardless of the specific mechanisms whereby adjuvants enhance immunity, a good
adjuvant should be non-toxic, induce good cellular as well as humoral responses tailored to

the pathogen of interest, and produce high quality, long-lasting memory responses.

1.7. Gamma Irradiation

Gamma irradiation involves the use of high frequency electromagnetic radiation referred to
as 'gamma rays'. lonizing radiation generated from a cobalt 60 source has a very high
penetrative strength which allows it to go through most biological and non-biological
materials in contrast to other forms of irradiation such as UV (315). Thus, it has been used
world-wide as a sterilisation method for food (316) and pharmaceuticals (317) and as a
means of inactivation of highly infectious agents such as Ebola, Marburg and Lassa viruses
(318). Gamma-irradiation can inactivate biological material by two mechanisms; direct and
indirect. The direct mechanism is the dominant pathway of inactivation and involves the
direct interaction of gamma-rays with nucleic acids of the organism, which results in genome
disruption via strand breakage and base mutations but with minimal interactions with
structural proteins. Alternatively, the indirect mechanism involves the interaction of gamma-
rays with water molecules and oxygen that are present in the solution/extracellular milieu.
This results in the production of short-lived free radicals and reactive oxygen species, which
can cause damage to proteins (319, 320). There are also several factors that can affect the
process of inactivation by gamma-irradiation, such as the target size, the complexity of the
genome (single or double stranded), the composition of the irradiated materials, and the

irradiation temperature (320-324).

1.7.1 Gamma-irradiation as an inactivation method for vaccines

Although gamma-irradiation typically has been used as a safe approach for decontamination
of food, in recent decades it has also been employed as an inactivation technique for the
development of vaccines. Generally, viral pathogens have been shown to be more resistant to
gamma-irradiation due to their smaller size and genetic composition, in comparison to

bacteria, parasites and fungi (70, 325, 326). Many studies have reported the efficacy of
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gamma-irradiation as an inactivation technique to destroy infectivity whilst still maintaining
antigenicity for a number of viral pathogens. For example, gamma-irradiated Venezuelan
Equine Encephalitis virus was shown to induce high levels of neutralizing antibodies and
protection against lethal viral challenge in guinea pigs (327). Similarly, vaccination with
gamma-irradiated Ebola Virus was shown to induce high CTL responses and provided

protection against challenge in rodents, but not in primates (328).

Recent studies have explored the effectiveness of gamma-irradiation for the development of a
cross-protective influenza vaccine. Gamma-irradiated influenza whole virions (y-FLU) has
been shown to elicit superior immunogenicity and protective efficacy, in comparison to UV
and formalin inactivated preparations (329). Intranasal vaccination with y-FLU was shown to
elicit cross-protective T cell responses against heterosubtypic influenza virus challenges,
including the highly pathogenic avian H5N1 virus, as well as inducing neutralising antibody
responses against homotypic challenges (222, 223). Furthermore, y-FLU vaccination was
reported to behave like a live virus and induce high levels of IFN-I (330, 331). The success of
gamma-irradiation as an inactivation method has also been demonstrated for other viruses
including rabies (332) and smallpox (333), which highlight the advantage of this inactivation

approach for development of effective viral vaccines.

Gamma irradiation has also been used in an attempt to inactivate bacterial pathogens, with
gamma irradiated Rickettsia being the first reported gamma-irradiated bacterial vaccine
capable of inducing protective immunity (334). In addition, gamma irradiated Listeria
monocytogenes was shown to induce protective CD4" and CD8" memory responses
comparable to that observed during a live infection, and was also able to provide protection
against lethal challenge (335). Similar to that observed with viruses, gamma-irradiation has
been reported not to cause any structural damage to bacteria as illustrated with Brucella
abortus. Furthermore, immunisation with gamma-irradiated Brucella abortus was reported to
be superior to heat-inactivation at inducing Thl-type immune responses and providing
protection in mice (336). The success of gamma-irradiation as an inactivation method has
also been applied to other bacterial pathogens such as Pasteurella tularensis (337) and
Mycobacterium tuberculosis (338). Based on these promising observations, gamma
irradiation as a technique for pathogen inactivation could be potentially used to develop

alternative bacterial vaccines capable of inducing effective immune responses.
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1.7.2 Advantages of gamma-irradiation for pathogen inactivation

Gamma-irradiation has increasingly been employed as an inactivation method for pathogens.
Many studies have indicated that gamma-irradiation could be a superior inactivation method
in comparison to chemical treatment, as it directly damages the genetic material of the
microorganism, as opposed to singularly targeting structural proteins. Thus, gamma-
irradiation may help maintain structure, integrity and antigenicity of inactivated microbes,
which is proposed to facilitate the induction of natural immune responses comparable to the
live form of the organism (339). In addition, considering the possible carcinogenic effects of
common inactivation chemicals such as B-propiolactone (340, 341), gamma-irradiation may
be a much safer alternative. It may also be a simpler method of inactivation as it eliminates
the need to remove unwanted chemicals from chemically treated preparations. Based on these
principles, the use of gamma-irradiation as an alternative inactivation method deserves

further consideration.

Importantly, immunisation with gamma-irradiated rabies virus was shown to be superior to
inactivation by B-propiolactone and acetylethyleneimine in protecting mice against rabies
infection (332). In addition, a study comparing gamma-irradiated Toxoplasma gondii to
formaldehyde-treated and native parasites (untreated) also illustrated the superiority of
gamma-irradiation as an inactivation technique. Immunisation with gamma-irradiated
parasites was shown to induce similar antibody responses to native parasites. More
importantly, these mice had extended survival times after tachyzoite challenge relative to
mice immunized with formaldehyde-treated parasites, which were unable to induce
detectable antibody responses (342). Furthermore, as mentioned above, the effectiveness of
gamma-irradiation as an inactivation method compared to other methods has also been

clearly demonstrated for influenza and Brucella Abortus (329, 336).

Given the advantages reported for gamma-irradiation as an inactivation technique and the
utility of this method for development of vaccines for many viral and bacterial pathogens,
this technique could be applicable to other notoriously difficult pathogens that are still in

need of effective vaccines.
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1.8. Research Project

1.8.1. Project rationale

Current licenced pneumococcal conjugate vaccines have limited serotype coverage, are
restricted in terms of cost and have lead to replacement of vaccine serotypes with non-
vaccine serotypes, causing an increase in disease caused by these types. Therefore, there is a
clear demand for an effective pneumococcal vaccine that has broad-spectrum coverage.
Previous studies regarding the effectiveness of whole-cell pneumococcal vaccines have
utilised chemicals such as ethanol and B-propiolactone as inactivation methods. However,
there are safety concerns regarding manufacturing using large volumes of ethanol and there
have been reports outlining the possible carcinogenic effects of B-propiolactone. In addition,
previous studies evaluating the efficacy of inactivated whole-cell vaccines have employed CT

as an adjuvant, which is not suitable for use in humans.

Gamma-irradiation is generally regarded as a superior inactivation method for viral and
bacterial pathogens, due to its direct interaction with nucleic acids and the minimal effect on
antigenic proteins, in contrast to inactivation using chemicals such as ethanol and -
propiolactone, which can solubilize proteins. Therefore, gamma-irradiation as an inactivation
method was investigated in this study to determine whether it could be used to develop an
intranasal pneumococcal whole-cell vaccine capable of inducing broad-spectrum immunity
without the need to use an adjuvant. Firstly the pneumococcal whole-cell (y-PN) vaccine was
developed. Similar to previously published reports, serotype-specificity was eliminated by
employing unencapsulated pneumococcal whole-cells, which are deficient in LytA and
express a non-toxic Ply derivative. This allows exposure of all sub-capsular antigens to
maximise immunity to multiple pneumococcal targets. After development of the vaccine, y-
PN was then investigated for its immunogenicity and protective efficacy against multiple S.
prneumoniae serotypes using intranasal vaccination and challenge models. The efficacy of the
vaccine was also evaluated when administered with or without mucosal adjuvants.
Considering that gamma irradiation has not been previously used as an inactivation strategy
for S. pneumoniae, this vaccine approach is novel and will provide further insight into the

effectiveness of using gamma-irradiation to inactivate Gram-positive bacteria.
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The second major part of this study focuses on the problem of co-infection with influenza and
S. pneumoniae. Current prevention strategies are focused on developing vaccines against
individual pathogens in order to reduce hospitalizations and mortality rates associated with
co-infection. However, similar to challenges with the current licenced PCV’s, licenced
influenza vaccines are still not optimal. The inactivated vaccines do not elicit cross protective
immunity against newly emerging influenza strains and require annual updating. In addition,
the live attenuated vaccines are associated with adverse effects, which restrict certain groups
from receiving the vaccine such as the elderly and the immunocompromised. Thus, the lack
of optimal vaccines as well as the lethal synergism that occurs between influenza and S.

pneumoniae illustrate the need for a better vaccination approach against both pathogens.

To my knowledge, there have been no reports of a combination vaccine comprising whole
pneumococcal bacterial cells and whole influenza virions to protect against both influenza
and S. pneumoniae infections. It is well known that the immune mechanisms that dominate
against intracellular and extracellular microbes differ significantly. Intracellular pathogens
such as influenza most typically promote Th1 immune responses. This is associated with the
development of antigen-specific CTLs, which in turn utilise mechanisms such as perforin to
destroy viral infected cells. In addition, viral-specific humoral responses are crucial for
neutralizing virions to prevent viral attachment to host cells. In contrast, for extracellular
microbes such as S. pneumoniae, bacterial opsonisation by pneumococcal-specific antibodies
in addition to complement is essential to mediate clearance of bacteria by phagocytosis. In
addition, the induction of Th17 immune responses promotes neutrophilia, which enhances the
process of opsonophagocytosis. In the context of live infection, it is commonly known that
viral infections can antagonize the immune responses induced to bacterial pathogens. As
previously mentioned, influenza significantly alters the lung physiology and the cytokine
milieu, which suppresses bacterial defence mechanisms. This consequently facilitates the
persistence of pneumococcal infection within the host (Section 1.3.1). Therefore, based on
the difference in immune defence mechanisms directed against whole intracellular and whole
extracellular pathogens, it is often assumed that combination of these two types of microbes
from a vaccination prospective would not induce optimally immune responses, or could

possibly lead to suppression of specific immune mechanisms.

Therefore, considering the previously reported ability of y-FLU in providing cross protective

immunity against lethal influenza strains, and its ability to act like an adjuvant to a co-
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administered vaccine, this study also investigated the efficacy of a mucosal combination
vaccine comprising gamma-irradiated pneumococcal whole-cells (y-PN) and gamma-
irradiated influenza virions (y-FLU). The immunogenicity and the ability of the combination
vaccine to mediate protection against individual infection with either influenza or S.
pneumoniae as well as in a model of co-infection was evaluated. If this approach is
successful, to my knowledge it will be the first report of a single vaccine containing whole
influenza virions and whole pneumococcal cells to protect against both of these pathogens as
well as the possibility of co-infection. This would have considerable impact on reduction of
morbidity and mortality rates associated with co-infection and would further simplify

childhood and elderly vaccination schedules.

1.8.2 Hypotheses and Aims
Hypothesis 1: Gamma-irradiated pneumococcal whole-cells can induce serotype
independent protective immunity.
Aim 1.1: To develop an autolysin deficient, pneumolysin mutant (PdT) Rx1 strain
Rx1[PdT/ALytA].
Aim 1.2: To inactivate the Rx1[PdT/ALytA] strain by gamma irradiation and
optimise irradiation doses and conditions, designated “y-PN”.
Aim 1.3: To characterise the immune response elicited by the optimised y-PN
preparation and determine the protective efficacy against challenge with distinct S.
pneumoniae Serotypes.

Aim 1.4: To investigate the effect of mucosal adjuvants on the immunogenicity of y-

PN.

Hypothesis 2: Combination of y-PN and y-FLU vaccines will generate an effective
combination vaccine capable of eliciting protection against individual as well as co-infection
with influenza and S. pneumoniae.

Aim 2.1: To determine the protective efficacy of the combined gamma-irradiated

influenza and pneumococcal vaccines.

37



1

38

INTRODUCTION

Aim 2.2: To characterise the immune responses induced by the combined gamma-

irradiated influenza and pneumococcal vaccines.
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Materials & Methods
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2.1 Bacterial strains and growth conditions

S. pneumoniae strains used in the study have been previously described (343). For challenge
studies; D39 (serotype 2) EF3030 (serotype 19F) and P9 (serotype 6A) were grown statically
at 37 °C in 5% CO; in serum broth (SB) to ODgy of 0.18, as previously described (343).
Strain Rx1 (capsule-negative strain derived from parent strain D39) and its various mutant

derivatives were grown statically in Todd-Hewitt broth supplemented with 0.5% yeast extract

(THY) at 37°C in 5% CO; to ODgg of 0.5, as previously described (133).

2.2 Viral stocks

The influenza A viruses, A/PR/8 [(A/Puerto Rico/8/34 (HINI1)] and A/PC (A/Port
Chambers/1/73 [H3N2]) were grown in 10-day-old embryonated chicken eggs (HiChick, SA,
Australia). Each egg was injected with 0.1 ml normal saline containing 1 hemagglutination
unit (HAU) of virus, incubated for 48 hours at 37°C, and then held at 4°C overnight. The
amniotic/allantoic fluids were then harvested, pooled, clarified, and stored at —80°C. The
titres of these viral stocks were determined by 50% tissue culture infective dose (TCIDsy)
assay as previously described (344). The titres were as follows; A/PR8 (~6 x 10’ TCIDso/ml)
and A/PC (~3 x 10’ TCIDso/ml).

2.3 Construction of the Rx1 [PAT/ALytA] vaccine strain

Genetic manipulation was performed on the strain Rx1 to delete the autolysin gene (/yt4) in-
frame, and replace the pneumolysin gene (p/y) with a derivative encoding PdT (a non-
cytolytic toxoid with three amino acid substitutions: Asp385—Asn, Cys428—Gly and
Trp433—Phe), essentially as previously described (345). All PCR primers used are listed in
Table 2.1 below. Firstly, an Rx1APly strain was constructed by replacing the Rx1 ply open
reading frame with an erythromycin resistance (erm") cassette by transformation (345). The
erm’ cassette contains the 5” and 3’ flanking regions of ply fused to the 5 and 3’ termini,
respectively, of the erm” gene. The 5° flanking region of ply was obtained by PCR using
primers PlyFlankF and PlyEryX, while the 3’ flanking region was obtained using primers
PlyFlankR and PlyEryY. The erm” gene was PCR amplified using primers J214 and J215.
Overlap extension PCR (346) using the above three PCR products was then performed to
generate the cassette, which was used to transform Rx1, generating Rx1APly. The erm” gene

in this construct was then replaced with pdT by transformation with a PdT cassette
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comprising the PdT open reading frame flanked by ply 5° and 3’ flanking regions. Assembly
of this cassette involved PCR amplification of ply 5* and 3’ flanking regions using PlyFlankF
and PlyRevX, and PlyForY and PlyFlankR, respectively. The pdT gene was obtained by PCR
amplification of a PdT-expressing derivative of S. pneumoniae D39 (347) using PdTcloneF
and PdTcloneR. The three components of the cassette were then fused and amplified by

overlap extension PCR and used to transform Rx1APly, generating Rx1[PdT].

A similar strategy was then used to delete the /yt4 gene from Rx1[PdT]. First, a tagged /ytA4
deletion mutant was generated by transformation with a cassette comprising a spectinomycin
resistance gene (spec”) fused to lyt4 5’ and 3’ flanking regions. The 5’ flanking region of
lytA was obtained by PCR using primers LytAFlankF and LytAspecX, while the 3’ flanking
region was obtained using primers LytAFlankR and LytAspecY. The spec” (aad9) gene was
PCR amplified using primers J253 and J254. The cassette was then assembled and amplified
by overlap extension PCR and used to transform Rx1[PdT]. The spec” gene was then
removed from the resultant Rx1[PdT/ALytA::spec’] construct by transformation with an
overlap extension PCR product that fused the /yt4 5> and 3’ flanking regions, thereby
deleting the entire /yt4 gene in-frame. The 5’ flanking region of /yt4 was obtained by PCR
using primers LytAFlankF and LytANullA, while the 3’ region was obtained using primers
LytAFlankR and LytANullB. The two fragments were fused and amplified by overlap
extension PCR using the two outer primers, and then used to transform
Rx1[PdT/ALytA::spec’]. The final Rx1[PdT/ALytA] construct was validated by PCR, DNA

sequencing, Western blotting and a haemolysis assay.

2.4 Generation of the gamma-irradiated Rx1[PdT/ALytA] vaccine.

The Rx1[PdT/ALytA] vaccine strain was grown in THY as described above, and centrifuged
at 4000 x g for 10 minutes at 4°C to collect the cells, which were then resuspended in PBS
with 10% glycerol at a density of 1 x 10'® CFU/ml. 200 ul volumes were aliquoted into 1.5
ml cryovials and frozen at -80°C. Vials containing the concentrated Rx1[PdT/ALytA]
vaccine were despatched on dry ice to the Australian Nuclear Science and Technology
Organization (ANSTO) (Lucas Heights, NSW). The cells were inactivated by exposure to a
%Co gamma-irradiation source and received a dose of 12 kiloGray (kGy). For optimization
experiments a range of doses (0.5-25 kGy) were used. The cells were kept frozen on dry ice

or room temperature (as a control) during the gamma-irradiation process. The resultant
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gamma-irradiated Rx1[PdT/ALytA] vaccine, designated “y-PN” was transported to the

University of Adelaide on dry ice and stored at -80°C, until used. To confirm complete

inactivation of cells, a sample of y-PN was thawed, plated out onto blood agar plates and

grown overnight at 37°C in 5% CO..

Table 2.1. PCR primers

Primer 5—-3
PlyFlankF GATTGATAATACCAGCACTCAAATTCA
PlyFlankR ACTTAGCCCGCTTATCAACAGGACTCGCC
PlyEryX TTGTTCATGTAATCACTCCTTCTAAGTTCCTGGATTGAGTTGCATAAACTC
PlyEryY CGGGAGGAAATAATTCTATGAGATGCTTGCGACAAAAAGAGGCGAT
J214 GAAGGAGTGATTACATGAACAA
J215 CTCATAGAATTATTTCCTCCCG
PdTcloneF CGGTAGAGGATTTAAAACAGAGAGGA
PdTcloneR GAGAGTTGTTCCCCAAATAGAAATCG
PlyRevX CTTACCTTGATGATTATAGGATAATTC
PlyForY GAGAGGGTACCGGGCTTGCCTTCGAATGGT
LytAFlankF | TGGGGCTCGGAATTTCACTAAAATC
LytAFlankR | CGTATTCTTCAGTTCCAATGTCTATG
LytA Spec X | TATGTATTCATATATATCCTCCTCTCAATTAAAACAACTCATTTTTTACAAT
LytA Spec Y | AAATAACAGATTGAAGAAGGTATAATAATGGAATGTCTTTCAAATCAGAA
J253 GAGGAGGATATATATGAATACATAC
J254 TTATACCTTCTTCAATCTGTTATTTAAATAGTTTATAGTTA
LytANullA | TTCTGATTTGAAAGACATTCCATTAATTCTACTCCTTATCAATTAAAACAA
LytANull B | TTGTTTTAATTGATAAGGAGTAGAATTAATGGAATGTCTTTCAAATCAGAA
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2.5 Generation of the gamma-irradiated influenza vaccine

A/PRS8 were grown and concentrated as previously described (348). The concentrated stock
of A/PR8 (5 x 10° TCIDs¢/ml) was maintained frozen on dry ice whilst being inactivated by
exposure to gamma-irradiation with a *Co source (ANSTO), using a dose of 25 kGy,
designated ‘y-FLU’. Complete inactivation of the vaccine preparation was confirmed as

previously described (348).

2.6 Western blotting

Western blotting was performed essentially as described previously (127). The encapsulated
strain D39, the parent Rx1 strain and the vaccine strain Rx1[PdT/ALytA] (pre-irradiation)
were grown to approximately 2 x 10° CFU/ml and lysates from 20 ml aliquots were analyzed.
After the transfer, the membrane was probed with either mouse anti-Ply (1/1000 dilution) or
mouse anti-LytA (1/2000 dilution) polyclonal antisera, which was detected with an IRDye
800CW goat anti-mouse IgG (LI-COR). The blot was visualised using the Odyssey imaging

system.

2.7 Hemolysis Assay

A hemolysis assay was used to confirm the hemolytic activity of pneumolysin as described
previously (349). The parent Rx1 strain and the vaccine strain Rx1[PdT/ALytA] (pre-
irradiation) were grown to approximately 2 x 10° CFU/ml. 3 ml aliquots of the samples were

French pressed at 12,000 psi to obtain lysates for use in the assay.

2.8 Gram staining

20 ul samples of the bacterial vaccine preparations were smeared onto glass slides, heat fixed
and then stained with the following reagents in order: crystal violet, lodine, ethanol 95% and
safranin. All reagents were placed on the slides for 30 seconds and rinsed off with distilled
water between each stain. After the slides were dried, each Gram-stained smear was

evaluated under oil immersion (x100 objective) using a light microscope.

2.9 Scanning electron microscopy

~3.5 x 10* CFU of the non-irradiated vaccine strain Rx1[PdT/ALytA] (Control) or irradiated
vaccine samples (12, 18 or 24 kGy) were filtered through a Whatman Nucleopore Track-Etch
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membrane and then fixed with EM fixative (4% paraformaldehyde/1.25% glutaraldehyde in
PBS, + 4% sucrose at pH 7.2) for 30 minutes at room temperature (RT). The membrane was
washed in buffer (PBS + 4% sucrose) and then immersed in 2% Osmium tetroxide (OsO4)
diluted in water for 30 minutes at RT. The fixed bacteria were then dehydrated with
increasing concentrations of ethanol (70%, 90%) for 10 minutes each at RT followed by
100% ethanol for 3 x 10 minutes. The membrane was then immersed in a solution containing
hexamethyldislazane (HMDS) and ethanol (100%) (1:1 ratio) for 10 minutes and then
subjected to a final incubation with 100% HMDS. Membranes were left to air dry. Following
coating by gold sputter, the bacteria were observed using a Philips XL30 scanning electron

microscope.

2.10 Focus forming inhibition assay

Focus forming inhibition assay was performed as described previously (70) using sera from
mice immunized with y-FLU, y-PN or y-PN + y-FLU. Sera from PBS vaccinated mice served
as the control. Sera were pooled from 10 mice within each group to perform serial dilutions.
Images were acquired using a Nikon TiE inverted fluorescence microscope and analyzed

using NIS elements software (Tokyo, Japan).

2.11 Ethics statement

Animal experimentation was carried out in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes (7th Edition [2004] and 8™ Edition
[2013]) and the South Australian Animal Welfare Act 1985. Protocols were approved by the
Animal Ethics Committee at The University of Adelaide (Approval numbers S-2010-001 and
S-2013-053).

2.12 Vaccination

Wild-type C57BL/6 mice (5-6 week old) were supplied by Laboratory Animal Services at
The University of Adelaide, South Australia. For intranasal vaccinations, mice were
anaesthetized intraperitoneally (IP) with pentobarbital sodium (Nembutal; Ilium; 66 mg/g
body weight) and then administered the relevant vaccine preparation: y-PN (~1 x 10® CFU-
equivalent/dose) or y-FLU (~1 x 10°® TCIDso-equivalent/dose) in 30 ul intranasally (IN). For
co-vaccination (y-PN + y-FLU), the appropriate doses of each of the 2 vaccines were

combined in a final volume of 30 ul and administered in the same manner. Control mice
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received PBS. The mice were immunized intranasally twice at two-week intervals and sera
were collected from all experimental animals by submandibular bleeding one week after the
last immunization. For IP vaccinations, mice received y-PN (~1 x 10* CFU-equivalent/dose)

in 200 ul volume in PBS.

2.13 Adjuvants

For all immunizations involving adjuvants, the appropriate doses of cholera toxin (1 ug)
(Sigma) or Mannosylated chitosan (stock = ~2 mg/ml) (kind gift from Dr Billy Hargis,
Poultry Health Laboratory, University of Arkansas, USA) (dose specified in figure legends)
were administered intranasally with the appropriate vaccination dose of y-PN (~1 x 10® CFU-

equivalent/dose) in a total volume of 30 ul.

2.14 Infection models

Intranasal sepsis model: Two weeks after the second IN vaccination, vaccinated and control

(PBS-treated) mice were anaesthetized and challenged with strains D39 (1 x 10° CFU) or P9
(5 x 10° CFU) in 30 ul. Mice were then monitored for up to 21 days or until they were
moribund (i.e. hunched posture, inactivity, ruffled fur and labored breathing).

Intranasal colonization-induced pneumonia model: Following immunization procedures, un-

anaesthetized C57BL/6 mice were infected with S. pneumoniae strain EF3030 (serotype 19F)
by gently restraining the mice and applying 10 ul containing 1 x 10" CFU to the nostrils to
allow for bacterial colonization. Four days later, the mice were anaesthetized and given 30ul
PBS IN. Seven days later, the mice were euthanized and the nasal wash, nasopharyngeal
tissue and lungs were harvested, homogenized where necessary and plated for CFU recovery,
as described previously (350), in Iml. Total CFU in the nasopharynx includes the CFU
recovery from the nasal wash and nasal tissue combined.

Intranasal colonization model: Mice were colonized with EF3030 as described above and 7

days later, nasopharyngeal bacterial loads were analyzed as described above.
Intranasal influenza challenge model: Following immunization, mice were challenged IN

with either A/PR8 (~200 TCIDsg) or A/PC (~1 x 10* TCIDs) in 30 ul and the weight of the

mice was recorded daily for 21 days. Percentage weight loss was calculated from original
weight before challenge. Mice were sacrificed at 20% weight loss as per ethical guidelines.

Co-infection model: Following immunization, mice were colonized with EF3030 as described

above. 4 days later, mice were anaesthetized and infected IN with a subclinical dose of
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A/PRS8 (10 TCIDspin 30 ul) or PBS (control). Mice infected with EF3030 or A/PRS8 alone

served as controls. All mice were monitored for up to 21 days post co-infection.

2.15 IFN-y/IL-17 neutralization in vivo

Two weeks after mice received the second dose of y-PN vaccine as described above, they
were treated with neutralising monoclonal antibodies (all from BioxCell) to IL-17A or IFN-y
(351). Mice were administered 3 IP doses (200 ug in 200 ul PBS per dose) of either anti-IL-
17A (17F3), anti-mouse IgGl (MOPC21) (isotype control for 17F3), anti-IFN-y (XMG1.2),
or anti-rat IgGl (HRPN) (isotype control for XMG1.2) at day -1 (24 hours before the
challenge), day 0 (6 hours post challenge) and day 2 (48 hours post challenge). Mice were
challenged IN with D39 as described above and monitored for up to 21 days to determine the

number of days until they were moribund.

2.16 CD4 depletion in vivo

Mice were treated with a depleting monoclonal antibody (BioxCell) to CD4 prior to and
during challenge in the colonization-induced pneumonia model. Mice were given 4 doses
intraperitoneally (150 ug in 200 ul PBS/dose) of either anti-CD4 (GK1.5) or anti-rat [gG2b
(LTF-2; isotype control) at day -2, -1, 1 and 4 (6 hours before intranasal administration of
PBS). Successful CD4 cell depletion in the lung and spleen were confirmed using flow

cytometry.

2.17 Measurement of antibody responses

Sera collected from immunized mice were assayed by ELISA to determine S. pneumoniae-
specific and A/PR8-specific antibody responses, as described previously (343, 348). Alkaline
phosphatase (AP) conjugated goat anti-mouse IgA (Zymed), horse radish peroxidase (HRP)
conjugated goat anti-mouse IgG (Thermo Scientific) and alkaline phosphatase (AP)
conjugated goat anti-mouse IgG (Zymed) detection antibodies were used in the study. For S.
pneumoniae-specific antibody analysis, the whole-cell vaccine strain (intact WC) was
prepared as follows. Rx1[PdT/ALytA] was grown statically in THY at 37°C in 5% CO; to
ODggo of 0.5. The preparation was washed twice with PBS and resuspended in a 1:1 ratio in
PBS and 100% glycerol to a concentration of 5 x 10'® CFU/ml. The stock was maintained at -
20°C. ELISA plates were coated with 50 ul per well of a 10 CFU/ml bacterial suspension
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obtained by diluting the stored stock in bicarbonate coating buffer. The WC lysate was
prepared as follows. The vaccine strain Rx1[PdT/ALytA (pre-irradiation) were grown (as
above) to approximately 2 x 10 CFU/ml. A 3 ml aliquot of the sample was French pressed at
12,000 psi to obtain the “lysate” and 100% glycerol was added at 1:1 ratio. The stock was
maintained at -20°C. ELISA plates were coated with 100 ul of WC lysate diluted in
bicarbonate coating buffer (5 ug/ml) from the stored stock. Similarly for detection of
antibodies specific for pneumococcal proteins, ELISA plates were coated with 100 ul of
purified proteins (Ply, CbpA, PspA)(118, 119) diluted in bicarbonate coating buffer (5
ug/ml). End point titres are expressed as the reciprocal of the last dilution whose OD value
was equal to or more than the cut off value. The cut off value was determined by adding 3-
fold standard deviations (SD) to the mean (i.e. mean + 3SD) of the OD values of samples

from the negative control PBS treated mice.

Sera were also collected an analysed for IFN-a levels using the VeriKine™ Mouse Interferon

Alpha ELISA kit, as per manufacturers’ instructions.

2.18 Splenocyte stimulation

Spleens were harvested 2 weeks after the second IN immunization with y-PN vaccine and
were used for splenocyte stimulation as described previously (85) with a few modifications.
To obtain cell suspensions, splenocytes were passed through a 70 wm mesh strainer (BD) and
suspended in complete RPMI 1640 (RPMI 1640 with phenol red supplemented with 10%
foetal calf serum, 1% L-glutamine, 1% streptomycin/penicillin and 0.2% f-mercaptoethanol).
Erythrocytes were then lysed using red blood cell lysis buffer. Splenocytes were plated into
96 well tissue culture plates at a concentration of ~1.8 x 10° cells in 200 ul. Splenocytes were
stimulated with 50 ul of complete RPMI containing either y-PN (1 x 10° CFU/ml
equivalents), y-FLU (2 x 10" TCIDs¢/ml equivalents) or MalX antigen (10 pg/ml). Complete
RPMI 1640 media alone served as a control. 72 hours later, cells were collected following
centrifugation and used for intracellular cytokine staining. Culture supernatants were
analyzed for levels of IL-17A (R&D systems) and IFN-y (BD) using ELISA kits, as per

manufacturers’ instructions.
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2.19 Lung digestion to retrieve lymphocytes for flow cytometric analysis

Lungs were collected from immunized mice at 24 and 48 hours post challenge. The lungs
were perfused with cold PBS and subsequently dissected and placed in 1 ml digestion
medium (DMEM containing sodium pyruvate (Thermo Fisher Scientific) supplemented with
1% HEPES , 5% FCS, 1% penicillin/gentamicin, 2.5 mM CaCl,, collagenase D (Roche) (1
mg/ml) and DNase (40 U/ml; Roche)). Lungs were then finely macerated with surgical
scissors and incubated at 37 °C for 1 hour (with mixing every 20 minutes). Samples were
then processed to obtain single cell suspensions as described above and subjected to

intracellular cytokine staining.

2.20 Intracellular cytokine staining and flow cytometry

Lung cell suspensions or splenocytes stimulated with y-PN were used for intracellular
cytokine staining using the protocol described previously (352). For stains involving Foxp3
detection, cells were permeabilized using the Foxp3/transcription factor staining buffer set
(eBioscience), while for all other stains the Cytofix/Cytoperm kit (BD) was used, according
to respective manufacturers’ instructions. Cell surface antigens were stained using the
following antibodies: anti-CD3 (APC; Biolegend), anti-CD4 (BV450; eBioscience), anti-
CD44 (PE-Cy7, eBioscience), anti-CD44 (FITC, BD), anti-CD103 (PE, eBioscience), anti-
CDl1a (APC, eBioscience), anti-ydTCR (PercPcy5.5, Biolegend or PECy7, Biolegend), anti-
F4/80 (FITC, BD), anti-Grl (PE, BD), anti-CD11b (PECy7, BD) and anti-CD45.2 (Biotin,
BD). The following intracellular antibodies were used: anti-IL-17A (BV510, Biolegend),
anti-IFN-y (FITC, eBioscience), anti-IFN-y (PECy7, eBioscience), anti-IL-4 (PE,
eBioscience) and anti-Foxp3 (PerCPCy5.5, eBioscience). Biotin-conjugated antibodies were
detected using Streptavidin-BV450 (BD). In all cases, dead cells were excluded from
analyzes using LIVE/DEAD fixable near-infrared dye (Molecular Probes). Cells were
acquired using an LSRII flow cytometer (BD) and data was analyzed using FlowJo software

(TreeStar).

2.21 In vivo cytotoxic T cell assay

Mice were immunized IV with live A/PRS, y-FLU or given PBS (dose specified in Figure
5.4). 1 week post immunization, target splenocytes harvested from CD45.1" mice were

divided into 2 populations, either labelled with Carboxyfluorescein succinimidyl ester
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(CFSE) and pulsed with nucleoprotein peptide (NPP), or left unpulsed and unlabelled. Cell
populations were mixed in equal proportions and ~1 x 10’ cells were adoptively transferred
IV into immunized or PBS immunized recipient mice (CD45.2"). 18 hours post injection of
target splenocytes, the spleens were harvested and analyzed for the percentage of labelled
target cells (CFSE", ‘pulsed’) by flow cytometry. Cytotoxic T cell killing was calculated as
((percentage of pulsed cells remaining — 50%) / 50%). 50% represents the percentage of

pulsed cells remaining in naive mice.

2.22 Statistics

Data were analyzed using a Fisher’s exact test, unpaired Student’s #-test, Mann-Whitney U-
test, or a One-way ANOVA with a Tukey multiple comparisons test as appropriate, as
outlined in the text. Results with P values less than 0.05 were considered statistically

significant. Statistical analyzes were performed using Graph Pad Prism.

49



2 | MATERIALS & METHODS

50



CHAPTER 3

The efficacy of the y-PN vaccine
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3.1 Introduction

Since the introduction of PCV’s into routine childhood immunisation schedules, serotypes
not included in vaccine formulations have replaced pneumococcal strains normally harboured
within the nasopharynx. Consequently, this has resulted in increased incidence of invasive
pneumococcal disease caused by these non-vaccine serotypes (98). In addition, the increased
prevalence of these strains coupled with continued antibiotic use has also corresponded to an
increase in antibiotic resistance (107-109). Therefore, in light of existing scientific challenges
associated with currently licenced pneumococcal vaccines, there is a clear need to develop
serotype-independent pneumococcal vaccines. Inactivated whole un-encapsulated bacterial
cells as opposed to selected antigens have recently been proposed as a serotype-independent
vaccine candidate (353). Unlike live-attenuated vaccines, complete inactivation of whole-
cells eliminates the concerns regarding possible reversion to full virulence by live attenuated
vaccine strains. Moreover, removal of the CPS exposes a plethora of sub-capsular antigens
capable of inducing immunity. In particular, serotype-independent protection has been related
to the induction of protective Th17 cell-derived IL-17 responses. The importance of IL-17
responses in vaccine efficacy is becoming more apparent and has also been demonstrated for
other pneumococcal vaccines (86, 137, 354, 355). However, common approaches for
inactivation of whole-cell-based vaccines include heat or ethanol treatment; both of these
methods have been reported to affect membrane integrity of bacterial cells and subsequently
influence vaccine immunogenicity (335, 356). B-propiolactone has also been employed as a
method of inactivation (136, 139), but reports of carcinogenic effects question its safety for
human use (340, 341). Overall, safer alternative inactivation methods are required to maintain

pneumococcal antigens in their native form, thereby enhancing vaccine immunogenicity.

The possibility of using gamma-irradiation to inactivate pathogens for vaccine purposes has
been investigated (224). Gamma-irradiation directly inactivates pathogens by targeting the
genetic material with limited effects on proteins. Subsequently, it has been proposed to
preserve antigenic structures of proteins, which can behave in similar manners to that of live
microbe (319, 325, 329). This inactivation approach has been adopted for various viral and
bacterial vaccines and have shown remarkable efficacy (222, 333, 335, 336). Studies have
also clearly demonstrated the advantageous effects of gamma-irradiation in comparison to
other inactivation methods such as formaldehyde, UV, B-propiolactone and acetyl-

ethyleneimine (329, 332).
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In the present study, gamma-irradiation was utilised to inactivate an un-encapsulated whole-
cell S. pneumoniae strain Rx1. The /ytA gene was deleted and the ply gene was replaced with
an allele encoding a non-toxic pneumolysoid (PdT). LytA is responsible for cell autolysis
during growth, while Ply is a pore forming toxin that plays many roles in S. preumoniae
pathogenesis including a major role in immune evasion. The immunogenicity and protective
efficacy of the gamma-irradiated pneumococcal whole-cell vaccine, designated “y-PN” was

investigated using intranasal vaccination and challenge models.

3.2 Results

3.2.1 Characterization and optimization of the y-PN vaccine

The y-PN vaccine (Rx1[PdT/ALytA]) was generated by replacing the ply gene in S.
pneumoniae Rx1 with a derivative encoding PdT, and then deleting the /yt4 gene. PdT is a
toxoid derivative of Ply carrying three amino acid substitutions (Asp385—Asn,
Cys428—Gly and Trp433—Phe) that abrogate both the complement activation and cytotoxic
properties of the toxin, without affecting immunogenicity (347, 357) (See Methods 2.3). The
purpose of deleting /yt4 was to facilitate large-scale culture to high cell densities in vitro, by
preventing onset of cellular autolysis in stationary phase. Expression of PdT and deletion of
lytA were confirmed by Western blot analysis (Fig. 3.1A). Anti-Ply and anti-LytA antibodies
detected both LytA and native Ply in the encapsulated strain (D39), the parent strain (Rx1)
and the respective purified control proteins. As expected, no LytA related bands were
detected in lysate of pre-irradiated vaccine strain Rx1[PdT/ALytA]. In contrast, bands related
to Ply were still detectable.

To determine the hemolytic activity of the final vaccine strain Rx1[PdT/ALytA] (pre-
irradiation) which produces a non-toxic derivative of Ply, a hemolysis assay was performed
(Figure 3.1B). The wild type strain Rx1, which contains a functional ply gene displayed
hemolytic activity. As expected, complete absence of hemolytic activity was confirmed in the
vaccine strain Rx1[PdT/ALytA] and this was similar to that observed with the strain
containing the antibiotic resistance gene ermR in place of the ply gene, Rx1[erm"/ALytA].
Furthermore, the absence of antibiotic resistant genes in the vaccine strain was confirmed
using both gene sequencing and plating on media containing the relevant antibiotic (data not

shown).
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Figure 3.1: Expression of PdT and LytA and hemolytic activity of the vaccine strain
Rx1[PdT/ALytA]. (A) Expression of Ply/PdT (53 kDa) and LytA (36 kDa) was determined
by Western blotting in the S. pneumoniae strain D39; Rx1 and the Rx1[PdT/ALytA] vaccine
strain (pre-irradiation). Recombinant purified Ply and LytA (5 ng each) served as controls.
The Ply and LytA proteins are larger in size due to the presence of a His-tag. (B) Ply
cytotoxic activity in lysates of the indicated strains (2 x 10° CFU/ml) was determined by

hemolysis assay. Hemolytic activity represented as mean + SEM (n = 3).
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Considering that gamma-irradiation has not been applied previously for inactivation of S.
pneumoniae bacterial cells, samples of the vaccine preparation were exposed at the
concentration of ~2 x 10'° CFU/ml to different doses of gamma-irradiation (0.5- 24 kGy) and
conditions (dry ice (DI) versus room temperature (RT) as a control) to determine the dose
required to completely inactivate the vaccine preparation. Samples were then plated onto
blood agar plates for enumeration of CFU. As shown in Figure 3.2, samples that were
irradiated on DI required higher doses of gamma-irradiation to completely inactivate
preparations in comparison to those irradiated at RT. 4 kGy and 12 kGy were the minimum

doses required for complete inactivation of preparations irradiated at RT and DI, respectively.

It has been reported that temperature conditions can affect the inactivation process by
gamma-irradiation. Higher temperatures have been shown to enhance the indirect effect of
gamma-irradiation thereby causing the generation of free radicals (358). This consequently
may affect protein structures. Therefore, to determine the impact of increasing doses of
gamma-irradiation and temperature conditions on the cell wall integrity of pneumococcal
whole-cells, samples of the vaccine strain irradiated at 12, 18 and 24 kGy either at RT or on
DI were subjected to Gram staining. S. pneumoniae is a Gram-positive bacterium as it
contains a thick layer of peptidoglycan in its cell wall, therefore pneumococcal cells are
expected to stain purple as it retains the crystal violet dye. As observed in Figure 3.3A,
vaccine samples irradiated at RT (12, 18 or 24 kGy) show a significant disruption of bacterial
cells. In addition, remaining intact bacterial cells in these samples were stained pink,
indicating the loss of retention of the crystal violet dye. Interestingly, pink staining was also
observed for the non-irradiated control sample at RT, which indicate some perturbation of
pneumococcal cells but to a lower extent compared to the irradiated samples. For DI
preparations, pneumococcal whole-cells that were exposed to 12 kGy appeared structurally
intact (Figure 3.3B). The majority of bacterial cells in this sample were stained purple with
the presence of some pink stained bacterial cells similar to that observed with the DI control
(non-gamma-irradiated pneumococci). In addition, bacterial cells subjected to higher gamma-
irradiation doses (18 kGy and 24 kGy) on DI also appeared structurally intact, but there was a
higher proportion of bacterial cells stained pink relative to the DI control and 12 kGy
preparations (Figure 3.3B). Overall, these data suggest that gamma-irradiation on DI is
associated with reduced structural damage to pneumococcal cells compared to irradiation at

RT.
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Figure 3.2: Sterility testing of the gamma-irradiated vaccine strain Rx1[PdT/ALytA].
Samples of the vaccine strain Rx1[PdT/ALytA] were gamma-irradiated at different doses
(0.5-24 kGy) and treated either on dry ice (DI) or room temperature (RT). Post gamma-
irradiation, the numbers of CFU were determined in each sample. Graphs represent
concentration (CFU/ml) of viable bacteria. Baseline represents no detectable bacterial

colonies (complete inactivation).
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Figure 3.3: High doses of gamma-irradiation may affect the integrity of the cell
membrane. Samples of vaccine preparations exposed to various doses of gamma-irradiation
(12, 18 or 24 kGy) at either (A) room temperature (RT) or (B) dry ice (DI), were subjected to
Gram staining. Non-irradiated samples at the relevant temperature conditions were used as a

control.
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Samples irradiated on DI at 12, 18 & 24 kGy were also analyzed using scanning electron
microscopy (Section 2.9). Gamma-irradiation did not have a significant effect on the
structure of the bacterial cells as the morphology was similar to that observed with the non-
irradiated control (Figure 3.4). The morphology was also comparable among the varying
doses of gamma-irradiation analyzed. Thus, in the context of Gram staining, these results
confirm that the gross overall structure of pneumococcal cells can still be maintained after

gamma-irradiation on DI with doses of up to 24 kGy.

Next, the effect of irradiation dose on the immunogenicity of inactivated preparations was
investigated, focusing on materials irradiated on DI. Mice were vaccinated intraperitoneally
with 2 doses of vaccine preparations irradiated at 12, 18 or 24 kGy. Two weeks post the
second immunisation dose, serum samples were collected and analyzed by ELISA for IgG-
specific antibodies against the whole-cell lysate and purified protein antigens (Ply, CbpA,
PspA). All vaccine preparations were capable of inducing antibody responses against Ply,
CbpA, PspA and the WC lysate (Figure 3.5A&B). At the dilution of 1/800, the 12 kGy
vaccine preparation induced significantly higher antibody levels in comparison to the PBS
control against the WC lysate, Ply and CbpA. In addition, the 12 kGy vaccine preparation
appeared to induce higher antibody levels compared to the 18 and 24 kGy preparations.
Importantly, statistically significant increases were observed for antibody responses induced
by the 12 kGy preparation relative to the 24 kGy preparation against the WC and Ply. These
data suggest that increasing doses of gamma-irradiation may reduce the immunogenicity of

vaccine preparations.
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Figure 3.4: Gamma-irradiation does not affect the morphology of S. pneumoniae.
Samples of vaccine preparations exposed to various doses of gamma-irradiation (12, 18 or 24
kGy) on DI were prepared and analyzed by scanning electron microscopy. Images taken at
500000x magnification show the morphology of pneumococcal cells (strain
Rx1[PdT/ALytA]) after exposure to increasing doses of gamma-irradiation (12, 18 or 24
kGy). Un-irradiated pneumococcal cells (strain Rx1[PdT/ALytA]) served as the control.
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Figure 3.5: Higher doses of gamma-irradiation appear to affect the immunogenicity of
vaccine preparations. Mice were immunized IP with 2 doses of y-PN (12, 18 or 24 kGy) in
a volume of 200 ul and mice treated with PBS were used as a control (Section 2.12). 2 weeks
after the second immunisation, sera was collected and assayed for IgG-specific antibodies
against the whole-cell lysate (WC) or purified proteins (Ply, CbpA and PspA) by ELISA (A)
Represents absorbance readings for serial dilutions of sera for each of the vaccine groups. (B)
Relative antibody levels at the dilution of 1/800. Antibody levels are represented are mean +
SEM (n = 5). Data were analyzed using a One-way ANOVA (*, P <0.05; **, P <0.01; ***,
P <0.001).
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3.2.2 Immunisation with y-PN provides serotype-independent protection

Considering the effectiveness of 12 kGy DI reported in terms of immunogenicity and
membrane integrity, all further experimental approaches were carried out with the 12 kGy DI
preparation (designated “y-PN”). Given that the y-PN vaccine is derived from the un-
encapsulated strain Rx1, the vaccine was initially investigated for its ability to provide
protection against intranasal challenge by the ancestral encapsulated (type 2) strain D39. The
data show that intranasal vaccination of mice with y-PN resulted in a statistically significant
increase in survival rate (P = 0.0201) and survival time (P = 0.0226) compared to mock-
immunized control mice following lethal challenge with S. pneumoniae D39 (Figure
3.6A&B). To investigate whether the vaccine can provide serotype-independent protection, y-
PN immunized mice were challenged with the unrelated S. pneumoniae strain P9 (serotype
6A). Similarly, intranasal vaccination with y-PN afforded significant protection against P9
challenge (P = 0.0431, survival rate, P = 0.0078 survival time) (Figure 3.6A&B), indicating
that the y-PN vaccine is capable of providing both serotype-dependent and -independent

protection against lethal pneumococcal challenge.

In addition, the y-PN vaccine was also investigated for its ability to elicit protection against
local infection in the lung. Thus, immunized mice were challenged under anaesthesia with
EF3030 (serotype 19F), which causes focal pneumonia but not lethal sepsis (209, 359) and
bacterial counts in the lungs and nasopharynx were determined 4 days post challenge. The
data show that vaccination with y-PN reduced bacterial counts in the lungs (P = 0.0397)
when compared to control mice (Figure 3.7A). Although median CFU in the nasopharynx
was also slightly lower in y-PN vaccinated mice, this did not reach statistical significance
(Figure 3.7A). To further explore whether effects on colonization might contribute to vaccine
efficacy, a colonization model was utilised. Vaccinated and control mice were inoculated
intranasally with a lower dose of S. pneumoniae EF3030 without anaesthesia and bacterial
counts were determined in the nasopharynx at day 7 post inoculation. The data indicate that
vaccination with y-PN did not affect nasopharyngeal colonization with EF3030, with a
similar number of CFU in the nasopharynx of both vaccinated and control mice (Figure

3.7B).
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Figure 3.6: Protection against sepsis elicited by immunisation with y-PN. Mice (n = 20;

data pooled from 2 independent experiments of n = 10) were immunized IN with 2 doses of

v-PN or given PBS (Section 2.12). 2 weeks after the second immunisation, mice were

challenged IN under anaesthesia with S. preumoniae D39 or P9 (Section 2.14). (A) Survival

time and (B) overall survival rate was determined at 21 days. Data were analyzed using a

Mann-Whitney U-test (survival time) or a Fisher exact test (survival rate) (*, P < 0.05; **, P

<0.01).
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Figure 3.7: Protection against focal pneumonia elicited by immunisation with y-PN.
Mice were immunized IN with 2 doses of y-PN or given PBS (Section 2.12). 2 weeks after
the second immunisation, mice were challenged IN with (pneumonia model) or without
(colonization model) anaesthesia with S. pneumoniae EF3030 (Section 2.14). (A) For the
pneumonia model, bacterial counts in the lungs and nasopharynx 4 days following challenge
are shown (n = 5). (B) For the colonization model, bacterial counts in the nasopharynx at 7
days post inoculation are shown (n = 10). Dotted line represents detection limit. Differences

in bacterial load were analyzed using the Mann-Whitney U-test (*, P < 0.05).
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3.2.3 y-PN efficacy is dependent on B cell responses

To elucidate the underlying mechanisms of y-PN-mediated protection, the role of B cell
responses in acquired immunity to S. pneumoniae were examined. Induction of antibody-
initiated complement-dependent killing represents the hosts’ major defence mechanism
against pneumococcal challenge (1, 89), and current approaches for pneumococcal vaccines
rely principally on the efficacy of B cell responses (353). Thus, to evaluate the ability of y-
PN to induce antigen-specific antibody responses, IgG responses to pneumococcal antigens
(Ply, CbpA and PspA) as well as against the intact WC strain were analyzed. The WC intact
strain was used instead of the WC lysate (previously used with I.P immunization) as antibody
responses could not be detected against the WC lysate in sera from intranasally immunized
mice (antibody levels were below detection limit). As shown in Figure 3.8A, significant
antibody levels (IgG and IgA) were detected against the intact WC in sera collected from
mice vaccinated with y-PN in comparison to the PBS control. While there were no detectable
antibodies against Ply or CbpA (data not shown), significant levels of PspA-specific IgA and
IgG were detected (Figure 3.8A).

Next, to determine whether the vaccine’s efficacy is dependent on B cell responses, uMT
mice (B cell-deficient mice) and WT (C57BL/6) mice were immunized IN with y-PN and
challenged IN with D39, and animals were monitored for a period of 21 days. As shown in
Figure 3.8B, y-PN-vaccinated WT mice show significant protection against lethal D39
challenge compared to PBS treated controls, as indicated by a significantly greater survival
rate (P = 0.0059). In contrast, y-PN-immunized B cell-deficient uMT mice did not show
protection when compared to PBS treated uMT control mice (Figure 3.8B). This suggests

that the protective efficacy of the y-PN vaccine against sepsis is reliant on B cell responses.
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Figure 3.8: The efficacy of the y-PN vaccine is dependent on B cell responses. (A) Sera
were collected 2 weeks after the second immunization dose with y-PN (Section 2.12) and
assayed for IgA and IgG antibodies against the intact whole-cell (WC) or PspA antigen by
ELISA. Data represented as mean + SEM (n = 11). Data were analyzed using a Student’s #-
test (*, P < 0.05; ** P <0.01; *** P <0.001). (B) WT or uMT mice (n = 10 > per group,
data pooled from 3 independent experiments) were immunized IN with 2 doses of y-PN or
PBS (Section 2.12), and 2 weeks after the second immunisation, mice were challenged IN
with D39 (Section 2.14). Mice were monitored for survival for 21 days post challenge.

Differences in survival rate between immunized and control mice were analyzed by a Fisher
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3.2.4 IL-17 plays an essential role in the protective efficacy of y-PN

In addition to B cell responses, previous studies have demonstrated that both IFN-y and IL-17
are important components of host defences against S. pneumoniae (84, 85, 259, 360, 361).
Therefore, to determine whether these cytokines could contribute to the protective efficacy of
the y-PN vaccine, mice immunized intranasally with y-PN were treated with 3 doses of
neutralising antibodies to IL-17 or IFN-y, or isotype control antibodies during challenge with
D39 as described in Section 2.15 and monitored for survival. Significant y-PN-mediated
protection against D39 challenge was seen for mice given the respective isotype control
antibodies for both IFN-y (Figure 3.9A) and IL-17 (Figure 3.9B) (P = 0.0354 for anti-IFN-y
isotype control group, P = 0.0018 for anti-IL-17 isotype control group). Importantly, y-PN
induced significant protection in immunized mice despite IFN-y neutralisation (P = 0.0083)
when compared to their relative control (Figure 3.9A). However, the reduced survival rate of
non-immunized mice in the IFN-y treated group compared to the isotype control group was
expected due to its known role in primary host defence against pneumococcal challenge (360,
361). In contrast to IFN-y neutralisation, y-PN-induced protection was abolished by IL-17
neutralisation (Figure 3.9B). Moreover, IL-17 neutralisation did not influence the lethality
rate of pneumococcal infection in non-immunized mice, which illustrates the role of IL-17 in
the secondary immune response. These data demonstrate that the mechanisms of protection

elicited by y-PN immunisation are IL-17-dependent and in part IFN-y-dependent.

3.2.5 Vaccination with y-PN induces CD4-independent IL-17 immunity

In general, IL-17 derived from Th17 cells has been reported to be the essential component of
antigen-specific memory T cell responses during pneumococcal infections, particularly for
driving the recruitment of macrophages and neutrophils into the nasopharynx to mediate
clearance (84). Thl7-driven immunity in anti-pneumococcal vaccination strategies has also
been clearly demonstrated, as neutralization of IL-17 was reported to interfere with protection
against colonisation mediated by mucosal immunization with a whole-cell vaccine (85).
Considering the IL-17-dependent protective responses induced by y-PN (Figure 3.9B), the
mechanism underlying y-PN-induced IL-17-dependent immunity was next investigated.
Firstly, the y-PN vaccine was analyzed for its ability to induce antigen-specific Th17 cells.
To do this, splenocytes were harvested from immunized and control mice and stimulated ex
vivo with the y-PN vaccine or a proven Thl7-dependent protective pneumococcal antigen

SP2108, referred to as ‘MalX’ (86) for 72 hours. Following stimulation, cells were subjected
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to intracellular cytokine staining for analysis of T helper cell subsets (Th17, Thl, Th2, Treg).
The data show that stimulation of splenocytes from y-PN immunized mice did not induce a
significant increase in the frequency of Th17, Thl, Th2, or Treg cells relative to the PBS
control following stimulation with either the y-PN vaccine or MalX antigen (Figure 3.10B).
These data suggest that y-PN does not induce detectable circulating Th17 memory cell

responsces.

To further investigate the memory responses induced by the y-PN vaccine, TRM cells were
next analysed to determine whether these cells were related to the source of IL-17. As
mentioned earlier, TRM cells are a unique memory subset as they reside in sites of infection
after initial pathogen clearance, provide the first line of antigen-specific defence upon re-
infection, and elicit heightened protection relative to circulating central memory cells (362,
363). Analysis of lung tissue from y-PN immunized mice showed that these mice appear to
not induce CD4" TRM cells (TRM Total, gated CD44"CD103" and were also CD11a"™
Figure 3.11A) relative to the PBS control, nor were there differences in the ability of these
cells to make IL-17 (TRM IL-17") (Figure 3.11B). Collectively, these data indicate that

vaccination with y-PN does not elicit CD4" TRM cell responses.
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Figure 3.9: Depletion of IL-17, but not IFN-y abrogates protection induced by y-PN.
Mice (n = 20 per group; data pooled from 2 independent experiments of n = 10) were
immunized IN with 2 doses of y-PN or given PBS (Section 2.12) and 2 weeks after the
second immunisation, mice were injected IP with 200 ug of anti-IFN-y (A), anti-IL-17 (B), or
the respective isotype control, on day -1 (24 hours before challenge), day 0 (6 hours post
challenge with D39) and day 2 (48 hours post challenge). Mice were monitored for survival
for 21 days following challenge IN with D39 (Section 2.14). Differences in survival rates
between groups of mice treated with cytokine-neutralising and control antibodies were

analyzed by Fisher Exact test (*, P <0.05; **, P <0.01).
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Figure 3.10: y-PN does not induce antigen-specific Th17 cells. Mice were immunized IN
with 2 doses of the y-PN vaccine or given PBS (Section 2.12) and 2 weeks after the second
immunisation, the spleens were harvested and restimulated in culture with y-PN, or media
alone (negative control) for 72 hours. (A) Representative flow cytometric data scheme for
analysis of T helper cell subsets: Thl (CD3'CD4 CD44TFN-y"), Thl7
(CD3"CD4'CD44'1L-17"), Th2 (CD3'CD4'CD44'1L-4") and Treg
(CD3'CD4'CD44 Foxp3"). (B) Frequency of T cells following stimulation with the y-PN
vaccine or MalX antigen using flow cytometry. Results are presented as mean + SEM (n =10-

11 per group; data pooled from 2 independent experiments of n = 5-6 per group).
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Figure 3.11: y-PN does not induce tissue-resident memory cells. Mice were immunized
IN with 2 doses of the y-PN vaccine or given PBS (Section 2.12) and 2 weeks after the
second immunisation, mice were challenged with D39 (Section 2.14). 24 hours post
challenge, the lungs were harvested and analyzed for the total number of CD4" TRM cells
and CD4" TRM IL-17" cells by flow cytometry (A) Representative flow cytometric data
scheme for analysis of CD4" TRM cells (CD4 CD8CD44'CD103°CD11a"). Histogram
confirming the high presence of CD11a" on TRM cells versus naive cells. (B) Total number
of CD4" TRM cells and CD4" TRM IL-17" cells. Results are presented as mean = SEM (n =

10; data pooled from 2 independent experiments of n = 5).
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Considering that there were no significant increases in Th17 or TRM IL-17" cells, y-PN was
next investigated for its ability to induce IL-17-producing innate immune cells. In addition to
Th17 cells, non-conventional T cells such as y0 (240) and NKT cells (364) located in mucosa
have been shown to elicit protective pulmonary IL-17 responses. In particular, y8T cell-
derived IL-17 (y0T17) has been shown to strongly promote the recruitment of neutrophils
during pneumococcal infection (69, 240). Therefore, it was hypothesized that the IL-17-
dependent immunity elicited by y-PN may be due to heightened ydT17 responses. Thus, y0 T
cells and T effector cell numbers in the lungs of y-PN immunized mice 24 and 48 hours post
D39 challenge were examined. y-PN vaccination did not alter the total number of T effector
cells or the relative populations of Th1 or Th17 cells in the lung 24 hours post D39 challenge
(Figure 3.12A). Similar results were observed at 48 hours for Total T effector cells and Th17.
However, there was a significant decrease in Thl cell numbers in y-PN-immunized mice (P =
0.0452) relative to the PBS-treated controls at 48 hours post challenge. In contrast to T
effector cells, vaccination with y-PN induced significant changes in yd T cell populations in
the lung post D39 challenge (Figure 3.12A). Whilst the total number of yd T cells in the lung
of vaccinated mice was not significantly different relative to non-immunized mice, the data
indicate that intranasal vaccination with y-PN specifically enhanced y0T17 cell numbers in
the lungs at 24 hours (P = 0.0297) and this was further enhanced at 48 hours post challenge
(P = 0.0157). Interestingly, there was a decrease in ydT1 cell numbers in vaccinated mice at
24 hours, leading to a significant difference (P = 0.0267) detected at 48 hours relative to the
control mice. Overall, these data demonstrate that y-PN appears to promote a significant
increase in YT 17 cell responses associated with a significant decrease in Th1 and y8T1 cells
and no difference in Th17 cells. Thus, the data suggest that ydT17 cells may be a potential

source for IL-17 involved in mediating protective immunity in y-PN-vaccinated mice.

Given that IL-17 is known to have a prominent role in driving the influx of phagocytic cells,
the numbers of neutrophils and macrophages in the lungs of y-PN-immunized mice at 24 and
48 hours post D39 challenge were investigated (Figure 3.12B). Importantly, the numbers of
either cell types remain similar at 24 and 48 hours post challenge in y-PN-immunized mice.
In contrast, there was a significant increase of macrophages in the lungs of PBS control mice
between 24 and 48 hours post challenge (P = 0.0122). This trend was apparent for neutrophils
although it did not reach statistical significance. Nevertheless the number of phagocyte cells

at 48 hours was increased in PBS control mice in comparison to y-PN immunized mice.
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Figure 3.12: Vaccination with y-PN induces IL-17 via yd T cells, not CD4" T cells. Mice
were immunized IN with 2 doses of y-PN or given PBS (Section 2.12), and 2 weeks after the
second immunisation, mice were challenged IN with D39 (Section 2.14). Lungs were
harvested at 24 and 48 hours post challenge and analyzed for the total number of the
following cells by flow cytometry. (A) T effector cells: Total T effector cells
(CD3'CD4'CD44"), Th17 (CD3'CD4'CD44TL-17"), Th1 (CD3'CD4'CD44 TFN-y"); (B) y§
T cells: Total y8 T cells (CD3"CD44'ydTCR"), ydT1 (CD3'CD44 ydTCR'TFN-y"), vdT17
(CD3"CD44"ydTCR'IL-17"); and (C) phagocytic cells: macrophages (CD45'CD11b"Gr1'
F4/80") and neutrophils (CD45'CD11b"Gr1™). Results are presented as mean + SEM; *, P <
0.05 (Student’s z-test). Results are pooled from 2 independent experiments (n > 9) for the 24

hour time point. For the 48 hour time point, n > 4.
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3.3 Discussion

In recent years there has been a considerable focus on developing pneumococcal vaccines
that are serotype-independent, cost effective and capable of providing protective immunity in
people of all ages. The success of using gamma-irradiation to inactivate bacteria has been
demonstrated for Rickettsia (334), Brucella abortus (336) and Listeria monocytogenes (335).
In this study gamma-irradiated, un-encapsulated pneumococcal whole-cells were
administered to maximise exposure of clinically relevant antigens in their native form.
Moreover, the intranasal route of immunization was chosen to reflect the natural route of
exposure to pneumococcus in humans. During the initial stages of pneumococcal
colonization in the nasopharynx, the capsular polysaccharide is down-regulated and there is
increased exposure of cell wall teichoic acids and surface proteins, which facilitate
attachment to the mucosa (365, 366). Thus, intranasal delivery of an un-encapsulated whole-
cell vaccine is expected to elicit enhanced immunity towards these sub-capsular structures.
Gamma-irradiation is also a superior inactivation technique, as it maintains cellular structures
and prevents disruption of antigens, which can often occur with alternative heat inactivation
methods as shown with Listeria monocytogenes (335) and chemical or UV inactivation

methods as shown for Influenza (329).

This study demonstrates that intranasal immunisation with the un-adjuvanted y-PN vaccine
provides significant serotype-independent protection against sepsis caused by D39 and P9,
and focal pneumonia caused by EF3030. The vaccine strain irradiated at 12 kGy on DI (y-
PN) was chosen as the optimal vaccine preparation as it was completely sterile with no
detectable damage to the cellular structure or membrane integrity, and was observed to have
high immunogenicity. Interestingly, higher doses of gamma-irradiation appeared to affect the
membrane integrity and immunogenicity of the vaccine preparations despite the limited effect
on the morphology of the bacterial cells. The process of gamma-irradiation mainly inactivates
pathogens through direct actions on nucleic acids. However, it can also have indirect actions
with solutes i.e. with water molecules and oxygen which result in the generation of free
radicals (358). Therefore, higher doses of gamma-rays may increase free radical generation
that contributes to inactivation of the pathogen but also causing limited damage, particularly
to proteins. This could have affected the antigenic structures and may explain why higher

doses above 12 kGy were not as immunogenic. In addition, it could also explain why the
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bacterial envelope was not as intact as observed with Gram staining in comparison to the 12

kGy preparation.

To investigate the underlying mechanism for serotype-independent protection induced by y-
PN, the role of B and T cells in acquired immunity was evaluated. Lack of protective
immunity in vaccinated uMT mice illustrated the significant contribution of B cell responses.
Generally, antibodies against capsular and sub-capsular antigens are important for
complement fixation and opsonisation in systemic clearance of pneumococci (1). Thus, the
data suggest that humoral immunity induced by y-PN is critical for the protection observed
against sepsis and pneumococcal pneumonia. Furthermore, analysis of sera from y-PN-
immunized mice showed induction of pneumococcal-specific antibody responses to the WC
strain and PspA protein. In particular, humoral responses against PspA help to prevent
interference with complement-mediated opsonisation, one of PspA’s major roles in
pneumococcal pathogenesis (1). Humoral immunity has also been implicated in defence
against colonization, although increasing evidence suggests that cellular immunity is more
crucial (367). Indeed, Th17 cell responses have been shown to be important for abrogation of
the initial stages of bacterial colonization (82, 85, 368), and the induction of a Th17 response
has also been shown to be an important component for immunity induced by a cholera-toxin
adjuvanted whole-cell-based pneumococcal vaccine (85). In the present study intranasal
vaccination with y-PN did not induce antigen-specific Th17 responses, which is a probable
explanation for why there was no protection observed in the EF3030 colonization model.
Nevertheless, neutralisation experiments showed that IL-17 is important for y-PN vaccine

efficacy.

Interestingly, analysis of lymphocytes from the lungs following D39 challenge revealed that
v-PN immunisation resulted in enhanced levels of pulmonary ydT17 cells. These cells
represent one of the major innate sources of IL-17 during infection, which plays critical roles
in protection against extracellular pathogens such as S. pneumoniae. In addition, yOT cell-
deficient mice have low survival rates that were shown to be associated with higher bacterial
loads and reduced neutrophilia following pneumococcal infection (69, 240). IL-17 has also
been shown to be crucial for the recruitment of neutrophils and macrophages as part of the
host’s defence against S. pneumoniae (84). Therefore, it is feasible that y-PN immunisation

may promote neutrophilia through enhanced y8T17 responses, which combines with
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opsonising antibodies to clear pneumococcal infection. Furthermore, although the data shown
indicates a clear and prominent role for IL-17 in vaccine-elicited protection, it also appears
that IFN-y may be playing a supplementary role, which could explain the decrease in survival
rates observed in IFN-y neutralization studies. Similar to IL-17, IFN-y has also been found to
be involved in the induction of neutrophil chemoattractants to promote neutrophil influx to
facilitate protection against S. pneumoniae (360). The data indicate that IFN-y plays a more

prominent protective role compared to IL-17 during primary infection.

Nevertheless, whilst the data illustrate the significantly increased number of y0T17 cells in
the lung of vaccinated animals, other innate IL-17 producers such as NKT cells may also be
involved. An emerging concept in ydT cell biology is the ability of these cells to adopt
‘memory’-like properties. Oral Listeria monocytogenes (Lm) infection induces a subset of
protective YT cells that preferentially expand upon oral, but not intravenous Lm re-infection
or oral Salmonella infection (369). Similar observations have also been made in a model of S.
aureus infection (249). Furthermore, in imiquimod-induced psoriasis inflammation, y0T17
cells have been shown to redistribute into non-inflamed skin tissue, are activated more
rapidly via IL-1p and accelerate secondary skin inflammation upon re-exposure to imiquimod
(370). In the present study, it is not clear whether y-PN directly induces ‘memory’-like y0T17
cell responses or whether there is a y-PN-induced adaptive response that leads to enhanced
vOT17 recruitment or expansion/sensitivity within the lung. More detailed studies will be

required to elucidate the mechanisms of y-PN-induced y0T17 cell responses.

Furthermore, immunological analysis of phagocytic cells at 24 and 48 hours post D39
challenge showed no difference in total levels of macrophages and neutrophils in y-PN
immunized mice. In addition, levels of phagocytic cells at 48 hours were reduced relative to
PBS control mice. The stable level of inflammation observed in vaccinated mice could imply
that the majority of pneumococci are cleared within 48 hours, compared to the increased
inflammatory responses in control mice illustrated by the significant increase in phagocytic
cells. In general, strong neutrophil influx during pneumococcal infection has been shown to
be detrimental, with increased mortality rates in mice (371). Therefore, rapid bacterial

clearance and reduced influx of phagocytic cells may underpin the efficacy of y-PN vaccine.
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In addition, there was a greater increase in the number of y0T17 cells in y-PN-immunized
mice at 48 versus 24 hours post challenge. This suggests that yd-derived IL-17 could be
playing another role in the control of pneumococcal infection apart from promoting
neutrophilia. Indeed, IL-17 has been shown to regulate the production of antimicrobial
peptides such as beta defensin 2 (372), which has been reported to work synergistically with
lysozymes to inhibit the growth of S. pneumoniae (373). Thus, IL-17 induced by y-PN may
have also enhanced innate anti-microbial peptide defences against S. pneumoniae. In
addition, it has been suggested that promoting IL-17 responses could be beneficial for
alleviating the problem of super-infection that occurs between influenza and S. pneumoniae.
In particular, IFN-I induced by influenza virus has been reported to compromise IL-17
production by y8T cells, thereby exacerbating infection (239). Therefore, y-PN-induced
vOT17 cells could also be advantageous in preventing the harmful effects of co-infection with
other pathogens. Further experiments are required to fully elucidate the role and significance

of y-PN vaccine-induced IL-17 responses.

The data also illustrate limited efficacy for y-PN against nasopharyngeal carriage compared
to previous reports using an ethanol-killed whole-cell pneumococcal vaccine, that
demonstrated protective efficacy against pneumococcal carriage via antibody-independent,
Th17-driven immunity (85). However, experience with pneumococcal conjugate vaccines has
shown that elimination of carriage may be a “double edged sword”, whereby the benefits of
blockading transmission of strains covered by the vaccine can be offset by facilitating the
phenomenon of ‘serotype replacement’ with other types of pneumococci, or indeed by
promoting carriage of other significant bacterial pathogens such as S. aureus (374). An
important additional consideration is that efficacy of previous experimental pneumococcal
vaccines targeted for mucosal administration, such as protein combination (119, 355) and
whole-cell (133) vaccines, has been dependent on formulation with strong mucosal adjuvants,
such as CT, which are unlikely to be approved for human use. In contrast, the y-PN vaccine is
non-adjuvanted and still elicits significant protection. It is proposed that gamma-irradiation of
pneumococcal whole-cells is associated with reduced damage to antigenic epitopes which
may facilitate the ability of the gamma-irradiated whole-cell based vaccine to be taken up and
processed efficiently by antigen presenting cells, leading to the induction of highly effective
immune responses. Furthermore, intranasal administration has limited impact on nasal

carriage, highlighting its potential application as a vaccine candidate for human use.
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Intranasal immunization is highly advantageous due to the fact that it is relatively safe,
painless, needle free and a more acceptable vaccination approach for the public. It is also
easily deliverable and decreases the risk of disease transmission that can occur through the

use of syringes (219).

In summary, this study describes the development of a non-adjuvanted gamma-irradiated
whole-cell pneumococcal vaccine that elicits serotype-independent protection against both
pneumococcal sepsis and focal pneumonia. The efficacy of the y-PN vaccine was shown to
be dependent on both B cell and IL-17 responses. In particular, to my knowledge this is the
first report known to demonstrate the induction of vaccine-induced innate-derived IL-17-
responses. The induction of y0T17 cells by y-PN vaccination may provide a strategic
immunisation approach to protect, not only against single pneumococcal challenge but also

against super-infection by other pathogens.

78



CHAPTER 4

The role of adjuvants in

v-PN vaccine efficacy

79



4 | THE ROLE OF ADJUVANTS IN y-PN VACCINE EFFICACY

4.1 Introduction

In recent years, intranasal delivery of antigens has become a more acceptable vaccination
approach relative to the parenteral route (375). Aside from the advantage that intranasal
vaccination is non-invasive, it allows superior induction of mucosal immunity, which is
particularly important for respiratory pathogens such as S. pneumoniae (376). However,
given the poor immune responses often observed with intranasally administered vaccines and
the concerns with live-attenuated strains in reverting back to their virulent form, there has
been a focus on combining inactivated vaccines with mucosal adjuvants to enhance their
immunogenicity (265). In particular, enterotoxins such as CT and LT have been studied
intensively as mucosal adjuvants, and have been reported to induce potent systemic and
mucosal antibody responses against co-administered antigens (276). The success of CT as an
adjuvant has been attributed to many roles (Section, 1.6.1), including the ability of the toxin
to enhance transepithelial influx of the vaccine into nasal mucosa, thereby promoting APC
activation and subsequent presentation of antigens (279, 377). Previously, studies focusing on
the development of pneumococcal intranasal vaccines have employed CT as an adjuvant to
enhance immunogenicity and efficacy of tested vaccines (117, 133, 286). Prior work related
to an ethanol-killed whole-cell pneumococcal vaccine revealed the profound efficacy against
colonisation when administrated with CT as an adjuvant. In addition, administration of
pneumococcal whole-cells with CT has also been shown to induce IL-17-dependent
immunity (85, 133, 135). Despite the reported efficacy, there is a significant safety concern
regarding use of enterotoxins to be employed as mucosal adjuvants due to their associated

toxicity, and therefore they have not be approved for human use (287, 378, 379).

In recent years, delivery systems such as chitosan and its derivatives have been employed as
possible mucosal adjuvants. Chitosan is derived from the N-deacetylation of chitin, a natural
polysaccharide which constitutes the exoskeleton of arthropods. It is nontoxic and non-
allergenic, and therefore has been considered a promising candidate for the delivery of
mucosal vaccines (380-383). The mechanisms underlying the effectiveness of chitosan as an
adjuvant are still not fully understood, but the presence of highly protonated amino groups
confers a positive charge on the polysaccharide, which allows effective adherance to
muscosal surfaces (384). Furthermore, it has the ability to open tight junctions between cells
and therefore it has also been proposed to enhance uptake of the delivered antigen into the

nasal associated lymphoid tissue (376, 385, 386). Previous studies have shown that intransal
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delivery of chitosan enhances mucosal immune responses, specifically humoral responses
(387, 388) and Th2 immunity (389, 390). However, administration of chitosan via
subcutaneous routes has been associated with induction of Th1 immunity and Th17 responses
when combined with the TL4 agonist CpG (391, 392). Importantly, intranasal immunisation
with chitosan-DNA nanoparticles expressing pneumococcal surface protein PsaA has been
reported to induce protective mucosal and systemic immune responses, which were able to
provide significant protection against pneumococcal colonization (393). However, the
adjuvant activity of chitosan has not been tested previously with pneumococcal whole-cell

vaccines.

It was earlier shown in Chapter 3 that intranasal vaccination with y-PN without an adjuvant
conferred significant serotype-independent protection, which appeared to be reliant on B cells
and the induction of innate-derived IL-17. Therefore, to determine whether the
immunogenicity and protective efficacy of the y-PN vaccine can be enhanced, intranasal

adjuvants CT and mannosylated chitosan (MC) were investigated.

4.2 Results

4.2.1 Intranasal vaccination with y-PN + CT elicits optimal protection against

pneumococcal challenge.

As shown in Chapter 3, intranasal administration of the y-PN vaccine without an adjuvant
was capable of eliciting serotype-independent protection against lethal pneumococcal
challenge. In general, the protective efficacies of pneumococcal whole-cell vaccines have
been previously investigated using CT as a mucosal adjuvant (133, 135, 286). Therefore, the
impact of CT on the efficacy of the y-PN vaccine was investigated. Mice were vaccinated
intranasally with 2 doses of y-PN or y-PN and CT (y-PN + CT). Control animals were treated
with CT or PBS. 2 weeks after the second vaccination dose, mice were challenged with S.
pneumoniae serotype P9, which is a different strain lineage relative to the y-PN vaccine
strain. As shown in Figure 4.1, following P9 challenge, mice vaccinated with y-PN + CT
elicited significant protection relative to the CT control as illustrated by an increase in
survival time (P = 0.0066) and survival rate (P =0.0034) (Figure 4.1A & B). Importantly,
survival rates of y-PN + CT vaccinated mice were higher (100%) in comparison to mice
vaccinated with y-PN alone (70%), although this difference did not reach statistical

significance. Mice vaccinated with un-adjuvanted y-PN also showed protection against P9
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challenge as illustrated by longer survival times and higher survival rates relative to the PBS

control, but this did not reach statistical significance.

Studies employing CT as an adjuvant for pneumococcal vaccines have also reported the
protective efficacy of these vaccines against nasopharyngeal carriage (82, 117, 133, 286).
Therefore, the efficacy of vaccination with y-PN + CT against local colonization in the
nasopharynx was also investigated. Post immunization, mice were colonized with EF3030, as
described for the colonization model (Section 2.14). Interestingly, there appeared to be no
reduction in bacterial counts in the nasopharynx of mice vaccinated with y-PN + CT or y-PN
alone relative to the respective controls (Figure 4.2A &B). Overall, these data show that
intranasal vaccination with y-PN + CT elicits optimal serotype-independent protection
relative to immunisation with un-adjuvanted y-PN. However, the use of CT as an adjuvant

does not appear to have an impact on nasopharyngeal colonisation.

4.2.2 Intranasal vaccination with y-PN + CT enhances pneumococcal-specific antibody

levels and induces Th17 cells.

Considering the higher survival percentage observed following vaccination with y-PN + CT
in comparison to vaccination with y-PN alone, the underlying immunological mechanisms
associated with the observed enhanced protection were next investigated. Given the known
role of CT in enhancing humoral responses to co-administered antigens, the impact of CT
administration on pneumococcal-specific antibody levels was evaluated. 2 weeks post the
second vaccination dose, serum samples were collected from vaccinated and control mice and
analyzed for pneumococcal specific IgG and IgA levels by ELISA. As shown in Figure 4.3,
there were significantly enhanced IgG and IgA titres in the sera from y-PN + CT vaccinated
mice relative to sera from y-PN vaccinated mice. This suggests that enhanced antibody
responses may contribute to higher survival rates observed following vaccination with y-PN

+ CT.
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Figure 4.1: Intranasal vaccination with y-PN + CT enhances the protective efficacy of
the y-PN vaccine. Mice (n = 10) were immunized IN with 2 doses of y-PN or y-PN + CT and
control groups were treated with CT or PBS respectively (Section 2.12-13). 2 weeks after the
second immunisation, mice were challenged IN under anaesthesia with P9 (Section 2.14).
Mice were monitored for a period of 21 days and survival time (A) and survival rates (B) are
recorded. Data were analyzed using a Mann-Whitney U-test (**, P < 0.01) (survival time)

and a Fisher exact test (**, P <0.01) (survival rate).
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Figure 4.2: Intranasal vaccination with y-PN + CT does not elicit protection against
nasopharyngeal colonization. Mice (n = 10) were immunized IN with 2 doses of y-PN or vy-
PN + CT and control groups were treated with PBS or CT respectively (Section 2.12-13). 2
weeks after the second immunisation, mice were challenged with EF3030 without
anaesthesia (colonization model) (Section 2.14). Bacterial counts in the nasopharynx at 7
days post inoculation are shown. Dotted line represents detection limit. Please note that data
related to y-PN vaccinated mice have been presented previously in Figure 3.7. However,
mice vaccinated with either y-PN or y-PN + CT were performed at the same time and

therefore presented here for appropriate comparison.
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Figure 4.3: Intranasal vaccination with y-PN + CT is associated with enhanced
pneumococcal-specific antibody titres. Mice (n = 11) were immunized IN with 2 doses of
v-PN or y-PN + CT and control groups were treated with PBS or CT respectively (Section
2.12-13). 2 weeks after the second immunisation, sera were collected and tested for IgG and
IgA-specific antibodies against the whole-cell vaccine strain by ELISA. Geometric mean for

antibody titre is shown. Data were analyzed using a Student’s unpaired z-test (*, P < 0.05).
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Given the importance of Th17 responses in pneumococcal infection and the role of Th17 in
protective immunity induced by pneumococcal vaccines employing CT as an adjuvant (84,
85), the T helper cell memory responses induced following immunisation with y-PN + CT
were investigated. Mice were vaccinated intranasally with 2 doses of y-PN or y-PN + CT. 2
weeks post second vaccination dose, spleens were harvested and splenocytes were stimulated
for 72 hours with either y-PN or MalX. Following stimulation, culture supernatants were
analyzed for levels of IL-17 and IFN-y by ELISA and the frequency of T helper cell subsets
were analyzed by flow cytometry. It is important to note that vaccination with y-PN + CT or
y-PN alone was carried out at the same time and that data related to vaccination with y-PN
alone was previously presented in Figure 3.10. Thus, please refer to Figure 3.10 regarding
immunisation with y-PN alone. As shown in Figure 4.4, significant increases in the frequency
of pneumococcal-specific Th17 cells were detected in splenocytes from y-PN + CT
vaccinated mice relative to the CT treated control following ex vivo stimulation with either
the y-PN or MalX antigen (Figure 4.4B). Interestingly, there also appeared to be a significant
decrease in the frequency of Thl cells upon stimulation with the MalX antigen. Analysis of
culture supernatants also showed significantly higher levels of IL-17 and IFN-y after
stimulation with y-PN or MalX antigen in splenocyte cultures from y-PN + CT vaccinated
mice relative to the CT treated control (Figure 4.4C). Overall, these data illustrate that
intranasal vaccination with y-PN + CT promotes the induction of pneumococcal-specific

Th17 memory cells.

To look further into the type of memory responses induced when CT is employed as an
adjuvant with the y-PN vaccine, the lungs were evaluated for potential development of TRM
cells. Lungs of immunized mice were harvested and examined for the levels of CD4" TRM
and CD8" TRM. As shown in Figure 4.5, there was a significant increase in the number of
CD4" and CD8" TRM cells in mice vaccinated with y-PN + CT relative to vaccination with y-
PN alone. However, there did appear to be an increase in the number of CD4" TRM cells
following vaccination with y-PN + CT when compared to the CT control group, although this
did not reach statistical significance. Importantly, mice vaccinated with y-PN alone did not
show any increase in CD4" or CD8" TRM cells relative to PBS control group. Interestingly,
mice treated with CT appeared to show higher levels of CD4" and CD8" TRM cells relative
to the PBS control group. However, the observed increase in TRM cells in the CT control
group is expected to be non-specific to S. pneumoniae. Overall, these data suggest that

immunisation with y-PN + CT promotes the development of CD4" and CD8" TRM cells.
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Figure 4.4: Intranasal vaccination with y-PN + CT induces antigen-specific Th17 cells.
Mice were immunized IN with 2 doses of the y-PN + CT or treated with CT alone as a
control (Section 2.12-13). 2 weeks after the second immunisation, the spleens were harvested
and restimulated in culture with y-PN, MalX or media alone (negative control) for 72 hours.
(A) Representative flow cytometric data scheme for analysis of T helper cell subsets: Thl
(CD3'CD4'CD44 TFN-y"), Th17 (CD3'CD4'CD44'TL-17"), Th2 (CD3'CD4'CD44'TL-4")
and Treg (CD3°CD4 CD44 Foxp3"). (B) Frequency of T cells following stimulation with the
v-PN vaccine or MalX antigen using flow cytometry. (C) Cells stimulated in culture were
centrifuged and the supernatants were collected and analyzed for the level of IL-17 and IFN-y
by ELISA. Results are presented as mean + SEM (n = 10; data pooled from 2 independent
experiments of n = 5). Data were analyzed using a Student’s #-test, (**, P < 0.01; *** P <

0.001).
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Figure 4.5: Intranasal vaccination with y-PN + CT promotes the development of TRM
cells. Mice (n > 6) were immunized IN with 2 doses of y-PN or y-PN + CT and control
groups were treated with PBS or CT respectively (Section 2.12-13). 2 weeks after the second
immunisation, the lungs were harvested and analyzed for the total number of CD4" TRM
(CD4'CD8CD44'CD103") and CDS8" TRM cells (CD8'CD4CD44°CD103") by flow

cytometry. Results are presented as mean + SEM. Data were analyzed using a One-way
ANOVA, (**, P <0.001; *** P <0.001).
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4.2.3 Intranasal vaccination with y-PN + MC

Although the y-PN vaccine and other pneumococcal vaccines incorporating CT as an
adjuvant are quite effective at eliciting protective immunity against pneumococcal challenge,
clinical administration of CT is not expected to be approved due to problems associated with
toxicity. Therefore, researchers have been investigating alternative adjuvants for intranasal
administration. Chitosan and its derivatives have been widely studied and considered
promising adjuvant candidates for mucosal vaccines. Therefore, the effect of MC on y-PN
vaccine immunogenicity was next investigated. Mice were vaccinated intranasally with 2
doses of y-PN + MC (20 pg) or y-PN alone. Mice treated with the respective concentration of
MC or PBS served as controls. 2 weeks after the second vaccination dose, mice were
challenged with D39 (1 x 10° CFU/mouse) and monitored for survival. The data show that
vaccination with y-PN alone elicited significant protection against D39 challenge in
comparison to the non-vaccinated PBS-treated controls (P = 0.0349 based on survival rates)
(Figure 4.6B). There was also an increase in median survival time, although this did not reach
statistical significance (P = 0.0537) (Figure 4.6A). Mice vaccinated with y-PN + MC (20 pg)
appeared to show longer survival times and higher survival rates relative to the MC control,
but this did not reach statistical significance. Interestingly, control mice treated with MC
alone showed comparable, but a slightly reduced level of protection to that observed with the
vaccinated groups. Overall this data demonstrate that immunisation with y-PN + MC did not
alter the protective efficacy of the y-PN vaccine. It also shows that 20 pg/mouse of MC

induced non-specific immunity.

Considering the 60% survival rate observed in mice treated with 20 pg/mouse of MC (Figure
4.6), for the next experiment the MC concentration was reduced (from 20 pg to 6 pg) and the
challenge dose of D39 was increased to evaluate whether MC had an impact on the protective
efficacy of y-PN. Mice were vaccinated intranasally with 2 doses of y-PN or y-PN + MC (6
ng) and mice treated with the relative concentration of MC or PBS alone served as controls.
Two weeks after the second vaccination, mice were challenged with an increased challenge
dose of D39 (2.5 x 10° CFU) and monitored for survival. As shown in Figure 4.7, employing
a lower dose of MC considerably reduced the non-specific immunity induced by MC, as
survival time and survival percentages remained similar to that of PBS treated mice.
Interestingly, vaccination with y-PN alone did not elicit significant protection relative to the

PBS control. Importantly, mice vaccinated with y-PN + MC appeared to have higher median
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survival times and survival percentages relative to mice vaccinated with y-PN alone and the

corresponding control (MC). However, these results did not reach statistical significance.

To analyze the effect of MC on the immunogenicity of the y-PN vaccine, serum samples
from immunized mice were tested for pneumococcal-specific IgG or IgA titres using the
whole-cell antigen. As shown in Figure 4.8, intranasal vaccination with y-PN + MC did not
significantly alter IgG or IgA-specific pneumococcal titres. Although there appeared to be
elevated levels of IgA antibodies this did not reach statistical significance. Therefore, the data
suggest that MC has limited adjuvant activity at low concentrations and high concentrations

of MC may induce non-specific immune responses.

4.3 Discussion

Adjuvants are usually employed to enhance vaccine immunogenicity and to promote long
lasting immunity. Data presented in Chapter 3 show the effectiveness of an intranasally
administered un-adjuvanted gamma-irradiated pneumococcal whole-cell vaccine in providing
serotype-independent protection. Interestingly, the vaccine promoted IL-17 through innate
mechanisms, a distinct immune phenotype from what has been reported recently with
conventional pneumococcal whole-cell vaccines. To investigate the possibility of enhancing

the immunogenicity of y-PN vaccine, CT and MC mucosal adjuvants were investigated.

Mucosal pneumococcal whole-cell vaccines adjuvanted with CT have been shown to induce
protective immunity against colonization and invasive disease (133, 135, 286). The efficacy
of CT adjuvanted pneumococcal whole-cell vaccines in reducing nasopharyngeal carriage has
been reported to be dependent on Th17 cells for neutrophil-mediated clearance of colonizing
bacteria (82, 85). The data presented in this study show that intranasal administration with y-
PN + CT resulted in optimal serotype-independent protection against challenge with P9, as a
sepsis model. This was illustrated by higher survival rates observed for mice immunized with
v-PN + CT in comparison to mice vaccinated with non-adjuvanted y-PN. Surprisingly,
immunisation with y-PN + CT did not confer protection against nasopharyngeal colonization,
which is comparable with the lack of protection observed when mice are vaccinated with -
PN alone. However, analysis of T cell memory responses from ex vivo stimulation

experiments revealed that immunisation with y-PN + CT induced significant levels of Th17
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Figure 4.6: Intranasal vaccination with y-PN + MC does not alter y-PN vaccine efficacy.
Mice (n = 10) were immunized IN with 2 doses of y-PN or y-PN + MC, using 20 pg/mouse
of MC (Section 2.12-13). Control groups were treated with PBS or MC. 2 weeks after the
second immunisation, mice were challenged IN under anaesthesia with D39 (Section 2.14).
Survival time (A) and survival rates (B) are shown for a period of 21 days. Data were

analyzed using a Fisher exact test (*, P < 0.05) (survival rate).
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Figure 4.7: Using a reduced dose of MC is not associated with significant enhancement
in y-PN vaccine efficacy. Mice (n = >8 per group) were immunized IN with 2 doses of y-PN
or y-PN + MC, using 6 pug/mouse of MC. Control groups were treated with PBS or MC
(Section 2.12-13). 2 weeks after the second immunisation, mice were challenged IN under
anaesthesia with D39 (2.5 x 10° CFU). Survival time (A) and survival rates (B) are shown for

a period of 21 days.
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Figure 4.8: Intranasal vaccination with y-PN + MC does not have a significant impact
on y-PN vaccine immunogenicity. Mice (n > 8) were immunized IN with 2 doses of y-PN or
v-PN + MC, using 6 pg/mouse of MC (Section 2.12-13). 2 weeks after the second
immunisation, sera were collected and assayed for IgG-specific and IgA-specific antibodies

against the whole-cell vaccine strain by ELISA. Geometric mean for antibody titre is shown.
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cells specific against the y-PN vaccine and MalX antigen, which is a prominent antigen in
inducing IL-17 (86). Considering that CT has been reported to promote Th17 dominating
responses to bystander antigens as well as specifically to the CT B subunit (283, 394), it is
reasonable to expect the induction of Th17 memory cells when y-PN is co-administered with
CT as opposed to vaccination with y-PN alone. However, the lack of protection against
colonization when CT is employed as an adjuvant suggests that Th17 memory cells may be
involved in other aspects of protection aside from colonization in this model. Th17 cells are
well known to enhance the recruitment of macrophages and neutrophils to promote
phagocytic activity for bacterial clearance (84, 395). They have also been shown to promote
the induction of anti-microbial peptides (including S100 proteins and B-defensins) (396) and
have been implicated in up-regulation of polymeric Ig receptor for transport of secretory IgA

into the lumen (397).

In addition to the induction of Th17 memory cells, analysis of lung tissues revealed that
vaccination with y-PN + CT promotes the development of TRM cells. However, the
difference in TRM cells observed between PBS and CT vaccinated groups indicates that the
CT treated group induces high levels of non-specific immunity. Nevertheless, the data
suggest the possible development of CD4" TRM when CT is employed as an adjuvant in
contrast to vaccination with y-PN alone. To my knowledge, this is the first experimental
evidence for the development of TRM cells during pneumococcal vaccination. Establishment
of TRM at the portal of pathogen entry is important to enhance vaccine efficacy by providing
rapid immune responses without relying on recruitment of effector memory responses from
circulation. Thus, it appears that the presence of CT during immunisation with y-PN may
have induced differentiation of these distinct memory cells. It has been reported that
cytokines such as IL-15 and IL-33 are implicated in the development of TRM and
maintenance of TRM in specific tissues (206, 398). It has also been shown that TGF-3 driven
expression of CD103 maintains TRM cells (398). The presence of TRM memory cells in the
lungs of y-PN + CT vaccinated mice may contribute to the observed protection against the
lethal pneumococcal challenge. However, further experiments are required to confirm the

cytokine profiles and the fate of these cells in the context of live pneumococcal infection.

In addition to the induction of cellular immune responses, the data illustrate the significant
enhancement of pneumococcal-specific antibody titres in mice immunized with y-PN + CT in

comparison to vaccination with y-PN alone. This is expected as CT has been reported to
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promote strong IgG and IgA responses to co-administered antigens (278, 284, 399). Thus,
enhanced humoral responses, in conjunction with Th17-cells and possible development of
TRM cells, could be responsible for the enhanced protection in y-PN + CT vaccinated mice.
The lack of protection against nasopharyngeal carriage observed in these mice is contrary to
other reports regarding CT adjuvanted pneumococcal whole-cell vaccines (82, 133).
However, the inability to clear colonizing bacteria could conceivably be beneficial
considering the concerns related to vaccines targeting nasopharyngeal carriage as clearance
may promote the replacement of colonized pneumococci with other bacteria such as S.

aureus (374).

Considering the safety concerns related to clinical use of CT (378), chitosan was also
evaluated as a mucosal adjuvant with the y-PN vaccine. Chitosan is considered a safe and
well-tolerated intranasal adjuvant (400), as it has the ability to improve antigen delivery
through opening of epithelial tight junctions (376, 385, 386). In addition, the muco-adhesive
property of chitosan has been reported to prolong retention time at the nasal mucosa (401).
The addition of chitosan to whole-cell pneumococcal vaccines has not been investigated
previously. In this study, MC was used, which is a form of chitosan that is coupled with
mannose groups as a means to promote mannose receptor-mediated endocytosis (402). This
is expected to facilitate the uptake of pneumococcal whole-cells for antigen processing and
presentation by cells that express mannose receptors such as dendritic cells and macrophages
(403, 404). Interestingly, the data show that co-administration of MC with y-PN did not
appear to significantly enhance the immunogenicity or the protective efficacy of the y-PN
vaccine against lethal pneumococcal challenge. Although mice vaccinated with y-PN and the
lower dose of MC showed higher survival rates when challenged with the substantially
increased dose of D39, these observations did not reach statistical significance. Moreover, the
addition of MC with y-PN did not induce significantly higher levels of IgG and IgA in
comparison to mice vaccinated with y-PN alone, despite the apparent elevated levels. Thus,
the data indicate that MC at a dose of 6 pg/mouse has limited potential as an adjuvant with
the y-PN vaccine. Analysis of two different concentrations of MC illustrated the association
between high concentrations and non-specific immune responses. Therefore, it is possible
that the concentration of MC was not optimal to evaluate the full potential of MC as an
adjuvant, which could be addressed in future studies. In addition, due to small samples sizes,
experiments may be worth repeating. Furthermore, factors associated with different forms of

chitosan have also been considered to influence the effectiveness of chitosan as an adjuvant,
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such as the degree of deacetlylation, molecular weight, pH and the density of charge. To
overcome some of these factors, alternative derivatives of chitosan have been synthesized
such as thiolated chitosan, N-trimethyl chitosan, mono-N-carboxymethyl chitosan and Poly
(ethylene glycol)-g-chitosan (405). In particular, N-trimethyl chitosan has been used to coat
whole inactivated influenza virions and was reported to improve immunogenicity and antigen
delivery (406). Thus, future studies could evaluate the effectiveness of alternative chitosan

derivatives with the y-PN vaccine.

Overall, the work described in this chapter demonstrates that the immunogenicity of the y-PN
vaccine can be greatly influenced by the presence of an appropriate adjuvant. The data show
that CT can effectively modulate the type of immune response induced by y-PN from Th17-
independent immunity and innate IL-17 responses to Th17-dependent immunity and possible
development of TRM cells. The development of Th17 responses, in particular, is highly
desirable for the induction of long-term memory responses against S. pneumoniae. Thus, a
Th17 polarizing adjuvant may be most appropriate to enhance the immunogenicity of the y-
PN vaccine. However, knowing the safety concerns associated with CT, future studies should

evaluate the role of other mucosal adjuvants.
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5.1 Introduction

Secondary bacterial infection by S. pneumoniae following an initial influenza infection is
specifically associated with high mortality rates, particularly during influenza pandemics.
Lethal synergism of these two pathogens may result from virus-associated bacterial
pneumonia in two distinct scenarios: i) infection of a non-pneumococcal carrier with
influenza followed by exposure to S. pneumoniae; and ii) influenza infection of an
asymptomatic carrier of S. pneumoniae. In both cases, influenza shapes the respiratory
environment to influence or enhance the host’s susceptibility to pneumococcal infection (359,
369) (Section 1.3.1). Thus, vaccination against influenza and/or S. pneumoniae represents an

essential control strategy against these two globally important pathogens.

Previous reports have highlighted the positive impact of monovalent vaccination against
either pathogen or dual vaccination at separate administration sites on the outcome of co-
infection (247-251, 407). However, despite the success observed with single vaccination
regimes, lack of effective vaccines that offer broad-spectrum, serotype-independent and
heterosubtypic protection against S. pneumoniae and influenza, respectively, still remains a
significant problem (98, 142). The possibility of combining a whole-cell killed bacterial
vaccine and an inactivated whole virus vaccine to overcome the synergism of influenza and
S. pneumoniae infection has not been addressed previously. This is despite the fact that the
concept of 'combination vaccines' has been utilised against multiple pathogens (Section 1.4).
One of the major advantages of combined vaccines is their ability to induce protective
immunity to several pathogens simultaneously, thereby minimizing the number of injections
individuals have to experience. This in turn significantly simplifies routine immunization

schedules and compliance (408).

Generally, in combination vaccines, it is important that the immune response induced by each
of the vaccine antigens does not inhibit or interfere with the quality of immunity induced by
single antigens. However, the type of immune responses induced by viruses and extracellular
bacteria differs significantly. Influenza is an intracellular pathogen which promotes the
induction of both Th1 and cytotoxic CD8" T cell responses as well as neutralising antibodies,
whereas S. pneumoniae is an extracellular pathogen that promotes both Th17 cell responses
and opsonic neutralising antibodies (409). A previous study has demonstrated the

effectiveness of protecting against influenza and S. pneumoniae individual infections by
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generating a bivalent vaccine, which contained a replication-incompetent hemagglutinin
knock out influenza strain expressing the antigenic region of PspA (254). The possibility of
mixing a whole-cell killed bacterial vaccine and an inactivated whole virus vaccine in a

single vaccination regime against both of these pathogens has not been explored before.

The effectiveness of using gamma-irradiation for development of a S. pneumoniae vaccine
(y-PN) has been previously shown in Chapter 3. In addition to the S. preumoniae vaccine, the
advantage of using gamma-irradiation as an inactivation technique for development of an
influenza vaccine (y-FLU) has also been reported (222, 329). Intranasal vaccination with vy-
FLU has been shown to induce heterosubtypic protection against lethal challenge with
different influenza strains, including avian H5N1 virus. In addition, it has also been
demonstrated that y-FLU may have the potential to serve as an adjuvant, since its addition to
a poorly immunogenic gamma-irradiated Semliki Forest virus vaccine (y-SFV) resulted in an
enhanced anti-SFV antibody response (348). In light of these findings, this study investigated
whether intranasal co-immunisation with y-FLU and y-PN could provide effective protection
against each of the individual pathogens, as well protecting against enhanced pathogenesis

associated with co-infection, without compromising pathogen-specific immune responses.

5.2 Results

5.2.1 The immunogenicity and protective efficacy of y-FLU.

To investigate the efficacy of combining y-FLU with y-PN, a new batch of gamma-irradiated
influenza vaccine was generated as described in Section 2.5 using the influenza strain A/PR8
(HIN1). To ensure that this newly generated vaccine was protective, mice were immunized
with y-FLU or given PBS. 3 weeks later, mice were challenged with a lethal dose of A/PR8
(HINT)(the same strain as the y-FLU vaccine strain; ‘homotypic challenge’) or A/PC (H3N2)
(a different strain to the vaccine; ‘heterosubtypic challenge’). Mice vaccinated with y-FLU
elicited significant protection against homotypic challenge as indicated by survival rates
(Figure 5.1A) and weight loss (Figure 5.1B) in comparison to the PBS control (euthanasia
when 20% weight loss). Similarly, vaccinated mice were also able to elicit significant
protection against heterosubtypic challenge as shown with survival rates (Figure 5.2A).
Considering the T cell based protection against heterosubtypic influenza challenge (223),
these mice appeared to succumb to infection and started to lose body weight prior to recovery

at day 8 and returned to original weight by the end of the monitoring period (Figure 5.2B).
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During influenza infection, antibody responses generated against surface proteins (HA and
NA) are important for virus neutralization (179). In addition, cytotoxic T cell responses are
essential for killing viral-infected cells and mediating cross-protection against multiple
subtypes of influenza (188). Therefore to confirm whether the y-FLU vaccine was able to
induce effective immune responses, firstly sera were collected from vaccinated mice and
analyzed for influenza-specific antibody levels by ELISA. As shown in Figure 5.3, y-FLU
vaccinated mice induced high levels of influenza-specific IgG. To analyze the ability of the y-
FLU vaccine to elicit effective cytotoxic T cell responses, mice were injected intravenously
with either live A/PRS, y-FLU or given PBS (Control) and analyzed for their ability to induce
cytotoxic T cell responses using an in vivo cytotoxic T cell assay. As shown in Figure 5.4,
there were comparable percentages for both the NPP-pulsed and unpulsed cells in the spleens
from control mice, indicating the absence of cytotoxic T cell responses in these mice. In
contrast, mice injected with either live A/PR8 or y-FLU had significantly lower percentages
(~5% for A/PR8, ~13% for y-FLU) of the NPP pulsed cell population relative to the
proportion of unpulsed cells, indicating the ability of these mice to induce effective cytotoxic
T cell responses against target splenocytes presenting influenza-specific peptide in the
context of MHC-I. Overall these data confirm the ability of the y-FLU vaccine to mediate
cross protection against different influenza subtypes and the ability to induce effective

immune responses.
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Figure 5.1: Intranasal vaccination with y-FLU provides homotypic protection against
A/PRS8 challenge. Mice (n = 5) were immunized IN with y-FLU or given PBS (control)
(Section 2.12). 3 weeks later, mice were challenged IN under anaesthesia with A/PR8 (~200
TCIDsg) (Section 2.14). (A) Survival rates and (B) percentage weight loss is shown for a
period of 14 days. The dotted line represents 20% weight loss (trigger for euthanasia). Data

were analyzed using a Fisher exact test (***, P <0.001).
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Figure 5.2: Intranasal vaccination with y-FLU provides heterosubtyic protection against
A/PC challenge. Mice (n = 5) were immunized IN with y-FLU or given PBS (control)
(Section 2.12). 3 weeks later, mice were challenged IN under anaesthesia with A/PC (9.6 x
10° TCIDs) (Section 2.14). (A) Survival rates and (B) percentage weight loss is shown for a
period of 21 days. The dotted line represents 20% weight loss (trigger for euthanasia). Data

were analyzed using a Fisher exact test (***, P <0.001).
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Figure 5.3: y-FLU induces effective antibody responses. Mice (n = 5) were immunized IN
with y-FLU or given PBS (control) (Section 2.12). 3 weeks later, sera were collected and
analyzed for influenza-specific IgG titres by ELISA. Absorbance levels are shown.
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Figure 5.4: y-FLU induces effective cytotoxic T cell responses. Mice were immunized
intravenously (IV) with live A/PR8 (~1 x 10’ TCIDs), y-FLU (1 x 10® TCIDs) or given
PBS. 1 week post immunization, target splenocytes were labelled and injected as described in
Section 2.21. 18 hours post injection of target splenocytes, the spleens were harvested and
analyzed for the percentage of labelled target cells (CFSE", ‘pulsed’) by flow cytometry. (A)
Representative histogram showing the percentage of pulsed cells (CFSE") and unpulsed cells
(CFSE’). (B) Graph showing the percentage of cytotoxic T cell killing in mice previously
immunized with either A/PR8 or y-FLU. Results are representative of 2 independent

experiments.
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5.2.2 Co-immunisation enhances the protective efficacy of the y-PN vaccine.

To determine whether administering y-PN + y-FLU as a combined vaccine modulates the
protective efficacy of the whole pneumococcal vaccine, mice were immunized intranasally
with y-FLU, y-PN or co-immunized with a mixture of y-PN and y-FLU (designated y-PN + y-
FLU). Two weeks after the second immunisation dose, mice were challenged intranasally
with D39 and monitored for survival. As shown in Figure 5.5A & 5.5B, immunisation with y-
PN either alone or co-administered with y-FLU resulted in significant protection against
lethal D39 challenge compared to control mice (survival: P = 0.0349 (y-PN), P = 0.0089 (y-
PN + y-FLU)). Co-vaccinated animals showed a slightly higher rate of survival compared to
those vaccinated with y-PN alone. As expected, y-FLU immunization alone did not protect
mice from lethal pneumococcal challenge (Figure 5.5A & 5.5B). Thus, co-immunisation of y-
PN + y-FLU vaccines does not adversely affect the protective efficacy of y-PN vaccination in
a model of lethal pneumococcal sepsis (D39 challenge). To further investigate the efficacy of
the combination vaccine, mice were challenged with EF3030 in the colonization-induced
pneumonia model. Strikingly, mice co-immunized with y-PN + y-FLU were the only group to
show a significant reduction in bacterial counts in both the nasopharynx and the lungs
relative to the PBS control (P = 0.0436 (lungs), P = 0.00436 (nasopharynx)) (Figure 5.6A).
Co-immunized mice were also the only group to show significantly increased survival rates
compared to the PBS control (P = 0.0010) (Figure 5.6B). Overall, these data demonstrate that
co-immunisation with y-PN + y-FLU does not compromise but rather enhances the protective

efficacy of the y-PN vaccine.

As observed in the colonization-induced pneumonia model, vaccination with the combination
vaccine resulted in a significant reduction in nasopharyngeal counts. Therefore, to determine
whether the combination vaccine mediates protection against colonization only, immunized
mice were colonized with EF3030 (colonization model) and bacterial counts were analyzed
in the nasopharynx. Vaccination with y-PN alone did not have an impact on the levels of
colonization as bacterial counts were similar to that observed in control mice (PBS treated)
(Figure 5.7). However, co-immunized mice showed significantly reduced bacterial loads in
the nasopharynx relative to the PBS and y-PN vaccinated groups. Overall, the results confirm
that co-immunisation with y-PN + y-FLU mediates protection against pneumococcal

colonization.
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Figure 5.5: Co-vaccination with y-PN + y-FLU does not affect the protective efficacy of
v-PN vaccine against live D39 challenge. Mice (n = 20, data pooled from 2 independent
experiments of n = 10) were immunized IN with 2 doses of y-PN, y-FLU or co-immunized
with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, mice were
challenged IN under anaesthesia with D39 (Section 2.14) and (A) survival time and (B)
overall survival rates are shown for a period of 21 days. Data were analyzed using One-way

ANOVA (survival time) and Fisher exact test (survival rates) (*, P < 0.05; **, P <0.01).
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Figure 5.6: Co-vaccination with y-PN + y-FLU enhances the vaccine efficacy of y-PN.
Mice (n = 10) were immunized IN with 2 doses of y-PN, y-FLU or co-immunized with y-PN
+ v-FLU (Section 2.12). 2 weeks after the second immunisation, mice were colonized IN with
EF3030 and 4 days later were anaesthetized and given PBS IN (colonization-induced
pneumonia model) (Section 2.14). (A) Bacterial counts in the lungs and nasopharynx were
assessed at day 8 post challenge and (B) Survival rates are shown for a period of 21 days
after challenge with PBS IN. Data were analyzed using one-way ANOVA (bacterial loads)
and Fisher exact test (survival rates) (*, P < 0.05; ** P, <0.01; *** P,<0.001).
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Figure 5.7: Co-vaccination with y-PN + y-FLU mediates
nasopharyngeal colonization. Mice (n = 10) were immunized IN with 2 doses of y-PN or
co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation,
mice were colonized IN with EF3030 (colonization model) (Section 2.14) and bacterial

counts in the nasopharynx were assessed at day 7 post challenge. Data were analyzed using
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5.2.3 Cellular immunity plays a major role in the observed enhanced protection elicited

by co-immunisation.

Humoral immunity is an important defence mechanism against S. pneumoniae infection.
Antibodies against certain cell surface proteins play important roles in complement-mediated
opsonisation to facilitate bacterial clearance (1). Thus, to assess how y-PN + y-FLU co-
immunisation shapes pneumococcal-specific antibody responses, sera were collected from
immunized or co-immunized mice and analyzed for pneumococcal-specific IgG and IgA
titres by ELISA. As shown in Figure 5.8, co-immunisation enhanced pneumococcal-specific
IgG and IgA titres relative to individual immunisation with y-PN. Therefore, these data
indicate that y-FLU displays adjuvant activity and suggests that augmented antibody
responses may be one of the possible mechanisms responsible for the enhanced vaccine

efficacy following pneumococcal challenge.

To determine whether the combination vaccine modulated the CD4" cellular immune
response, following immunisation, mice were depleted of CD4" cells using anti-CD4
depleting antibodies prior to and during challenge with EF3030 in the colonization-induced
pneumonia model. Successful depletion (by ~99.5%) of CD4" cells from lung and spleen
was confirmed using flow cytometry (Figure 5.9A&B). The data indicate that co-immunized
mice depleted of CD4" cells were no longer protected against pneumococcal disease, with
survival rates of co-vaccinated and unvaccinated (PBS) animals being equivalent (Fig 5.9C).
In contrast, co-immunized mice given isotype control antibodies still exhibited significant
levels of protection against pneumococcal challenge (P = 0.0426) (Figure 5.9C).
Additionally, vaccination with the y-PN vaccine alone did not provide significant protection
in mice treated with either an isotype control or anti-CD4 antibodies. Taken together, these
data indicate that vaccination with y-PN + y-FLU elicits enhanced protection against

pneumonia that is dependent on CD4" cellular immune responses.
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Figure 5.8: Co-vaccination with y-PN + 7-FLU enhances pneumococcal-specific
antibody titres. Mice (n = 8) were immunized IN with 2 doses of y-PN, or co-immunized
with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, sera were
collected and analyzed for pneumococcal-specific IgG or IgA titres by ELISA. Geometric

mean for antibody titre is shown. Data were analyzed using an un-paired Student’s #-test (*, P

<0.05).

112



5 | INTRANASAL CO-VACCINATION WITH y-PN + y-FLU

A Isotype control anti-CD4 B Bl Isotype control
' 1T anti-CD4
50 *kk *kk
& 40
0
‘© 304
(@]
= 20
CD4+ g
0.95 i
) 10
0' — —
SPLEEN  LUNGS
C Isotype Control anti-CD4
100 1005 - PBS
& y-PN
~ 801 < 80 + y-PN +y-FLU
& =
g * = 60
L E
g 40 S 40-
%) %)
201 20- v
O T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Days Days

Figure 5.9: The protective efficacy of the combination vaccine is dependent on CD4"
responses. Mice (n = 10) were immunized IN with 2 doses of y-PN, or co-immunized with y-
PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, mice were injected with
anti-CD4 (150 ug) or isotype control (anti-IgG2b) at day -2, -1, 1 and 4 post challenge with
EF3030 in the colonization-induced pneumonia model (Section 2.14). Flow cytometry was
performed to determine the percentage of CD4" T cells in the spleen and lungs 24 hours after
administration of anti-CD4 or isotype control antibodies. (A) Representative FACS plot and
(B) histogram showing the percentage of CD4 T cells in the lungs and spleens for mice
administered either anti-CD4 or isotype control (anti-IgG2b) antibodies. (C) Survival rates
are shown for a period of 21 days after challenge with PBS IN. Data were analyzed using an
un-paired Student’s z-test (CD4" T cell percentage) (***, P < 0.001) or a Fisher exact test
(survival) (*, P <0.05).
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5.2.4 Co-immunisation enhances pneumococcal-specific memory Th17 and Thl cell

responses.

As previously shown in Chapter 3, intranasal vaccination with the y-PN vaccine promotes
y8T17 cells not Th17 cells. To explore the nature of the CD4  dependent immunity
associated with enhanced protection induced by co-immunisation with y-PN + y-FLU, the
type of antigen-specific T cell memory responses that are elicited after ex vivo stimulation
with the y-PN vaccine were next investigated. As shown in Figure 5.10, there was a
significant increase in the total number of CD4" effector cells and Th17 cells in the lungs of
v-PN vaccinated mice relative to the unvaccinated group (Figure 5.10A). This was also
associated with significant levels of IL-17 in the culture supernatants (Figure 5.10C).
Importantly, co-immunisation resulted in a further elevation in the number of CD4" effector
cells, Th17 cells and Thl cells in the lung suspensions and IL-17 levels in the supernatants
relative to both the PBS control and the y-PN vaccinated group (Figure 5.10A&C).
Moreover, antigen-specific Th17 cells were only detected in spleens of co-immunized
animals relative to the PBS control and this also corresponded with significant levels of IL-17
detected in culture supernatants. No changes in IFN-y levels in supernatants from lung or
spleen post y-PN vaccine antigen stimulation were detected. Similarly, no changes in CD8" T
cell populations were detected (Figure 5.10B). Overall, these data indicate that co-
immunisation with y-PN + y-FLU enhances CD4" effector cell generation, including the
number of pneumococcal-specific memory Thl and Thl7 cells relative to vy-PN
administration alone. This suggests that these T cell memory populations may contribute to

the enhanced efficacy previously observed by use of the combination vaccine.

5.2.5 Co-immunisation promotes tissue-resident memory cell development.

Recent reports have highlighted that TRM cells are pivotal in providing immediate protection
in the defence against respiratory pathogens such as influenza (209, 410, 411). As previously
shown in Chapter 4, immunization with y-PN + CT appears to promote CD4" TRM cell
development compared to y-PN alone. Therefore, it was of interest to consider whether the
CD4" dependent immunity observed with co-immunisation is associated with the
development of CD4™ TRM cells, especially in light of the ability of influenza viruses to
induce TRM. Thus, following immunization, the numbers of lung tissue-resident CD4" and
CD8" T cells were determined by flow cytometry. TRM cells were gated using the markers
CD44" and CD103". These cells were previously checked to express CDIla, a common
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TRM marker (207, 210). Flow cytometry revealed a significant enhancement in both CD4"
and CD8" TRM cell populations in the lungs from co-immunized mice relative to the y-PN
vaccinated group and unvaccinated (PBS) controls (Figure 5.11). There was also a significant
increase in the number of CD4" TRM in lungs from the y-FLU vaccinated group relative to
the PBS controls (P = 0.0256), and an elevated number of CD8" TRM cells, but this did not
reach statistical significance. As previously reported in Chapter 3, there were no significant
alterations in level of CD4" and CD8" TRM cell populations from mice immunized with y-
PN alone. The data indicate that co-immunisation with y-PN + y-FLU, as well as
immunisation with y-FLU alone, promotes TRM cell development. However, despite the
apparent elevated levels of CD4" TRM in the co-immunized group compared to mice

immunized with y-FLU alone, this difference did not reach significance (P = 0.1304).

5.2.6 Co-immunisation promotes Th17 and CD4" TRM IL-17" cell responses to live

pneumococcal challenge.

The above ex vivo analyses demonstrated that co-immunisation enhances T cell immune
responses towards the y-PN vaccine by promoting pneumococcal-specific Th17 and Thl
cells, and the development of TRM cells, although the antigen specificity of TRM cells was
not defined in these experiments. Therefore the frequency of T effector cells and TRM cell
populations in the context of a live pneumococcal challenge were investigated. Following
D39 challenge, co-immunized mice showed a greater frequency of CD4" T effector cells
relative to mice immunized with y-PN or y-FLU alone (Figure 5.12A). This elevation was
associated with an increase in Thl cells relative to mice vaccinated with either y-FLU or -
PN, and a significant increase in Th17 cells relative to y-FLU vaccinated and PBS control
mice. Similarly, CD4" TRM, CD4" TRM IL-17" and CD4" TRM IFN-}(Jr cells were
significantly increased in the co-immunized group relative to the PBS control, y-FLU and y-
PN vaccinated groups (Figure 5.12B). Alterations in CD4" effector or TRM cell populations
in mice immunized with either y-FLU or y-PN alone were not detected. There was also no
impact on the number of CD8" TRM cells for any of the groups following D39 challenge
(data not shown). These data indicate that co-immunisation promotes Th17, CD4" TRM IL-
17" and CD4" TRM IFN-y" memory cell responses in the lung upon lethal pneumococcal
challenge and implicate these subsets could possibly be the cellular responses underlying the

enhanced efficacy observed with the combination vaccine.
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Figure 5.10: Co-immunisation with y-PN + y-FLU enhances memory pneumococcal-
specific Th17 and Th1 cells. Mice (n = 7) were immunized IN with 2 doses of y-PN or co-
immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, the
lungs and spleens were harvested and single cell suspensions were restimulated in culture
with the y-PN vaccine or media alone (negative control) for 72 hours. (A) Frequency of live
CD4" and CD8" T effector cell subsets in lung and spleen suspensions were determined by
flow cytometry: Total CD4" T effector cells (CD3'CD4'CD44 "), Th17 (CD3'CD4 CD44 IL-
17" and Th1 (CD3°CD4 CD44'TFN-y") (B) Total CD8" T effector cells (CD3'CD8 CD44"),
Th17 (CD3'CD8'CD44'TIL-17") and Th1 (CD3'CD8 CD44 TFN-y") (C) Levels of cytokines
(IL-17, IFN-y) in the supernatant of cultured lymphocytes from the spleens and the lungs.
Data were analyzed using One-way ANOVA (*, P <0.05; ** P <0.01; *** P <(0.001; ****
P <0.0001).
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Figure 5.11: Co-vaccination with y-PN + y-FLU induces CD4" and CD8" TRM cells.
Mice (n = 6) were immunized IN with 2 doses of y-PN, y-FLU or co-immunized with y-PN +
v-FLU (Section 2.12). 2 weeks after the second immunisation, the lungs were harvested and
analyzed for CD4" and CDS8" TRM cells by flow cytometry (CD4 TRM: CD4 CD§
CD44'CD103"; CD8 TRM: CDS8'CD4'CD44 ' CD103"). Results are presented as mean +
SEM. *, P <0.05; **, P <0.01; *** P <0.001 (One-way ANOVA).
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Figure 5.12: Co-vaccination with y-PN + y-FLU induces Th17 and CD4" TRM cells
following live D39 challenge. Mice (n = 6) were immunized IN with 2 doses of y-PN, y-FLU
or co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation,
mice were challenged IN with D39 (Section 2.14). 48 hours post challenge, lungs were
harvested and analyzed for the total number of T cell populations by flow cytometry. (A) T
effector cells: total CD4" T effector cells (CD3'CD4'CD44"), Th17 (CD3'CD4'CD44 'IL-
179, Thl (CD3'CD4'CD44'TFN-y"); and (B) TRM cells: Total CD4" TRM cells
(CD3'CD4'CD44°CD103") and CD4" TRM IL-17" cells (CD3°CD4'CD44 'CD103TL-17")
and CD4" TRM IFN-y" cells (CD3'CD4'CD44 CD103'TFN-y"). Results are presented as
mean + SEM. * P <0.05; **, P <0.01; *** P <0.001 (One-way ANOVA).
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5.2.7 Co-immunisation enhances IFN-a levels following live pneumococcal challenge.

As previously reported, y-FLU was proposed to enhance antibody responses to a co-
administered antigen by inducing strong IFN-I responses (348). Therefore, it was of interest
to determine whether combination of the two vaccines would alter IFN-I levels. Following
D39 challenge, sera were also harvested and analyzed for IFN-a levels by ELISA. As shown
in Figure 5.13, co-immunized mice show significantly enhanced levels of serum IFN-o
relative to the PBS controls. These data suggest that IFN-a could possibly be a mediator

involved in the enhanced efficacy of the combination vaccine.

5.2.8 Co-immunisation does not compromise the protective efficacy of y-FLU.

An important caveat for combining a whole bacterial (y-PN) vaccine with an influenza (y-
FLU) vaccine is that dual vaccination should not compromise vaccine efficacy against S.
pneumoniae or influenza A virus infection. Therefore to assess whether co-vaccination
influenced anti-influenza immunity induced by the y-FLU vaccine, following immunization
mice were challenged with a lethal dose of influenza A/PR8 and monitored for survival
(euthanasia at 20% weight loss). Figure 5.14 shows that mice immunized with y-FLU alone
or co-immunized with y-PN + y-FLU exhibited significant protection against lethal A/PR8
challenge, with both groups showing comparable survival rates (P = 0.0039 for both groups)
and no body weight loss relative to the PBS control. Interestingly, mice vaccinated with y-PN
alone also showed significant protection relative to the PBS control (P = 0.0039). However,
v-PN immunized mice deemed to have succumbed to A/PR8 infection as indicated by their
initial body weight loss similarly to that observed with the PBS group (~15% weight loss),
but these y-PN vaccinated mice began to recover by day 8 and regained their body weight by
the end of the monitoring period. Thus, these data indicate that co-immunisation with y-PN +
v-FLU does not impair the ability of the y-FLU component to provide protection against
influenza. Furthermore, the data also show that the y-PN vaccine may induce non- specific

immunity that facilitates recovery from influenza infection.

To further understand the impact of co-immunisation on the nature of anti-FLU responses,
the influenza-specific CD4" T cell memory responses were also investigated. Lung
suspensions from co-immunized mice restimulated ex vivo with the y-FLU antigen contained
greater frequencies of influenza-specific CD4" T effector and Th17 cells relative to

unvaccinated (PBS) control animals (Figure 5.15A). These populations were also enhanced in
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comparison to those from mice vaccinated with y-FLU alone. The levels of Th17 cells were
also significantly increased in spleens of co-immunized mice as were the numbers of CD8" T
effector and Tcl cells (Figure 5.15B). In addition, the level of Thl cells in the lungs and
spleen from co-immunized mice also appeared to be enhanced relative to other groups, but
this did not reach statistical significance. There were also significantly higher concentrations
of IL-17 and IFN-y in supernatants from both the lung and the spleen cell suspensions of the
co-immunized group relative to the PBS controls. IL-17 levels were significantly higher
relative to y-FLU vaccine group in spleen cell suspensions, but not the lung (Figure 5.15C).
For mice immunized with y-FLU only, a significant increase in the number of CD4" T
effector cells in the lungs relative to PBS controls was detected. There were no significant
increases detected in Th17, Thl, or CD8" T cell populations (Tcl or Tc17) in the spleen and
lung suspensions. However, the levels of Tcl from spleen suspensions did appear to be
enhanced relative to the PBS control, but this did not reach statistical significance (Figure
5.15A&B). Interestingly, there was a significant elevation in IL-17 and IFN-y levels in
supernatants from the lung (Figure 5.15C). Thus, these data confirm that co-immunisation
with y-PN + y-FLU enhances the total number of lung influenza-specific CD4" effector cells

and that this is associated with an unexpected increase in the population of Th17 cells.

Lastly, the impact of the combination vaccine on influenza antibody responses was
investigated. Sera were collected from immunized or co-immunized mice and analyzed for
A/PR8-specific IgG titres by ELISA. Immune sera were also analyzed for neutralising ability
using a focus forming inhibition (FFI) assay. The data indicate that co-immunisation does not
alter influenza-specific antibody titres as IgG and IgA levels were similar to that observed
with individual administration with y-FLU vaccine (Figure 5.16). In addition, results from the
FFI assay revealed that sera from mice vaccinated with either y-FLU alone or co-immunized
with y-PN showed comparable levels of virus inhibition. The MFI levels (indicating virus
infection) for both immunized groups were significantly reduced in comparison to that
observed with sera from the PBS-vaccinated group (Figure 5.17). Interestingly, sera from
mice vaccinated with y-PN alone, did not have any neutralising ability as the MFI level was
comparable to PBS control mice. These data suggest that co-immunisation with y-PN + y-
FLU does not affect the neutralising ability of influenza-specific antibodies induced by the y-
FLU vaccine. Taken together, these data further supports the notion that co-immunisation
with a combined vaccine to S. pneumoniae and influenza does not compromise pathogen-

specific immune responses.
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Figure 5.13: Co-vaccination with y-PN + y-FLU enhances IFN-I levels following live
D39 challenge. Mice (n = 6 per group) were immunized IN with 2 doses of y-PN, y-FLU or
co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation,
mice were challenged IN with D39 (Section 2.14). 48 hours post challenge, sera were
harvested from mice and analyzed for the level of IFN-a by ELISA. Results are presented as
mean = SEM. *, P <0.05 (One-way ANOVA).
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Figure 5.14: Co-immunisation with y-PN + y-FLU does not compromise vaccine-
induced anti-influenza immunity. Mice (n = 10) were immunized IN with 2 doses of y-PN,
v-FLU or co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second
immunisation, mice were challenged IN under anaesthesia with A/PR8 (Section 2.14). (A)
Survival rates and (B) percentage weight loss is shown for a period of 21 days. The dotted
line represents 20% weight loss (trigger for euthanasia). Data were analyzed using a Fisher

exact test (**, P <0.01).
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Figure 5.15: Co-immunisation with y-PN + y-FLU enhances influenza-specific memory
Th17 cells. Mice (n = 7 per group) were immunized IN with 2 doses of y-FLU or co-
immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, the
lungs and spleens were harvested and single cell suspensions were restimulated in culture
with the y-FLU vaccine or media alone (negative control) for 72 hours. (A) Frequency of live
CD4" and CD8" T effector cell subsets in lung and spleen suspensions determined by flow
cytometry: Total CD4" T effector cells (CD3'CD4'CD44"), Th17 (CD3'CD4 ' CD44TL-17")
and Thl (CD3'CD4'CD44'TFN-y"). (B) Total CD8" T effector cells (CD3'CD8'CD44"),
Tc17 (CD3'CD8'CD44 ' 1L-17") and Tcl (CD3'CD8 CD44 TFN-y"). (C) Levels of cytokines
(IL-17, IFN-y) in the supernatant of cultured lymphocytes from the spleens and the lungs.
Data were analyzed using a One-way ANOVA (*, P <0.05; ** P <0.01; *** P <0.001).
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Figure 5.16: Co-immunisation with y-PN + y-FLU does not alter the level of influenza-
specific humoral responses. Mice (n = 7) were immunized IN with 2 doses of y-FLU or co-
immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation, sera
were collected and analyzed for influenza-specific IgG and IgA titres by ELISA. Geometric

mean for antibody titre is shown.
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Figure 5.17: Co-vaccination with y-FLU + y-PN does not compromise the neutralising
ability of influenza-specific antibodies. Mice were immunized IN with 2 doses of y-PN, y-
FLU or co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second
immunisation, sera were collected and analyzed for neutralising ability in a focus forming
inhibition assay. (A) Images show MDCK monolayers infected with A/PRS virus pre-treated
with sera at 1/20 and 1/80 dilutions for all groups (Blue = nuclei of MDCK cells, Green =
IgG bound to influenza virions) (sera pooled from 10 mice). (B) Graph represents MFI
quantification analysis of monolayers infected with virus pre-treated with sera from all

groups at 1/80 dilution. Data were analyzed using a One-way ANOVA (*** P <0.001).
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5.2.9 Co-immunisation elicits significant protection against co-infection.

It is well known that asymptomatic nasopharyngeal carriage of S. pneumoniae can progress
into invasive disease following co-infection with influenza. It has previously been shown that
co-infection with S. pneumoniae with influenza results in enhanced bacterial counts in upper
respiratory tract lavages, which is responsible for an exacerbation of infection (412).
Therefore, a co-infection model was established to be able to determine the efficacy of the y-
PN/y-FLU combination vaccine against co-infection. Three groups of mice were colonized
intranasally with EF3030 and 4 days later the mice were either anaesthetized and
administered a sublethal dose of A/PR8 intranasally (co-infection; PN + FLU) or treated with
PBS (to establish pneumonia (PN)). Mice administered PBS intranasally without anaesthetic
(NO AN) served as a colonization only control group. 7 days later, CFU recovery was
determined in the nasopharynx and lungs. As expected, co-infected mice (PN + FLU) showed
greatly enhanced bacterial counts in both the nasopharynx and the lungs relative to mice with
PN or the colonization only group (NO AN) (Figure 5.18). This experimental regime

confirmed that co-infection with S. pneumoniae and influenza exacerbates focal pneumonia.

Using this experimental model of co-infection, the efficacy of the combined y-PN + y-FLU
vaccine against co-infection was investigated. The data show that mice co-immunized with y-
PN + y-FLU were the only group that displayed significant protection relative to the
unvaccinated (PBS) control mice following co-infection with influenza and S. preumoniae
(PN + FLU) (P = 0.0351 for PN + FLU) (Figure 5.19). These data confirm that co-
immunisation enhances the vaccine efficacy of y-PN against pneumococcal pneumonia as
well as conferring significant protection against severe co-infection with both S. pneumoniae

and influenza.
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Figure 5.18: Co-infection with influenza and S. pneumoniae enhances bacterial loads.
Mice (n = > 5) were colonized with EF3030 and 4 days later mice were injected IN with
either PBS (PN) or a sublethal dose of A/PR8 (PN + FLU) under anaesthesia (Section 2.14).
Mice were also injected IN with PBS without anaesthetic (No AN). 7 days later, the
nasopharynx and lungs were harvested to determine bacterial counts. Results are presented as

mean + SEM and analyzed using a One-way ANOVA (*, P <0.05; **, P <0.01).
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Figure 5.19: Co-immunisation with y-PN + y-FLU provides significant protection
against co-infection. Mice (n = 10) were immunized IN with either 2 doses of y-PN, y-FLU
or co-immunized with y-PN + y-FLU (Section 2.12). 2 weeks after the second immunisation,
mice were infected IN with EF3030 and then 4 days later were given A/PR8 IN (co-infection
model) (Section 2.14). Mice were monitored for 21 days and survival rates are shown. Data

were analyzed using a Fisher exact test (*, P < 0.05).
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5.3 Discussion

Current strategies to reduce the risk of co-infection with influenza and S. pneumoniae are
focused on developing vaccines against individual pathogens. Although patients receiving
both vaccinations show reduced viral-associated pneumonia (249, 250, 407), challenges still
remain with the current individual vaccines such as serotype-dependence, which allows
individual bacteria or viral strains to escape vaccine-induced immunity and cause significant

disease.

This study demonstrates that intranasal co-vaccination with y-PN + y-FLU does not
compromise the protective efficacy of either the y-PN or y-FLU vaccine component against
intranasal challenge with the pneumococcal strain D39 or the influenza strain A/PRS,
respectively. Surprisingly, the data show that combination of the two vaccines significantly
enhanced the protective efficacy of the y-PN vaccine against pneumococcal pneumonia, as
well as severe co-infection with S. pneumoniae and influenza. To my knowledge, these
findings represent the first evidence regarding a mucosal combination vaccine containing
whole pneumococcal cells and whole influenza virions that can protect against single and

dual infection. Furthermore, the data illustrate the adjuvant-like properties of y-FLU.

The pneumonia and co-infection models used in these studies rely on the ability of
pneumococci to substantially colonize the nasopharynx and migrate into the lungs to
establish focal pneumonia upon intranasal delivery of PBS or A/PR8 (in the case of the co-
infection model). This experimental design represents a clinically relevant model of bacterial
colonisation followed by aspiration, which leads to the establishment of pneumonia. This is
different to what is previously shown in Chapter 3 with EF3030. Significant reductions in
nasopharyngeal bacterial counts detected in co-immunized mice confirm that the combination
vaccine mediates protection at the stage of colonization as well as protecting invasive
disease. As mentioned in Section 3.3, eliminating colonization is a double-edged sword as it
conveys herd immunity, but vacates a niche that might then be occupied by other pathogens.
However, a vaccine that has the ability to significantly reduce bacterial numbers, but not
eliminate pneumococcal colonization entirely, may result in significant net benefit in terms of
reduced transmission in the community as well as protection from invasive disease with

minimal risk of replacement disease.
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It has been previously reported that protection against nasopharyngeal carriage is mainly
dependent on the induction of Th17 cells with a limited role for B cell responses (84, 85,
367). Previous studies have also reported the efficacy of a CT adjuvanted pneumococcal
vaccine to induce Th17-dependent protection against colonization (85, 133). As demonstrated
earlier (Chapter 3), the serotype-independent protection elicited by the un-adjuvanted y-PN
vaccine was mediated by both B cells and innate derived IL-17 responses, not Th17 cells.
This study demonstrated that co-immunisation resulted in elevated pneumococcus-specific
antibody levels, indicating that augmented B cell responses may play a role in the enhanced
efficacy of the combined vaccine. This observation also supports previous work illustrating
the y-FLU-mediated enhancement of humoral responses to a co-administered antigen (348).
In addition, the data confirm that CD4" T cells play a major role in the observed enhancement
of vaccine efficacy, as humoral immune responses alone were not sufficient to mediate
protection in CD4" depleted mice. In particular, a significant induction of antigen-specific
Th17 cells in co-immunized mice was observed in comparison to individual vaccination with
v-PN. Considering the importance of Th17 responses during colonization, it is likely that
Th17 cells are responsible for the superior protection against nasopharyngeal carriage
observed in mice receiving the combination vaccine. Nevertheless, the augmented antibody
responses may still be playing a minor role. In these studies there also appeared to be
detectable Th17 levels in cultured lymphocytes from the lungs of y-PN vaccinated mice, but
this was not evident in the lungs following live D39 challenge, which is consistent to that
observed earlier in Chapter 3. This may explain why the unadjuvanted y-PN vaccine alone,
compared to the combination vaccine was unable to provide protection against colonization-

induced pneumonia.

In addition to IL-17, IFN-y is also known to be an important mediator of bacterial defence
during pneumococcal infection. High IFN-y levels have been shown to be associated with
increased expression of neutrophil chemoattractant CXCL1 to promote neutrophil influx to
facilitate pneumococcal clearance (360). Although NK cells (360) and neutrophils (361) have
been reported to be major sources of IFN-y during pneumococcal infection, IFN-y derived
from Thl cells has also been implicated in defence against colonization (60). Consistent with
this, lung suspensions from co-immunized mice restimulated ex vivo with the y-PN antigen
also show a significant increase in pneumococcal-specific Thl cells. These cells also

appeared to be increased following live pneumococcal challenge, but this did not reach
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statistical significance. Nevertheless Thl cells may also contribute to the enhanced vaccine

efficacy of the y-PN component of the combination vaccine.

Furthermore, aside from conventional memory T cells, there has been a lot of supporting
evidence showing the beneficial role of TRM cells (413). There have been no reports
regarding the development of TRM cells during pneumococcal infection nor has this been
anticipated as part of pneumococcal vaccine design. As previously shown, the y-PN vaccine
alone does not promote development of TRM memory responses (Chapter 3), however, can
promote development of TRM cells when co-administered with CT (Chapter 4). Similarly, as
observed in this study, there were significant levels of CD4" and CD8" TRM cells in mice co-
immunized with y-PN + y-FLU. In particular, a profound increase was observed in the level
of CD4" IL-17" and CD4" IFN-y" TRM cells in the lungs 48 hours following live
pneumococcal challenge. Although antigen-specificity cannot be determined in these
experiments without the use of tetramers or TCR transgenic systems, the detection of high
levels of TRM cells in co-immunized mice following pneumococcal challenge suggests that
the TRM cells may be pneumococcal-specific. The prior establishment of TRM at the portal
of pathogen entry may provide rapid immune responses to elicit optimal protection without

relying solely on the recruitment of effector memory responses from the circulatory pool.

It appears that intranasal administration of the combination vaccine could mimic the natural
development of TRM cells in the lungs, in contrast to other routes of administration utilised
by current licensed pneumococcal vaccines (414). The importance of TRM within
immunisation strategies has been previously demonstrated with influenza. Intranasal
administration, in contrast to intraperitoneal administration of a sub-lethal recombinant
influenza strain WSN-OVA, was shown to induce TRM cells and significantly protect against
heterosubtypic challenge, despite both routes producing optimal tissue effector memory cells
(209). Therefore, the induction of TRM cells by the combination vaccine in addition to high
levels of antibodies, Th17 and Thl responses, could facilitate the optimal clearance of
pneumococci in comparison to individual vaccination with y-PN, perhaps through IL-17/

IFN-y driven recruitment of phagocytic cells or antibody-mediated opsonophagocytosis.

This study clearly demonstrates that y-FLU behaves like an adjuvant by altering the priming

micro-environment to enhance and favour immunity against a co-administered antigen, which
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in this case is inactivated S. pneumoniae. It has been previously reported that y-FLU is a
strong inducer of IFN-I (330) and enhances the immunogenicity of a co-administered viral
vaccine most likely through IFN-I responses (348). In the present study, serum IFN-a levels
were significantly enhanced in co-immunized mice after live pneumococcal challenge. IFN-I
responses have been reported to be important for pneumococcal defence in reducing cell
invasion and transmigration across epithelial cells from within the lung into the bloodstream
(415). However, in the context of bacterial co-infection with influenza, high IFN-I levels
induced by live influenza have been shown to inhibit both Th17 (370) and yo T cells (239),
which may impede anti-bacterial defence. Despite the enhanced levels of IFN-I shown from
co-immunized mice, accelerated Th17 responses were observed in co-immunized mice in
comparison to single immunisation with y-FLU, suggesting that an IFN-I-related inhibitory
effect on Th17 responses appears to not occur in the context of this vaccination strategy. The
data also suggest that IFN-I responses may be a possible component involved in the enhanced
efficacy observed in co-immunized mice. Nevertheless, further experiments are required to

confirm the role of IFN-I in the enhanced efficacy of the combined vaccine.

In addition, the molecular mechanism by which y-FLU governs the induction of Thl7
responses when in combination with y-PN was not evaluated in this study. However, previous
studies suggest a possible involvement of TLR4. Injection of mice with an inactivated
influenza strain HSN1 has been reported to induce the generation of reactive oxygen species
that triggers the production of oxidised phospholipids (OPLs) in the lung airways. OPLs were
shown to induce the production of IL-6 through TLR4 signalling in alveolar macrophages
(416). In addition, the involvement of TLR4 signalling to promote the generation of IL-17
differentiating cells has been reported in vitro (417) and in vivo (418, 419). In addition, it has
also been shown that there is a lack of expansion of Th17 cells in splenocytes from TLR2 KO
mice previously colonized with pneumococci in comparison to WT mice, upon ex vivo
stimulation. Thus, a role for TLR2 signalling in Th17 cell generation has also been indicated
(84). Therefore, vaccination with y-PN + y-FLU could promote signalling through TLR4 to
induce IL-6, which creates the priming environment for Thl7 differentiation, or could

involve signalling through TLR2, but both of these proposals remain to be tested.

Interestingly, this study demonstrated that the combination vaccine also induced high levels
of antigen-specific Th17 cells and IL-17 in culture supernatants in response to ex vivo

stimulation with the y-FLU vaccine antigen. The role of Th17 immunity during influenza
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infection is still controversial and it remains unclear whether it is beneficial (420) or
detrimental to the host (419, 421). Importantly, the combination vaccine was shown to not
adversely affect the immunogenicity or protective efficacy of y-FLU following live A/PR8
challenge. Although the possible source of the increase in IL-17 levels in cultures related to
single immunisation with y-FLU was not investigated, the induction of Th17 cells in the co-
immunized group appears to enhance the protective efficacy of the combination vaccine
against pneumococcal challenge without compromising the protective efficacy against lethal
influenza challenge. Thus, IL-17 and Th17 responses are not detrimental in y-FLU induced
protective immunity. Interestingly, mice vaccinated with the y-PN vaccine alone were
protected against lethal influenza challenge, despite the apparent weight loss. This suggests
the potential development of a non-specific cross-reactive immunity. However, results from
the FFI assay reveal that sera from y-PN vaccinated mice did not exhibit any influenza
neutralizing activity, implicating that antibody responses may not be the source of cross-
protective immunity to influenza. Future experiments can further evaluate the immune

components underlying this non-specific immunity detected in y-PN vaccinated mice.

In conclusion, this study provides the first evidence illustrating the use of a whole virion
influenza vaccine to alter pathogen-specific immunity and to enhance the protective efficacy
of a whole-cell pneumococcal vaccine, when used in combination. It was further
demonstrated that the combined vaccine can induce effective protection against each
individual pathogen, and can provide protection in a severe co-infection model. Considering
that the y-PN and y-FLU vaccines are able to induce serotype-independent and
heterosubtypic protection, respectively, this vaccination strategy heralds the possibility a
simplified “universal” immunization strategy for protecting against diverse serotypes and

strains of both S. pneumoniae and influenza.
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S. pneumoniae and Influenza infections represent a significant global burden to the human
population. Due to the catastrophic repercussions that resulted from emergence of the 1918
Spanish influenza pandemic and the ongoing clinical synergism of these two pathogens,
vaccinologists are determined to generate optimal vaccines to limit the prevalence of

individual infection and to overcome the enhanced pathogenesis associated with co-infection.

The promising results of this study strengthen the credibility of employing gamma-irradiation
as an inactivation method for development of vaccines against respiratory bacterial
pathogens. In addition, these findings further support the effectiveness of gamma-irradiation
as a method for inactivation of influenza A virus. To my knowledge, this is the first study to
report that gamma-irradiation completely abrogates the replication ability of S. pneumoniae
whole-cells whilst still maintaining its immunogenicity. The data show that intranasal
vaccination with these inactivated bacterial cells induces effective mucosal and systemic
immune responses to provide serotype-independent protection against pneumococcal
challenge. This vaccination approach represents a much safer and easier alternative to other
inactivation approaches such as [-propiolactone, which is associated with possible
carcinogenic effects, requires a more complicated purification protocol and has been noted to
solubilize proteins. In addition, gamma-irradiation is also a safe option in comparison to live-
attenuated vaccines. Despite the efficacy reported with live-attenuated vaccines, there is
always the concern that these vaccine strains could revert to a more virulent form and induce
adverse side effects due to low-level replication ability (Section 1.1.6.2). As a result, these
safety issues have encouraged researchers to focus on the development of completely
inactivated pathogens for intranasal delivery. Thus, employing gamma-irradiation as a
method to generate an inactivated pneumococcal whole-cell vaccine offers a desirable
vaccination approach as it eliminates problems associated with sterility and possible

reversion to virulence, the major problems hindering manufacturing of intranasal vaccines.

In addition, it is also important to emphasize that many inactivated vaccine antigens intended
for intranasal administration are poorly immunogenic and therefore require the use of
adjuvants. Importantly, the efficacy reported previously with intranasal pneumococcal whole-
cell vaccines have been illustrated with the administration of CT, which is not suitable for
human use. This study demonstrated the ability of non-adjuvanted y-PN to mediate protection

and also demonstrated that co-administration of y-PN with CT as an adjuvant resulted in
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enhanced vaccine efficacy. Strikingly, the data illustrate that y-PN vaccine immunogenicity
and protective efficacy is also significantly enhanced when co-administered with y-FLU.
Thus, vaccination with y-PN either alone without an adjuvant or co-administered with y-FLU
eliminates any concerns regarding adjuvant-related side effects. This further emphasizes the
immunogenic potential of the vaccine and highlights the advantage of this inactivation
strategy for the development of a mucosal vaccine against S. pneumoniae. Intranasal delivery
of vaccines is also desirable as it is relatively quick, painless and easy to administer which is
an additional bonus in comparison to receiving multiple injections through parenteral routes.
As a result, these experimental findings hold promise for utilizing this inactivation method

for other respiratory bacterial pathogens.

As mentioned earlier (Section 1.3), lethal synergism between influenza and S. pneumoniae is
often associated with significant morbidity and mortality rates worldwide, particularly during
the emergence of pandemics. This study presents a novel combination vaccine that can
protect against disease caused by both respiratory pathogens and the possibility of co-
infection. Various problems associated with current licenced pneumococcal and influenza
vaccines limit the ability of these individual vaccines to protect against the prevalence of co-
infection, as current individual vaccines are sub-optimal in protecting against all different
types of S. pneumoniae and influenza. In addition, influenza vaccines need to be reformulated
annually which also hinders the ability to generate a combination vaccine against both of
these pathogens. Considering that y-FLU has been reported to be cross protective and that the
effectiveness y-PN has been illustrated in this study, adopting the novel combination
vaccination strategy that incorporates both of these vaccines could significantly reduce
hospitalizations and mortality associated with co-infection without the need for annual re-
formulation. This would have considerable impact on human health, particularly within
developing countries where there are significant morbidity and mortality rates for both of
these respiratory pathogens. In addition, implementation of this combination vaccine would

be advantageous in simplifying childhood immunisation regimes.

This study, to my knowledge is also the first report showing the effectiveness of combining
whole inactivated bacterial cells and whole inactivated virion vaccines to protect against
individual and co-infection without compromising pathogen-specific immune responses. This

is a novel area of investigation in regard to the acceptance of combining intracellular and
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extracellular pathogens within a single vaccine formulation. Aside from combination
vaccines that contain single antigens intended to primarily induce humoral responses,
currently licenced vaccines that incorporate multiple whole microbes are comparable in
nature and intended to induce similar immune responses (i.e. immune profiles). For example,
the MMR vaccine consists of 3 whole intracellular pathogens that have been reported to
induce effective cellular immune responses, which are particularly desirable to defend against
these intracellular pathogens (Section 1.4). Given the differences in the specific immune
mechanisms that dominate between intracellular and extracellular microbes, it is often
assumed that combination of ‘dissimilar’’ pathogens could antagonize or hinder the
development of appropriate immune responses against individual pathogens. However, this
study demonstrated that the combination of y-PN and y-FLU not only maintains pathogen-
specific immune responses, but the y-FLU vaccine enhances the immunogenicity of the y-PN
vaccine to favour the induction of Th17 and CD4" TRM cells, which represent the most
optimal responses for protection against S. pneumoniae. The induction of Th17 cells has
previously been reported to be desirable in pneumococcal vaccine design (Section 1.1.5.2).
However, the phenomenon of CD4™ TRM cells within pneumococcal infection is novel and
has additionally not been reported with pneumococcal vaccination. Although the mechanisms
underlying the y-FLU mediated enhancement of these cellular responses have not been fully
investigated due to time constraints, the concept of the adjuvant activity provided by y-FLU
is advantageous and could be exploited within vaccine design to mediate effective immunity
against other extracellular pathogens. For example, the enhanced Th17 responses associated
with co-immunisation that involve y-FLU could be evaluated using alternative bacterial
respiratory pathogens that are also reliant on Th17 cells for protection such as S. aureus
(422). In addition, in regard to the adjuvant activity, the major advantage of using y-FLU is to

induce immunity against influenza, which alone is a major global health challenge.

6.1 Future directions.

The most interesting area warranting further investigation in this project, is evaluating the
molecular mechanisms of how y-FLU mediates enhancement of pneumococcal cellular
immune responses (TRM and Th17 cells) when co-administered with y-PN. The observation
regarding the enhanced serum IFN-I levels in co-immunized mice only following live
pneumococcal challenge suggests a possible involvement of IFN-I. Therefore, future studies

should evaluate the importance of IFN-I in mediating enhanced efficacy through use of IFN-I
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receptor KO mice or neutralising antibodies to IFN-I. In addition, possible signalling
mechanisms involving IFN-I induction such as TLR activation could also be explored as
TLRs may be additionally activated or enhanced in the presence of y-FLU. Such signalling
mechanisms could lead to the induction of particular cytokines that polarize the
differentiation/maintenance of Thl17 and CD4" TRM memory cell subsets during co-
immunisation. It would also be interesting to determine whether the adjuvant properties of y-
FLU requires co-administration with y-PN, or whether its efficacy is preserved if
administered in series with y-PN. As the concept of combining viral and bacterial inactivated
whole pathogens is novel in the field of vaccinology, it would be important to uncover these
mechanisms, which could then be potentially exploited for development of combination

vaccines with alternative pathogens.

In addition, the strong induction of CD4" TRM cell responses observed following live
pneumococcal challenge also warrants further investigation. Although it was assumed, in this
study, that the induced TRM cells observed upon live pneumococcal challenge in co-
immunized mice are likely to be pneumococcal-specific, it is necessary to fully confirm
antigen-specificity of these TRM cells through the use of techniques such as staining with
tetramers or TCR transgenic systems. In addition, it would be important to confirm whether
these distinct memory cells naturally develop in response to live infection or whether
development of these cells is specifically restricted to y-FLU-mediated enhanced immunity

against the y-PN vaccine.

In regard to investigating the efficacy of co-immunising mice with y-PN and y-FLU,
experiments were mainly focused on evaluating the role of y-FLU as an adjuvant on y-PN-
induced immunity. Although this study analyzed the impact of the combination vaccine on
influenza-specific antibody responses and protection against influenza homotypic challenge
(A/PRS), future experiments should also evaluate the efficacy of the combination vaccine
against influenza heterosubtypic challenges (multiple subtypes). It would also be important to
evaluate the type of T cell memory responses (T helper cell subsets and TRM cells) induced
in co-immunized mice after live influenza challenge to determine whether there are any
alterations relative to individual immunisation with y-FLU. Considering the scientific aim of
developing a single vaccine against both influenza and S. pneumoniae pathogens, performing

these experiments would be important to ensure that the combination vaccine is able to
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provide protection against diverse strains of influenza as well as S. pneumoniae, without

interfering with pathogen-specific immunity.

Interestingly, the results of this study also found that mice vaccinated with y-PN were
protected following lethal influenza challenge, suggesting that there may be a component
within the y-PN vaccine that provides some cross-protection against influenza. Results from
the influenza FFI assay demonstrate that sera from y-PN vaccinated mice did not show any
virus neutralization, suggesting an alternative immune mechanism other than antibody
responses could be responsible for the non-specific immunity. Uncovering the molecular
mechanisms that govern this non-specific immunity induced by y-PN would be relatively

novel and could possibly be exploited in vaccine regimes in the future.

It is pivotal for a vaccine to induce long lasting immunity without the need for many doses of
inoculation. Many researchers have expressed their concerns regarding the need for multiple
doses of high concentrated antigens for intranasal delivery. There are challenges associated
with intranasal delivery that could interfere with proper absorption of the vaccine into the
nasal mucosa. For example, the poor permeability of the nasal cavity lined with hairs and
mucus represent physical barriers. In addition, nasal enzymes and the local pH can also have
a harmful impact on vaccine absorption (219). Furthermore, a common problem with
influenza vaccines is the poor immunogenicity in the elderly (423). Recent reports have
indeed outlined the efficacy of an adjuvanted Herpes Zoster subunit vaccine in adults over
the age of 50. Efficacy was preserved in patients over 70 years (424). Therefore, evaluating
the stability of systemic and mucosal immunity induced by y-FLU and y-PN intranasal
vaccination over a long duration of time (3—6 months) would be important to ensure that
these vaccines are sufficient at promoting long-lived immunity. In addition, it would also be
interesting to test vaccine efficacy when administered through parental routes, to allow for

comparison with the pneumococcal WCV currently in clinical testing.

Overall, the results of this study demonstrate an important concept related to the applicability
of gamma-irradiation as an inactivation method for S. pneumoniae to develop a mucosal
vaccine. The results also demonstrate that y-FLU can elicit adjuvant like properties to
enhance y-PN vaccine efficacy, thereby presenting the first report of a combined mucosal

vaccine against two notoriously challenging pathogens.
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