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ABSTRACT

Rheumatic heart disease (RHD) is entirely preventable, yet it claims an
estimated 300 000 lives annually. Rates of RHD in children living in remote
Australian Aboriginal and Torres Strait Islander communities are among the
highest in the world and continue to rise, despite numerous and varied efforts
to reduce them. It is predicted that by 2031, 14 500 Australians will be living
with the debilitating effects of RHD. The cost associated with the care of
Australians with RHD, between 2016 and 2031, is estimated at AUD $ 317
million. RHD is a an autoimmune sequala of a superficial infection caused by the
bacterium, Streptococcus pyogenes (Strep A) and the most effective way to
prevent RHD is to prevent the antecedent infection. The consensus among
researchers and medical professionals is that vaccination would be the most
effective way to do this. Yet, despite decades of research, there is currently no
vaccine available that would protect children from the more than 80 different
strains of Strep A endemic in Australia. This thesis describes the design,
development, characterisation and evaluation of a putative vaccine against
Strep A utilising hepatitis B virus-like particles (VLP) as a platform to deliver
the highly immunogenic Strep A epitope, p*17, to the host’s immune system.
The recombinant chimeric VLPs, VLP-p*17, were expressed in a mammalian
protein expression system and spontaneously formed nanoparticles with
repetitive surface expression of p*17. BALB/c mice immunised with VLP-p*17,
formulated with the commonly used adjuvant Alum, produced high titres (mean
3.7 x 10%) of p*17-specific IgG after three 0.5 ug doses. When formulated with
the more recently developed saponin-based adjuvant, Vet-SAP®, VLP-p*17
induced significantly higher titres (mean 7.7 x 104) of p*17-specific IgG after
three 0.5 pg doses. HBsAg-S is the basis of several human vaccines with proven
safety and efficacy, and large-scale manufacturing systems producing HBsAg-S
VLPs are already well established. VLP-p*17, formulated with a saponin-based
adjuvant has significant potential as a safe, efficacious and cost-effective vaccine
against Strep A infections and associated non-infectious complications such as

rheumatic heart disease.
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CHAPTER 1: INTRODUCTION

1.1 Background and rationale behind the research project

Streptococcus pyogenes (Strep A) is typically known for its association with the
common and relatively benign childhood infection referred to as “strep throat”.
However, Strep A is also one of the top three causes of life-threatening maternal
sepsis, and the top two causes of toxic shock syndrome and necrotising fasciitis.
Strep A is also the cause of serious non-infectious sequalae, the most significant
of which are acute rheumatic fever (ARF), and its associated long-term
complication, rheumatic heart disease (RHD) (Good, 2020; Ryan, McGrath, &
Euler, 2022). Despite universal susceptibility to penicillin, Strep A is associated
with an estimated 517 000 deaths globally every year. An estimated 288 000 to
349 000 of these are due to RHD. (Ralph & Carapetis, 2013; WHO, 2020). RHD is
entirely preventable and is considered a disease of social disadvantage with the
major burden of morbidity and mortality carried by developing countries and
Indigenous populations within developed countries including Australia.
Aboriginal Australians living in remote communities in the Northern Territory
have the highest reported rates of RHD in the world (Rentta et al., 2022;
RHDAustralia & McDonald, 2022; Roberts et al.,, 2015).In 2022, over 9 000
Australians were registered as having RHD and 92% of these were of Aboriginal
or Torres Strait islander heritage. The incidence of ARF in these First Nations
peoples is approximately 65 per 100 000 compared with 3 per 100 000 for non-
Indigenous Australians. Despite well-established screening programs aimed at
early diagnosis of RHD in Aboriginal and Torres Strait Islander children, 14% of
children with RHD have severe disease, requiring cardiac valve repair surgery, at
the time of diagnosis (Katzenellenbogen et al., 2020; RHDAustralia & McDonald,
2022). Children with RHD require monthly injections of penicillin to prevent
recurrent ARF and further heart valve damage and may require repeated
surgeries to prevent heart failure and death (Reviewed in chapter 3 (Dooley,
Ahmad, Pandey, Good, & Kotiw, 2021) ). The lifetime treatment cost per child

with RHD in remote Indigenous communities in Northern and Central Australia



has been estimated at between one and two million Australian dollars (Hill &
Collins, 2019).

Prompt and appropriate treatment of superficial Strep A infections can prevent
development of ARF and progression to RHD, however, ARF occurs in the
absence of a symptomatic antecedent Strep A infection in up to 60% of cases
(Carapetis, Brown, Maguire, & Walsh, 2012). It would seem obvious then that
the best way to prevent ARF and RHD would be to prevent the antecedent Strep
A infection and that the most efficient way to do this would be to develop a safe
and effective vaccine against Strep A. The pathway towards development of a
safe and effective vaccine against Strep A has been long and fraught with
significant challenges, which include : the vast serotypical and epidemiological
diversity of the organism; concerns over the safety of putative vaccines; and the
relatively low immunogenicity of minimal bacterial epitopes (reviewed in

Chapter 3 (Dooley et al., 2021).

This project addressed the challenges to Strep A vaccine development by:
targeting a conserved epitope of Strep A M protein: an epitope that does not
differ significantly between different strains; targeting a minimal Strep A B cell
epitope that does not induce cross-reactive T cell responses that could induce
autoimmune sequalae in vaccinated individuals; and using a hepatitis B virus like
particle (VLP) as a platform to significantly enhance the immunogenicity of the
Strep A epitope and deliver it to the host in a form that stimulates robust

antigen-specific immune responses.

1.2 Research aims, objectives and hypotheses

The aims of this research project were to use recombinant DNA technology to
construct a recombinant vaccine against the bacterium Streptococcus pyogenes
(Strep A) and to evaluate the immunogenicity of the putative vaccine in mice. To

this end, the following three studies were undertaken.



Study 1 (Chapter 3): Rheumatic heart disease: A review of the current status of
global research activity. The main aim of this literature review was to investigate
the current knowledge and understanding of Strep A pathogenesis and
epidemiology, with a focus on rheumatic heart disease (RHD), and recent
advances in Strep A vaccine development. The objectives of this review were to
confirm the relevance and significance of this research project, in an Australian
and global context, and inform the choice of Strep A epitope and antigen delivery

system to be utilised in the putative vaccine.

Study 2 (Chapter 5): Chimeric hepatitis B surface antigen virus-like particles
expressing the Strep A epitope p*17 elicit a humoral response in mice. The aim of
this study was to utilise recombinant DNA technology to express the conserved

“_n

Strep A epitope, p*17, within the immunodominant “a” determinant region of the
hepatitis B small envelope protein (HBsAg-S). The first hypothesis tested in this
study was that expression of p*17 within the “a” determinant of HBsAg-S would
not compromise spontaneous VLP formation. A second hypothesis was that VLP-

p*17 would induce production of p*17-specific IgG in immunised mice.

Study 3 (Chapter 6): Immunogenicity of a chimeric recombinant virus-like particle
as a putative vaccine against Streptococcus pyogenes. The main aim of this study
was to further investigate the immunological value of utilising HBsAg-S VLP as a
means of optimising the immunogenicity of the highly conserved Strep A epitope,
p*17. In this study, p*17-specific IgG tires (total IgG, IgG1 and IgG2a) were
measured in the sera of BALB/c mice immunised with three low doses of VLP-
p*17 (0.5 pg/dose) or three standard doses (25 pg/dose) of p*17-DT. A
secondary aim of this study was to evaluate and compare the humoral responses
induced in mice immunised with VLP-p*17 formulated with three different types

of adjuvants.



CHAPTER 2: LITERATURE REVIEW

2.1 Strep A associated disease burden

Streptococcus pyogenes (Strep A), commonly known as Group A Streptococcus
(GAS), is a strict human pathogen with no other known reservoir. Strep A is
responsible for a wider spectrum of disease than any other bacterial species
(Cunningham, 2000). Strep A infections range from mild superficial infections of
the throat and skin, commonly known as “strep throat” and “school sores”
respectively, to severe invasive Streptococcal diseases (ISD) such as neonatal and
maternal sepsis and necrotising fasciitis, and toxigenic diseases such as scarlet
fever and catastrophic streptococcal toxic shock syndrome (STSS) (Cunningham,

2000; Stevens & Bryant, 2016).

Severe invasive streptococcal infections are caused by strains of Strep A that are
capable of upregulating expression of key virulence factors, which allows
invasion of intact and otherwise healthy tissue in sterile anatomical sites
(Langshaw, Pandey, & Good, 2018; Stevens & Bryant, 2016). Up to one third of all
cases of ISD are rapidly fatal, despite aggressive treatment, which often involves

amputation of an infected limb (Stevens & Bryant, 2016).

The pathogenesis of STSS involves production of Strep A exotoxins that act as
superantigens binding to class Il major histocompatibility complex (MHC)
molecules on B cells, macrophages and dendritic cells while simultaneously
binding to the T cell receptor (TCR) on T cells (Proft & Fraser, 2016). This
simultaneous binding bypasses the usual antigen processing and MHC restriction
that is necessary for conventional antigen presentation, and triggers activation
events in both cells leading to an acute systemic proinflammatory response and
subsequent cytokine storm (Petersson, Forsberg, & Walse, 2004). This in turn
results in multiorgan failure, shock, disseminated intravascular coagulation (DIC)
and ultimately death within seven days of presentation in 30-50% of cases
(Lamagni et al., 2008; Mehta et al., 2006; Thompson, Sterkel, McBride, & Corliss,
2018). The rates of ISD, including STSS, have been rising globally in both



frequency and severity since the 1980s. This rise has been attributed to the
emergence and global dissemination of highly virulent covR/S mutant strains of
Strep A (Aziz & Kotb, 2008; Ching et al., 2017; Dunne et al., 2022; Langshaw et al,,
2018; Nasser et al., 2014; Pandey et al., 2016).

While superficial Strep A infections of the throat and skin, are usually self-
limiting, or resolve quickly with appropriate antibiotic therapy, they are
associated with the serious post-streptococcal autoimmune diseases, acute
rheumatic fever (ARF), rheumatic heart disease (RHD) and acute post
streptococcal glomerulonephritis (APSGN) (Cunningham, 2000; Jackson, Steer, &
Campbell, 2011). ARF develops in around 0.3-3% of individuals with an
untreated or ineffectively treated Strep A infection (usually of the throat, and
typically in children between the ages of 5 and 14) two to three weeks after
resolution of the infection (Parnaby & Carapetis, 2010). The clinical presentation
of ARF includes fever, carditis, migratory polyarthritis, subcutaneous nodules
and a characteristic rash referred to as erythema marginatum. These clinical
manifestations, which are not all present in all cases of ARF, arise from an
aberrant non-suppurative systemic inflammatory response to a typically
suppurative, localised Strep A infection (Dooley et al., 2021; Guilherme & Kalil,
2010). Neurological manifestations of ARF, known as Sydenham chorea, can

appear several months after the apparent resolution of ARF (Jones, 1944).

The underlying pathology of ARF involves the production of antibodies and
activated CD4+* T cells against Strep A antigens, in particular the Group A
streptococcal surface carbohydrate, N-acetyl glucosamine (GIcNAc), and M
protein (Figures 1 and 2), that cross-react with host tissue causing inflammation
in the joints, heart, brain and skin. This cross-reactivity is associated with a
phenomenon known as molecular mimicry: structural similarities between
cellular components of the pathogen and tissue components in the host that lead
to a breakdown in self-tolerance in the host (reviewed in (Dooley et al., 2021)).
The inflammation in the skin, brain and joints is usually self-limiting and
generally resolves without causing permanent tissue damage. However, in

around one third of children with ARF, the post-streptococcal immune-mediated



inflammation of the heart leads to the serious chronic condition known as
rheumatic heart disease (RHD) (Guilherme & Kalil, 2002). RHD is characterised
by inflammation of the heart valves, referred to as autoimmune valvulitis.
Recurrent episodes of ARF typically cause progressive fibrosis of the valves
leading to valvular calcification and stenosis and subsequent decompensatory
heart failure (Guilherme & Kalil, 2002). While RHD is more commonly associated
with recurrent streptococcal infections and repeated episodes of ARF, it can
develop after a single episode of ARF. RHD manifests as valvular regurgitation
and presents clinically as heart failure with associated extreme fatigue and
shortness of breath. Long-term complications of RHD include heart failure,

arrhythmia, thromboembolism and stroke (Cunningham, 2000).

Acute post-streptococcal glomerulonephritis (APSGN) is an acute kidney disease
caused by the deposition of antigen-antibody complexes in the renal glomeruli
and typically follows a streptococcal skin infection known as streptococcal
pyoderma, impetigo or “school sores”. Most cases of APSGN follow a benign
clinical course but acute renal failure can ensue. The long-term implications of
APSGN include an increased risk of chronic kidney disease (Hoy, White, Dowling,
& Sharma, 2012).

Despite its universal susceptibility to penicillin, the global burden of disease
attributed to Strep A remains significant and is probably underestimated due to
global inconsistencies in reporting, particularly in resource poor parts of the
world where Strep A infections are endemic (Ralph & Carapetis, 2013). The only
global epidemiological study of Strep A diseases, by Carapetis et al. (2005), relied
on mathematical models to infer global estimates using data from the United
States of America collected in the 1950s and more recent data from Australia,
New Zealand, India, and Ethiopia. In this study, Carapetis et al. (2005) estimated
that globally, Strep A causes 111 million cases of pyoderma, 616 million cases of
pharyngitis, 470 000 cases each of ARF and APSGN and 500 000 non-fatal cases
of ISD annually. Furthermore, they estimated that Strep A is responsible for 517
000 deaths worldwide each year, which places it among the world’s top ten

causes of human infection-associated mortality (Ralph & Carapetis, 2013).



Carapetis et al., (2005) attributed the majority of Strep A-related deaths to ISD
(including STSS) and post streptococcal sequelae. They estimated that: 663 000
cases of ISD lead to 163 000 deaths annually worldwide; RHD causes an
estimated 349 000 deaths annually worldwide; and APSGN causes an estimated
5 000 deaths annually worldwide (Carapetis et al., 2005). Although this study
was conducted over sixteen years ago, it is still widely cited as ‘a recent global
epidemiological study of Strep A-related morbidity and mortality’ due to the
paucity of more recent comprehensive global data, which tends to focus only on

RHD (Ralph & Carapetis, 2013; Steer et al.,, 2016).

As part of the 2015 Global Burden of Disease study, a systematic review by
Watkins et al,, (2017) estimated the number of deaths worldwide in 2015 due to
RHD alone to be 319 400. More recent data published by WHO estimates that
RHD claims 288 348 lives worldwide every year (WHO, 2020). While these
figures suggest a decline in the global mortality rates associated with RHD they
could reflect a decline that is limited mainly to more resource rich populations.
While the true burden of Strep A disease has proven difficult to ascertain,
numerous studies confirm that this burden is disproportionately shouldered by
people in developing countries and by Indigenous populations in developed
countries including Australia (Colquhoun et al., 2015; de Loizaga et al., 2021;
Ralph & Carapetis, 2013; Watkins et al., 2017).

2.2 Strep A disease burden in Australia

In Australia, a disproportionate Strep A disease burden is carried by the
Indigenous population. In 2018, RHD Australia and McDonald estimated the
overall prevalence of RHD in Australia at 1 per 100 000 while the rate in
Aboriginal and Torres Strait Islander Australians was 59 per 100 000
(RHDAustralia & McDonald, 2022). The reported rates of ARF and RHD in
Australian Aboriginal and Torres Strait Islander people living in remote areas of
Northern and Central Australia are consistently among the highest in the world
(Carapetis et al., 2005; Ralph & Carapetis, 2013; Watkins et al,, 2017; Wyber et
al,, 2021). The Australian Institute of Health and Welfare reported that, of the 5



385 people with RHD listed on State RHD registers in December 2019, 81% were
Indigenous Australians (AIHW, 2020). In 2015-2019, 399 deaths were reported
for people with RHD listed on state registers and 72% of these were Indigenous
Australians. The median age of RHD-associated death was 52 years for
Indigenous Australians compared with 72 years for non-Indigenous Australians.
The AIHW also reported that median age for diagnosis of RHD was 22 years for
Indigenous Australians compared with 50 years for non-Indigenous Australians.
The greatest number and highest rate of new diagnoses of RHD among
Indigenous Australians in 2015-2019 was in the Northern Territory (AIHW,
2020). These findings of geographical differences in rates of RHD align with
those reported by Colquhoun et al.,, (2015) who reported that while the overall
RHD-related death rate for Indigenous Australians was 18.9 times higher than
that for non-indigenous Australians, the rate in the Northern Territory was 54.8
times higher for Indigenous Australians than for non-Indigenous Australians
(Colquhoun et al,, 2015). Environmental factors, particularly overcrowding,
increase the risk of RHD in these populations (reviewed in Chapter 3 (Dooley et

al, 2021)).

In addition to the high rates of RHD, children living in remote Aboriginal and
Torres Strait Islander communities in the Northern Territory and the Northern
regions of Queensland and Western Australia also suffer disproportionately high
rates of Strep A pyoderma. A study by Andrews et al. (2009), conducted over a
three-year period in five remote indigenous communities in the Northern
Territory, showed that almost 70% of children studied had an episode of
pyoderma before their first birthday, with most having their first episode at just
two months of age. Scabies is also endemic in many Indigenous communities.
Andrews et al. (2009) reported that 63% of children in their study had been
infested with scabies at some time during their first year of life. They also
reported that children with scabies were also likely to have pyoderma and that

most cases of pyoderma were due to Strep A infection (Andrews et al., 2009).

Indigenous Australians also suffer higher rates of ISD than non-Indigenous

Australians. The overall reported rate of ISD in Australia from 2017 to 2018 was



8.3 per 100 000 (Wright, Langworthy, & Manning, 2021). A retrospective study,
conducted by Boyd et al. (2016), of 128 cases of ISD reported in the Northern
Territory between 2011 and 2013, found the incidence in the Indigenous
population to be 69.7 per 100 000, compared to 8.8 per 100 000 in the non-
Indigenous population. In this study, 10 of the 128 cases were fatal (Boyd et al.,
2016). A similar disproportionate burden of ISD was reported in Queensland
children aged 0-18 years with an annualised incidence of 13.2 per 100 000 for
Indigenous children compared with 3.0 per 100 000 for non-Indigenous children

(Whitehead, Smith, & Nourse, 2011).

Although now uncommon in the Australian population overall, APSGN is
disproportionately high in children living in remote Aboriginal communities
where Strep A pyoderma is endemic (Rodriguez-Iturbe & Musser, 2008). From
1991 to 2008, there were 415 confirmed cases and 23 probable cases of APSGN
notified in the Northern Territory. Of these, 94.7% were Indigenous Australians
(Marshall et al,, 2011). Data collected in one remote Aboriginal community in the
Northern Territory, indicated that approximately 200 of the 1 519 residents had
suffered at least one episode of APSGN and 27 of these had a history of multiple
episodes of APSGN, usually during childhood. This study also found increased
evidence of diminished kidney function in females with a history of previous

APSGN (Hoy et al., 2012).

Strep A disease is on the cusp of recognition as a neglected tropical disease,
highlighting its global importance and the need for increased investment in
strategies to reduce its disproportionate impact on socioeconomically
disadvantaged populations (Good, 2020; Hotez, Aksoy, Brindley, & Kamhawi,
2020). While numerous programs aimed at reducing the rates of Strep A
infections have been trialled in at-risk communities, including Australian
Aboriginal and Torres Strait islander communities, none have significantly
reduced the burden of Strep A disease in these communities (reviewed in
Chapter 3 (Dooley et al., 2021)). Effective vaccination is regarded as the most
reliable and cost-effective means of reducing the Strep A disease burden in at-

risk populations. However, despite decades of research in numerous laboratories



around the world, no Strep A vaccine offering sufficiently broad protection from
the diverse strains of Strep A endemic in these populations is currently available
(Reviewed in Chapter 3 (Dooley et al,, 2021)) (Wright et al.,, 2021). In May 2018,
Member States of the World Health Organization (WHO) unanimously adopted a
Global Resolution on ARF and RHD at the World Health Assembly. Part of this
resolution focused on development of a safe and effective vaccine against Strep A

(WHO, 2018).

2.3 Strep A vaccine research in Australia

Due to the vast diversity and the dynamic nature of Strep A epidemiology in
Australia (Marshall et al.,, 2011), local research has focused on the development
of a vaccine targeting the conserved C-terminal region of the Strep A M protein: a
helical protein that covers the surface of the bacterium and protects it from
complement-mediated phagocytosis (Figure 1) (Dooley et al., 2021; V. A.
Fischetti, 1989; V. A. Fischetti, 2016). More specifically, Australian research has
focused on peptide 145 (p145), a 20-amino acid peptide from the highly
conserved C3 repeat region of the Strep A M protein (Figure 2) (Reviewed in

Chapter 3 (Dooley et al.,, 2021)).

Figure 1. The Streptococcal M protein covers the entire surface of the bacterium
and appears “like fuzz on a tennis ball” when viewed by transmission electron
microscopy (V. A. Fischetti, 2016).
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Figure 2. M protein is a coiled-coil protein expressed as a dimer attached to the
peptidoglycan cell wall of Strep A. The N-terminus is hypervariable. The C-
terminal region is anchored in the cell wall, extends through the cell membrane
with the charged tail projecting into the cytoplasm, and is highly conserved.
Between these conserved and hypervariable regions is a central domain of
intermediate variability consisting of a number of repeat sequences (V. A.

Fischetti, 2000).
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In addition to the highly conserved nature of p145, which makes it an ideal target
for a broad-spectrum vaccine, it was observed that Anti-p145 antibodies develop
naturally in response to Strep A infection. Anti-p145 antibodies, capable of
opsonising multiple strains of Strep A, were found in the sera of a high
proportion of adults in communities where Strep A is endemic (Pruksakorn et al.,
1994). However, anti-p145 antibodies were not detected in the sera of children
in these communities, which suggested that they develop only after years of
exposure (Hayman et al., 1997). Vaccination with p145 or a derivative of p145,
could therefore be expected to produce higher titers of these protective
antibodies in the sera of vaccinated individuals such that a sufficient level of
immunity could be reached at a younger age (Brandt, Hayman, Currie,

Pruksakorn, & Good, 1997).

Small bacterial epitopes, like p145 (LRRDLDASREAKKQVEKALE) and its
derivatives and variants, are not sufficiently immunogenic to be used alone in
putative vaccines. Strep A vaccines currently in development in Australia utilise
various different platforms to deliver these minimal epitopes to the immune
system including, conjugation to diphtheria toxoid (DT), an alkane backbone, a
polyacrylic ester-based dendritic polymer and incorporation into a liposome

(reviewed in Chapter 3 (Dooley et al., 2021)).

2.4 Summary of key findings from the literature review

1. Strep A is a significant cause of morbidity and mortality globally, with a
disproportionate burden of disease carried by socially and economically
disadvantaged populations, including Australian Aboriginal and Torres

Strait Islander peoples.
2. Effective vaccination is widely regarded as the most effective means of

reducing the burden of Strep A disease in at-risk populations yet no

vaccine offering sufficiently broad protection is currently available.
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CHAPTER 3: PAPER 1 - Rheumatic heart disease: A review of
the current status of global research activity

3.1 Introductory paragraph

While numerous reviews on various aspects of RHD have been published, no
single manuscript provides a broad review of the current understandings of the
epidemiology, pathogenesis and host-pathogen interactions, genetic and
environmental contributors to host susceptibility, and diagnosis, treatment, and
prevention of RHD. Chapter 3 addresses this gap in the literature.

3.2 Paper 1

Dooley, L, Ahmad, T, Pandey, M, Good, M & Kotiw M 2021, ‘Rheumatic heart
disease: A review of the current status of global research activity’, Autoimmunity
Reviews, vol. 20, pp. 102740 https://doi.org/10.1016/j.autrev.2020.102740
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3.3 Links and implications for development of a putative recombinant

vaccine against Strep A

Table 1 in Dooley et al., (2021) presents the details of 22 different constructs for
putative vaccines against Strep A in various stages of development and
evaluation globally. Of these, 10 are under development in Australia and all but
one of the Australian constructs utilise derivatives or variants of p-145, a
conserved peptide of the Streptococcal M protein described in section 2.3 and
illustrated in Figure 2. The antigen delivery systems utilised in these vaccines
include conjugation to diphtheria toxoid (DT), conjugation to an alkane
backbone, incorporation into a polyacrylic ester-based dendritic polymer and

incorporation into a liposome.

The approach to antigen delivery in this project was to use recombinant DNA
technology to produce a single complete protein with a built-in antigen delivery
system. This was achieved by cloning the DNA sequence for p*17 into the DNA
sequence for hepatitis B virus small envelope protein (HBsAg-S) to produce

virus-like particles (VLPs) expressing the Strep A epitope, p*17.

3.3.1 Rationale behind the use of VLPs as antigen delivery systems

VLPs are viral capsid proteins that self-assemble to form compact and highly
ordered nanoparticles, 20-150 nm in diameter. VLPs mimic the live virus in size
and form but contain no viral genetic material and are therefore non-infective
(Ludwig & Wagner, 2007). VLPs tend to be within the optimal size range for
uptake by dendritic cells (DC) and subsequent antigen processing and MHC I and
MHC II presentation (Grgacic & Anderson, 2006). By promoting DC maturation
and migration, VLPs activate both innate and adaptive immune responses. Due to
their particulate nature and their expression of high density and repetitive
displays of epitopes, VLPs are also able to stimulate both the humoral and cell-
mediated arms of the adaptive immune response (Grgacic & Anderson, 2006). In
the laboratory, VLPs are formed by the self-assembly of viral capsid or envelope
proteins following recombinant DNA expression in a variety of cell culture
systems. Recombinant viral envelope proteins bud from the endoplasmic
reticulum, plasma membrane, or associated lipid rafts of the cultured cell, such

that the resultant VLPs contain the proteins and the cellular lipids that make up
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the viral lipoprotein envelope (Grgacic & Anderson, 2006). Because they are
immunogenic but non-infectious, VLPs are a safer alternative to attenuated
viruses, such as those used in vaccines against yellow fever, polio, measles,

mumps and rubella (Ludwig & Wagner, 2007).

The first VLPs used in human vaccines were derived from envelope proteins of
the hepatitis B virus (HBV) expressed in the bakers’ yeast Saccharomyces
cerrevisiae (Blumberg, Millman, & London, 1985). Energix-B (GlaxoSmithKline)
and Recombivax HB® (Merck & Co. Inc.), the currently used second-generation
hepatitis B vaccines, are derived from the small HBV envelope protein, surface
antigen S (HBsAg-S), produced in S. cerevisiae. A Third-generation Hepatitis B
vaccine, Sci-B-Vac™, comprising VLPs expressing additional HBV surface
antigens and produced in mammalian cells, is currently in clinical trials (Elhanan
et al, 2018). The recombinant Human Papillomavirus (HPV)-like particle
vaccines, Gardasil® (Merck and Co. Inc.) and Cervarix® (GlaxoSmithKline) have
demonstrated high protection against oncogenic strains of HPV associated with
cancers of the cervix and anus (Rodriguez-Limas, Sekar, & Tyo, 2013). Gardisil®
is expressed in S cerrevisiae ,and Cervarix® is expressed in the insect cells-
baculovirus system (Lowy & Schiller, 2006). In 2012, the hepatitis E VLP vaccine,
HEV239 (Hecolin®), produced in E.coli, was launched in China (Park, 2012). A
phase I clinical trial of the vaccine was completed in the United States in August

2020 (NCT03827395) (Wen et al,, 2020; Wu, Chen, Lin, Hao, & Liang, 2016).

In addition to their value as antiviral vaccines, VLPs are highly stable molecules
that have demonstrated tolerance to a range of bioconjugation, labelling, and
polymerisation techniques making them suitable delivery platforms for a wide
spectrum of small molecules including bacterial epitopes (Schwarz & Douglas,
2015).

HBsAg, originally described as the ‘Australia antigen’ in sera of patients infected
with hepatitis B virus (Blumberg & Alter, 1965), forms 22 nm spherical particles
each composed of approximately 100 HBsAg monomers. HBsAg monomers

consist of three viral envelope proteins: the S, pre-S1 and pre-S2 proteins. The

38



major structural protein of the Hepatitis B viral envelope, and the most
immunologically important, is the S or small HBV envelope protein (HBsAg-S),
which is composed of 226 amino acids (aa). HBsAg-S VLPs access both MHC I and
MHC II antigen processing pathways in DCs for presentation to CD8+ and CD4+ T
cells thereby eliciting adaptive immune responses to associated antigens (Moffat,
Cheong, Villadangos, Mintern, & Netter, 2013). Recombinant-derived HBsAg-S
molecules spontaneously form VLPs when expressed in a number of different cell

types, including mammalian, yeast, and insect cells (Lanford et al., 1989).

Recombinant HBsAg-S is the main component of the safe and effective Energix-B
and Recombivax vaccines currently used against HBV infection. Registration as a
human vaccine and the presence of well-established high-quality manufacturing
processes, along with highly immunogenic epitope presentation, makes HBsAg-S
VLPs ideal delivery platforms for foreign epitopes (Lanford et al., 1989; McAleer
et al., 1984; Mulder et al., 2012; Netter, Woo, Tindle, Macfarlan, & Gowans, 2003).

The antimalarial vaccine, RTS,S (Mosquirix®), approved for use by European
regulators in July 2015, and the more recent candidate vaccine, R21, utilise
HBsAg-S as an antigen delivery system (Collins, Snaith, Cottingham, Gilbert, &
Hill, 2017; Moorthy & Okwo-Bele, 2015; Wilby, Lau, Gilchrist, & Ensom, 2012).
Both vaccines comprise the central repeat and the C-terminus of the
circumsporozoite protein (CSP) of Plasmodium falciparum fused to the N-
terminus of HBsAg-S, a structural alteration that ensures surface expression of
CSP but interferes with particle formation. In the RTS,S vaccine, the interference
was minimised by incorporation of wildtype HBsAg-S such that each VLP
contains a somewhat random mix of both wildtype HBsAg-S and CSP-HBsAg. This
dilutes the expression of CSP and triggers a significant immune response against
HBsAg (Collins et al., 2017). Rather than fusing or conjugating a Strep A epitope
to the N-terminus of HBsAg-S, this project involved the use of recombinant DNA
technology to clone the bacterial epitope into a more central, yet still surface-

expressed, region of the HBsAg-S called the “a” determinant.
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The “a” determinant of HBsAg-S is a highly conformational, hydrophilic domain
between positions 122 to 150 (Figure 3) (Gavilanes, Gonzalez-Ros, & Peterson,
1982; Rezaee et al,, 2016). The “a” determinant is expressed on the surface of the
VLP and represents the immunodominant region of HBsAg-S containing epitopes
for induction of a protective humoral immune response (Bhatnagar et al., 1982).
Netter et al,, (2001) cloned segments of the hepatitis C virus (HCV) E2 protein
into the DNA sequence of the “a” determinant region of HBsAg-S successfully
producing recombinant chimeric HBsAg-S particles with exposed hepatitis C
virus epitopes (Netter, Macnaughton, Woo, Tindle, & Gowans, 2001). Likewise,
Kotiw et al. (2012) cloned epitopes from the bacterium Helicobacter pylori KAT A
gene into the DNA sequence of the “a” determinant region of HBsAg-S
successfully producing recombinant HBsAg-S particles with exposed H. pylori

epitopes (Kotiw et al., 2012).
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transmembrane (TM) peptides and the surface expressed “a” Determinant
Region. Modified from (Rezaee et al, 2016)

Strep A infections are initiated by bacterial colonisation of pharyngeal mucosa or
the skin. Protection afforded via vaccination should therefore involve induction
of mucosal immune responses. Several VLP-based vaccines targeting mucosal
pathogens have progressed to human trials, further supporting the choice of a
VLP delivery system for Strep A antigens. These vaccines include ResVax™
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(Respiratory Syncytial Virus), NVX-CoV2373 (SARS-CoV-2 Virus), and NanoFlu™
(Influenza Virus) (Nooraei et al., 2021).

Preliminary investigations into the design and production of the plasmid DNA
and the recombinant HBsAg-S VLP expressing an epitope from Strep A M protein
are described in detail in Chapter 4.
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CHAPTER 4: PRELIMINARY INVESTIGATIONS: Design,
production, and purification of a recombinant vaccine against
Strep A utilising hepatitis B virus-like particles as an antigen
delivery platform

4.1 Introduction

The original design for a recombinant VLP-based vaccine against Strep A utilised
]8 as the Strep A epitope. As described in Chapter 3, ]8 is a chimeric protein
consisting of a 12 aa sequence from p145, called J8i, flanked on either side by an
eight aa sequence derived from a yeast DNA binding protein:

QAEDKVKQSREAKKQVEKALKQLEDKVQ (Hayman et al.,, 1997; Relf et al., 1996).

As shown in Table 1 Chapter 3, ]8 was the target antigen of several Strep A
vaccines under development in Australia at the time of publication. Studies by
our collaborators at the Institute for Glycomics, Griffith University, found that
antibodies generated in mice immunised with |8 conjugated to Diphtheria toxoid
(MJ8VAX) recognised the parent peptide, p145, and opsonised live Strep A (Good
& Yanow, 2016). The safety of MJBVAX was demonstrated in a Lewis rat model of
autoimmune valvulitis in parallel with a rabbit toxicology study (Batzloff et al.,
2016). Table 1 Chapter 3 also shows that ]8-based vaccines utilised a variety of
platforms to deliver the antigen to the immune system. The plan was, therefore,
to design and construct a recombinant VLP with surface expression of |8: a Strep
A target antigen with already proven efficacy and safety. In contrast to the ]8-
based vaccine constructs listed in Table 1 Chapter 3, VLP-]8 was designed and
produced as a single recombinant protein, rather than a conjugate or fusion of
separate molecules, to facilitate enhanced consistency and stability of the
putative vaccine. Given the demonstrated ability of recombinant VLPs to induce
target-specific B and T-cell responses, VLP-]8 was expected to demonstrate
enhanced immunogenicity (Schirmbeck, Melber, Mertens, & Reimann, 1994).
Figure 4 illustrates the intended aa sequence of VLP-]J8, which included the
FLAG® octapeptide (DYKDDDDK), to facilitate protein purification using Anti-
FLAG® affinity chromatography.
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Figure 4. Intended amino acid sequence of VLP-]8: |8 expressed within the “a
determinant region of HBsAg-S. The sequence includes the FLAG® octapeptide
sequence at the N-terminus. The calculated MW of the sequence is 28.126 kDa
(Bioinformatics.org).

In a subsequent vaccine construct, ]8 was replaced by p*17 as the Strep A
component. As described in Chapter 3, p*17 is a p145 variant with two amino
acid substitutions: p145-LRRDLDASREAKKQVEKALE to p*17-
LRRDLDASREAKNQVERALE. p*17 demonstrated enhanced, stability, helicity,
immunogenicity, and efficacy in a mouse-model of Strep A skin infection
(Nordstrom et al., 2017). Figure 5 illustrates the intended aa sequence of the
new construct, VLP-p*17, which included a glycine-serine linker to separate the
FLAG® octapeptide from the HBsAg-S sequence to enhance VLP purification by
Anti-FLAG® affinity chromatography.

Figure 5. Intended amino acid sequence of VLP-p*17: p*17 expressed within
the “a” determinant region of HBsAg-S. The sequence includes the FLAG®
octapeptide sequence at the N-terminus followed by a glycine-serine linker. The

calculated MW of VLP-p*17 is 29.198 kDa (Bioinformatics.org).
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4.2 Materials and Methods

4.2.1 pcDNA3.1 expression vector, containing an engineered Agel restriction site
in the “a” determinant region of the HBsAg-S insert (pVLP55), was developed and
kindly provided by Professor Hans Netter, Victorian Infectious Diseases
Reference Laboratory (VIDRL), Melbourne Health, Victoria, Australia (Netter et
al., 2001). The DNA sequence for pVLP55 also includes the Kozak sequence to

facilitate expression in mammalian cells.

4.2.2 HEK293t cells (ATCC® CRL-3216™), kindly provided by the University of
Queensland, St Lucia, Queensland, and approved for use in this project by the
University of Southern Queensland Human Research Ethics Committee (approval
number: HIBREA234). The cells were cultured in 10% FBS DMEM (described
below) and passaged three times prior to storage in 10% Dimethyl Sulfoxide

(DMSO) at -80°C.

4.2.3 Construction and amplification of plasmid pVLP-]8

The DNA sequence for the |8 insert was constructed by annealing the following
oligonucleotides purchased from the Australian Genome Research Facility
(AGREF, St Lucia, Queensland): ]8 forward primer:
5’'CCGGTCAGGCGGAAGATAAAGTGAAACAGAGCCGCGAAGCGAAAAAACAGGTGGA
AAAA GCGCTGAAACAGCTGGAAGATAAAGTGCAGA-3’ and ]8 reverse primer:
5’'CCGGTCTGCACTTTATCTTCCAGCTGTTTCAGCGCTTT TTCCACCTGTTTTTTCGC
TTCGCGGCTCTGTTTCACTTTATCTTCCGCCTGA-3’. Agel restriction sites
(ANCCGGT) were included at each end of the sequence, to facilitate ligation of the
J8 DNA sequence into the pcDNA3.1:HBsAg-S (pVLP55) expression vector.

To construct the J8 DNA insert, 10 pl of each of the two 100 uM primers were
annealed in 25 pl nuclease free water with 5 pl CutSmart® Buffer (New England
BioLabs® Inc.) at 95°C for four minutes. The pcDNA3.1 expression vector,
pVLP55, was digested using Agel-HF® restriction enzyme (New England
BioLabs® Inc.) and CutSmart® Buffer. The J8 insert was then ligated into the
pVLP55 to form pVLP-]8 (pVLP55+ ]J8) using T4 DNA ligase (Promega

Corporation) and a 1:3 molar ratio of vector:insert in CutSmart® Buffer. The
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ligation reaction mix was incubated overnight at 4°C and then transformed in E.
coli competent cells as follows. 3 pl of ligation reaction mix was added to 25 pl of
Invitrogen One Shot™ TOP 10 Chemically Competent E. coli (Life Technologies,
ThermoFisher Australia) and incubated on ice for 30 minutes, at 42°C for 30
seconds, and then on ice again for five minutes. After addition of 275 pl of pre-
warmed (37°C) Invitrogen™ Super Optimal broth with Catabolite repression
(SOC) medium (ThermoFisher Scientific), the vial was placed horizontally in a
shaking incubator at 37°C and shaken for one hour at 225 rpm. The transformed
E.coli were then cultured overnight at 37°C on Luria 460 Bertani (LB) agar
containing 100 ug/ml ampicillin (Amp) and colonies were screened for the
presence of plasmid, pVLP-]8, by polymerase chain reaction (PCR) using the
following primers: T7 forward primer: 5’TAATACGACTCACT ATAGGG-3’ and
HBsAg-S reverse primer: 5’CTGAGCCAGGAGAAAC-3’ followed by agarose gel
electrophoresis (AGE) of the PCR products on 1% agarose at 100 v for 60
minutes. Colonies that generated a PCR product of the expected size (~1225 bp
with the insert compared with 1135 bp without the insert) were subsequently
selected for plasmid extraction and cultured overnight at 37°C on LB agar with
Amp followed by a second overnight incubation, with shaking at 225 rpm, in LB
broth with Amp.

4.2.4 Confirmation of sequence integrity and correct orientation

Because an Agel restriction site was included at each end of the ]8 insert, there
was a 1:2 chance that the insert would be inserted into pVLP55 in the incorrect
(flipped) orientation. To confirm sequence integrity and correct orientation of
the J8 insert, plasmids were extracted using the Wizard® Plus SV Miniprep kit
(Promega) and sent to AGRF for DNA sequencing. The sequence integrity and
correct orientation of the |8 insert was verified in three of five samples sent for
DNA sequencing. Subsequently, one of the colonies that produced the pVLP55-]8
in the correct orientation was grown up from frozen stocks as described above
with an additional subculture of 600 pl of broth culture in 600 ml LB broth with
Amp followed by a third overnight incubation at 37°C, with shaking at 225 rpm.
pVLP55-]8 was extracted using NucleoBond® Xtra Maxi Plus EF Endotoxin-free
plasmid DNA purification kit (Macherey-Nagel). The concentration of the
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extracted and purified plasmid DNA, determined using an Implen
NanoPhotometer® (Implen GmbH), was 803 ng/ul. The purified, pVLP55-]8 was

then stored at -20°C for subsequent transfection in HEK293t cells.

4.2.5 Secondary structure modelling of VLP-J8

Alpha-helicity is essential to the immunogenicity of derivatives of p145,
including J8 (reviewed in Chapter 3 (Dooley et al., 2021)). More specifically, the
helicity of the minimal B cell epitope ]J8i must be preserved in p145-based
vaccine candidates. To confirm that J8i is likely to be expressed in its helical form
in this construct, the Phyre? web portal for protein modelling, prediction and
analysis was utilised to analyse VLP-]8. This involved entering the aa sequence
for VLP-J8, as shown in Figure 4, into the free Phyre2 web portal (Kelley, Mezulis,
Yates, Wass, & Sternberg, 2015).

4.2.6 Expression of pVLP-]J8 in HEK293t cells

Human embryonic kidney (HEK293t) cells were resuscitated from storage at -
80°C, in 10% DMSO, by gentle thawing (in the hand) followed by suspension in
cell culture medium described below. The DMSO was removed by discarding the
supernatant after centrifugation for eight minutes at 125 g. The cells were then
resuspended in Dulbeco’s Modified Eagle’s Medium-High glucose (DMEM Sigma®
Life Science) with 10% Fetal bovine serum (FBS, Australia origin Sigma-Aldrich),
1% L-Glutamine 200 mM (GlutaMAX™ 100X Gibco), 2% and Penicillin 5000
U/ml-Streptomycin 5 mg/ml (Sigma-Aldrich). Prior to use, the media was filtered
using 0.22 pum Millex®GP syringe filters (Merck Millipore). The cells were
transferred to 250 ml CELLSTAR® cell culture flasks with filter caps (Greiner Bio-
One, Kremsmiinster, Austria) and incubated at 37°C with 5% CO2 and passaged
on alternate days for 10 days by which time the cells were estimated to be 70%

confluent.

HEK293t cells were then transfected using FuGENE®HD Transfection Reagent
(Promega), following the manufacturer’s instructions with a 3:1 ratio of
FuGENE®HD to DNA. The transfection mix for each flask consisted of 50 pg pVLP-
J8 and 150 pl FuGENE®HD Transfection Reagent (Promega) made up to 3 ml
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with culture media as described above, but without the FBS. The transfection mix
was vortexed briefly and incubated at room temperature for 15 minutes and
then added to flasks containing the cultured HEK293t cells. The transfected
HE293t cells, were incubated at 37°C with 5% CO; for five days with an
additional 10 ml of pre-warmed serum free DMEM added daily. The supernatant
from each cell culture flask was harvested on day six post-transfection and
analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE).

The supernatant was concentrated using Amicon® Ultra-15 Centrifugal 10K
Filter Units (Merck Millipore, Bayswater, Victoria) and then diluted in PBS in 1ml
aliquots. The aliquots were analysed using an ARCHITECT chemiluminescent
microparticle HBsAg assay (Abbott) at the Pathology Queensland protein

laboratory at Royal Brisbane and Women'’s Hospital, Herston.

4.2.7 Anti-FLAG affinity purification of VLP-]8

FLAG® M2 Purification Kit for mammalian expression systems (Sigma-Aldrich®)
was utilised to separate the FLAG-tagged VLP-]J8 from other proteins in the cell
culture supernatant. Following the manufacturer’s instructions for batch
absorption of FLAG® fusion proteins using Anti-FLAG® M2 Affinity Gel, 50 ml of
cell culture supernatant was added to equilibrated Anti-FLAG® M2 Affinity Gel
and incubated at room temperature with gentle mixing for 60 minutes. Following
incubation, the resin was collected by centrifugation for five minutes at 1 000 g
and then washed in Wash Buffer (0.5M Tris HCI, pH 7.4, 1.5M NacCl) to remove all
non-specific (and unbound) proteins. The wash step was repeated until the
absorbance reading, at 280 nm, of the wash solution coming off the column was
not higher than 0.05 against a wash solution blank. Aliquots of the flowthrough
from each wash were subsequently analysed by SDS-PAGE as were aliquots from
two final washes of the column prior to elution. Bound proteins were eluted
from the column by competitive elution with five one-column volumes of 3X
FLAG peptide. Aliquots of eluate were subsequently analysed by SDS-PAGE. The
process above was subsequently repeated for a second sample of 500 ml of cell

culture supernatant but with incubation at 4°C.
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4.2.8 Plasmid DNA for VLP-p*17
The plasmid DNA for VLP-p*17, codon optimised for protein expression in
mammalian cells, was purchased as 300 pg of transfection grade plasmid from

GenScript Biotech Corporation (GenScript USA Inc.).

4.2.9 Secondary structure modelling of VLP-p*17
The Phyre? web portal for protein modelling, prediction and analysis was utilised
to predict the secondary structure of VLP-p*17 and confirm the helicity of the J8i

variant sequence within p*17.

4.2.10 Expression of VLP-p*17 in HEK293t cells and anti-FLAG purification
VLP-p*17 was expressed in HEK293t cells as described in section 4.2.6 and

purified using anti-FLAG affinity purification as described in section 4.2.7.

4.3 Results

4.3.1 Construction and amplification of plasmid pVLP-]8

The DNA sequence for the p145 derivative, |8, was designed to include Agel
restriction sites at each end and was constructed by annealing two long primers.
The resultant DNA segments were amplified by PCR and then ligated into
pVLP55: pcDNA3.1 expression vector carrying the HBsAg-S DNA sequence with
an Agel restriction site in the “a” determinant. The plasmids were cloned in
E.coli, and 17 single colonies were screened for uptake of pVLP55-]8 by PCR and
AGE. As shown in Figure 6, plasmids from colonies 6,7,9,14 and 16 yielded
slightly larger PCR products and were therefore most likely to contain the
pVLP55-]8. Plasmids were extracted from these five colonies and sent to AGRF

for DNA sequencing.
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Figure 6. Screening for J8 insert in pVLP55. Colonies 6, 7,9, 14 and 16 were
selected for plasmid extraction based on the slightly larger size of the
corresponding PCR product as indicated by AGE.

4.3.2 Confirmation of sequence integrity and correct orientation

The presence of pVLP55-]8 was confirmed in all five samples sent to AGRF for
DNA sequencing but the ]J8 insert was “flipped” in samples 14 and 16. Figure 7
shows the sequencing results for colony six illustrating the correct orientation of
the J8 insert within the HBsAg-S sequence and confirming the presence of the
Kozac sequence and the FLAG® sequence. These results confirmed the successful
cloning of ]8 DNA insert into the HbsAg-S DNA at the “a” determinant and
marked the first milestone of this project. Colony six was used as a source of

pVLP55-]8 from this point on.
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>T7FI8A6_A01

TTACTTAGCTTGCCACC AT SGACTACAAGGACGACGATGACAAGGAGAACATCACATCAGGATTCCT
AGGACCCCTTCTCGTGTTACAGGCGGGGTTTTTCTTGTTGACAAGAATCCTCACAATACCGCAGAGTC
TAGACTCGTGGTGGACTTCTCTCAATTTTCTAGGGGGAACTACCGTGTGTCTTGGCCAAAATTCGCAG
TCCCCAACCTCCAATCACTCACCAACCTCTTGTCCTCCAACTTGTCCTGGTTATCGCTGGATGTGTCTG

CGGCGTTTTATCATCTTCCTCTTCATCCTGCTGCTATGCCTCATCTTCTTGTTGGTTCTTCTGGACTATCA
AGGTATGTTGCCCGTTTGTCCTCTAATTCCAGGATCCTCAACAACCAGCACGGGACCATGCCGGACCT
GCATGACTACCGGTCAGGCGGAAGATAAAGTGAAACAGAGCCGCGAAGCGAAAAAACAGGTGG

AAAAAGCGCTGAAACAGCTGGAAGATAAAGTGCAGACCGGTCAAGGAACCTCTATGTATCCCTCCT
GTTGCTGTACCAAACCTTCGGACGGAAATTGCACCTGTATTCCCATCCCATCATCCTGGGCTTTCGGA

AAATTCCTATGGGAGTGGGCCTCAGCCCGTTTCTCCTGGCTCAGTTTACTAGTGCCATTTGTTCAGTG

GTTCGTAGGGCTTTCCCCCACTGTTTGGCTTTCAGTTATATGGATGATGTGGTATTGGGGGCCAAGTC

TGTACAGCATCTTGAGTCCCTTTTTACCGCTGTTACCAATTTTCTTTTGTCTTTGGGTATACATT 14 ACTC
GAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGT
TGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGT . ..cviierirerisisnssrisisnsissssnas

GCCACC Kozac sequence ACCGGT Agel restriction site
Start codon for HBsAg-S GACTACAAGGACGACGATGACAAG FLAG-tag
Stop codon for HBsAg-S CAGGCGGAAGATA........coce... TGCAG J8

Figure 7. Sequencing report for T7FJ8A6_A01 (VLP-]8) plasmid from colony 6
confirms the sequence integrity and correct orientation of the J8 insert in the
DNA sequence for the “a” determinant of the HbsAg-S. The sequence upstream of
the Kozac sequence and downstream of stop codon for HbsAg-S are part of the
DNA sequence for the pcDNA3.1 expression vector.

4.3.3 Secondary structure modelling of VLP-]8

After successful construction of the recombinant plasmid, pVLP55-]8, the
predicted secondary structure of VLP-]8, the protein encoded by pVLP55-]8, was
analysed using the free Phyre? web portal. As described in Chapter 3, ]8
comprises a sequence of 12 aa from p-145, flanked on either side by sequences of
eight amino acids from the yeast GCN4 DNA binding protein. This 12 aa
sequence, referred to as ]8i, is a minimal B cell epitope and essentially represents
the Strep A, M protein component of |8
(QAEDKVKQSREAKKQVEKALKQLEDKVQ).

The Phyre? report (Figure 8) shows predicted alpha helical secondary structure
for a 10 aa sequence within the 12 aa J8i sequence. Essentially this result
predicts, with a level of confidence from five to seven on a scale of zero to nine,
that 83.33% of the ]8i epitope will be expressed in alpha-helical configuration in

VLP-]8. Furthermore, the transmembrane helix prediction shown in figure 9
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forecast that J8i (aa144-156) is likely to be expressed on the surface of the VLP
(Kelley et al.,, 2015) .
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Figure 8. Secondary structure prediction of VLP-]8. The structure of the Strep A

p145 component of |8 (J8i: SREAKKQVEKAL) was predicted with medium level
confidence to be 83.33% alpha helix (Kelley et al.,, 2015).
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Figure 9. Transmembrane helix prediction for VLP-]8 predicts surface
expression of ]8i (Kelley et al.,, 2015).

4.3.4 Expression of pVLP-]J8 in HEK293t cells

SDS-PAGE of concentrated HEK293t post-transfection culture supernatant,
shown in Figure 10, confirmed the presence of a distinct band at around 28 kDa:
the calculated MW of VLP-]8 is 28.126 kDa (Bioinformatics.org). Results of
HbsAg quantitation of aliquots of various dilutions of the concentrated post-
transfection supernatant are illustrated in Table 1. The HbsAg concentration of
the undiluted sample was 225 IU/ml, which was within the analytical range of
linearity and, according to the conversion outlined by Deguchi et al. (2004),
equates to 900 ng/ml and approximately 1.8 x 1011 VLPs/ml (Deguchi et al.,
2004). These results showed that VLP-]8 recombinant proteins were recognised
by an anti-HbsAg IgM monoclonal antibody used in the Abbott Architect
chemiluminescence assay. Successful expression of VLP-]8 marked the second

milestone of this project.
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Figure 10. SDS-PAGE of supernatant from transfected HEK293t cells showing
the expected band at approximately 28 kDa.

Table 1. HbsAg quantitation of post-transfection cell culture supernatant

HbsAg Quantitation (Abbott ARCHITECT)

Sample HbsAg Concentration*
neat 225 1U/ml 900 ng/ml 1.8x 1011 VLP/ml
1:3 68x3=2041U/ml 816 ng/ml 1.6 x 1011 VLP/ml
1:6 35x6=2101U/ml 840 ng/ml 1.7 x 1011 VLP/ml
1:12 17 x12 =204 1U/ml 816 ng/ml 1.6 x 1011 VLP/ml

*0.05 IU/ml HbsAg ~ 0.2 ng/ml HbsAg.
0.1 ng/ml HbsAg ~ 2 x 107 VLP /ml (Deguchi et al., 2004).

4.3.5 Anti-FLAG affinity purification of VLP-]8

The FLAG® peptide sequence DYKDDDDK was included at the N-terminus of
VLP-]8 (Figure 4) to facilitate protein purification by Anti-FLAG affinity
chromatography. However, SDS-PAGE of the flowthrough and eluate off the Anti-
FLAG resin revealed a band at approximately 28 kDa in the flowthrough samples
but not in the eluate (Figure 11). These results suggest that the FLAG-tagged
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VLP-]J8 did not bind to the anti-FLAG resin at 4°C or at room temperature and
were confirmed by HbsAg quantitation, with 212 IU/ml measured in pooled

flow-through samples and less than 0.05 [U/ml detected in wash and eluate

samples.

8

SDS-PAGE

20ul sample with
Sul loading buffer.

200v for 34mins

3 x 5 mins wash in
Millipore water

1 hr staining with
Imperial™ Protein
Stain

Overnight de-
staining

Figure 11. SDS-PAGE of flow through, wash and eluate after Anti-FLAG affinity

chromatography for VLP-]8 shows a band at approximately 28 kDa in the flow
through but not in the eluate. Imperial™ Protein Stain (ThermoScientific).

4.3.6 The plasmid DNA for VLP-p*17

The DNA sequence for VLP-p*17, codon optimised for protein expression in

mammalian cells is shown in Figure 13. The p*17 sequence was inserted into the

“a” determinant of HBsAg-S to facilitate surface expression of the Strep A epitope.
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Figure 12. Codon optimised DNA sequence for VLP-p*17 with Glycine-Serine
linker, FLAG®-tag and restriction sites for insertion into pcDNA 3.1.

4.3.7 Secondary structure modelling of VLP-p*17

The Phyre? report (Figure 13) predicted alpha helical secondary structure for the
entire 12aa variant J8i sequence, with medium to high confidence (five to eight
on a scale of zero to nine) (Kelley et al., 2015). As was the case for VLP-]8, the
transmembrane helix prediction shown in figure 15 confirmed predicted surface
expression of p*17 (aa141-160) in the proposed new construct (Kelley et al.,
2015).
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the J8i variant within p*17 (SREAKKQVEKAL) is predicted, with medium to high

confidence, to be in the alpha helical conformation (Kelley et al., 2015).
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Figure 14. Transmembrane helix prediction for VLP-p*17 predicts surface
expression of p*17 (Kelley et al., 2015).
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4.3.8 Expression of VLP-p*17 in HEK293t cells and anti-FLAG purification
Transfected HEK293t cells secreted VLP-p*17 but once again, the VLP failed to

bind to the anti-FLAG resin as shown in Figure 15.
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Figure 15. SDS-PAGE of flow through, wash and eluate after Anti-FLAG affinity
chromatography shows a band at approximately 29 kDa in the flow through but
not in the eluate. Imperial™ Protein Stain (ThermoScientific).

A possible explanation for the failure of binding of FLAG-tagged VLP-p*17 to the
anti-FLAG resin could be the tendency of VLPs to spontaneously form particles
(as demonstrated by transmission electron microscopy in Chapter 5) that may be

too large to bind to the column.

4.4 Discussion and Conclusion

The preliminary investigations described above resulted in successful
production of recombinant HBsAg-S VLPs confirmed by the results of HBsAg
quantitation shown in Table 1. SDS-PAGE analysis of the cell-culture derived
VLPs shown in Figures 10, 11, and 15, indicate the presence of proteins at
approximately 28 - 29 kDa, matching the calculated MW of VLP-]8 and VLP-P*17

respectively. These results suggest that the secreted VLPs contain the additional
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amino acid sequences inserted into the HBsAg-S. Figures 13 and 14 predict that
the alpha-helical secondary structure of the Strep A epitopes will be maintained
and that the epitopes will be expressed on the surface of the VLPs. Both of these
features are critical for Strep A antigen-specific immunogenicity. The secondary
structure of culture derived proteins, including VLPs, can be confirmed by
methods such as Raman spectroscopy, circular dichroism spectroscopy, and
infrared spectroscopy, Fourier Transform Infrared Spectroscopy and
Thermogravimetric Analysis (Pelton & McLean, 2000). However, these analyses
require specialised equipment and expertise, were beyond the scope of this
study, and are not routinely applied in the early stages of vaccine development
(Kotiw et al., 2012; Netter et al., 2001). Failure to purify VLP-]8 using Anti-FLAG
affinity chromatography led to the decision to construct a new VLP with
inclusion of a glycine-serine linker to separate the FLAG® peptide from the rest
of the molecule in the hope that this would help facilitate binding of the VLP to
the anti-FLAG resin. In light of new research by our collaborators at the Institute
for Glycomics, the decision to substitute ]8 with p*17 as the Strep A component

of the new vaccine was also made at this stage.

As described in Chapter 3, Nordstrém et al,, (2017), designed and tested 86
variant peptides with single and double amino acid substitutions within the J8i
sequence of P145. One of the variants was p*17, (LRRDLDASREAKKQVEKAL with
two amino acid alterations LRRDLDASREAKNQVERAL). In a mouse-model of
Strep A skin infection, p*17 induced a degree of protection that was 10 000-fold
greater than that induced by p145 after a single immunisation. Our collaborators
at the Institute for Glycomics agreed that p*17 should be the Strep A component
of the VLP-based Strep A vaccine and offered to fund the subsequent animal trial

described in Chapters 5 and 6.

Failure to purify the recombinant VLPs using Anti-FLAG affinity chromatography,
despite inclusion of a glycine-serine linker in the vaccine construct, prompted a
decision to attempt partial purification of VLP-p*17 utilising a 20% sucrose

gradient and ultracentrifugation.
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The production, characterisation, quantitation and semi-purification of VLP-
p*17, and evaluation of the immunogenicity of semi-purified VLP-p*17
formulated with adjuvant in BALB/c mice, is described in detail in Chapter 5

(Paper 2).
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CHAPTER 5: PAPER 2 - Chimeric hepatitis B surface antigen
virus-like particles expressing the Strep A epitope p*17 elicit
a humoral response in mice.

5.1 Introductory paragraph

This paper describes the expression, semi-purification and preliminary
immunological evaluation of VLP-p*17: a putative recombinant virus-like
particle vaccine against Strep A. The study tested the hypotheses that expression
of p*17 within the “a” determinant of HBsAg-S will not compromise spontaneous
VLP formation, a feature critical for immunogenicity of the putative vaccine. This
study also tested the hypothesis that mice immunised with VLP-p*17 formulated

with adjuvant will produce measurable titres of p*17-specific IgG antibodies.

5.2 Paper2

Dooley, L, Ahmad, T, Ozberk, V, Pandey, M, Good, M & Kotiw, M 2022, ‘Progress in
the development of a novel recombinant virus-like particle vaccine against Strep
A infections and rheumatic heart disease’, Heliyon (submitted for publication
November 4, 2022, minor revisions submitted March 14 and May 30, 2023).
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DNA technology to express p*17 on the surface of HBsAg-5 VLP, to semi-purify the cell-
culture-derived VLP-p*17, and to evaluate its immunogenicity in mice.

2. Materials and Methods

Utilizing recombinant DNA technology we designed and produced a chimeric HBsAg
VLP with surface expressed p*17, (Figure 1) and evaluated the p*17-specific humoral
repsonse in mice vaccinated with three 0.5 yug doses of the putative Strep A vaccine,
VLP-p*17.

2.1. DNA expression vector
The DNA sequence for the recombinant HBsAg-5-p*17 construct (VLP-p*17) was
designed with the p*17 sequence inserted at an engineered AGE] restriction site in the
cDNA of HEsAg-5 (between amino acids 127 and 128) to direct expression of p*17 in
the “a" determinant region of HBsAg-5 [15, 20]. The VLP-p*17 gene was codon
optimized for expression in mammalian cells, synthesized and cloned into the
Hindlll/Xhol cloning site of pcDNA3.1(+] by GenScript (Hong Kong) Limited, and
purchased as 300 pg of bespoke transfection grade plasmid in 300 pl buffer.
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Figure 1. Design and synthesis of VLP-p*17 [amino acid substitutions in p145 to create
p*17 are shown in blue). The p*17 DNA sequence was incorporated into the HBsAg-5
DNA sequence at an engineered AGE] restriction site. The HBsAg-5-p*17 sequence was
then inserted into the pcDNA3.1 expression vector and expressed in HEK293t cells,

which subsequently secreted recombinant VLP-p*17.
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images (Figure 3) confirmed the presence of homologous particles around 22 nm in
diameter with visible viral capsomeres. These images are consistent with our previously
published TEM images of recombinant HBsAg VLPs [15]. The mean HBsAg
concentration of the concentrated and partially purified samples was 868.7 IU/ml,
which converts to approximately 3 475 ng/ml. According to Deguchi et al., (2004).
0.1ng/ml HBsAg approximately equals 2 x 107 VLPs. Using this calculation, the mean
concentration of recombinant HBsAg VLPs in the concentrated and partially purified
samples was approximately 6.9 x 1011 /ml [22].

Figure 3. Transmission electron micrograph showing clusters of virus-like particles
with visible capsomeres. Using the scale provided, each particle appears to be
approximately 22 nm in diameter. Image by Kathryn Green, CMM.

3.3 Detection of p*1 7 expression by Western Blot

Expression of p*17 in the recombinant VLPs was confirmed by Western blot analysis of
concentrated and partially purified post-transfection cell culture supernatant using sera
from mice previously immunised with p*17-DT/Alum. The anti-p*17-DT antibodies
recognized VLP-p*17, confirming the expression of p*17 in the recombinant VLPs
(Figure 4). Wild type HBsAg-5 VLPs comprise a mixture of non-glycosylated [P24) and
glycosylated (GP27) HBsAg monomers [23]. This mix of glycosylated and non-
glycosylated forms is reflected in the presence of bands at 31 kDa and 29 kDa. The band
at 17 kDa most likely indicates the presence of truncated or degraded monomers that
still express p*17.
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Figure 4. Western blot utilising anti-p*17-DT sera. The panel on the left illustrates the
migration of the MW marker (Servicebio®) during SDS-PAGE for comparison with the
Western Blot on the right, which illustrates the presence of glycosylated (A) and non-
glycosylated (B) HBsAg-5-P*17 monomers, and truncated or degraded monomers (C). in
resuspended pelleted VLPs post ultracentrifugation through 20% sucrose cushion
(diluted 1:5) in lanes 1, 2 and 3. The darker bands in lane 2, are consistent with the
significantly higher concentration of VLP measured in sample 2 as shown in Table 1.
Lane 4 contained HEsAg (MyBioSource] as a control for non-specific binding of anti-
p*17-DT to the HBsAg-5 component of VLP-p*17.

3.4. ELIS4

p*17-specific [gG was demonstrated in the sera of all mice immunised with VLP-p*17 or
p*17-DT formulated with Alum in sterile PBS and in no mice ineculated with Alum in
PES or with PBS only. While the p*17-specific IgG titers were low (range 2 x 102-8x
102) after the initial inoculation with 0.5 pg VLP-p*17, they increased at least 32-fold
after the first booster dose, to greater than 1.28 x 104 (range 1.28 x 10+ - 8 x 10%) after
the second booster dose (Figure 5).
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5.3 Links and implications for further studies

The results of this study confirmed that the molecular design, cell culture,
transfection, and semi-purification techniques performed resulted in the
production of a recombinant VLP with surface-expressed p*17 that
spontaneously formed particles within the range for optimal uptake by immune
cells. Furthermore, the results of this study demonstrated that mice immunised
with VLP-p*17 produced measurable titres of p*-17 specific IgG after a single 0.5
ug dose. These titres rose to greater than 1.28 x 10%in all immunised mice after a
further two 0.5 pg booster doses confirming the antigen-specific immunogenicity

of VLP-p*17.

While VLPs are inherently immunogenic, most vaccine formulations include an
adjuvant to further enhance the immune response to the target epitope
presented by the vaccine. Adjuvants not only boost initial response to the target
antigen and minimise the dose of antigen required to stimulate a protective
response, they can also help sustain the response and reduce the number of

booster doses required (Zhang, Li, Liu, Nandakumar, & Jiang, 2022). In this study,
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VLP-p*17 was formulated with the adjuvant Alum (Alhydrogel), a 2% aluminium
hydroxide wet gel suspension. While Alum is the most widely used adjuvant in
human and animal vaccines, other types of adjuvants have recently been
approved for use in human vaccines. These newer adjuvants vary in their modes
of action, with subsequent differences in the nature of the immune responses

they induce (Zhang et al., 2022).
Chapter 6 (Paper 3) describes a comparative immunogenicity trial of VLP-p*17

formulated with Alum and two more recently developed adjuvants, Vet-SAP®, a

saponin-based adjuvant, and Advax™, a delta inulin-based adjuvant.
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CHAPTER 6: PAPER 3 - Immunogenicity of a chimeric
recombinant virus-like particle as a putative vaccine against
Streptococcus pyogenes

6.1 Introductory paragraph

This study followed directly from the previous study and further investigated the
immunogenicity of p*17 expressed on a chimeric recombinant virus-like particle
(VLP-p*17). This study also investigated the effects of two novel adjuvants on the
immunogenicity of VLP-p*17 by comparing the serum p*17-specifc IgG titres
induced by immunisation of mice with VLP-p*17 formulated with a traditional
aluminium salt-based adjuvant, with titres induced in mice immunised with VLP-
p*17 formulated with the more recently developed adjuvants, Advax™ and Vet-
SAP®. The nature of the immune response triggered by the different
formulations was further investigated through measurement of serum p*17-

specific IgG1 and IgG2a in immunised mice.

6.2 Paper 3

Dooley, L, Ahmad, T, Ozberk, V, Pandey, M, Good, M & Kotiw, M 2022,
‘Immunogenicity of a chimeric recombinant virus-like particle as a putative
vaccine against Streptococcus pyogenes’, (to be submitted for publication to an

appropriate journal).
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Abstract

Streptococcus pyogenes [Strep A) causes a wider spectrum of human disease than any
other bacterium with a disproportionate burden of disease carried by
socioeconomically disadvantaged populations. A vaccine that is effective against the
multiple strains of Strep A endemic in these populations is considered the most efficient
means of delivering prophylaxis against the bacterium. A candidate combinatorial
synthetic peptide vaccine, based on the Strep A M protein-derived epitope, p*17, has
previously demonstrated high levels of immunogenicity and prophylactic efficacy in a
mouse Strep A challenge model. Following these promising results, this study was
undertaken to investigate the potential benefits of delivering the p*17 epitope in a
chimeric virus-like particle (VLP). The VLP used in this study consists of around 100
monomers of recombinant Hepatitis B small envelope protein (HBsAg-S) with each
expressing the p*17 peptide within the surface-expressed, immunodominant “a"
determinant region of HBsAg-5. HBsAg-S monomers spontaneously self-polymerise to
form icosahedral nanoparticles approximately 22 nm in diameter, which is within the
optimal size rage for uptake by dendritic and B cells. Because the recombinant HBsAg-5
VLP resembles the infectious hepatitis B virion in size and structure but contains no
genetic material, it has an intrinsic advantage of being readily recognised and

responded to by the human immune system yet is non-infectious. In this study, we have
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demonstrated induction of high titres of p*17-specific IgG antibodies in mice, following
two low doses (0.5 pg/dose) of the VLP-p*17 vaccine. These titres were comparable
with reported high titres generated by a single dose (25 pg/dose) of a p*17-Diphtheria
toxoid conjugate vaccine (p*17-DT). Furthermore, we have also shown that inclusion of
the relatively novel saponin-based adjuvant Vet-SAP® in the vaccine formulation
induced a significant rise in antibody titre compared to the commonly used standard
adjuvant, alum (aluminium hydroxide). The VLP-p*17 /Vet-5AP® vaccine formulation
was also shown to induce production of p*17-specific [gG1 and lgG2a, with a significant
IgG1 bias. This study has highlighted significant advantages in using the HBsAg-5 VLP as
a delivery vehicle for p*17 in a putative Strep A vaccine. These include generation of
high target antigen-specific antibody titres at low dose, molecular stability and
reproducibility due to the recombinant nature of the VLP, and its proven track record as
a safe and effective vaccine against hepatitis B virus infection: the latter being an
attribute that may be beneficial in progressing the putative vaccine to future clinical

trials.

1. Introduction

Streptococcus pyogenes (Strep A) is responsible for a wider spectrum of human disease
than any other bacterium (Cunningham, 2000). Strep A infections range from mild
superficial infections of the throat and skin to severe invasive Streptococcal diseases
(15D) including neonatal and maternal sepsis and necrotising fasciitis, and toxigenic
diseases such as scarlet fever and streptococcal toxic shock syndrome (STSS).
Superficial Strep A infections are also associated with autoimmune sequelae, the most
serious of which are acute rheumatic fever (ARF) and rheumatic heart disease (RHD)
(Cunningham, 2000; Stevens & Bryant, 2016). While Strep A is universally susceptible
to penicillin, it is responsible for an estimated 517 000 deaths worldwide each year,
with a disproportionate share of the disease burden carried by socioeconomically
disadvantaged populations (Good, 2020; Ralph & Carapetis, 2013). Effective vaccination
is widely regarded as the most reliable and cost-effective means of reducing the Strep A
disease burden in at-risk populations (WHO, 2018). However, despite many decades of
research globally, no Strep A vaccine offering sufficiently broad protection from the

diverse strains of Strep A endemic in these populations is currently available [Dooley,
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Figure 1. Immune response to recombinant HEsAg-5-p*17 VLP. VLPs are readily taken up by
dendritic cells and presented to CD8+ T cells and CD4+ T cells via MHC I and MHC Il antigen
presentation pathways respectively. Subsequent activation, proliferation and differentiation of T
cells and B cells ultimately leads to generation of p*17-specific activated and memory cytotoxic T
cells, memaory B cells, and plasma cells secreting p*17-specific IgG.

Due to their particulate nature, molecular stability, and expression of high density and
repetitive displays of epitopes, VLPs are ideal antigen delivery platforms and are the
basis of licensed anti-viral and anti-malarial vaccines (Nooraei etal, 2021). Using
recombinant DNA procedures, we expressed p*17 within the surface expressed
immunodominant “a” determinant region of HBsAg-S such that the resultant chimeric
VLPs have the potential to surface-express around 100 copies of p*17 per nanoparticle
(Mangold & Streeck, 1993). HBsAg-5 VLPs have been used in humans for decades as a
safe and effective vaccine against hepatitis B virus, an attribute that may be beneficial in

progressing the putative vaccine, VLP-p*17, to future clinical trials.

The principal aim of this study was to determine whether the immunogenicity of the
HBsAg-5-p*17 VLP was comparable to that of the p*17-DT candidate vaccine described
above. Whilst chimeric VLPs have been shown to be highly immunogenic, and to some
extent self-adjuvanting, an adjuvant is typically included in the vaccine formulations to
augment its efficacy and promote a desired immune response (Pulendran,

Arunachalam, & O'Hagan, 2021; Rivera-Hernandez et al., 2013) . Traditionally,

82



aluminium salts (Alum) have been the adjuvant used with VLPs. However, novel
adjuvant formulations aimed at inducing faster, stronger and more prolonged
protective immunity, particularly in weak responders, have emerged (Cimica & Galarza,
2017). Hence, a second aim of this study, was to trial two novel adjuvants, Vet-SAP® and
Adwvax™, in comparison with Alum, for their efficacy in optimising antibody responses to
p*17 expressed on HBsAg-S VLPs. Finally, p*17-specific IgG1 and | gG2a titres were
determined to define which of the three formulations optimised the Th1 response and
were therefore likely to induce antigen-specific cell-mediated responses in addition to

the humoral responses measured.

2. Materials and methods
2.1. DNA expression vector

The DNA sequence for the recombinant HBsAg-5-p*17 construct (VLP-p*17) was
designed to direct expression of p*17 in the "a" determinant region of HBsAg-5. The
VLP-p*17 gene was codon optimised for expression in mammalian cells and

synthesised and cloned into pcDNA3.1(+) by GenScript (Hong Kong) Limited.

2.2 Adjuvants
The adjuvants, Alum, Vet-SAP® and Advax™, were kindly provided, ready for use, by
Vaxine Pty. Ltd,, Adelaide, Australia. The adjuvants were stored at 4°C until required

and formulated with antigen, (HBsAg-p*17) according to manufacturer’s guidelines.

a. Advax™ comprises of delta inulin particles manufactured under current Good
Manufacturing Processes (GMP) and optimised for consistency and maximal
adjuvant activity (Petrovsky, 2017). Inulin is a storage polysaccharide found in many
food plants including chicory, artichoke, onions and garlic [reviewed in (Barclay,
Ginic-Markovic, Cooper, & Petrovsky, 2012]). Delta particles are obtained by
precipitation of inulin from water at progressively higher temperatures and are
insoluble at body temperature (Cooper & Petrovsky, 2011). Delta inulin enhances
both Thl and ThZ responses and Advax has been proven safe and effective in human
trials of influenza vaccines, hepatitis B vaccines, and insect sting allergy vaccines

(Petrovsky, 2017; Quan et al., 2021).
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Figure 2, Vaccine formulations and immunization and sample collection schedule

2.6 ELISA

Standard ELISA was used to determine murine p*17-specific IgG antibody titres. 96-well
microtiter plates (Nunc, Denmark) were coated with 5 pl p*17 peptide (10 mg/ml) in 10
ml carbonate buffer [pH 9.6) for 90 min at 37°C. Plates were blocked overnight at 49C
with 150 pl/well 5% skim milk containing 0.05% Tween 20, and then washed twice with
PBS/0.05% Tween 20. Murine serum samples were diluted 1/100 in 0.5% skim milk then
added across the plate continued with doubling dilutions down the plate (100 wl /well).
Plates were incubated for 90 min at 37°C and then washed four times with PBS,/0.03%
Tween 20. Goat Anti-Mouse IgG (H+=L]-HRP conjugate [BIO-RAD, Australia), diluted
1/3000 in 0.5% skim milk, was added (100 pl/well) and the plates were once again
incubated for 90 min at 37°C and then washed four times with PBS/0.05%¢ Tween 20.
TMB substrate solution [Thermo Scientific) was prepared according to the
manufacturer’s instructions and 100 ul was added to each well. Plates were incubated at
room temperature in the dark for 15 mins, after which time the reactions were stopped
with 100 ul of 2M sulfuric acid and the absorbance for each plate was read at 450 nm
using a Varioskan LUX Multimode Microplate Reader [ThermoFisher) with Skanlt Soft-
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Figure 3. Transmission electron micrograph showing clusters of virus-like particles with visible
capsomeres. Using the scale provided, each particle appears to be approximately 22 nm in diameter.

Image by Kathryn Green, CMM.
3.2 ELISA

p*17-specific IgG was demonstrated in the sera of all mice immunised with a single dose
of VLP-p*17 formulated with adjuvant in PBS, or p*17-DT formulated with Alum in PBS
(positive control) and in no mice immunised with adjuvant alone or PBS alone. The
serum p*17-specific IgG titres induced 20 days post initial dose were considerably
higher in mice inoculated with p*17-DT/Alum (mean 5 760) than in those inoculated
with VLP-p*17 /Alum (mean 360). Given the fifty-fold difference in inoculum dose (0.5
ug VLP-p*17 /0.5 ul Alum, versus 25 ug p*17-DT/25 ul Alum) this sixteen-fold difference
in IgG titres was less than might be unexpected.

When comparing IgG titres in the sera of mice immunised with VLP-p*17 formulated
with different adjuvants, titres were consistently highest in mice immunised with VLP-
p*17 formulated with Vet-SAP® as shown in Figure 4. Although the differences in titres
observed in the sera collected on day 20 and day 27 were not statistically significant, in
the sera collected on day 35, the differences observed between the VLP-p*17 /Advax™
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and VLP-p*17/ Vet-SAP® groups (P < 0.005) and VLP-p*17 /Alum and VLP-p*17 /Vet-
SAP® groups (P < 0.005) were statistically significant.
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Serum p*17-specific IgG titre

Figure 4. Serum p*17-specific IgG tifres in mice immunised with VLP-p*17/Alum, VLP-p*17/
Advax™ or VLP-p*17/Vet-SAP®. IgG titres were determined by ELISA on sera collected an day 20
(Bleed 1), day 27 [Blead 2) and day 35 (Bleed 3] post immunisation. Error bars show SEM. Titres
[for the p*17-DT (positive control) group for bleeds 1, 2 ond 3 are not shown but were 5760, > 640
000 and »1 280 000 respectively.

Figure 5 displays the increases in p*17-specific IgG titres after the first (Day 20 - Day 27)
and second [Day 27 - Day 35) booster doses of VLP-p*17 formulated with the three
different adjuvants, and the overall increazes in p*17-specific lgG titres (Day 20-day 33).
The mean increase in p*17-specific IgG titres after the first boost was highest in the VLP-
p*17/Alum group (52.8-fold increase) compared with the VLP-P*17 /Advax [49.6-fold
increase) and VLP-p*17 /Vet-SAP® groups (51.6-fold increase), although the differences
were not statistically significant. The mean increases after the second boost was greatest
in the VLP-p*17 /Vet-5AP® group (4.6-fold increase) compared with the VLP-P*17 fAdvax
(4-fold increase) and VLP-p*17 /Alum groups (2.175-fold increase), and once again the
differences were not statistically significant.

89



Day 20 - Day 27 Day 27 - Day 35 Day 20- Day 35

-
-
-

300
L]
200
&

1™

——

Fold increase in serum IgG titre
1

" m ]

VLP-p®"17 WVLFp*17 VIP-p®"17 VLP-p*17 VLP-p"1T WLPp®17 VLP-p*IT WLP-p*1IT WLP-p"17
Alum Bdvax  Wet-SAP Alum Advax  Vat-SAF flum Advas  Wet-SAP

Figure 5, Fold increase in p*17-specific I titres between sera collected on days 20 and 27,
between sera collected on days 27 and 35, and bebween sera collected on days 20 and 35. Error
bars show SEM.

As shown in Figure 6, p*17-specific [gG1 titres were highest in the sera collected on Day
35 from the VLP-p*17 /Vet-SAP® group. However, only the difference between the VLP-
p*17 /Vet-SAP® proup and the VLP-p*17 fAdvax™ group was statistically significant
(P<0.03). Figure 5 also shows that p*17-specific [gG2a titres were <100 in all mice
inoculated with either VLP-p*17 fAlum or p*17-DT/Alum. Although the IgG2a titres
were higher in the VLP-p*17 /Vet-SAP® group than in the VLP-p*17 Advax™ group, the
difference was not statistically significant (P = 0.99].
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Figure 6. Serum p*17-specific [gG1 titres in mice immunised with VLP-p*17/Alum, VLP-

p 17/ Advax™, or VLP-p*17/Vet-SAP®, and serum p*17-specific [gG2a titres in mice immunised
with VLP-p*1 7/dlum, VLP-p™1 7 Advax™, VLE-p~1 7/ Vet-54P* or p*1 7-DT. Titres were determined
by ELISA on sera collected on day 35 (Bleed 3) only. Error bars show SEM.

4. Discussion

In this study we examined the immunogenicity of the conserved Strep A M protein-
based epitope, p*17. when delivered by a recombinant chimeric HBsAg-5 VLP (VLP-
p*17). The induction of high antibody titres and enhanced protective efficacy against
dermal and invasive Strep A bacterial challenge in mice immunised with p*17 has been
demonstrated previously (Reynoelds et al., 2021). The use of chimeric VLPs as antigen
delivery platforms offers significant benefits compared to other more traditional
vaccine strategies such as: resemblance to the live virion but without replicative
potential and associated risk of mutation or reversion to virulence; predictable
repetitive antigen display and potential to optimise efficacy via addition of multiple
epitopes: and potential utilisation as drug nanocarriers via concurrent use of the
internal spaces of the VLP to present additional complimentary immunogenic

components to the immunised host. Furthermore, VLPs provide reproducible molecular
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CHAPTER 7: DISCUSSION AND CONCLUSION

7.1 Discussion

The primary aim of the research described in this thesis was to construct a
recombinant vaccine against the bacterium Streptococcus pyogenes (Strep A) and
to evaluate the immunogenicity of the putative vaccine in mice. This chapter will

summarise the main findings from this research.

The initial review of the literature, presented in Chapter 2, highlighted the
significance of Strep A as a major human pathogen responsible for
disproportionate morbidity and mortality in socially disadvantaged populations.
Those most at risk are children living in developing countries or in Indigenous
communities in developed counties including Australia (May, Bowen, &

Carapetis, 2016).

Strep A infections are a cause of significant suffering and premature death among
children and young adults living in remote Indigenous communities in central
and northern Australia where overcrowding and inadequate access to health
care services make infection control extremely difficult (Ralph et al,, 2018; White
etal,, 2010). While children in these communities suffer alarmingly high rates of
Strep A pyoderma and disproportionately high rates of APSGN and ISD, the major
mortality and morbidity attributed to Strep A in these children is due to RHD.
Children with symptomatic RHD can suffer extreme fatigue and severe shortness
of breath. As a result, they are often unable to go to school or play, or in some
cases even walk. Repeated Strep A infections and recurrent bouts of ARF cause
progressive damage to the heart valves which eventually need to be surgically
repaired or replaced, at a cost of between $100,000 and $200,000 per surgery.
Some children require repeated surgeries to repair and replace the damaged
valves with tissue grafts from animals (Keenan, Newland, Baker, Rice, &
Bennetts, 2019). These children suffer significant emotional trauma when taken
from their families and communities to spend months in the alien environment

of a large hospital in a major city, typically Melbourne, Sydney or Brisbane. They
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also miss considerable amounts of schooling (Hill & Collins, 2019). After surgery,
children with RHD require penicillin injections every 28 days for a minimum of
10 years (RHDAustralia, 2020). Missing a single injection can mean that the child
becomes reinfected by Strep A and suffers further heart valve damage, which
may require further surgical repair or replacement. Even without reinfection,
tissue graft valves breakdown after around five years and eventually require
replacement with a mechanical valve. The human heart has four valves and
children with RHD often have more than one valve that requires repair. This
presents additional challenges to cardiac surgeons and increases the risk of
surgical complications (Keenan et al., 2019). Children with mechanical heart
valves require life-long oral anticoagulant therapy (Warfarin) and regular blood
tests to monitor therapy, in addition to regular monthly penicillin injections. The
injections need to be administered slowly (up to two minutes) and are painful
(RHDAustralia, 2020). These services are difficult to access for people living in
remote Aboriginal communities: a factor that may lead to lapses in their
treatment or necessitate their relocation to a community that has appropriate
medical services. In some Aboriginal communities, children as young as nine
require surgery to repair damaged heart valves and children as young as 15
require the insertion of mechanical heart valves after repeated surgical valve
repairs (Hill & Collins, 2019). Life expectancy in children, after insertion of a
mechanical heart valve is only around 10 years, mainly due to the risks
associated with anticoagulant therapy: over warfarinisation can lead to bleeding
and under warfarinisation can lead to thrombosis. The risk of premature death
from thrombosis in females with mechanical heart valves is particularly high
because warfarin is teratogenic and therefore cannot be used during pregnancy

(Sullivan et al., 2020; Wyber et al., 2020).

The review of the literature also found that while numerous programs aimed at
reducing the rates of Strep A infections have been trialled in Australian
Aboriginal and Torres Strait islander communities, none have significantly
reduced the burden of Strep A disease in these communities. Effective
vaccination is widely regarded as the most reliable and cost-effective means of

reducing the Strep A disease burden in at-risk populations (Cannon et al., 2018).
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This view was formalised in 2018 when part of the Global Resolution on ARF and
RHD unanimously adopted by Member States of the World Health Organisation
(WHO) at the World Health Assembly, focused on development of a safe and
effective vaccine against Strep A (WHO, 2018).

The aim of the review paper, published in Autoimmunity Reviews and presented
in Chapter 3 (Paper 1), was to construct a broad review of the current
understandings of the epidemiology, pathogenesis and host-pathogen
interactions, genetic and environmental contributors to host susceptibility, and
diagnosis, treatment, and prevention of RHD. While numerous previously
published reviews addressed one or two of these topics, the manuscript
presented in Chapter 3 provides a detailed update on the status of research and
understanding across all of them. While the current understandings of the
pathogenesis and host-pathogen interactions, and genetic and environmental
contributors to host susceptibility, were investigated from a global perspective,
epidemiology, diagnosis, treatment and prevention were reviewed primarily
from an Australian perspective. The following key points were highlighted: In
Australia, streptococcal pyoderma (in addition to streptococcal pharyngitis) and
Group C and Group G Streptococcus (in addition to Strep A) have been implicated
as antecedents to ARF; the rates of RHD in remote Indigenous communities are
persistently among the highest in the world; government register-based
programs coordinate disease screening and delivery of prophylaxis with variable
success; and Australian researchers, particularly our collaborators at the
Institute for Glycomics, Griffith University, have made significant progress in the

development of a broad-spectrum vaccine against Strep A.

The review of Strep A vaccine research, summarised in Chapter 3, Table 1, was
aimed at informing a novel approach to the design of a putative Strep A vaccine,
in particular the choice of target antigen. Due to the heterogeneity of the Strep A
strains endemic in Australia, local research targets conserved antigens,
particularly peptide sequences in the C repeat regions of the Step A M protein. As
described in detail in Chapter 4, our initial vaccine construct targeted ]8, a
derivative of p145, a 20 aa peptide in the C3 repeat region of M protein
(LRRDLDASREAKKQVEKALE). J8 comprises a minimal B cell epitope (J8i:
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SREAKKQVEKAL) within p145, flanked on either side by sequences of eight
amino acids from the yeast GCN4 DNA binding protein to maintain the natural
alpha-helicity of ]8i (Relf et al.,, 1996). As shown in Chapter 3 Table 1, ]8 was the
Strep A target antigen of the leading Strep A candidate vaccines in development
in Australia at the time of publication. Chapter 3 Table 1 also highlights the
different ways in which various vaccine constructs delivered J8 to the immune
system suggesting that, while ]8 was considered an optimal Strep A target
antigen at that time, research into the ideal antigen delivery system was ongoing.
A secondary aim of the general literature review, presented in Chapter 2, was
therefore to investigate the use of VLPs, in particular HBsAg-S VLPs, as antigen
delivery platforms in putative vaccines against bacterial pathogens. While no
VLP-based antibacterial vaccine is currently licensed for use in humans, the
literature confirmed the safety and efficacy of VLP-based antiviral and
antimalarial vaccines. This in turn confirmed the novelty of a recombinant
HBsAg-S VLP-based vaccine against the bacterium Streptococcus pyogenes. The
literature review also validated the rationale behind expressing foreign epitopes

“_n

within the immunodominant “a” determinant region of HBsAg-S.

Chapter 4 provided a detailed description of the design and production of VLP-]8,
the initial vaccine construct, and VLP-p*17, the putative vaccine that was
progressed to the animal trials described in Chapters 5 and 6. Two critical
considerations in the design of the VLP-]8 and VLP-p*17 were, surface
expression of the Strep A antigen, and preservation of the natural alpha-helical
secondary structure of the Strep A antigen, particularly the J8i sequence. The
Phyre? report for VLP-p*17, presented in Figure 14, shows predicted alpha
helical secondary structure for the entire 12aa sequence of the variant ]J8i
epitope compared with the Phyre?2 report for VLP-]8, presented in Figure 9,
which shows predicted alpha helical secondary structure for only 83.3% of the
J8i epitope. This concurs with enhanced helicity of p*17 reported by Nordstrom
etal, (2017) and further supported the decision to progress VLP-p*17 as a
putative Strep A vaccine in place of VLP-]8.
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Production of VLP-]8, started with two long DNA primers, which were annealed
to produce the double stranded DNA to be inserted into the HBsAg-S DNA
sequence. The insert was digested and then ligated into the pcDNA3.1 expression
vector containing the DNA sequence for HBsAg-S with an Agel restriction site in
the “a” determinant region. The plasmid DNA was transformed in E. coli, then
extracted and sequenced to confirm the insertion of J8, in the correct orientation,
within the “a” determinant region of the HBsAg-S as shown in Figure 8. The
plasmid with correct orientation of the J8 sequence was amplified in E. coli,
extracted and transfected into HEK239t cells for protein expression. While these
procedures resulted in successful production of recombinant VLP as
demonstrated by the results shown in Chapter 4 Table 1, they were extremely
laborious and resulted in a relatively low yield. However, the results were proof
of principle prompting investigation into means of increasing yield and reducing

time and labour.

For the production of VLP-p*17, the recombinant DNA was designed with
assistance from Professor Hans Netter (Victorian Infectious Diseases Reference
Laboratory, Melbourne Health), and the DNA sequence was codon optimised,
synthesised and cloned into the pcDNA3.1(+) by GenScript (Hong Kong) Limited.
This was cost-effective, significantly reduced labour, and improved yield as

described in Chapter 5 (Paper 2).

The paper submitted to the journal Heliyon and presented in Chapter 5 (Paper 2)
describes the design, production, characterisation and semi-purification of VLP-
p*17, arecombinant HBsAg-S VLP-based vaccine against Strep A infections and
rheumatic heart disease. The results of the study described in this paper support
the hypothesis that expression of p*17 within the “a” determinant of HBsAg-S
will not compromise spontaneous VLP formation. Cell culture-derived VLP-p*17
self-assembled into 22 nm particles visible by electron microscopy and
recognised by p*17 specific antibodies, as demonstrated in Chapter 5 Figures 3
and 4 respectively. This marked a major milestone in the project and led to the

generous offer from Professor Michael Good to facilitate and fund an
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immunogenicity trial of VLP-p*17 in mice at the Animal Facility at Griffith

University.

The results of the immunogenicity trial supported the hypothesis that mice
immunised with VLP-p*17 formulated with adjuvant will produce measurable
titres of p*17-specific IgG antibodies. BALB/c mice immunised with three doses
of 0.5 pg VLP-p*17, formulated with the adjuvant Alum, produced titres of p*-17
specific IgG in excess of 1.28 x 104 and no adverse effects were reported in any
immunised mice. This marked a second major milestone and a significant
achievement.

In 2013 a joint initiative, between the Australian and New Zealand Governments,
called the Coalition to Accelerate New Vaccines for group A Streptococcus
(CANVAS), was established to “tackle rheumatic fever, rheumatic heart disease
(RHD) and a range of serious infections caused by the bacterium Group A
Streptococcus ” (Telethon Kids Institute, 2016). The project is funded by the
National Health and Medical Research Council (NHMRC) and Health Research
Council (New Zealand) and incorporates an objective pre-clinical and clinical
evaluation of leading Spy vaccine candidates currently in development.

To be eligible for consideration by CANVAS, vaccine candidates must not cause
autoimmune cross reactivity with human tissue and the lead vaccine candidate
will be selected on the basis of efficacy against the Strep A strains circulating in
the target population: Australian Aboriginal and Torres Strait Islander
populations in Australia or Maori and Pacific populations in New Zealand. VLP-
p*17 will satisfy both of these conditions. The CANVAS project will also
investigate the economic viability of Strep A vaccine candidates against other
prevention and treatment strategies.

While our approach utilised a mammalian cell protein expression system, VLPs
can be produced more cost effectively in yeast cells. Transformed yeast cells can
grow to extremely high densities facilitating high volume production of VLPs in
commercial-scale fermenters (Tariq, Batool, Asif, Ali, & Abbasi, 2022). The cost of
production of a recombinant VLP-based Strep A vaccine would be comparable to
the cost of production of the current HBV vaccines. The implementation of the

National Newborn Hepatitis B Vaccine program in 2000 has led to a significant
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decline in the rates of HBV infection in Aboriginal women and children in the
Northern Territory (Liu et al., 2012). A safe, efficacious VLP-based Strep A
vaccine could therefore be a cost-effective means of lowering the rates of Strep A
infections and autoimmune sequalae in these and other socially and
economically challenged communities.

The success of this project has implications not only for development of a safe
and effective vaccine against Strep 4, it paves the way for future development of
HBsAg-S VLP-based vaccines against other bacterial pathogens for use in humans

and animals.

The study reported in Chapter 6 (Paper 3), which will be submitted for
publication in an appropriate journal such as MDPI Vaccines or Journal of
Immunology, is a direct progression of the study described in Chapter 5 (Paper
2). This paper includes measurement of IgG titres in sera from groups of BALB/c
mice immunised with different formulations of VLP-p*17 plus adjuvant, groups
immunised with adjuvant alone, and one group immunised with p*17-DT, the
current lead Strep A vaccine candidate (Table 1 Chapter 6). The latter group was
included as a positive control for ELISA should immunisation with VLP-p*17 fail
to induce production of measurable p*17-specific IgG. The primary aims of this
study were to investigate the immunological value of delivering p*17 expressed
on a chimeric HBsAg-S VLP and to investigate the effects of two novel adjuvants
on the immune response to VLP- p*17. The results of this investigation (Figure 4,
Chapter 6) show that significantly higher p*17-specific IgG titres were generated
in triple immunised mice when VLP-p*17 was formulated with Vet-SAP® than
when VLP-p*17 was formulated with Alum or Advax™ (P <0.005). Triple
immunised mice also produced higher titres of p*17-specific IgG1 when VLP-
p*17 was formulated with Vet-SAP® rather than Alum or Advax™ although only
the difference between the VLP-p*17/Vet-SAP® and VLP/ Advax™ groups was
statistically significant (P <0.05). P*17-specific IgG2a was not detected in mice
when the antigen was formulated with Alum, regardless of whether the antigen
delivery platform utilised was DT or HBsAg-S VLP. Although not statistically
significant (P = 0.99), IgG2a titers were higher in the VLP-p*17/Vet-SAP® group
than in the VLP-p*17 Advax™ group. These results suggest that Advax™ and Vet-
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SAP® are both likely to trigger cell-mediated responses against the target antigen
in addition to robust antibody-mediated responses but that responses are likely
to be greater when the antigen is formulated with Vet-SAP®- Based on these
results, future immunogenicity or efficacy studies of VLP-p*17, and those of any
future vaccines we develop, will most likely include Vet-SAP® (for veterinary

vaccines) or another QS saponin-based adjuvant (for human vaccines).

7.2  Limitations

A possible limitation of this study is the omission of a ninth group of mice
immunised with p*17-DT at doses of 0.5 pg with 5 ul of Alum. This would have
allowed a direct dose-matched comparison of the immunogenicity of VLP-p*17

with that of p*17-DT.

A second potential limitation of this research is the omission of a bacterial
challenge study to evaluate the efficacy of VLP-p*17 in an animal model of Strep
A pharyngitis or pyoderma. The antigen dose for a bacterial challenge study is
typically 25-30 ug per dose per mouse. This equates to a total of 375-450 g for a
triple-dose study involving a test group of five mice. The total amount of VLP-
p*17 produced after six rounds of transfection and cell culture, and six overnight
ultra-centrifugations at the University of Queensland, was only 45 pg. However,
p*17, conjugated with DT and formulated with Alum, has demonstrated
enhanced protective efficacy in mouse models of Strep A infections (Nordstrom
etal,, 2017). The results of this project demonstrated that p*17 induced high
titres of p*17 specific IgG when expressed on HBsAg-S VLP and formulated with
Alum, Advax™ or Vet-SAP®. It is therefore likely that VLP-p*17, administered at
standard doses of 25-30 pg, will provide an equal or even greater level of

protection than p*17-DT.

7.3  Future directions

The results of this project demonstrated that VLP-p*17 is highly immunogenic,

inducing production of high titres of serum p*17-specific IgG with three low
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doses: only 0.5 pg each. Assessing the efficacy of VLP-p*17 in mice challenged
with a mix of virulent strains of Step A, following procedures developed by our
collaborators at the Institute for Glycomics (Pandey et al., 2016), is the next step
in assessing the value of VLP-p*17 as an effective vaccine against Strep A
infections and post-infectious sequelae. To this end, the cost of having VLP-p*17
produced by GenScript, in sufficient quantity for a bacterial challenge study, is

being explored.

The immunogenicity of VLP-p*17 could be further enhanced by cloning
additional Strep A epitopes into the VLP to prime the immune system to
recognise additional components of the bacterium. These additional epitopes
could include cell wall-associated and shed virulence factors such as S. pyogenes
cell envelope proteinase (SpyCEP). Targeting additional virulence factors has
been shown to enhance protection against hypervirulent strains of Strep A
capable of upregulating expression of these virulence factors (Pandey et al.,
2016). Similarly, VLPs containing a mix of HBsAg-S monomers expressing
different Strep A antigens could be produced to induce production of multiple

clones of immune cells primed to target different Strep A virulence factors.

The procedures used to design, produce and semi-purify VLP-p*17 can be readily
applied to other manipulations of HBsAg-S for production of other recombinant
antibacterial vaccines for use in animals and humans. Furthermore, because
recombinant VLPs have an empty core surrounded by a permeable membrane,
they can also be utilised as carriers of tumour antigens and small anti-tumour
molecules for treatment of malignant diseases. In the same way that p*17 was
expressed on the VLP surface, receptor molecules can be expressed on the VLP
surface to facilitate uptake by specific cells, ensuring targeted delivery of the
antigen or agent (Nooraei et al., 2021). This work could therefore add value to
projects investigating the anti-tumour properties of naturally occurring and

synthesised molecules (Khan et al., 2022).

While HBsAg-S, the small (S) envelope protein, is the immunodominant HBV

surface protein, the natural HBV envelope comprises two additional proteins: the
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middle (M) and large (L) envelope proteins, also referred to as Pre-S1 and Pre-
S2. All three envelope proteins are coded by the same gene and have identical C-
terminals. Clinical trials of new generation HBV vaccines, incorporating the S and
M envelope proteins or all three envelope proteins, have shown that these
constructs trigger faster and stronger immune responses than those induced by
VLPs comprising only HBsAg-S (Shouval, Roggendorf, & Roggendorf, 2015). The
processes described in Chapters 5 and 6 could be used to incorporate additional

HBV envelope proteins into VLP-p*17 to further enhance its immunogenicity.

Finally, the success of this research project was made possible by support from
scientists from other institutions, who contributed time and resources often
without remuneration. Without the animal trial in particular, there was no way
of knowing whether or not VLP-p*17 had any potential as a vaccine against Strep
A. This highlights the critical importance of the collaborations established during

the course of this research that will hopefully carry over to future projects.

7.4  Conclusion

This project involved the design and production of a recombinant chimeric VLP
that induced production of high titres of peptide-specific anti-Strep A antibodies
in vaccinated mice after three minimal doses of just 0.5 pg per dose. This putative
vaccine, VLP-p* 17, has features that make it an attractive construct for a
commercially produced vaccine against Strep A: it is a single recombinant
protein that spontaneously assembles into stable particles that are of optimal
size for recognition and uptake by human immune cells; it presents repetitive
displays of the highly immunogenic Strep A epitope, p*17, on the surface of
homologous nanoparticles; it can be easily and consistently produced in yeast or
mammalian cells; and it is based on the HBsAg-S VLP, which is already licensed
as a human vaccine with associated large-scale quality-controlled manufacturing
processes already in place. VLP-p*17 has substantial potential as a safe and
effective vaccine against Streptococcus pyogenes, a bacterium responsible for
significant morbidity and mortality, particularly among children and young

adults living in resource poor communities. As such, it could contribute
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significantly to the improvement of health outcomes for Australian Aboriginal

and Torres Strait Islander children.
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