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Abstract 

Background: Infections caused by the human pathogen Streptococcus pyogenes (strep A) are 

often instigated on the mucosal surfaces through adhesion and colonisation by the pilus. The 

pilus structure consists mainly of backbone protein, also known as the T-antigen. Targeting the 

pilus for a vaccine is an advantage due to the lower antigenic variation of T serotypes compared 

to the M proteins, which presumably could provide broader protection against strep A strains. 

The multivalent vaccine called TeeVax, composed of multiple T-antigens from various strep 

A strains was previously constructed. This study focuses on comparing the novel vaccine 

TeeVax formulated with different mucosal adjuvants (CTB, curdlan and CAF01) and clinically 

approved adjuvant, alum. 

Methods: FVB/n mice (n=5 per group) were immunised using the ‘prime’ and ‘pull’ 

vaccination strategy with different vaccine formulations. Serum and mucosal samples were 

collected post immunisations and analysed by ELISA. Cytokine levels from mouse splenocytes 

were analysed using a Luminex multiplex immunoassay.  

Results: This study showed that significant elevation of vaccine-specific IgG antibody in 

mouse sera from CTB and CAF01 was observed after the first immunisation. All adjuvanted 

groups produced high IgG titres by day 28, with the domination of IgG1 subclass. Meanwhile, 

all of the IgG subclasses in the CTB and CAF01 groups were relatively high, suggesting a 

mixed Th1/Th2 response. In comparison, due to the low development of IgG3, alum and 

curdlan groups were more biased toward Th2-like response. However, mucosal IgA secretion 

was barely detectable across all adjuvanted groups. Re-stimulation of splenocytes with TeeVax 

show significant increase of IL-4, IL-6 and IL-10 in CTB group, while CAF01 group had high 

IL-2 and IL-4 production suggesting that CTB produced a strong Th2-like response while 

Th1/Th2 immune responses were produced by the CAF01 group. 

Conclusion: These findings indicated that CAF01 and CTB produced superior immunological 

responses to alum, and represent improved adjuvant formulation with TeeVax. However, 

failure to detect mucosal immune responses suggests further improvements are needed.  
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1 Introduction 

Streptococcus pyogenes or group A streptococcus (strep A) is a major human restricted 

pathogen responsible for causing a broad spectrum of diseases. The bacteria is an opportunistic 

pathogen that can be found on the skin and mucosal membranes. It was classified among 17 

other streptococci bacteria based on the cell wall material (acid extractible carbohydrate 

antigens) by Rebecca Lancefield back in 1938 1. Strep A is a Gram-positive bacterium and 

produces a zone of complete (E) haemolysis surrounding the colonies when grown on a blood 

agar plate. 

Strep A has a high prevalence to cause superficial infections such as pharyngitis, a bacterial 

infection of the upper respiratory tract and impetigo; a contagious bacterial infection of the 

skin. Strep A pharyngitis affects approximately 8%-15% of school-aged children per year while 

impetigo is a much more common infection in children with a prevalence rate >10% that can 

go up to 50% in some situations 2. The acute clinical manifestation of strep A disease can range 

through to severe invasive syndromes such as necrotising fasciitis, puerperal sepsis, 

bacteraemia and streptococcal toxic shock syndrome 3,4. The invasive diseases contribute to 

significant morbidity and mortality up to 81% 5. In addition, repeated or untreated superficial 

infections by strep A can lead to an autoimmune condition known as acute rheumatic fever 

(ARF), characterised by varying degrees of inflammation of the joints and the heart which can 

ultimately lead to irreversible heart damage known as rheumatic heart disease (RHD) 6–9. 

Moreover, strep A also contributes to further downstream complications such as stroke, and 

renal failure obscuring post-streptococcal glomerulonephritis 10. The wide range of related 

clinical syndromes caused by strep A is summarised in Table 1-1. 
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Table 1-1 The spectrum of infections to strep A adapted from Ralph and Carapetis, 2013 

 Types of infection 
Streptococcus 
pyogenes 
(strep A)  

1. Direct infection x Skin and soft tissue 
infection 

x Pyoderma 

x Impetigo 

x Cellulitis 

x Erysipelas 

x Pharyngitis/ tonsillitis  

x Bone and joint 
infection 

 

x Bacteraemia/ other 
invasive infection 

 

2. Immune-mediated 
disease 

x Acute rheumatic fever � Rheumatic 
heart disease 

x Acute post-
streptococcal 
glomerulonephritis 

 

3. Toxic-mediated 
disease 

x Scarlet fever  
 

x Streptococcal toxic 
shock syndrome 

x Necrotising fasciitis 
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1.1 Epidemiology of Streptococcus pyogenes 

1.1.1 Global burden  

In recent times, diseases mediated by strep A are more commonly observed in settings of 

poverty, where inadequate living conditions such as overcrowding and poor hygiene promote 

transmission 10,11. Furthermore, reduced access to primary healthcare contributes to the 

significant incidence rates observed in regions of high social deprivation 8. As such, ARF is 

not considered to be a major problem in developed nations, but it is still considered to be the 

leading cause of heart disease among school-aged children in developed countries including 

Australia and New Zealand. In 2005, it was estimated that approximately 18.1 million people 

suffered from severe strep A diseases worldwide with an additional 1.78 million new cases 

arising each year 11,12. Globally, strep A infections cause roughly 500,000 deaths per anum, 

with two-thirds of the mortality attributed to RHD 6. Due to the devastating effect caused by 

this bacterium, it has been considered as one of the top ten pathogens contributing to high 

global morbidity and mortality 13,14. 

1.1.2 Strep A infections in New Zealand 

Generally, the incidence rate of strep A related diseases has dropped in high and middle income 

countries 10. However, New Zealand has an unusually high incidence rate of invasive strep A 

diseases (8.1 cases per 100,000 persons) compared to other developed nations (between 2 to 4 

cases per 100,000 persons) 15,16. Among the various ethnicities in New Zealand, the Pacific 

peoples and Maori populations have a higher prevalence rate of strep A infections with 20.4 

cases per 100,000 persons yearly in Auckland 16. In addition, these populations also report one 

of the highest rate of ARF globally, and these rates are increasing 3,17. The main contributing 

factor to the high prevalence rate is due to poor living conditions and household crowding, 

which have been shown to be a risk factor for ARF based on an ecological study of over 1,000 

rheumatic fever cases in New Zealand 3,18. 
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1.2 Streptococcus pyogenes pathogenesis 

Strep A is able to go through multiple stages of pathogenesis to interact with a human host 

preceding successful disease manifestation. The interactions consist of bacterial adherence and 

colonisation as well as intracellular invasion. 

The leading site of strep A colonisation is the nasopharyngeal mucosa and skin by the 

attachment and adhesion of bacterial surface ligands (adhesins) to host cells. Initially, 

attachment mediated by the bacteria is weak, but adhesin binding provides higher affinity of 

bacterial-host interactions to their specific targets; adhesins can be identified as either proteins, 

sugars or lipids 5. The cell wall of strep A contains a thick peptidoglycan layer, which is inserted 

and covered with protein, carbohydrate (teichoic acid), and glycolipid (lipoteichoic acid) 8. To 

date, there have been 12 different adhesins found to be involved in the adhesion process to 

different host cell receptors. The most accountable adhesin binding to host epithelial cells with 

an approximation of 60% is the lipoteichoic acid (LTA) followed by the M protein on the 

surface of strep A 13. Table 1-2 summarises the multiple adhesins of strep A attachment to their 

host cell receptors. 

In acute rheumatic fever, the interplay between strep A virulence factors and susceptible host 

contributes to its pathogenesis. The rise of the disease has been a due consequence of repeated 

strep A infections that can manifest as inflammation in the joints, heart, central nervous system, 

skin and/or subcutaneous nodules 13. These repercussions have also been suggested to prime 

the immune system in developing post-infection autoimmune disease 5.  
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Table 1-2 Multiple adhesins of strep A and their respective host cell receptors 
Table adapted from Cunningham, 2000. 

Adhesin Host cell receptors References 
Collagen-binding 
protein 

Collagen 19 

Fibronectin-binding 
protein (29 kDa) 

Fibronectin 20 

Fibronectin-binding 
protein (FBP54) 

Fibronectin / fibrinogen 21,22 

Galactose-binding 
protein (70 kDa) 

Galactose 23 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

Pharyngeal epithelium / fibronectin / 
cytoskeletal proteins / plasminogen-plasmin 

24 

Hyaluronic acid capsule Keratinocytes / CD44 (hyaluronate receptor) 25 
LTA Epithelial cells / fibronectin receptor 26,27 
M-protein HEp-2 cells 

Keratinocytes / CD46 receptor / factor H 
28,29 

Pilus Epithelial cells / keratinocytes  30,31 
Protein F/SfbI Epithelial cell / fibronectin / CD46 receptors 

on keratinocytes 
22,32 

Serum opacity factor Fibronectin 33 
Vitronectin-binding 
protein 

Vitronectin 34 
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1.2.1 Virulence factors 

It has been recognised that most infections caused by strep A are initiated by attachment to 

human epithelial cells and can advance to cause invasive diseases, as shown in Table 1-1. 

Attachment is often mediated by adhesins, surface-bound proteins or polysaccharide molecules 

that confer tissue-specific binding 35 (Table 1-2).  

Surface proteins on the bacteria comprise N-terminal signal peptide for Sec-dependent 

secretion, a pathway to the bacterial periplasm and outer membrane for the export of proteins 

across the cytoplasm membrane 8,36. They can also be separated into three categories: those 

that anchor at their C-terminal end; those that bind by hydrophobic interactions or charge; and 

those that bind through their N-terminal region 8. The classification of strep A was previously 

distinguished by two serological markers. The variable trypsin-sensitive surface protein (M 

protein) and variable trypsin-resistant antigen (T-antigen), from strep A components of M 

protein and pili, respectively 37,38. 

1.2.1.1 M-protein 

The M protein of strep A is a primary attribute for the persistent infection in tissues. It gives 

the bacteria the ability to oppose phagocytosis by polymorphonuclear leukocytes in the absence 

of type-specific antibodies 8. Therefore, the M protein is considered to be a major virulence 

determinant of strep A. M protein has a multi-domain structure and is considered to be an 

archetypical surface protein that anchors to the Gram-positive bacterial cell wall with their C-

terminal region 8. Structurally, M proteins have two regions which are the variable (an A-

repeat/N-terminal domain and a B-repeat domain) and one conserved (a C-repeat domain) 

region (Figure 1-1). Identification of M protein variants is typically detected from the variable 

region (an A-repeat/N-terminal domain) by either M-typing (serotype) or emm-typing 

(genotype) 39. Protection against the bacteria was later found to be dependent on the presence 

of antibodies targeted to the variable region of the M-protein 40. Molecular typing of strep A 

has mostly been done by sequence analysis of the hypervariable region of the emm gene. To 

date, there are >200 emm-types 2 of strep A known through various intensive analysis.  
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Figure 1-1 M-protein structure  

Strep A strains that have high M-protein expression levels have been implicated in adhesion to 

host tissues, thereby providing a mechanism for immune evasion 3 compared to the M-protein- 

deficient strains 41. Through the M-protein, the bacteria can either bind directly to the host 

epithelial cells or through indirect association with own LTA 41. Alternatively, fibronectin, a 

glycoprotein found in saliva or on the surface of epithelial cells, is also suggested as an 

attachment point 27,42. Between the two association, LTA confers less specific and lower 

binding affinity to host while binding of the M-protein (e.g. to fibronectin) are more specific 

and with higher affinity 43. 

The M-protein antigens have been extensively studied, and their function has been well 

characterised. One of them is the involvement in molecular mimicry to host. Molecular 

mimicry is known as epitope sharing between antigens. There are three types of mimicry 

identified among antigens: 1) sharing of identical amino acid sequences, 2) homologous but 

non-identical amino acid sequences, and 3) epitopes on dissimilar molecules 13. For M-protein, 

it was shown that the alpha-helical heptad repeating structure has a resemblance to other D-

helical proteins like tropomyosin and the molecules of the desmin-keratin family 44,45. It was 

also found that monoclonal antibodies raised against M-proteins can cross-react with other -

helical coiled-coil proteins such as cardiac and skeletal myosin, tropomyosin, vimentin, 

laminin and keratin 46–48.  
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1.3 Streptococcus pyogenes pili 

Pili are hair-like extensions that protrude from the bacterial cell surface. In Gram-negative 

bacteria, pili are known to be essential virulence factors and an important antigen for adhesion 

and invasion of eukaryotic cells 49. In addition, studies in animal models have confirmed that 

pili have a role in several bacterial pathogens 50,51. Similar structures are also found in strep A 

and other Gram-positive bacteria 38. Pili are members of a family of extra-cellular matrix-

binding proteins that are high in immunogenicity. The pilus is formed by a backbone protein 

(BP, also known as the T-antigen) and one or two accessory proteins (APs), which may be 

present at the tip or the base of the pilus 7,30. The backbone protein has subunits that range from 

10-100 that are covalently linked to form fibres up to 10 Pm long 52. The AP1 tip subunit serves 

as an adhesin while the base pilin, AP2, acts as an adapter protein for sortase-mediated cell 

wall anchoring (Figure 1-2) 7. The genes that encode pili-assembly sortases are found in the 

same operon, namely the fibronectin-binding, collagen-binding, T-antigen (FCT) region 7. At 

present, seven FCT regions have been characterised through sequence analysis of reference 

strains, FCT1-6 and 9, with additional two FCT regions (FCT7 and FCT8) are identified as 

single-gene variants of FCT4 53. All the strep A isolates analysed to date have been shown to 

carry one of the nine FCT regions with strong associations to the M/emm type 7. Furthermore, 

this region has been proposed to be a determining factor in tissue tropism and biofilm formation 
54.  

 

Figure 1-2 Pilus structure 
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1.4 Host immunity to pathogens 

The primary site of entry for many pathogens including strep A is usually through the mucosal 

surfaces of the throat. Large communities of bacteria can colonise this area and mediate 

infection or asymptomatic colonisation. However, the body’s immune system is equipped with 

various defence mechanisms to prevent the establishment of an infection. Presence of various 

lymphoid structures referred to as mucosa-associated lymphoid tissue (MALT) can be found 

in the mucosal surfaces 55. MALT contains functionally distinct inductive and effector sites 

such as non-intestinal nasopharynx-associated lymphoid tissues (NALTs) and intestinal 

Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs), that exemplifies mucosal 

inductive sites 56. T and B cell activation by antigens leads to clonal expansion and 

differentiation within the sites 57. Antigens are molecules or molecular structures that can be 

found on a pathogen surface and bind to antigen-specific receptors of immune cells or 

antibodies. Predominantly, protection of the mucosal surfaces is by exocrine secretions of IgA 

by effector B cells 55,56. The ability of these cells to successfully partake in frontline immunity 

is due to the act of transcytosis through epithelial cells 56. Moreover, in a previous study, the 

efficacy of mucosal IgA to act as a neutralising antibody was further demonstrated. Using a 

known immunogen, cholera toxin, for in vivo IgA induction, protection against toxin-induced 

fluid accumulation by secretory IgA was seen in a ligated intestinal loop model 58.  

Systemically, immune responses are first initiated by the innate immune system of the body 

through the recognition of conserved molecular structures of pathogens (antigens). The 

responses are often rapid though it does not have the ability to adapt to a specific interaction. 

Antigen-presenting cells (APCs) such as dendritic cell or macrophages also bridge the innate 

and adaptive immune systems by activating T-cells via antigen presentation on major 

histocompatibility complexes (MHC). 

Adaptive immune responses are often triggered by the development of antigen-specific effector 

CD4+ T helper (Th) cells subsets such as Th1, Th2 and Th17 cells. This response can then lead 

to the activation of cellular and humoral immunity 59. With the ability to respond to a wide 

range of pathogens, CD4+ T cells can control autoimmunity, adjust the magnitude of responses 

together with the ability to mediate immunologic memory. They are also able to mediate 

regulatory systems that have evolved in order to escape autoimmunity, which may suggest that 

they are essential factors in moderating the immune response to foreign antigens.  
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Differentiation of a naive CD4+ to other subsets of Th cells is often triggered by cytokines 

released by activation of APCs (Figure 1-3). Presence of interferon (IFN)-J, tumour necrosis 

factor (TNF)-α or interleukin (IL)-2 usually relates to the differentiation of Th1 cells while Th2 

are identified by the production of IL-4, IL-5, IL-6, IL-10 and IL-13 60. In the presence of IL-

17, IL-21 and IL-22, the Th17 T cell subset is activated 61. This subset has also been described 

as being able to enhance antibacterial mucosal defences and has been suggested to be a 

potential protective mediator for vaccine-induced responses 62.  

Other than T cells, proliferation and differentiation of B cells can either be triggered directly 

by antigens or by secondary signals such as cytokines produced by T cells and APCs as well 

as through recognition of pattern-recognition receptors (PRR), e.g. Toll-like receptors. This 

cooperation results in an effective humoral immune response. Humoral immunity is often 

characterised by the diversity of the isotopic antibodies with different effector functions. 

Among the five classes of antibodies found in humans, IgG is the predominant class of 

antibody-producing mature humoral responses in most infections. IgG include four subclasses, 

named in decreasing abundance IgG1, IgG2, IgG3 and IgG4. Each of the subclasses carries out 

different effector functions and metabolic properties 63,64. For example, the most antibodies 

raised against proteins are IgG1 and IgG3, while IgG2 is often represented against 

carbohydrates 63. Cytokines also have the ability to influence the expression of immunoglobulin 

(Ig) isotypes. It has been reported that IFN-J induces the secretion of human IgG2 65. 

Meanwhile, for switch inducers, cytokines IL-4 and IL-13 can induce IgG4 and IgE antibodies 
66 and IL-10 induces IgG1 and IgG3 67. 
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Figure 1-3 Differentiation of CD4+ cells into specific T-helper cells in the presence of cytokines 

1.4.1 Host immunity for strep A vaccine protection 

Strep A protection is often associated with the presence of host opsonising antibodies to strep 

A type-specific antigens. The type-specific antigens can be of the M-protein 68 or non-M-

protein origin (M-negative type 69, M-like genes 69, C5a peptidase surface molecules 70 or pilus 
52). For the most part, the M-protein has been the target of interest for vaccine development 

due to its significant role in virulence. It is well known that the type-specific antibodies against 

the M-protein recognise epitopes in the N-terminal region. This recognition was implied to be 

essential for bacterial clearance by the neutrophils and polymorphonuclear leukocytes 

(PMNLs) 13. Although antibodies may be generated against various parts of the M-protein, they 

do not confer protection and are non-opsonic 13. It has been implied that opsonic antibodies are 

produced later during an infection where the opsonic antibodies against the M-protein are 

against the major antigenic determinants on protein 71. Among the regions of the M-protein, it 

was reported that the serum antibodies developed against the N-terminal region were opsonic 
37. Other than the opsonic properties of sera, the role of IgA at mucosal surfaces has been 

investigated by Killian et al. (1988). Specific IgA raised against the M-protein was shown to 

provide protection against mucosal infection in mice when M-protein was administered 

passively. This showed that IgA plays a key role in the protection at the mucosal membrane as 

it blocks attachment to mucosal surfaces as neutralising antibodies 72. 
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1.5 Vaccines for Streptococcus pyogenes 

S. pyogenes retains robust susceptibility to the common antibiotic, penicillin 10. However, 

antibiotic therapy as a primary treatment for RF and RHD is inadequate as it only decreases 

the duration of infection and the severity of symptoms 14. In the current setting, there is no 

licensed vaccine against strep A and known to be impeded due to barriers that come with 

vaccine development. Among the obstacles encountered but not restricted to: safety concerns, 

insufficient knowledge of immune protection in humans, limited vaccine development 

containing both type-specific emm antigens and conserved antigens, and limited commercial 

value 2. 

Development of a vaccine for strep has been pursued since the 1920s. The early attempts 

through human trials used either whole strep A cells or their cell walls and after some point, 

were focused on the M-protein. However, vaccine development of strep A was impeded due to 

a 30-year ban since the 1970s by the US Food and Drug Administration (FDA). The main 

contributor which prevented the testing of strep A products was due to safety concerns in 

humans 73. This was the subsequent outcome to a clinical trial by Massell et al. (1969) where 

three volunteers, who were all siblings of an ARF patient, developed ARF within two years of 

receiving a crude preparation of whole M proteins 74. This ban was later lifted by the FDA in 

2006, which implied structural features of the M-protein and N-acetylglucosamine (GlcNAc) 

side chain of strep A cell wall connection to molecular mimicry of host components that could 

potentially cause autoimmunity and development of ARF 75–77. 

To this day, the M-protein has been considered the major immunological epitope of strep A 

and is widely targeted for vaccine development 73. A previous study has suggested that the M-

protein contributes to invasive infection by obstructing (PMNL mediated) phagocytosis by 

impeding with the complement pathway and opsonisation by C3b of bacteria by human PMNLs 
68. It was suggested that M-positive streptococci are a less potent activator of the alternative 

complement pathway (ACP) which aids in escaping elimination 78. Contrarily, type-specific 

antibodies to the M-protein have been shown to be bactericidal 79 with increased phagocytosis 
68.  

The most advanced vaccines currently in clinical trials are the N-terminal M-protein based 

multivalent vaccines (26-valent and 30-valent vaccines). The N-terminal has a variable amino 

acid sequence resulting in antigenic diversity. The widely used emm-typing scheme is based 

on these sequences 2. Theoretically, these M-protein vaccines have high coverage to strep A 
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strains in North America and Europe with the addition of cross-protection observed against 

non-vaccine strains 79. The vaccines were based on the serotypes of strep A that causes 

infections circulating in those areas. These vaccines are currently either in (30-valent) or well 

into (26-valent) phase I and phase II of human clinical trials, respectively 5. Despite all the 

advances in M-protein vaccines, a study by Williamson et al. (2016) indicated that the 

theoretical coverage of the potential vaccine was considered inadequate amongst high-risk New 

Zealand children 4. Other vaccines such as the J8, the Combo and pilus were also developed. 

However, the development of the J8 and Combo vaccines was not addressed for strain diversity 

problem of strep A in New Zealand. 

J8 is an alternative vaccine that contains a 12 amino acid peptide from the conserved C-repeat 

region of the M-protein 80. The epitope in the conserved region was identified amongst the 

majority of strep A serotypes and referred to as P145 81. The vaccine is a 28 amino acid 

synthetic peptide developed for better folding of J8i (12 amino acid epitope within P145) as a 

helix structure with non-streptococcal peptide-derived flanking sequences 82. By maintaining 

this structure, it increases the peptide’s immunogenicity. This vaccine is currently in phase I of 

human clinical trials. Targeting the C-repeat region was reported to be an advantage because 

of its broad protection against all strep A strains 73. More importantly, J8 is not a cross-reactive 

epitope that could potentially eliminate the risk for ARF. In the preclinical study, it was 

observed that the formulation of J8 with diphtheria toxoid as a carrier protein promoted opsonic 

antibodies and were capable in opsonising live strep A 80.  

Apart from M-protein based vaccines, the cell wall and secreted virulence factors of strep A 

have been intensely studied as targets for vaccine development. In a large study by Bensi et al. 

(2012) where immunisation of mice with strep A recombinant proteins and challenge studies 

had found few known antigens as well as new 83. These identifications were made by high 

throughput analysis of immunogenic antigens by protein array and quantification of surface 

proteins. Three protective antigens (spy0416, spy0167 and spy0269) out of the many identified 

were selected for development as a single vaccine called Combo. The chosen antigens were 

found to confer broad protection against four different strains of strep A in a mouse model. The 

vaccine, however, has only passed the preclinical stage 2.   
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1.5.1 Immunity for vaccine protection 

The overarching aim of developing bacterial vaccines is to stimulate the humoral immune 

response for the production of protective antibodies 5. It has been shown that natural exposure 

to strep A produces antibodies against M-proteins and non-M-proteins with primary systemic 

immunoglobulin subclasses, IgG1 and IgG3, dominating the responses 84–86. T cells have also 

been implicated in the protection of anti-strep A immunity, where the interaction of human 

immune cells (e.g. macrophages and dendritic cells) with strep A activates a Th1/Th17 

response 84.   

1.6 TeeVax for vaccine delivery 

Recently, an alternative non-M-protein vaccine candidate called TeeVax was developed by our 

lab group (Proft) at The University of Auckland. TeeVax targets the pilus of strep A, a virulence 

factor that is involved in adhesion and colonisation. TeeVax1 is a multivalent recombinant 

protein that was constructed through amplification of the N- or C-terminal domains of the T-

antigens from six different strep A strains with discrete tee genes (unpublished data). The 

domain boundaries were determined based on structural modelling using the crystal structure 

of the T1 antigen as a template. For the construction, the N-terminal domain of one T-antigen 

is linked to the C-terminal domain of another T-antigen as illustrated in Figure 1-4.  

 

Figure 1-4 Representative construction of TeeVax1 
(A) shows the 2-domain crystal structure of T1-antigen referenced from Young et al. (2019) 87. (B) An example 
of how the domains from six different T-antigens were linked together, making one recombinant protein 
(TeeVax1), also known as ‘hybrid pilus’.  

A previous study by Steemson et al. (2014) found that BP/T-antigen was known to have 

significantly less antigenic variation, with a low number of T serotypes (21 T serotypes) 

compared to M proteins (>100 M serotypes) (Figure 1-5) 7. This is supported by a study 

conducted by Falugi et al. (2008) from 2003-2008, which surveyed the major circulating strep 

A strains in Europe and the United States. They discovered 12 different T-types in 24 of the 27 
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predominant M-types in circulation and proposed that a BP based vaccine would require less 

antigen than an M-protein based vaccine to cover the same panel of strains. A further two 

TeeVax proteins (TeeVax2 and TeeVax3) with respective seven and five discrete tee genes 

were constructed in a similar manner to ensure broad coverage (unpublished data). As 

postulated by Falugi et al. (2008), the combination of 18 T-types (TeeVax) could provide >90% 

protection 53. In murine infection studies, the BP/T-antigen was shown to be a potential strep 

A vaccine candidate due to its high immunogenicity and protective properties 38. 

 

 

Figure 1-5 The phylogenetic tree of tee gene sequences from 75 contemporary strains circulating New 
Zealand during (2010-2013) as well as those found in global databases 
Figure obtained from Steemson et al. (2014). Survey of the bp/tee genes from clinical group A streptococcus 
isolates in New Zealand – implications for vaccine development. Journal of medical microbiology, 63(12); 1670-
1678.  

In a previous vaccine study targeting the pilus of strep A was shown to be successful through 

the expression of the whole pilus on a non-pathogenic bacterium, Lactococcus lactis 52. It was 

reported that the vaccine did not have broad strain coverage, although it can provide type-

specific protection in mice against strep A colonisation. Due to the lack of strain coverage, 

TeeVax was developed and showed to have a broad strain coverage (unpublished data). In the 

preclinical study using a mouse invasive disease model, TeeVax was shown to provide 

protection with high immunogenicity against the T-antigen when injected parenterally with 

Alum as an adjuvant (unpublished data). However, no protection was achieved in a 
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nasopharyngeal colonisation model, likely due to the lack of mucosal immunity observed by 

using alum as the adjuvant (unpublished data).  

1.7 Adjuvants  

Adjuvants have been around for many years and have become a necessary choice of antigen 

formulation for vaccine development. Generally, the sole administration of purified 

recombinant proteins can only stimulate the immune system minimally. To boost this response, 

an appropriate adjuvant is necessary for the production of an effective vaccine 88. The function 

of adjuvants as one would hope for is to assist by either improving or facilitating the ideal 

antigen uptake by APCs to be presented on MHC class I (intracellular peptides) or class II 

(extracellular peptides), to T cells. The uptake would then ideally cause induction of immune 

response and simultaneously only to elicit minimal to no toxicity to the host 89. Suggested by 

Pasquale et al. (2015) and Coffman et al. (2010) 90,91, adjuvants can: 

a) Increase vaccine biological half-life 

b) Increase uptake of antigen by APCs 

c) Assist in activation/maturation of APCs (dendritic cells) 

d) Induce the production of immunoregulatory cytokines 

e) Activate inflammasomes, and 

f) Induce local inflammation and cellular recruitment.  

Until today, there are only six adjuvants that have been given licensure for use in humans. They 

are aluminum salts, virosome, MF59, R837/R848, AS04 and AS03 92. These licenced adjuvants 

are mostly from the delivery systems or immune potentiator categories. Table 1-3 describes the 

properties and the applications of the licensed adjuvants. Aluminum salts (or alum) are by far 

the most commonly used adjuvant of all these adjuvants since its introduction in the 1920s by 

Glenny et al. (1926). 

In an unpublished study by our group, alum was used as an adjuvant for a vaccine delivery of 

TeeVax in mice. High serum antibody production was observed but saw no mucosal antibodies 

developed against the antigen introduced. A similar result was obtained by HogenEsch et al. 

(2017) whereby a vaccine combination of alum with Streptococcus exotoxin A and B 

(conserved non-M proteins from strep A) induced a robust antibody response in both mice and 
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rabbits 93. It has also been suggested that using alum can augment response to specific antigens 

causing a biased immune response of either humoral or cellular mediated response 89.  

Other than delivery type or immune potentiator adjuvants, mucosal adjuvants have been 

suggested to fall under both categories. There are many promising adjuvants that are being 

developed for improving mucosal immune responses. This study focuses on three: 1) the non-

toxic-B subunit of cholera toxin from Vibrio cholera, CTB 92, 2) the extracellular high 

molecular weight homo-polysaccharide, curdlan and 3) the liposome-based adjuvant, CAF01. 
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Table 1-3 Properties and applications of licensed adjuvants (for details see http://www.clinicaltrials.gov/) 

Adjuvant Properties Applications  

Alum x Activates innate immune response by direct activation of 
NLRP3/NALP3 inflammasome complex or by uric acid 
release 

x Ability to reduce antigen degradation 

Allergy, anthrax, botulism, candidiasis, Campylobacter, 
Clostridium difficile, dengue, encephalitis, Helicobacter 
pylori, Hepatitis B, Meningococcus, Pneumococcus, 
Staphylococcus, Streptococcus etc 

Virosomes x Virosomal hemagglutinin (HA) and sialic acid can interact 
with APCs and induce particle endocytosis 

x Increase expression of costimulatory molecules (CD80, 
CD86, CD40) on APC surface 

Hepatitis A, Hepatitis C, influenza, malaria, vulvovaginal 
candidiasis 

MF59 Ability to induce cellular and humoral responses with high 
titres of functional antibodies 

Cytomegalovirus infections, influenza, HIV, respiratory 
syncytial virus 

R837/R848 Target innate immunity signalling pathways through pattern 
recognition receptors (PRRs). Activation through the 
receptors induces APC activation/maturation and 
cytokine/chemokine production 

Influenza, Hepatitis B, Varicella zoster, various types of 
cancers, allergic rhinitis 

AS04 Stimulates the immune system by activating NF-NB, by 
developing proinflammatory cytokines and chemokines, by 
recruiting immune cells (dendritic cells) 

Dengue, influenza 

AS03 Stimulates the immune system by activating NF-NB, by 
developing proinflammatory cytokines and chemokines, by 
recruiting immune cells (monocytes and macrophages) and by 
inducing high antibody titres  

Cervical cancer, Herpes simplex, human papillomavirus, 
Hepatitis B 
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1.7.1 Cholera B toxin 

Cholera toxin subunit B (CTB) is the non-toxic subunit of cholera toxin (CT) secreted by the 

Gram-negative bacterium Vibrio cholera. CT is the virulence factor responsible for diarrhoea, 

the major symptom of infection by V. cholera that is often accompanied by massive fluid loss, 

electrolytes imbalance and dehydration. First discovered in 1973 by Lönnroth and Holmgren, 

the protein consists of two subunits (CTA and CTB) and has a similar structure to the heat-

labile enterotoxin (LT) of Escherichia coli. CTA exists as a monomer while the CTB forms a 

pentamer (ring-like structure with five CTB monomers). The structure of CTB plays an 

important role as a delivery vehicle as it binds to a specific receptor on enterocytes.  

Generally, CTA is generated as a single protein chain, but due to proteolytic cleavage, it is split 

into two subunits, CTA1 and CTA2. CTA1 is known to be the toxic part of cholera toxin. The 

entry of CTA1 into the cytosol facilitates interaction with the cytosolic ADP-ribosylation 

factors resulting in the activation of adenylate cyclase 94,95. This activation results in an ongoing 

production of cAMP which regulates the chloride channel leading to salt imbalances and loss 

of water, a characteristic for enterotoxin poisoning in the gut 96. 

CTB started to receive attention as a potential adjuvant for mucosal immunity due to its affinity 

to the monosialotetrahexosylganglioside (GM1) receptor 97. The GM1 receptor interacts with 

CTB through its pentasaccharide moiety, where each CTB monomer binds to one 

pentasaccharide with each pentasaccharide extending its interaction to an adjacent CTB 

molecule 96. The GM1 receptor is expressed by a variety of cell types such as mucosal epithelial 

cells and immune cells (macrophages, dendritic cells and B cells) 98. This pentasaccharide-

CTB interaction further enhances the interaction of CTB within the pentamer 99, resulting in an 

increase in expression of MHC class II on the surface of B cells 100. The wide distribution of 

GM1 receptors on cells allows for a rapid uptake through the mucosal barrier, which also 

contributes to the enhanced interaction with immune effector cells  96,101. A study by Bitsaktsis 

and colleagues found that uncoupled CTB mixture with inactivated Francisella tularensis 

bacteria administered intranasally enhanced both the humoral and cellular immune responses 

against subsequent bacterial challenge 102. The enhancement can be seen in another study on 

intranasal co-immunisation with CTB and pneumococcal surface protein A (PspA) antigen that 

showed a significant increase in the amount of pathogen-specific total antibody – IgG, IgG1 

and IgG2c in mouse sera. The high IgG1 and IgG2c antibody titres were an indication of a 

mixed Th1 and Th2 response 101. In addition, a study done by two separate groups found high 
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serum IgG and salivary IgA produced in mice through intranasal immunisation with CTB and 

adhesin and recombinant protein both from Streptococcus mutans, respectively 103,104. Specific 

to the study, the activated murine dendritic and macrophages by CTB were linked to the 

expression of chemokines IFN-γ (Th1), IL-4 and IL-10 (Th2) in vitro and in vivo 96. 

1.7.2 Curdlan 

Curdlan is a microbial extracellular high molecular weight homo-polysaccharide produced by 

Alcaligenes faecalis variant myxogenes (reclassified as Agrobacterium species) and some 

strains (6/17) of Agrobacterium species 105. It is a linear (1Æ3)-β-glucan or β-glucan that is 

insoluble in water, alcohol and most organic solvents but dissolves in alkaline solutions 105,106. 

This β-glucan is widely used in the food industry as a food stabiliser, thickener, texturiser, to 

name a few, and these purposes have been approved by the FDA 105,106. It also carries the 

properties of an adjuvant and is known to be a potent inducer of Th17 responses 59,107. Although 

it has been reported to be a potent Th17 inducer, ingestion of curdlan cultured from non-

pathogenic and non-toxicogenic Alcaligenes faecalis has been assessed as non-toxic and safe 

upon testing in animal studies and in vitro tests 108. As mentioned before, the usage of curdlan 

in foods is considered to be safe. However, specifications on usage have been placed by the 

FDA; for example, it cannot be greater than 0.5 mg/kg in an application 108. Other conditions 

are also to be met for usage.  

The adjuvant recognises dectin 1 receptor on various immune cells, by which the interaction 

results in the activation of dendritic cells through the receptors dectin 1 and TLR4 109. A 

previous in vitro study by Higashi et al. (2010) showed that immature monocyte-derived 

dendritic cells (Mo-DCs) were able to produce a  Th17 subset when solely stimulated with 

curdlan 59. It was also shown to skew systemic and mucosal immune responses towards the 

Th1 phenotype that might be beneficial for protection against strep A 84. Mice immunisation 

with curdlan and two other adjuvants (CpG ODN and BPP-cysPEG) have also been shown to 

induce a Th17 phenotype regardless of the administration route, but an enhanced production of 

IL-17 can be seen when administered intranasally as compared to intraperitoneally 110.  

1.7.3 Liposome: CAF01 

The use of liposomes as delivery vesicles for drugs and vaccines has been around for decades. 

Its employment as delivery vesicles alongside the antigen of interest is generally due to its 

capability to improve cellular or tissue targeting and minimisation of antigen loss in vaccine 
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delivery or to reduce non-specific toxicity for drug delivery 111. Moreover, the ability to store 

a large number of antigens while also providing protection from degradation is a surplus. Due 

to the formation of this adjuvant, it was speculated to prolong the in vivo half-life since soluble 

protein antigens would be rendered into a particulate form 111. Different liposomal formulations 

have been tested in past studies 112,113; however, this thesis will focus on TDB/DDA or CAF01 

liposomal formulation.  

Dimethyldioctadecylammonium (DDA) is a positively charged lipid and is an effective 

adjuvant which belongs to the lipophilic quaternary amines group 88. The combination of DDA 

and trehalose 6,6’-dibehenate (TDB) was previously shown to stimulate a strong immune 

response against Mycobacterium tuberculosis infection 114. TDB is a synthetic analogue of 

trehalose 6,6’-dimycolate (TDM), an immunostimulatory component of the mycobacterial cell 

wall. Structurally, TDB has shorter fatty acid chains compared to TDM, which has been 

associated with lower toxicity 115. TDB can stimulate APCs and has been shown to be a potent 

adjuvant by inducing Th1 and Th17 immune responses, as well as producing high titres of IgG1 

and IgG2. The release of high levels of IFN-J by T cells primed by the adjuvant has also been 

observed 88. TDB has also been shown to enhance mucosal immunity against strep A infections 

through stimulation of macrophage-inducible C-type lectin (Mincle). In a study by Ostrop et 

al. (2015), in vitro stimulation of human primary macrophages and DCs induces strong Mincle-

mediated cytokine responses 116. Mincle as a cellular receptor was only determined in 2009 

even though the immunostimulator, TDM, has been known for 40 years 111. When Mincle is 

stimulated by the recognition of monoglucosyldiacylglycerol (MGDG) (the lipoteichoic acid 

anchor) produced by strep A, it initiates proinflammatory cytokines and reactive oxygen 

species (ROS) production 117. Furthermore, stimulations of TDB on cells such as neutrophils 

and DCs showed an increase in production of IL-10 118,119. 

Several studies have shown that the formulation of these two components (TDB and DDA) 

into the liposomal adjuvant, also known as CAF01, can stimulate a strong immune response 

against different infections. The act of minimising complete removal of antigen, adjuvanted 

with CAF01, from the site of injection has been shown in a study by Henriksen-Lacey et al. 

(2011) The study showed the administration of two second-generation tuberculosis (TB) 

antigens (Ag85B-ESAT-6) paired with either TDB/DDA or DDA alone prevented rapid 

antigen dissemination at the injection site and the antigens were detectable 14 days post-

injection 120. In a study by Knudsen et al. (2016), a head to head comparison of CAF01 and 

four other adjuvants (Alum, MF59®, GLA-SE, IC31® with the combination of three pathogen 
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antigens (from M. tuberculosis, influenza and chlamydia) tested in mice showed a strong mix 

of Th1 and Th17 responses with the addition of enhanced protection to TB and chlamydia 121. 

Improved immunogenicity of CAF01 paired with inactivated influenza vaccine was also 

observed with the increased influenza-specific IgA and IgG levels in ferrets 122. In the same 

study, CAF01 was able to promote cellular-mediated immunity with the release of IFN-γ along 

with enhanced protection by reducing the viral load in a challenge study 122. Meanwhile, 

CAF01 has been shown to be safe and tolerable with the induction of Th1 response when 

trialled for TB vaccination 123. It has also been suggested that CAF01 as an adjuvant can be an 

alternative method for vaccine delivery by providing similar immunogenicity without the 

problems associated with freeze sensitivity and lyophilisation 89. 

1.8 Project aim 

In this thesis, three different adjuvants were compared to assist in improving the immune 

responses to the TeeVax1 protein. Curdlan, cholera toxin B (CTB) and CAF01 were the chosen 

adjuvants to compare against a well-known adjuvant, alum.  

The overall aim of this thesis is to formulate a novel vaccine with various mucosal adjuvants 

paired with TeeVax in promoting protection against strep A infections. 

To address this aim, the following objectives were carried out: 

1. To produce and purify one of the novel TeeVax vaccine candidate (TeeVax1) and 

formulate the recombinant proteins with various adjuvants  

TeeVax1 recombinant proteins were expressed in Escherichia coli. To obtain the 

targeted expressed proteins, a three-step purification method that included immobilised 

metal-affinity chromatography (IMAC) and size exclusion was conducted. In the final 

step of protein purification, remnants of endotoxins were removed by magnetic-

activated cell sorting (MACS) system. The protein produced were mixed with one of 

the three mucosal adjuvants; CTB, curdlan and CAF01. 

2. To vaccinate mice with TeeVax mixed with various adjuvants 

For immunisation studies, FVB/n mice (n=5) were used due to their susceptibility to 

strep A nasopharyngeal colonisation. A prime-pull immunisation was assessed where 

mice were initially primed subcutaneously with four vaccine combinations; TeeVax1 
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with each of the three adjuvant mixtures from objective one and TeeVax1 with known 

adjuvant, alum. Two weeks later, mice were boosted intranasally with the 

corresponding formulation and euthanised after a further two weeks.  

3. To assess the immune profile of vaccine formulation in mice 

The systemic and mucosal immune responses in mice from objective two were 

measured at three different time points. Samples including serum, spleen, 

bronchoalveolar lavage (BAL) fluid, faeces, nasal and oral wash were collected for 

analysis. Specific antibody responses (IgG subclasses, IgA) for TeeVax1 from serum, 

BAL fluid, faeces, nasal wash and oral wash were measured by ELISA. Isolated spleens 

were homogenised and re-stimulated with TeeVax1 for measurement of cellular 

responses. Cytokine profiles for Th1/Th2/Th17 were measured from the supernatant of 

the re-stimulated T cells by 7-plex cytometric bead array assay for detection of IFN-J, 

TNF-D, IL-2, IL-4, IL-6, IL-10 and IL-17A. 
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2 Materials and methods 

2.1 Materials  

2.1.1 Bacteria strains 

E. coli AD494(DE3) A thioredoxin reductase mutant strain used for 

expression of recombinant protein (Novagen) 

E. coli BL21(DE3)pLysS A competent bacterial strain used for expression 

of recombinant protein in addition to low 

expression levels of T7 lysozymes by the pLysS 

plasmid (Novagen) 

2.1.2 Bacteria plasmids 

pPROEX-HTb A protein expression vector that allows the 

production of 6x Histidine tagged recombinant 

protein controlled by the lac promoter with 

additional ampicillin resistance gene 

2.1.3 Culture media 

Luria-Bertani broth (LB): 1.55% (w/v) Luria broth base, Miller (Duchefa 

Biochemie) 0.95% (w/v) sodium chloride 

2.1.4 Antibiotics 

Ampicillin (AMP): Used at a concentration of 100 µg/ml was for 

selection of plasmids containing AMP resistance 

Chloramphenicol (CHL): For growing E. coli AD494(DE3)pLysS, 

concentration of 34 µg/ml was used while 30 

µg/ml was used E. coli BL21(DE3)pLysS  

Kanamycin (KAN):  For growing E. coli AD494(DE3)pLysS, a 

concentration of 15 µg/ml was used 
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2.1.5 Solutions 

Cell lysis buffer: 20 mM sodium phosphate, 300 mM sodium 

chloride, 10 mM imidazole, 1-10% (v/v) glycerol, 

1% (v/v) triton-X, 1 mg/ml (w/v) lysozyme, 100 

nM phenylmethylsulfonyl fluoride (PMSF), 1 

tablet of cOmplete™ EDTA-free Protease 

Inhibitor Cocktail was added to every 10 ml of 

lysis solution (Roche) 

SDS-PAGE destaining buffer: 25% (v/v) drum ethanol, 8% (v/v) glacial acetic 

acid 

SDS-PAGE staining solution: 50% (v/v) drum ethanol, 7.5% (v/v) glacial acetic 

acid, 0.06% (w/v) Coomassie brilliant blue R 

(Sigma-Aldrich) 

ELISA blocking solution: PBS-T supplemented with 3% (w/v) bovine 

serum albumin (BSA) 

ELISA stop solution:    1 M (v/v) hydrochloric acid 

Phosphate buffered saline (PBS): 2.7 mM potassium chloride, 1.8 mM potassium 

dihydrogen phosphate, 10 mM disodium 

hydrogen phosphate, 137 mM sodium chloride, 

adjusted to pH 7.4 

PBS-T: PBS supplemented with 0.05% (v/v) TWEEN® 

20 

Protein purification elution buffer 1: 20 mM sodium phosphate, 300 mM sodium 

chloride, 50 mM imidazole, 10% (v/v) glycerol, 

adjusted to pH 7.4 

Protein purification elution buffer 2: 20 mM sodium phosphate, 300 mM sodium 

chloride, 250 mM imidazole, 1-10% (v/v) 

glycerol, adjusted to pH 7.4 



 

26 

Protein purification equilibration buffer: 20 mM sodium phosphate, 300mM sodium 

chloride, 10 mM imidazole, 1% (v/v) glycerol, 

adjusted to pH 7.4 

Protein purification washing buffer: 20 mM sodium phosphate, 300 mM sodium 

chloride, 1% (v/v) glycerol, 0.1% (v/v) triton-

114, adjusted to pH 7.4 

SDS-PAGE protein loading buffer: 125 mM Tris•HCl, 4.1% (w/v) SDS, 20% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue, 

300mM mercaptoethanol 

SDS-PAGE resolving gel buffer: 1.5 M Tris•HCl, 0.4% (w/v) SDS, adjusted to pH 

8.8 

SDS-PAGE running buffer:   25 mM Tris, 25 mM glycine, 0.1% (w/v) SDS 

SDS-PAGE stacker gel buffer:  0.5 M Tris, 0.4% (w/v) SDS, adjusted to pH 6.8 

Sodium phosphate buffer: 20 mM sodium phosphate, 300 mM sodium 

chloride, adjusted to pH 7.4 

Sodium phosphate plus glycerol buffer: 20 mM sodium phosphate, 300 mM sodium 

chloride, 1% (v/v) glycerol, adjusted to pH 7.4 

Dulbecco’s-PBS (DPBS): Sterile, calcium, magnesium and phenol red free 

solution (Gibco£) 

2.1.6 Adjuvants 

Aluminum Hydroxide (Alum): Imject™ Alum Adjuvant (Thermos Scientific) 

dissolved in PBS 

Cholera Toxin B (CTB): 1 mg/ml of CTB (Sigma) dissolved in distilled 

water 

Curdlan: 4% (w/v) curdlan from Alcaigenes faecalis 

(Sigma) dissolved in PBS 
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CAF01: 5:1 ratio of dimetyldioctadecyl-ammonium 

(DDA) to trehalose 6,6-dibehenate (TDB) 

dissolved in PBS 

2.1.7 Antibodies 

Anti-Mouse IgG-HRP:  Polyclonal goat antibodies against mouse IgG 

conjugated to horseradish peroxidase (Thermo 

Fisher Scientific) 

Anti-Mouse IgG1-HRP:  Polyclonal goat antibodies against mouse IgG1 

conjugated with horseradish peroxidase 

(Invitrogen) 

Anti-Mouse IgG2a-HRP:  Polyclonal goat antibodies against mouse IgG2a 

conjugated with horseradish peroxidase 

(Invitrogen) 

Anti-Mouse IgG2b-HRP:  Polyclonal goat antibodies against mouse IgG2b 

conjugated with horseradish peroxidase 

(Invitrogen) 

Anti-Mouse IgG3-HRP:  Polyclonal goat antibodies against mouse IgG3 

conjugated with horseradish peroxidase 

(Invitrogen) 

Anti-Mouse IgA-HRP:  Polyclonal goat antibodies against mouse IgA 

conjugated with horseradish peroxidase (Thermo 

Fisher Scientific) 

2.1.8 Mice 

FVB/n mice (male and female, 6-7 weeks old) were purchased from the Vernon Jansen Unit 

(The University of Auckland) and housed under pathogen-free conditions. 
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2.1.9 Splenocytes stimulation  

RPMI complete media: RPMI 1640, 2 mM glutamine, 50 µM beta-

Mercaptoethanol (2-Me), 10% (v/v) foetal calf 

serum, 100 U/ml penicillin, 100 U/ml 

streptomycin, 220 µg/ml sodium pyruvate (NaP). 

Histopaque 1083: Sterile-filtered solution containing polysucrose 

and sodium diatrizoate with the adjusted density 

of 1.083 g/ml (Sigma) 

Concanavalin A(ConA): 2% (v/v) ConA extracted from Canavalia 

ensiformis (Sigma) dissolved in RPMI complete 

media 
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2.2 Methods 

2.2.1 Mice 

Male and female FVB/n mice (6-7 weeks old) were purchased from the Vernon Jansen Unit 

(VJU), The University of Auckland (New Zealand). All experiments were performed in the 

VJU at The University of Auckland and were approved by The University of Auckland Animal 

Ethics Committee (AEC no. R002113). Mice were maintained in the VJU at the controlled 

conditions (room temperature; 21°C, 12/12-h light: dark cycle). Mice had free access to food 

and water. Mice were euthanised by carbon dioxide. 

2.2.2 TeeVax1 expression and purification 

A 2-hour culture with OD600 ranges between 0.6-0.8 of TeeVax1 recombinant E. coli cloned in 

Luria broth supplemented with ampicillin (100 ml/ml) and chloramphenicol (34 mg/ml). 

Culture was then induced with 0.1 mM IPTG (isopropyl-b-D-thiogalactoside) for an overnight 

culture at 18°C in a shaker incubator. The culture was pelleted and resuspended in a lysis 

medium with additional sonication using a Q700 sonicator (QSonica). Each round of sonication 

consists of 1 minute with 1-second pulse and 50% power. The cell debris was removed by 

centrifugation at 10,000 u g for 10 minutes at 4qC. The clarified lysate was tipped into a fresh 

tube and to be used in the next step. 

First step purification of TeeVax1 proteins was carried out using a Ni-NTA affinity column. 

The purification process was done in the cold room at 4qC. A purification column containing 

2 ml of Ni-NTA resin (Thermo-Fisher) was equilibrated with 20 mM sodium phosphate buffer 

supplemented with 10 mM imidazole. Following equilibration, the clarified lysate was loaded 

gradually into the column, and the flow-through was collected.  Subsequently, the column was 

washed with a washing buffer containing 0.1% triton-114 to remove the endotoxins from the 

column. The column was then equilibrated again with equilibration buffer before introducing 

two elution buffers containing 50 mM and 250 mM imidazole at a step-wise purification. 

Eluted proteins from different buffers were collected into fresh tubes. In the next step, 

imidazole was removed by filtering through a 30 kDa Amicon ultra-15 centrifugal filter (Merck 

Millipore) with additional buffer exchange into sodium phosphate buffer. The protein mix was 

concentrated down to 1 ml and proceed to the second step of purification using size exclusion 

chromatography (SEC) method. 
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The SEC method separates proteins according to its size and based on its molecular weight. 

The concentrated TeeVax1 protein was passed through Superdex 200 10/30 (GE Life Sciences) 

connected to an Äkta Explorer protein purification system (GE Life Sciences). The Superdex 

program was run at a flow rate of 0.5 ml/min with 1.2 column volume (CV) elution. The size 

of a TeeVax1 is between 100 to 120 kDa and is considered to be a big protein. The proteins 

were eluted at between 10 to 11 ml fractions for a 24 ml run. Multiple rounds of purification 

were conducted, and 10 Pl of the eluted fractions was loaded on SDS-PAGE to analyse the 

purity. The highest purity fractions were then pooled and concentrated to 1 ml using a 30 kDa 

Amicon ultra-15 centrifugal filter (Merck Millipore) with additional buffer exchange into 

DPBS (Gibco£). The proteins were filtered through a  0.22 Pm polyethersulfone membrane 

(Millex-GP). The concentration of proteins was measured using a NanoDrop 2000 UV-Vis 

spectrophotometer (Thermo Scientific), and the purified protein was stored at 4°C until used.  
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2.2.3 Adjuvant formulation 

2.2.3.1 Aluminium Hydroxide (Alum) 

1:1 ratio of Imject™ Alum Adjuvant (10 Pg/dose) (Thermos Scientific) were mixed to a total 

mixture volume of TeeVax1 (30 Pg/dose) and PBS. Due to the high viscosity of alum, the 

concoction was unified with a rotator for 30 minutes before use. 

2.2.3.2 Cholera Toxin B (CTB) 

Cholera Toxin B (10 Pg/dose) (Sigma) were mixed with PBS. Diluted CTB were then mixed 

with TeeVax1 (30 Pg/dose) and further combined for 30 minutes before use. Imject™ Alum 

Adjuvant was mixed with CTB with the same factor as above for subcutaneous (s.c) 

immunisation. 

2.2.3.3 Curdlan 

Curdlan (200 Pg/dose) from Alcaligenes faecalis (Sigma) were weighed and mixed with PBS 

through sonication. The sonicated curdlan was further mixed with TeeVax1 (30 Pg/dose). The 

mixture was mixed for 30 minutes before use. 

2.2.3.4 Liposomes: CAF01 

CAF01 were prepared by the Department of Pharmacy, University of Auckland. TeeVax1 (30 

µg/dose) was paired with TDB/DDA (50 µg/250 µg/dose).They were prepared by lipid thin 

film method and rehydrated in Tris buffer before the addition of TeeVax1. CAF01 were then 

extruded and undergone size reduction from 550 nm to 150 nm. 

2.2.4 Immunisation study 

TeeVax1 protein was expressed in Escherichia coli and purified by using nickel affinity 

chromatography and size exclusion chromatography in our laboratory. Six to seven weeks old 

female and male FVB/n mice were randomly assigned to adjuvant groups (n=5) or negative 

control group (n=3). The approach for the immunisation is a 'prime and pull' method whereby 

two doses of antigen-adjuvant combo were first administered subcutaneously and second, 

intranasally (i.n). Mice were immunised s.c at 100 µl volume containing TeeVax1 paired with 

either alum, CTB, Curdlan or TDB/DDA per immunisation into the loose skin over the 

interscapular area on Day 0. At day 14, mice were anaesthetised prior to intranasal 
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immunisation with 20 µl (10 µl in each nostril) of TeeVax1 paired with either CTB, curdlan or 

CAF01 by using a pipette with dropwise method into each nostril whereas mice in the alum 

group were immunised by s.c injection. No manipulation was done on negative controlled 

mice, and the welfare of the animals was closely monitored throughout the experiment. Two 

weeks after the mice were given the second vaccination dose, all mice were euthanised. An 

overview of the experimental timeline was conducted, as shown in the figure below (Figure 

2-1).  

 

Figure 2-1 An overview timeline of immunisation study 

2.2.4.1 Collection of faeces and blood for antibody monitoring 

Fresh faecal pellets were collected from each mouse weekly throughout the immunisation 

period as well as before vaccination. To every 100 mg of faeces, 1ml of PBS containing 1 mM 

PMSF were added. The faecal pellet was homogenised by vortex and centrifuged at 10,000 u 

g for 5 minutes at 4°C. The supernatant was stored at -20°C until assayed. An approximate 50 

Pl of blood was collected from the mouse tail vein and transferred into serum separator tubes. 

The collected blood in the tubes was centrifuged at 5,000 u g for 5 minutes at 4°C and the 

serum were then transferred into fresh Eppendorf tubes and stored at -20°C until assayed. 
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2.2.4.2 Blood collection by cardiac puncture 

Subsequent to euthanasia, blood was collected by cardiac puncture. The mouse was placed at 

a supine position, and a 23-gauge sharp-end needle (Terumo£) attached to a 1 ml syringe was 

inserted ventrally on the left side of the thoracic wall. The needle was inserted, and blood was 

withdrawn steadily with a light pressure applied on the syringe. An approximate 500 Pl of 

blood was collected before the needle was removed. Serum was separated and stored as 

mentioned above. 

2.2.4.3 Bronchoalveolar lavage (BAL) fluid collection 

A bronchoalveolar lavage (BAL) was performed through a small incision on an exposed 

trachea. An 18-gauge blunt-end needle (Terumo£) connected to a 1 ml syringe filled with PBS 

was inserted into the trachea, and the PBS was slowly injected and aspirated four times for a 

thorough lung lavage. The collected sample was stored at -20qC until assayed.  

2.2.4.4 Nasal sample collection 

A nasal wash was performed by flushing the nasal cavity from the opening in the exposed 

trachea. 500 Pl of PBS loaded into a 1 ml syringe was injected slowly into the opening with a 

connected blunt-end 18G needle (Terumo£). A fresh Eppendorf was used to collect the flushed 

fluid coming out of the nasal. The recovered nasal fluid was stored in -20qC until assayed. 

2.2.4.5 Saliva collection 

Oral wash was done by loading and aspirating 50 Pl of PBS into the oral cavities of the mice 

using a pipette. The collected saliva was stored at -20qC until assayed.  

2.2.4.6 Spleen collection 

The abdominal area of the mouse was sterilised with 70% alcohol and spleen were dissected. 

Spleens were forced through a 70 Pm mesh nylon filter (Sigma) and washed with sterile 

Dulbecco's PBS (Thermo Scientific). Splenocytes were centrifuged at 1,000 rpm for 10 minutes 

to pellet the cells. The pelleted cells were resuspended in PBS and gently overlaid into a new 

centrifuge tube containing room temperature Histopaque 1083 (Sigma). Overlaid cell 

suspension was then centrifuged immediately at 400 u g for 30 minutes at room temperature. 

The layer containing lymphocytes were collected and washed with DPBS, then resuspended in 
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RPMI complete medium. Cells were counted in a haemocytometer and diluted to 2 u 106 cells 

per ml of the medium. In a flat bottom 96 well-plate, 100 Pl of cell suspension was stimulated 

with 100 Pl of TeeVax1 (final concentration of 20 mg/ml or 2 mg/ml) or ConA (1 mg/ml) or 

with no stimulator. Cell stimulations with antigen were done in duplicate wells. The plate was 

incubated in a 5% CO2 incubator at 37°C for 72 h. The supernatant was collected and stored at 

-80qC until assayed. 

2.2.5 Specific antibody detection by ELISA  

Flat bottom clear high binding microplates (Greiner Bio-One) were coated with 50 Pl of 10 

µg/ml of TeeVax1 or T-antigens suspended in PBS buffer overnight at 4°C. On the next day, 

coated plates were washed three times with PBS containing 0.05% (v/v) Tween-20 before 

blocking with 3% bovine serum albumin (w/v) + 0.05% (v/v) Tween-20 in PBS for 15 minutes 

at room temperature. After another three washes, individual samples of titrated serum, oral 

wash, nasal wash, BAL and faecal samples were added. Plates were incubated for 1 hour, then 

were washed five times with PBS-T and incubated for another 1hour with HRP-conjugated 

secondary antibody. HRP-conjugated polyclonal anti-mouse IgG (Thermo Fisher) in a 1:1,000 

dilution and anti-mouse IgA (Thermo Fisher) in 1:3,000 was used. Specific antibodies were 

detected by an enzyme reaction with TMB substrate after five washes. Reactions were stopped 

with 1M HCl after 10 mins, and the optical density (OD) was measured at 450 nm with 570 

nm correction.  

2.2.6 Cytokine detection by Luminex 

Supernatants from re-stimulated splenocytes were assayed for seven different cytokines: TNF-

D, IFN-J, IL-2, IL-4, IL-6, IL-10, and IL-17. The detection of cytokines was performed using 

a commercially available mouse premixed multi-analyte kit (LXSAMSM) (R&D Systems Inc, 

Minneapolis, USA). The kit is a Luminex multiplex immunoassay containing precoated 

cytokine-specific antibodies onto magnetic microparticles embedded with fluorophores. Plates 

were read using a MAGPIX array reader (Luminex). Cytokine concentrations were calculated 

through interpolation of standard curves. Quality control tests were included as per the 

instructions of the manufacturer. 
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2.2.7 Statistical analysis 

ANOVA test by GraphPad Prism was used to compare the median levels of antibody and 

cytokines levels followed by various multiple comparison tests. 

 



 

36 

3 Results 

3.1 Expression and purification of recombinant proteins 

All recombinant proteins used in this study were produced with an N-terminal 6xhistidine tag 

in E. coli and purified by nickel affinity chromatography. This chapter describes the results 

from recombinant protein purification and the optimisation of purification procedures. 

3.1.1 Optimisation of TeeVax1 expression and purification  

TeeVax1 was previously constructed in the pPROEX-HTb expression vector and expressed at 

37 °C in E. coli BL21(DE3)pLysS. This produced a protein of ~110 kDa containing an N-

terminal 6xhistidine tag to allow for nickel affinity purification. However, previous work had 

observed a large proportion of protein remaining in the insoluble fraction after sonication, 

resulting in significant loss of protein yield—this warranted investigation to optimise the 

production procedures. The large proportion of protein found in the insoluble fractions (pellet) 

may due to either insolubility of the expressed protein, or incomplete lysis of the bacteria.  

To address these potential issues, different expression temperatures were assessed to improve 

protein solubility, and an alternative E. coli host and a different enzymatic digestion method 

were used to improve cell lysis.  

To improve protein solubility, two different induction schedules were tested: a) induction at 

28°C for 4 hours or b) induction at 18°C overnight with 0.1 mM IPTG. The protein expressed 

under both induction conditions were purified using the same procedures and elution volume 

and analysed by SDS-PAGE for comparison (Figure 3-1). All resuspension, lysate, wash, 

elution, and SDS-PAGE sample loading volumes were kept the same for an equal comparison. 

As shown on the protein gel, higher protein yield was observed when E. coli BL21(DE3)pLysS 

was induced at 18qC compared to 28qC.  

The intensity of the 110 kDa bands was estimated using Adobe Photoshop pixel count analysis. 

The protein band for induction at 28qC (Figure 3-1A, lane 5) appeared very weak with an 

estimation of 25% and 35% less of width and height respectively, compared to protein band 

produced from induction at 18qC (Figure 3-1B, lane 5). Meanwhile, a large amount of the 

protein remained in the pellet with both expression temperatures, although the culture 
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expressed at 28°C (Figure 3-1A, lane 1) showed a thicker band at 110 kDa than that of the 

culture expressed at 18°C (Figure 3-1B, lane 1). 

 

Figure 3-1 Comparison of TeeVax1 expression in E. coli BL21(DE3)pLysS at two induction temperatures 
Protein fractions were analysed by SDS-PAGE stained with Coomassie blue. A) Induction at 28qC. B) Induction 
of expression at 18qC. The expected band size of TeeVax1 is between 100 and 120 kDa, indicated by the blank 
triangle. 
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As a significant amount of protein was still observed in the cell pellet after sonication, 1 mg/ml 

of lysozyme was supplemented to the lysis buffer to improve cell lysis. Harvested E. coli were 

resuspended in the lysis buffer containing lysozyme and incubated for 30 minutes prior 

sonication. This was compared to sonication in lysis buffer without lysozyme. The samples for 

both bacterial lysis procedures were collected and analysed by SDS-PAGE (Figure 3-2).  

Lysis with or without lysozyme resulted in similar protein yield, as seen in the elution fraction 

of TeeVax1 with 250 mM imidazole (Figure 3-2, lanes 7 and 14), though lysis with lysozyme 

produced a final protein band (in lane 7) thicker by 43%, suggesting a significant improvement 

with the addition of lysozyme. From these results, addition of lysozyme brought no real effect 

for higher protein yield.  

 

Figure 3-2 Comparison of bacterial lysis of E. coli BL21(DE3)pLysS with and without the addition of 
lysozymes 
Protein fractions were analysed by SDS-PAGE stained with Coomassie blue. Lanes 1-6 represent bacterial lysis 
samples with additional lysozymes supplemented in the lysis buffer. Lanes 7-12 represents bacterial lysis samples 
without lysozymes supplemented in the lysis buffer. The expected band size of TeeVax1 is between 100 and 120 
kDa, indicated by the blank triangle. 
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Previously, pPROEX-HTb-TeeVax1 had been transformed into two strains of E. coli, namely 

AD494(DE3)pLysS and BL21(DE3)pLysS. However, production in AD494(DE3)pLysS had 

not been tested prior to this project. To assess the expression efficiency of this alternative strain, 

similar expression steps were performed as with the BL21 strain. Cultures of 

AD494(DE3)pLysS expressing TeeVax1 were grown to exponential phase and induced with 

0.1 mM IPTG at 18qC overnight before sonication and nickel affinity purification. Samples (10 

Pl) were taken at each purification step for SDS-PAGE analysis (Figure 3-3). Comparing the 

band intensity of the pellet and lysate (Figure 3-3, lane 2 and 6) showed that approximately 

50% of the total protein remained in the pellet. However, this expression strain produced a 

lower yield, as demonstrated by the ~40% (Figure 3-1B, lane 5) thinner protein band than that 

produced in BL21 cultures induced at 18qC. The final protein yield using these conditions were 

1.027 mg/L of culture. 

 

Figure 3-3 SDS-PAGE analysis of TeeVax1 protein purification from E. coli AD494 cultures 
Protein fractions were analysed by SDS-PAGE stained with Coomassie blue. The expected molecular weight of 
TeeVax1 is between 100 and 120 kDa, indicated by the black triangle. 
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In summary (Table 3-1), the expression of TeeVax1 by E. coli BL21(DE3)pLysS induced at 

18qC overnight and bacterial lysis supplemented with lysozyme produced the highest protein 

yield and were the conditions used henceforward throughout this project. 

Table 3-1 Comparison of TeeVax1 productions in different E. coli strains 

E. coli BL21(DE3)pLysS  E. coli AD494(DE3)pLysS 

Ampicillin (100 Pg/ml) 

Chloramphenicol (30 Pg/ml) 

Antibiotics Ampicillin (100 Pg/ml) 

Kanamycin (15 Pg/ml) 

Chloramphenicol (34 Pg/ml) 

0.1 mM IPTG at 18qC overnight Induction/ 

temperature/ 

time 

0.1 mM IPTG at 18qC overnight 

+ Lysozyme - 

2,500 mg/L Protein yield 1,027 mg/L 

 

Further purification of TeeVax1 was done by size exclusion chromatography. The 250 mM 

imidazole-eluted fraction from the nickel affinity column was concentrated and passed through 

a Superdex 200 10/300GL (GE Health) size exclusion column. Since TeeVax1 is a relatively 

large protein with an approximate molecular weight of 110 kDa, the protein eluted early during 

the filtration. Samples collected during the 7 to 13 ml elution and analysed by SDS-PAGE 

(Figure 3-4). Although the majority of TeeVax1 was eluted between 9-10 ml, these fractions 

also contained large protein aggregates (>220 kDa). 

Purified TeeVax1 from 10-12 ml elution (Figure 3-4B, lanes 6 to 8) was further concentrated, 

dialysed against PBS and filtered before its concentration was measured. The final yield was 

1,680 mg/L culture. The proteins were then stored at 4qC before being used to immunise mice 

as well as in ELISA analysis.  
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Figure 3-4 Further purification of TeeVax1 
A) Size exclusion chromatography of TeeVax1 chromatogram showing fractions collected and corresponding 
analysis (B) by SDS-PAGE and stained with Coomassie blue. The expected band size of TeeVax1 is between 100 
and 120 kDa, indicated by the black triangle. 
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3.1.2 Expression and purification of a T-antigen (T5) 

The expression and purification of T5 (a full-length T-antigen), was carried out for the use in 

ELISAs. T5 is one of the six T-antigens present within TeeVax1. The remaining T-antigens 

contained in TeeVax1 (T28.1, T12, T1, T18.1 and T11) were already available for use in their 

purified form (provided by Dr Jacelyn Loh).  

T5 was expressed in a pET32a3c vector, producing a fusion protein with thioredoxin (Trx), a 

solubilisation and purification tag that helps in better folding of the recombinant protein by 

binding to 6xhistidine. Exponential phase cultures of the T5 expressing strain were induced 

with 0.1 mM IPTG for 4 hours at 30°C. After induction, the bacteria were lysed by sonication 

to release the recombinant T5. The fusion protein was purified from the lysate by running over 

a Ni-affinity column and then eluted in fractions using increasing concentrations of imidazole. 

The fractions eluted at 50-250 mM imidazole (Figure 3-5, lanes 6 to 8) were collected and 

dialysed against PBS to remove imidazole. The fusion protein was subsequently cleaved 

overnight with 3c protease for separation of the T5 protein from thioredoxin. Thioredoxin was 

removed from T5 by repassing eluent over a nickel affinity column. (Figure 3-6). 

 

Figure 3-5 SDS-PAGE analysis of T5 purification from E. coli BL21(DE3)pLysS 
Fractions from Ni-affinity purification were collected and analysed by SDS-PAGE stained with Coomassie blue. 
The size of T5 fusion protein tagged with thioredoxin was in the range of 50 to 60 kDa as indicated by the black 
triangle.  
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As shown in the SDS-PAGE result (Figure 3-6), the elution of T5 after the second passage 

through the nickel column was of high purity with the some presence of thioredoxin (Figure 

3-6, lane 5). The purified T5 went through buffer exchange into PBS prior to its protein 

concentration being measured. The final concentration of T5 in PBS was 778.7 mg/L of culture, 

and the protein was stored at 4qC until use.  

 

Figure 3-6 Removal of thioredoxin from T5  
Fractions from cleaved and purified T5 were collected and analysed on a 12.5% polyacrylamide gel stained with 
Coomassie blue for protein detection. Cleaved T5 had an approximate size of 30 kDa as indicated by the black 
triangle. Thioredoxin is ~16 kDa as indicated by the white triangle. 
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3.2 Immunisation and Analysis of Vaccine Formulation in Mice 

To determine the immunogenicity of purified TeeVax1 formulated with different adjuvants, 

the following five groups of FVB/n mice were compared: 

x Negative control where mice were not immunised (Negative, n=3) 

x TeeVax1 adsorbed to Alum (Alum, n=5) 

x TeeVax1 admixed to CTB (CTB, n=5) 

x TeeVax1 admixed to Curdlan (Curdlan, n=5) 

x TeeVax1 formulated with CAF01 (CAF01, n=5) 

Blood and faecal samples of mice were taken at regular intervals for the duration of the 

experiment to measure antibody responses over time. At the experimental endpoint (two weeks 

after the final immunisation), serum, bronchoalveolar lavage (BAL) fluid, nasal wash and oral 

wash samples were collected to analyse the systemic and mucosal antibody responses.  

  



 

45 

3.2.1 Analysis of antibody response in serum and mucosal samples 

The level of specific antibodies in the serum of the pre- and post-immunised mice were 

determined by ELISA using immobilised TeeVax1. The time-course of antibody production 

was first analysed at three-time points on Days 0, 14 and 28 (Figure 3-7).  

Two weeks after the first immunisation, all adjuvants were able to stimulate IgG against 

TeeVax1. Notably, mice immunised with CTB and CAF01 were able to significantly raise anti-

TeeVax1 IgG levels on Day 14 compared to the alum and curdlan groups (Figure 3-7). While 

on Day 28 (two weeks after the booster immunisation) all adjuvanted mice were able to raise 

significant levels of anti-TeeVax1 IgG in comparison to the negative control group. Statistical 

differences of IgG production for days comparison within groups are presented in Table 5-1 

(supplementary data). 

 

Figure 3-7 Analysis of anti-TeeVax1 IgG in mouse serum samples on Days 0, 14 and 28 by ELISA 
Each point represents the mean absorbance (nm) detected from a 1:100 dilution of serum from each group of mice. 
The error bars shows the standard deviation. Significance was determined using one-way ANOVA followed by 
Dunnett’s multiple comparisons test. * - denotes a statistically significant difference in comparison to the negative 
control group (unimmunised) at p<0.05 
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Serum samples from Day 28 were titrated for further analysis. Using endpoint titre 

measurement, variability was observed within each immunisation group (Figure 3-8). The 

endpoint titres of CTB and CAF01 groups were significantly higher when compared to the 

negative control group, with average endpoint titres of 4 logs higher. Furthermore, the titres of 

both groups were also significantly different when either was compared to the alum and curdlan 

groups (Table 5-2, supplementary data). While specific IgG was detected in the alum and 

curdlan groups, endpoint titres were not significantly higher than the negative control group 

(Figure 3-8).  

 

Figure 3-8 Analysis of anti-TeeVax1 IgG titres in the serum of immunised mice 
TeeVax1-specific IgG titres were measured by ELISA from serum samples obtained on Day 28. Each data point 
represents the endpoint titre from an individual mouse. Horizontal bars represent the median titre. Significance 
was determined using one-way ANOVA followed by Holm-Sidak’s multiple comparisons test. * - denotes a 
statistically significant difference at in comparison to unimmunised group (negative) p<0.05  
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To further analyse specific IgG subclasses raised in serum, endpoint titres of the following IgG 

subclasses were measured: IgG1, IgG2a, IgG2b and IgG3 (Figure 3-9). The IgG subclass that 

clearly dominated in all immunisation groups was IgG1, with a significant elevation in CTB, 

curdlan and, CAF01 groups compared to the negative control group. The elevation was 

significant throughout all the immunised groups, which indicated IgG1 to be the primary 

response after immunisation with TeeVax1 vaccine. Variation of secondary IgG subclass 

response between groups was observed. Titres of IgG2a, IgG2b and IgG3 subclasses from the 

CTB group were comparably high. IgG2a, IgG2b, and IgG3 were also detected at high levels 

in the CAF01 group, with IgG2b displaying titres approaching IgG1 levels in this group. 

Meanwhile, IgG2a and IgG2b were also elevated in curdlan, CAF01 and alum groups, but 

minimal IgG3 was detected in these groups. 

 

Figure 3-9 Endpoint titres (log10) of anti-TeeVax1 IgG subclass in the serum of immunised mice 
Serum samples from Day 28 were analysed for TeeVax1-specific IgG subclasses: IgG1, IgG2a, IgG2b and IgG3 
by ELISA. The error bars show the standard deviation of grouped mice serum samples analysed in duplicates. 
Statistical significance was determined using the one-way ANOVA followed Tukey’s multiple comparisons test, 
* - denotes a statistically significant difference at p<0.05 
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In addition to total IgG and IgG subclasses, serum IgA was also analysed. The detection of 

serum IgA was carried out similar to IgG by analysing serum samples from Day 0 to 28 after 

immunisation (Figure 3-10). The data in Figure 3-10 show that systemic IgA did not reach a 

level of significance in all groups.  

 

Figure 3-10 Analysis of anti-TeeVax1 IgA in serum of immunised mice by ELISA 
Absorbance from serum samples collected at different time points were represented by the bar graph. The error 
bars show the standard deviation of grouped mice serum samples analysed in duplicates. Statistical significance 
was determined using the one-way ANOVA followed Dunnett’s multiple comparisons test. 
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3.2.1.1 Serum antibody response to TeeVax1 components  

TeeVax1 comprises of six T-antigen domains from different strep A serotypes. These domains 

are fused in a specific order with T28.1N at the N-terminus and T11C at the C terminus (Figure 

1-4). To assess the antibody response to each serotype, mice serum samples were analysed 

against individual full-length T-antigens by ELISA. The general trend in T-antigen IgG 

reactivity across all groups was T18.1>T1>T12>T5>T28.1>T11. 

Across all the immunised groups, the highest IgG response on average was to T18.1. This trend 

was followed by T1, where all immunised mice had a similar IgG response. Moreover, a 

significant difference was achieved with these two T-antigens when all the immunised groups 

were compared to the negative control group (Table 5-3, supplementary data). Meanwhile, only 

the CTB and CAF01 groups managed to produce significant IgG responses in comparison to 

the negative group for all the T-antigens tested (Figure 3-11). Curdlan produced significant 

IgG responses to four out of six T-antigens (T28.1, T12, T1, and T18.1) whereas alum led to 

significant differences in T1 and T18.1 against the negative group (Figure 3-11).  

Variations of IgG response against specific T-antigens were observed especially in the alum 

and curdlan groups in comparison to the CTB and CAF01 groups. These observations were 

further analysed by determining endpoint titres (Figure 3-12). 

 

Figure 3-11 Analysis of T-antigens-specific serum IgG by ELISA 
Serum samples taken from Day 28 were used and diluted 1:100 in this analysis. The bar graphs represent the mean 
r standard deviation of grouped mice serum samples analysed in duplicates. Significance was determined using 
one-way ANOVA followed by Tukey’s multiple comparisons test. * - denotes a statistically significant difference 
against the negative control group in each T-antigen at p<0.05  
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In all the T-antigens tested, both CTB and CAF01 groups had mean endpoint titres that were 

at least 1 log higher than the alum and curdlan groups. Furthermore, it was observed that the 

immunised groups had end-point titres that were on average two logs higher than that of the 

negative control groups. However, for the T11 endpoint titre, the curdlan group average was 

similar to the negative control group. Through one-way ANOVA, it was found that there was 

a significant difference between the mouse groups for T12 and T18.1 (p<0.05) but was not 

significant with the follow-up test (Tukey’s multiple comparisons). 

 

Figure 3-12 Anti-TeeVax1 T-antigens IgG endpoint titre in serum of immunised mice 
The serum samples were analysed for specific IgG antibody raised against the T-antigens. T-antigens, T28.1 (A), 
T12 (B), T5 (C), T1 (D), T18.1 (E) and T11 (F) endpoint titres were measure by ELISA. Each data point represents 
the endpoint titre on an individual mouse. Horizontal bars indicate the median titre. Statistically, a significant 
difference was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. 
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3.2.1.2 TeeVax1 antibody response in mucosal samples 

IgA is the most abundant antibody being secreted in the mucosal surfaces, making it a frontline 

defence system 56. Since mice were immunised twice, with the second round of immunisation 

via the nasal route, a rise in IgA was expected. Presence of IgA antibodies was analysed in 

BAL fluid, oral wash, nasal wash and faecal samples of immunised mice by ELISA (Figure 

3-13). Only a low level of TeeVax1-specific IgA was detected in CTB and CAF01 groups. 

However, this did not reach statistical significance. No TeeVax1-specific IgA was detected in 

alum and curdlan groups. It was also observed that all samples from the same mouse in the 

CTB group showed a very high response. Furthermore, the majority of mice from the CAF01 

group showed higher levels of IgA responses in the oral wash, nasal wash and faecal samples 

comparative to the other groups. Moreover, the observation of median absorbance aside from 

BAL fluid samples was higher in the CAF01 group compared to other groups. However, no 

statistical significance was achieved.  
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Figure 3-13 Anti-TeeVax1 IgA in mucosal samples of immunised mice 
TeeVax1 specific IgA titres from BAL fluid (A), oral wash (B), nasal wash (C) and faeces (D) were measured by 
ELISA. Samples were analysed undiluted except for oral samples which were diluted at 1:10 ratio. Each data 
point represents the absorbance value of an individual mouse. Horizontal bars indicate the median absorbance. 
Significance was determined using one-way ANOVA followed by Dunnett’s multiple comparisons test. 
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3.2.2 Cytokine analysis of stimulated splenocytes  

Cytokines play an important role in regulating the immune system which recruits cells and 

stimulates effector mechanisms that confer protection from a foreign body 124. To measure 

cytokine responses, splenocytes of unimmunised and immunised mice were stimulated ex vivo 

with either TeeVax1 or media. Supernatants were collected after 72h of re-stimulation. 

Cytokines level in the supernatant were analysed using a Luminex kit (R&D Systems). 

When stimulated with TeeVax1, elevated levels of cytokines were observed in all groups, 

including the negative control group, with the exception for IL-10 (Figure 3-14). TNF-α 

reached the highest concentration of 1 ng/ml in the CTB group. This was followed by IL-6 and 

IL-17 with concentrations of 192 pg/ml and 160 pg/ml, respectively.  

When comparing cytokine levels between groups, it was observed that only the CAF01 group 

produced significantly higher IL-2 levels than the alum, curdlan, and negative control groups 

(Figure 3-14B). However, the maximum cytokine concentration was only 15 pg/ml, much 

lower compared to the other three cytokines. Both CTB and CAF01 groups showed significant 

differences against the negative control and alum group for IL-4 (Figure 3-14C). As for IL-6 

and IL-10, statistical differences were seen in the CTB group when compared to the negative 

control, alum or CAF01 groups for IL-6 and to alum group for IL-10. Interestingly, significant 

differences were observed for IL-6 against the CAF01, alum or negative control groups (Figure 

3-14D). While CTB only gained significance against the alum group for IL-10 (Figure 3-14E). 

No significant differences were found for TNF-α, IL-17 and IFN-γ between the groups tested 

(data not shown). 
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Figure 3-14 Cytokine levels (pg/ml) in the supernatants from re-stimulated mouse splenocytes after 72h 
The horizontal dotted line is a representative of unstimulated/media alone values. TNF-α (A), IL-2 (B), IL-4 (C), 
IL-6 (D), IL-10 (E), IL-17 (F), and IFN-γ (G). nd – cytokines level not detectable; the dotted line indicates the 
detection limits of Luminex cytokine assays: TNF-α – 3.25 pg/ml, IL-2 – 9.05 pg/ml, IL-4 – 62.26 pg/ml, IL-6 – 
29.55 pg/ml, IL-10 – 12.47 pg/ml, IL-17 – 55.84 pg/ml, IFN-γ – 12.59 pg/ml. * - denotes a statistically significant 
difference in comparison to control group (media) at p<0.05  
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4 Discussion 

Infections caused by strep A can lead to a variety of diseases and complications. It has 

contributed copiously to the world’s mortality and morbidity. As a developed country, New 

Zealand has an unusually high rate of strep A diseases in addition to having the highest rate of 

ARF in the Pacific peoples and Maori populations, which can result in RHD. The lack of an 

effective preventive strategy such as a vaccine has been the main contributing factor and the 

basis of this project.  

Currently, there are several vaccines that are in the pre-clinical and clinical phases of vaccine 

development. However, coverage by the N-terminal M-protein multivalent based vaccines was 

theoretically indicated to be inadequate to the human population in New Zealand. Therefore, 

an alternative vaccine based on the T-antigens of strep A pilus (TeeVax) was developed and is 

currently in the pre-clinical phase. TeeVax is a multivalent recombinant protein vaccine 

comprised of different T-antigen variants from 18 distinct tee-types of strep A strains. The 18 

T-antigens were incorporated into three fusion proteins, each containing five to seven T-antigen 

domains. This thesis focuses on TeeVax1 for proof-of-concept studies with experimental 

adjuvants. TeeVax1 contains domains from six T-antigens: T28.1, T12, T5, T1, T18.1 and T11, 

in the respective order. 

In a previous study, immunisation with TeeVax1 plus Alum showed protection against a strep 

A invasive disease mouse model (unpublished data). However, it failed to provide protection 

from colonisation. This study aimed to explore the use of mucosal adjuvants (CTB, Curdlan 

and CAF01) to identify the lead vaccine formulation for protection against strep A infections. 

A ‘prime and pull’ method was used in the immunisation protocol of this study. A 

subcutaneous/parenteral vaccination paired with mucosal adjuvants was used to prime the 

immune system and followed by intranasal vaccination for a local ‘pull’ effect to the primary 

site of infection. This strategy supported by a previous study which found locally administered 

vaccine was able to induce protection in mice when challenged with repeated strep A infections 

with increased levels of IL-17 producing T-cells and mucosal IgA compared to parenteral 

vaccination alone 84. The success of this method was also seen in a herpes simplex virus study 

where the combination of vaccine and local treatment was most effective in reducing the 

recurrent disease in comparison to either therapy alone 125. 
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The first part of this thesis involved the production of the vaccine antigen TeeVax1. While 

protocols were already in place to produce these antigens, further investigations were carried 

out to optimise procedures to improve protein yield. TeeVax1 was then formulated with 

adjuvants and used to immunise mice. The immune response of the immunised mice with 

TeeVax1 in combination with four known mucosal adjuvants; alum, CTB, curdlan and CAF01, 

were assessed and compared.  

4.1 Optimisation for TeeVax1 expression and purification 

In an attempt to increase the yield of TeeVax1, steps for expression and purification were 

optimised. pPROEX-HTb-TeeVax1 has previously transformed into two host strains of E. coli, 

AD494(DE3)pLysS and BL21(DE3)pLysS. Expression in E. coli AD494(DE3)pLysS showed 

promising results with lower levels of insoluble protein remaining in the pellet. However, 

overall protein expression was low (Figure 3-3). In contrast, expression in BL21(DE3)pLysS 

had a much higher proportion of insoluble protein in the pellet but also with higher overall 

protein expression. With the same host (BL21(DE3)pLysS), investigation of two different 

induction temperatures (18qC or 28q) were compared and showed induction at a cooler 

temperature produced a higher protein yield. It has been seen that induction at 28qC as 

compared to 37qC has often been used to increase the solubility of recombinant proteins as 

well as to avoid the formation of inclusion bodies 126,127. Decreasing induction temperatures 

down to 18qC, further improved protein solubility. Another step to further increase protein 

yield was the addition of lysozyme during the lysis process. This extra step did promote higher 

protein yield. Although a large proportion of TeeVax1 remained in the insoluble fraction, the 

final conditions determined to be optimal were: using the BL21(DE3)pLysS host strain at the 

induction temperature of 18qC, with the addition of lysozyme during the lysis steps. Changes 

in other conditions such as temperatures or inducer concentration may further increase soluble 

protein levels than those achieved in this study. 

4.2 Serum antibody response of mice immunised with TeeVax1 

formulations 

Mice were primed subcutaneously on day 0 with TeeVax1 formulations, and specific serum 

antibody for TeeVax1 was measured after two weeks (day 14) by ELISA. At this time point, 

only CTB and CAF01 groups induced significant elevation of IgG. This suggests that a single 

immunisation with these formulations may be sufficient to generate systemic antibody 
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responses – although the longevity of these responses has not yet been determined. This result 

ties well with previous studies wherein specific IgG elevation in ferret serum was seen when 

immunised with CAF01 paired with trivalent influenza vaccine (TIV) just two weeks after their 

first immunisation 122. Contrary to the findings of CTB immunisation, a limited number of 

previous studies showed elevation of specific IgG antibodies after two weeks of immunisation. 

This is likely due to CTB being a known mucosal adjuvant, and its application is often through 

the mucosal routes 92. In the present study, the initial parenteral injection of the CTB group was 

also formulated with alum. Only until recently, a study by Ma et al. (2020) utilised a 

combination of multiple adjuvants (CTB, CpG and alum) in a vaccine for Staphylococcus 

aureus, and showed increased immune responses against the targeted antigen as compared to 

a single adjuvant in mice. It has been postulated that these combinations could induce mixed 

Th responses; Th1 (CpG), Th2 (alum) and Th17 (CTB) 128.  

A second immunisation was done on day 14 for all adjuvanted groups. This was performed 

through the intranasal route for mucosal adjuvants, and serum antibody levels were measured 

again two weeks later on day 28. All of the groups had a significant elevation of TeeVax1-

specific IgG by this time point (Chapter 3.2.1, p.45). This elevation was expected and has been 

observed in other studies with alternative antigens 93,103,112,122,129–133. In addition to serum IgG 

antibody response, IgA was also analysed in the same manner. However, the novel 

combinations of CTB, CpG, and aluminum hydroxide significantly enhanced the 

immunogenicity of clumping factor A 221-550 of Staphylococcus aureus. This indicates that a 

single intranasal boost was not able to induce satisfactory systemic IgA against TeeVax1.  

To identify specific antibody responses to the individual components of the multivalent 

vaccine, day 28 serum samples were tested against individual T-antigens by ELISA. High IgG 

titres against each T-antigen was observed for the CTB and CAF01 groups. This suggests that 

these formulations may be broadly protective against all six serotypes. Across all the 

recombinant proteins, it was observed that antibody titre against the most C-terminal positioned 

T-antigen, T11, was the lowest in all vaccinated groups. This was most apparent in the curdlan 

group and may be due to a loss of antigen integrity caused by the vigorous vortexing required 

to prepare this formulation. A similar observation was seen with the multivalent M-protein 

vaccine, whereby the antigen positioned at the N-terminus had the lowest titre 134. A 

comparable multivalent M-protein vaccine study by Dale et al. (2013 & 2017) had a similar 

result that was overcome by redesigning the vaccine arrangement by doubling the same antigen 

in the same construct 134,135. This method could also be trialled in future studies with TeeVax1.  
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Next, the characterisation of TeeVax-specific IgG subclasses was performed. Notably, 

TeeVax1-CAF01 combination displayed a mixed Th1/Th2 response with a more balanced 

IgG1/IgG2b ratio compared to alum and CTB groups (Table 5-4, supplementary data). 

Significant differences of the IgG subclasses were seen with the different vaccine formulations. 

The IgG1/IgG2b ratio for TeeVax1 with CTB formulation had a Th1-biased response in 

contrast to many other studies where a Th2-bias was observed with CTB 96,131. Meanwhile, 

curdlan elicited a Th2-biased immune response. Interestingly, the TeeVax1 formulation with 

alum elicited both Th1/Th2 responses when it is mostly known for producing a more Th2-

based response 136. This suggests that the TeeVax1 protein itself may have Th1-skewing 

properties. Previously, an intensive study regarding alum was carried out in determining its 

implication in Th2 response. It was found that mice injected with alum enhance secretion of 

IL-10 in addition to having the ability to block Th1 responses in the isolated lymph node cells 

where the injection took place 137. However, in this study, the re-stimulated splenocytes from 

alum-injected mice did not secrete a high concentration of IL-10. It was also suggested that the 

deficiency in the promotion of IL-10 contributes to an enhancement of Th1 responses 137 further 

supports the current outcome. 

In the past, the role of IgG3 has been understudied as it only forms a minor proportion of the 

total immunoglobulins. Recently, the role of IgG3 has been associated with protection against 

pathogens such as intracellular bacteria, parasites and viruses, indicating its presence in 

infection is important 138. In the current study, it was seen that CTB and CAF01 groups had a 

higher titre of IgG3 to other groups; however, it did not reach significance. The functions of 

IgG3 and IgG1 has been suggested to be similar; but, it has been shown that serum IgG3 activity 

is the highest in serum bactericidal activity (SBA) and opsonophagocytic (OP) among other 

subclasses 139. Additionally, a study comparing adult and children antibody isotype found that 

an increase in IgG3/Th1 response in adults may have contributed to lower rate of infections 

against strep A as adults were suggested to have a more robust Th1 cellular memory in 

comparison to children 85. The increase in production of IgG3 induced by these adjuvants can 

be beneficial for protection against strep A infections. 

4.3 Mucosal antibody response  

In a strep A infection, the nasopharynx is considered to be one of the main areas for the 

commencement of disease. Infection in this area raises for the development of mucosal immune 

responses and more often serum antibody as well as cell-mediated immune responses 98. Since 
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this study aims to select the best vaccine formulation for generating mucosal immunity, the 

mucosal response samples were analysed. TeeVax1-specific IgA was only detected in the CTB 

and CAF01 groups; however, overall levels were low and did not reach statistical significance. 

This outcome can occur presumably due to several factors. For instance, a single intranasal 

boost was insufficient to generate high IgA production. Other than that, ineffective IgA 

responses could have been related to the low dose of the vaccine introduced at the immunisation 

site. The variation in the dose of antigens for vaccine candidates see ranges from 10 Pg to 60 

Pg in several studies 103,104,110,112. It could also have meant that the immunogenicity of the 

vaccine formulations was not high enough to stimulate a significant immune response. As a 

comparison, antigen obtained from a cell surface protein of a Streptococcus mutans 103 may 

have higher immunogenicity than to a pilus antigen of strep A. Another possible reason may 

be due to the immunisation schedule. As minimal mucosal responses were detected in all 

groups, the next steps that could be considered are: 1) increasing the dosage of intranasal 

vaccine or 2) changing the immunisation schedule by either prolonging the immunisation 

period between each dose or increasing the number of boosts.   

Unlike many of the immunisation studies, the mouse model in this study had only two vaccine 

immunisations in the span of two weeks. The first was a subcutaneous primary immunisation 

and second, a boost via the intranasal route. While the majority of immunisation studies for 

mucosal responses had at least three intranasal vaccinations throughout the study period, some 

studies did have two immunisations, but the interval between treatments was longer than two 

weeks. Such was seen in studies by Prabakaran et al. (2008) and Takahashi et al. (1990) when 

CTB paired either baculovirus surface or recombinant PAc antigen, respectively. The two 

intranasal vaccinations were given at a period of either 28 to 30 days between treatments and 

the end results from these studies showed an increase in the immune response for mucosal IgA 
103,140. 

The main aim of this study was to assess the ability of three mucosal adjuvants to enhance 

mucosal immunity to TeeVax1 through a ‘prime’ and ‘pull’ vaccination method. Success has 

been seen with the use of the method in previous studies with various routes of administration. 

A study by Mortensen et al. (2017) that used a similar approach managed to raise mucosal IgA 

with an additional immunisation boost and longer intervals of two to three weeks between 

immunisations 84. The antigen of interest in this study was, however, whole heat-killed bacteria 

rather than recombinant protein and therefore, likely to be more immunogenic. 
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4.4 Cytokine response by splenocyte re-stimulation 

Assessment of cytokines (TNF-D, IL-2, IL-4, IL-6, IL-10, IL-17A and IFNJ) was done with 

the supernatant of re-stimulated splenocytes from all the mice groups. TeeVax1 re-stimulated 

splenocytes showed increased levels of cytokines in almost all groups compared to 

unstimulated splenocytes. This includes the negative control group which had not previously 

been primed with TeeVax1 in vivo. This suggests that TeeVax1 alone can stimulate T-cells in 

releasing non-specific cytokine responses. Among all the immunised groups, re-stimulation 

with TeeVax1 in the CTB group was the only group to produce significant cytokine levels 

against unstimulated splenocytes in all the cytokines tested. In addition to that, the post-

vaccination splenic responses produced by the CTB along with CAF01 groups generated 

significant cytokine stimulation compared to other immunised. 

Mice in the CTB group showed a significant increase of IL-4, IL-6 and IL-10 compared to the 

negative control group. These cytokines are primarily produced during a Th2-type immune 

response and are in line with previous studies that showed the ability of CTB to typically skew 

the immune response towards a Th2 type immune responses 96,131. In addition, an increase in 

TNF-D, IL17 and IFN-J were also observed but did not reach significance. It has been 

suggested that the route of immunisation with CTB can produce different responses. Such as 

Th1-like responses (TNF-D/IFN-J) tend to be induced either through transcutaneous or 

intravaginal administrations while intranasal or oral routes leans towards Th2 responses 102. It 

has been observed through both in vivo and in vitro studies that dendritic cells and macrophages 

derived from murine bone marrow were able to be activated by CTB via the Toll-like receptor 

pathways resulting in the expression of Th2 (IL-4, IL-10) followed by Th1 (IFN-J) cytokines 
96,102. It has been suggested by Sanchez and Holmgren that mucosal co-administration of 

antigen with CTB may result in induction and regulation of antigen-specific Th1 and Th2 

immune responses 141. In contrast, the whole CT (including both CTA and CTB), is known to 

induce both Th1 and Th2 type responses; however, its immunomodulatory functions are still 

not understood. Both of the Th1/Th2 responses were definitely present in the current study with 

an additional Th17 profile (IL-17) though not significant. Th17 has been closely related to the 

mucosal area as it plays an essential role in both inflammations as well as activation of 

neutrophils to fight bacterial pathogens 142. It has been reported that intranasal delivery of CT 

induced Th17 responses in mice 143. The driving effect of this response was supported with 

further investigation through in vivo and in vitro studies that showed treatment with CT 
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increases the production of IL-6. Meanwhile, Th17 production was abolished when IL-6 

knockout mice were treated with CT. This implicates IL-6 as an important inducer of Th17 T-

cell responses which are in line with the results obtained from this study 143. 

The CAF01 group had significantly elevate IL-2 and IL-4 as compared to the negative control 

group. The elevation of these cytokines gave indications of a mixed Th1 and Th2 profile, 

respectively. In past studies, usage of CAF01 as an adjuvant has been shown to induce a Th1 

or mixed Th1/Th17 responses 88,121. A report by Mansury et al. (2019) showed encapsulated 

Mycobacterium tuberculosis fusion protein in CAF01 induced a Th1 response. Mice from 10 

immunisation groups were immunised three times parenterally in the study with two of the 

mice groups subjected to priming with BCG vaccine though results from groups that had a 

prime with BCG showed a higher Th1 response 88. While a study by Knudsen et al. (2016) for 

a combination of CAF01 with antigens from M. tuberculosis, influenza and chlamydia showed 

a mixed profile of Th1/Th17 response. The mice in this study were also immunised three times 

but through the base of the tail. Additionally, the immunisation enhanced the protection to TB 

and chlamydia after challenge studies 121. In this study, however, it was observed a higher level 

of IL-4 was produced compared to IL-2, although CAF01’s IL-2 production ranked highest 

among other groups.  

Throughout this study, it was seen that vaccine formulated with either CTB and CAF01 had 

driven high systemic response as well as generating respective Th1 and Th2-type immune 

responses individually. The combination of these two adjuvants into one formulation could 

potentially promote greater immunogenicity towards the vaccine together with more balanced 

Th1/Th2 responses as observed in a study prior to this 128.  

Interestingly, responses were also seen by the curdlan group in the re-stimulation test, however, 

was not significantly higher than the negative control group. Among the seven cytokines tested, 

TNF-D, IL-6, IL-17 and IFN-J were detected. These responses gave an indication of a 

Th1/Th17 profile, although it is skewed more towards Th17. This result was expected as 

previous studies showed that curdlan could induce a strong Th17 response 107, which could 

occur irrespective of the administration route 110.  
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4.5 Conclusion 

This study has profiled the immune responses of TeeVax1 with three mucosal adjuvants. 

Systemic IgG antibody responses were seen in all the immunised mice after the second 

immunisation; however, CTB and CAF01 groups produced higher titres, after only the first 

vaccination. Meanwhile, overall IgG subclass analysis showed CAF01 as a promising adjuvant 

in releasing balanced levels of specific-IgG antibodies throughout. In terms of mucosal immune 

responses, however, little to no IgA was detected in all groups. Alterations in the immunisation 

schedule may help to elevate these responses in future studies.  

The pairing of TeeVax1 with CAF01 has been shown to produce mixed cytokine profiles of 

Th1 and Th2, where the latter is an essential response in the mucosa which may protect against 

strep A mucosal infections. Also, since TeeVax1 is only one of the three vaccines designed to 

accommodate this study, it would be interesting to analyse the other two vaccine candidates in 

a similar manner. Furthermore, assessing the level of protection induced by the vaccine 

combination can be advanced through infection challenge study. 

This study has investigated different adjuvants in a vaccine formulation in inducing immune 

responses as an initial step of preclinical testing. Overall, CTB and CAF01 were determined to 

be the lead candidates in promoting immune responses. 
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5 Supplementary data 

Table 5-1 Comparisons of IgG production within groups at different time points 
Significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test at p<0.05. 

Mice groups/days comparison Significance Mice groups/days comparison Significance 
Negative 

0 vs 14 
0 vs 28 
14 vs 28 

 
Ns 
Ns 
Ns 

Curdlan 
0 vs 14 
0 vs 28 
14 vs 28 

 
Ns 
Yes 
Yes 

Alum 
0 vs 14 
0 vs 28 
14 vs 28 

 
Ns 
Yes 
Yes 

CAF01 
0 vs 14 
0 vs 28 
14 vs 28 

 
Yes 
Yes 
Ns 

CTB 
0 vs 14 
0 vs 28 
14 vs 28 

 
Yes 
Yes 
Ns 

Ns – not significant 

 

Table 5-2 Comparisons of IgG titre between groups  
Significance was determined using one-way ANOVA followed by Holm-Sidak’s multiple comparisons test at 
p<0.05.  

Mice group comparisons Significance Mice group comparisons Significance 
Negative 

vs Alum 
vs CTB 
vs Curdlan 
vs CAF01 

 
Ns 
Yes 
Ns 
yes 

CTB 
vs Curdlan 
vs CAF01 

 
Yes 
Ns 

Alum 
vs CTB 
vs Curdlan 
vs CAF01 

 
Yes 
Ns 
Yes 

Curdlan 
vs CAF01 

 
Yes 

Ns- not significant 

  



 

65 

Table 5-3 Comparisons for the significance of T-antigens between immunised groups against negative 
control 
Significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test at p<0.05. 

Ns – not significant 

Table 5-4 IgG subclasses ratio within immunised groups 

Immunised mice group IgG subclasses ratio 
comparisons 
Alum  
IgG1 

vs IgG2a 
vs IgG2b 
vs IgG3 

 
 
23.59 
7.91 
2452.09 

CTB  
IgG1 

vs IgG2a 
vs IgG2b 
vs IgG3 

 
 
36.82 
9.42 
7.44 

Curdlan  
IgG1 

vs IgG2a 
vs IgG2b 
vs IgG3 

 
 
68.54 
86.23 
3798.47 

CAF01  
IgG1 

vs IgG2a 
vs IgG2b 
vs IgG3 

 
 
63.95 
3.52 
43.18 

 

  

T-antigens/group 
comparisons 

Significance T-antigens/group 
comparisons 

Significance 

T28.1 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Ns 
Yes 
Yes 
Yes 

T1 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Yes 
Yes 
Yes 
Yes 

T12 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Ns 
Yes 
Yes 
Yes 

T18.1 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Yes 
Yes 
Yes 
Yes 

T5 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Ns 
Yes 
Ns 
Yes 

T11 
Negative vs Alum 
Negative vs CTB 
Negative vs Curdlan 
Negative vs CAF01 

 
Ns 
Yes 
Ns 
Yes 



 

66 

References 

1.  Lancefield RC. A Micro Precipitin-Technic for Classifying Hemolytic Streptococci, and 

Improved Methods for Producing Antisera. Proc Soc Exp Biol Med. 1938;38(4):473-

478. doi:10.3181/00379727-38-9900 

2.  Steer AC, Carapetis JR, Dale JB, et al. Status of research and development of vaccines 

for Streptococcus pyogenes. Vaccine. 2016;34(26):2953-2958. 

doi:10.1016/j.vaccine.2016.03.073 

3.  Williamson DA, Morgan J, Hope V, et al. Increasing incidence of invasive group A 

streptococcus disease in New Zealand, 2002-2012: A national population-based study. 

J Infect. 2015;70(2):127-134. doi:10.1016/j.jinf.2014.09.001 

4.  Williamson DA, Smeesters PR, Steer AC, et al. Comparative M-protein analysis of 

Streptococcus pyogenes from pharyngitis and skin infections in New Zealand: 

Implications for vaccine development. BMC Infect Dis. 2016;16(1):561. 

doi:10.1186/s12879-016-1891-6 

5.  Raynes JM, Young PG, Proft T, Williamson DA, Baker EN, Moreland NJ. Protein 

adhesins as vaccine antigens for Group A Streptococcus. Pathog Dis. 

2018;76(2):fty016. doi:10.1093/femspd/fty016 

6.  Jones S, Moreland NJ, Zancolli M, et al. Development of an opsonophagocytic killing 

assay for group a streptococcus. Vaccine. 2018;36(26):3756-3763. 

doi:10.1016/j.vaccine.2018.05.056 

7.  Steemson JD, Moreland NJ, Williamson D, Morgan J, Carter PE, Proft T. Survey of the 

bp/tee genes from clinical group A streptococcus isolates in New Zealand – Implications 

for vaccine development. J Med Microbiol. 2014;63(Pt 12):1670-1678. 

doi:10.1099/jmm.0.080804-0 

8.  Fischetti VA. M Protein and Other Surface Proteins on Streptococci. Streptococcus 

pyogenes  Basic Biol to Clin Manifestations [Internet]. 2016. 

9.  Karthikeyan G, Guilherme L. Acute rheumatic fever. Lancet. 2018;392(10150):161-

174. doi:10.1016/S0140-6736(18)30999-1 



 

67 

10.  Ralph AP, Carapetis JR. Group A Streptococcal Diseases and Their Global Burden. In: 

Aktories K, ed. Host–Pathogen Interactions in Streptococcal Diseases. Springer; 

2013:1-27. doi:10.1007/82_2012_280 

11.  Carapetis JR, Steer AC, Mulholland EK, Weber M. The global burden of group A 

streptococcal diseases. Lancet Infect Dis. 2005. doi:10.1016/S1473-3099(05)70267-X 

12.  World Health Organisation. The Current Evidence for the Burden of Group A 

Streptococcal Diseases. Geneva; 2005. 

13.  Cunningham MW. Pathogenesis of group a streptococcal infections. Clin Microbiol Rev. 

2000;13(3):470–511. doi:10.1128/CMR.13.3.470-511.2000 

14.  Azuar A, Jin W, Mukaida S, Hussein WM, Toth I, Skwarczynski M. Recent Advances 

in the Development of Peptide Vaccines and Their Delivery Systems Against Group A 

Streptococcus. Vaccines. 2019;7(3):58. doi:10.3390/vaccines7030058 

15.  Steer AC, Lamagni T, Curtis N, Carapetis JR. Invasive group a streptococcal disease: 

Epidemiology, pathogenesis and management. Drugs. 2012. doi:10.2165/11634180-

000000000-00000 

16.  Safar A, Lennon D, Stewart J, et al. Invasive Group A Streptococcal Infection and 

Vaccine Implications, Auckland, New Zealand. Emerg Infect Dis. 2011. 

doi:10.3201/eid1706.100804 

17.  Institute of Environmental Science and Research Ltd (ESR). Rheumatic Fever Report 

July 2017 to June 2018.; 2018. 

https://surv.esr.cri.nz/surveillance/RheumaticFever.php?we_objectID=4879. 

18.  Lennon D, Stewart J, Farrell E, Palmer A, Mason H. School-based prevention of acute 

rheumatic fever: A group randomized trial in New Zealand. Pediatr Infect Dis J. 2009. 

doi:10.1097/INF.0b013e3181a282be 

19.  Visai L, Bozzini S, Raucci G, Toniolo A, Speziale P. Isolation and Characterization of 

a Novel Collagen-binding Protein from Streptococcus pyogenes Strain 6414. J Biol 

Chem. 1995;270:347-353. doi:10.1074/jbc.270.1.347 

20.  Courtney HS, Hasty DL, Dale JB, Poirier TP. A 28-kilodalton fibronectin-binding 

protein of group A streptococci. Curr Microbiol. 1992;25(5):245—250. 



 

68 

doi:10.1007/bf01575856 

21.  Hanski E, Caparon M. Protein F, a fibronectin-binding protein, is an adhesin of the group 

A streptococcus Streptococcus pyogenes. Proc Natl Acad Sci U S A. 1992;89(13):6172-

6176. doi:10.1073/pnas.89.13.6172 

22.  Okada N, Liszewski MK, Atkinson JP, Caparon M. Membrane cofactor protein (CD46) 

is a keratinocyte receptor for the M protein of the group A streptococcus. Proc Natl Acad 

Sci U S A. 1995;92(7):2489-2493. doi:10.1073/pnas.92.7.2489 

23.  Walström T, Tylewska S. Glycoconjugates as possible receptors forStreptococcus 

pyogenes. Curr Microbiol. 1982;7(6):343-346. doi:10.1007/BF01572601 

24.  Pancholi V, Fischetti VA. A major surface protein on group A streptococci is a 

glyceraldehyde-3-phosphate-dehydrogenase with multiple binding activity. J Exp Med. 

1992;176(2):415-426. doi:10.1084/jem.176.2.415 

25.  Schrager HM, Albertí S, Cywes C, Dougherty GJ, Wessels MR. Hyaluronic acid capsule 

modulates M protein-mediated adherence and acts as a ligand for attachment of group 

A Streptococcus to CD44 on human keratinocytes. J Clin Invest. 1998;101(8):1708-

1716. doi:10.1172/JCI2121 

26.  Beachey EH, Ofek I. Epithelial cell binding of group A streptococci by lipoteichoic acid 

on fimbriae denuded of M protein. J Exp Med. 1976;143(4):759-771. 

doi:10.1084/jem.143.4.759 

27.  Simpson WA, Beachey EH. Adherence of group A streptococci to fibronectin on oral 

epithelial cells. Infect Immun. 1983;39(1):275-279. 

https://pubmed.ncbi.nlm.nih.gov/6337097. 

28.  Wang JR, Stinson MW. M protein mediates streptococcal adhesion to HEp-2 cells. Infect 

Immun. 1994;62(2):442-448. https://pubmed.ncbi.nlm.nih.gov/8300205. 

29.  Courtney HS, Ofek I, Hasty DL. M protein mediated adhesion of M type 24 

Streptococcus pyogenes stimulates release of interleukin-6 by HEp-2 tissue culture cells. 

FEMS Microbiol Lett. 1997;151(1):65-70. doi:10.1111/j.1574-6968.1997.tb10395.x 

30.  Becherelli M, Manetti AGO, Buccato S, et al. The ancillary protein 1 of Streptococcus 

pyogenes FCT-1 pili mediates cell adhesion and biofilm formation through heterophilic 



 

69 

as well as homophilic interactions. Mol Microbiol. 2012;83(5):1035-1047. 

doi:10.1111/j.1365-2958.2012.07987.x 

31.  Kline KA, Fälker S, Dahlberg S, Normark S, Henriques-Normark B. Bacterial Adhesins 

in Host-Microbe Interactions. Cell Host Microbe. 2009;5(6):580-592. 

doi:https://doi.org/10.1016/j.chom.2009.05.011 

32.  Ellen RP, Gibbons RJ. M protein-associated adherence of Streptococcus pyogenes to 

epithelial surfaces: prerequisite for virulence. Infect Immun. 1972;5(5):826-830. 

https://pubmed.ncbi.nlm.nih.gov/4564883. 

33.  Courtney HS, Li Y, Dale JB, Hasty DL. Cloning, sequencing, and expression of a 

fibronectin/fibrinogen-binding protein from group A streptococci. Infect Immun. 

1994;62(9):3937-3946. https://pubmed.ncbi.nlm.nih.gov/8063411. 

34.  Valentin-Weigand P, Grulich-Henn J, Chhatwal GS, Müller-Berghaus G, Blobel H, 

Preissner KT. Mediation of adherence of streptococci to human endothelial cells by 

complement S protein (vitronectin). Infect Immun. 1988;56(11):2851-2855. 

https://pubmed.ncbi.nlm.nih.gov/2459063. 

35.  Pizarro-Cerdá J, Cossart P. Bacterial Adhesion and Entry into Host Cells. Cell. 

2006;124(4):715-727. doi:10.1016/j.cell.2006.02.012 

36.  Beckwith J. The Sec-dependent pathway. Res Microbiol. 2013;164(6):497-504. 

doi:10.1016/j.resmic.2013.03.007 

37.  Fischetti VA. Streptococcal M protein: Molecular design and biological behavior. Clin 

Microbiol Rev. 1989;2(3):285-314. doi:10.1128/CMR.2.3.285 

38.  Mora M, Bensi G, Capo S, et al. Group A Streptococcus produce pilus-like structures 

containing protective antigens and Lancefield T antigens. Proc Natl Acad Sci. 

2005;102(43):15641-15646. doi:10.1073/pnas.0507808102 

39.  Fischetti VA, Windels M. Mapping the immunodeterminants of the complete 

streptococcal M6 protein molecule. Identification of an immunodominant region. J 

Immunol. 1988;141(10):3592 LP - 3599. 

http://www.jimmunol.org/content/141/10/3592.abstract. 

40.  Cunningham MW, Beachey EH. Peptic digestion of streptococcal M protein. I. Effect 



 

70 

of digestion at suboptimal pH upon the biological and immunochemical properties of 

purified M protein extracts. Infect Immun. 1974;9(2):244-248. 

https://pubmed.ncbi.nlm.nih.gov/4205942. 

41.  Caparon MG, Stephens DS, Olsén A, Scott JR. Role of M protein in adherence of group 

A streptococci. Infect Immun. 1991;59(5):1811-1817. 

https://pubmed.ncbi.nlm.nih.gov/2019444. 

42.  Zetter BR, Daniels TE, Quadra-White C, Greenspan JS. LETS Protein in Normal and 

Pathological Human Oral Epithelium. J Dent Res. 1979;58(1):484-488. 

doi:10.1177/00220345790580010401 

43.  Ryan PA, Juncosa B. Group A Streptococcal Adherence. Streptococcus pyogenes  Basic 

Biol to Clin Manifestations [Internet]. 2016. 

44.  Manjula BN, Fischetti VA. Sequence homology of group a streptococcal Pep M5 protein 

with other coiled-coll proteins. Biochem Biophys Res Commun. 1986;140(2):684-690. 

doi:https://doi.org/10.1016/0006-291X(86)90786-2 

45.  Manjula BN, Trus BL, Fischetti VA. Presence of two distinct regions in the coiled-coil 

structure of the streptococcal Pep M5 protein: relationship to mammalian coiled-coil 

proteins and implications to its biological properties. Proc Natl Acad Sci U S A. 

1985;82(4):1064-1068. doi:10.1073/pnas.82.4.1064 

46.  Cunningham MW. Molecular Mimicry, Autoimmunity, and Infection: The Cross-

Reactive Antigens of Group A Streptococci and their Sequelae. Microbiol Spectr. 

2019;7(4):10.1128/microbiolspec.GPP3-0045-2018. doi:10.1128/microbiolspec.GPP3-

0045-2018 

47.  Cunningham MW, Antone SM, Gulizia JM, McManus BA, Gauntt CJ. α-Helical Coiled-

Coil Molecules: A Role in Autoimmunity against the Heart. Clin Immunol 

Immunopathol. 1993;68(2):118-123. doi:https://doi.org/10.1006/clin.1993.1106 

48.  Fenderson PG, Fischetti VA, Cunningham MW. Tropomyosin shares immunologic 

epitopes with group A streptococcal M proteins. J Immunol. 1989;142(7):2475 LP - 

2481. http://www.jimmunol.org/content/142/7/2475.abstract. 

49.  Jones KF, Schneewind O, Koomey JM, Fischetti VA. Genetic diversity among the T‐



 

71 

protein genes of group A streptococci. Mol Microbiol. 1991;5(12):2947-2952. 

doi:10.1111/j.1365-2958.1991.tb01854.x 

50.  Nallapareddy S, Singh K, Sillanpää J, et al. Endocarditis of biofilm-associated pili of 

Enterococcus faecalis. J Clin Invest. 2006;116:2799-2807. doi:10.1172/JCI29021 

51.  Maisey HC, Quach D, Hensler ME, et al. A group B streptococcal pilus protein promotes 

phagocyte resistance and systemic virulence. FASEB J. 2008;22(6):1715-1724. 

doi:10.1096/fj.07-093963 

52.  Loh JMS, Lorenz N, Tsai CJY, Khemlani AHJ, Proft T. Mucosal vaccination with pili 

from Group A Streptococcus expressed on Lactococcus lactis generates protective 

immune responses. Sci Rep. 2017;7(1):7174. doi:10.1038/s41598-017-07602-0 

53.  Falugi F, Zingaretti C, Pinto V, et al. Sequence Variation in Group A Streptococcus Pili 

and Association of Pilus Backbone Types with Lancefield T Serotypes. J Infect Dis. 

2008;198(12):1834-1841. doi:10.1086/593176 

54.  Abbot EL, Smith WD, Siou GPS, et al. Pili mediate specific adhesion of Streptococcus 

pyogenes to human tonsil and skin. Cell Microbiol. 2007;9:1822-1833. 

doi:10.1111/j.1462-5822.2007.00918.x 

55.  Macpherson AJ, McCoy KD, Johansen F-E, Brandtzaeg P. The immune geography of 

IgA induction and function. Mucosal Immunol. 2008;1(1):11-22. doi:10.1038/mi.2007.6 

56.  Cerutti A, Chen K, Chorny A. Immunoglobulin responses at the mucosal interface. Annu 

Rev Immunol. 2011;29:273-293. doi:10.1146/annurev-immunol-031210-101317 

57.  Fagarasan S, Honjo T. Intestinal IgA synthesis: regulation of front-line body defences. 

Nat Rev Immunol. 2003;3(1):63-72. doi:10.1038/nri982 

58.  LYCKE N, ERIKSEN L, HOLMGREN J. Protection against Cholera Toxin after Oral 

Immunization is Thymus-Dependent and Associated with Intestinal Production of 

Neutralizing IgA Antitoxin. Scand J Immunol. 1987;25(4):413-419. doi:10.1111/j.1365-

3083.1987.tb02208.x 

59.  Higashi T, Hashimoto K, Takagi R, et al. Curdlan Induces DC-Mediated Th17 

Polarization via Jagged1 Activation in Human Dendritic Cells. Allergol Int. 

2010;59(2):161-166. doi:10.2332/allergolint.09-OA-0103 



 

72 

60.  Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of 

murine helper T cell clone. I. Definition according to profiles of lymphokine activities 

and secreted proteins. J Immunol. 1986;136(7):2348-2357. 

61.  Infante-Duarte C, Horton HF, Byrne MC, Kamradt T. Microbial Lipopeptides Induce 

the Production of IL-17 in Th Cells. J Immunol. 2000;165(11):6107-6115. 

doi:10.4049/jimmunol.165.11.6107 

62.  Wu W, Huang J, Duan B, et al. Th17-stimulating protein vaccines confer protection 

against Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med. 

2012;186(5):420-427. doi:10.1164/rccm.201202-0182OC 

63.  Sousa AO, Henry S, Marója FM, et al. IgG subclass distribution of antibody responses 

to protein and polysaccharide mycobacterial antigens in leprosy and tuberculosis 

patients. Clin Exp Immunol. 1998;111(1):48-55. doi:10.1046/j.1365-2249.1998.00452.x 

64.  Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: From structure to 

effector functions. Front Immunol. 2014;5(OCT):1-17. doi:10.3389/fimmu.2014.00520 

65.  Kawano Y, Noma T. Role of interleukin-2 and interferon-gamma in inducing production 

of IgG subclasses in lymphocytes of human newborns. Immunology. 1996;88(1):40-48. 

doi:10.1046/j.1365-2567.1996.d01-634.x 

66.  King CL, Nutman TB. IgE and IgG subclass regulation by IL-4 and IFN-gamma in 

human helminth infections. Assessment by B cell precursor frequencies. J Immunol. 

1993;151(1):458 LP - 465. http://www.jimmunol.org/content/151/1/458.abstract. 

67.  Brière F, Servet-Delprat C, Bridon JM, Saint-Remy JM, Banchereau J. Human 

interleukin 10 induces naive surface immunoglobulin D+ (sIgD+) B cells to secrete IgG1 

and IgG3. J Exp Med. 1994;179(2):757-762. doi:10.1084/jem.179.2.757 

68.  Lancefield RC. Current Knowledge of Type-Specific M Antigens of Group A 

Streptococci. J Immunol. 1962;89(3):307 LP - 313. 

http://www.jimmunol.org/content/89/3/307.abstract. 

69.  Dale JB, Chiang EY, Liu S, Courtney HS, Hasty DL. New protective antigen of group 

A streptococci. J Clin Invest. 1999;103(9):1261-1268. doi:10.1172/JCI5118 

70.  Ji Y, Carlson B, Kondagunta A, Cleary PP. Intranasal immunization with C5a peptidase 



 

73 

prevents nasopharyngeal colonization of mice by the group A Streptococcus. Infect 

Immun. 1997;65(6):2080-2087. https://pubmed.ncbi.nlm.nih.gov/9169735. 

71.  Fischetti VA. Streptococcal M protein extracted by nonionic detergent. II. Analysis of 

the antibody response to the multiple antigenic determinants of the M-protein molecule. 

J Exp Med. 1977;146(4):1108-1123. doi:10.1084/jem.146.4.1108 

72.  Kilian M, Mestecky J, Russell MW. Defense mechanisms involving Fc-dependent 

functions of immunoglobulin A and their subversion by bacterial immunoglobulin A 

proteases. Microbiol Rev. 1988;52(2):296-303. 

https://pubmed.ncbi.nlm.nih.gov/3045518. 

73.  Steer AC, Batzloff MR, Mulholland K, Carapetis JR. Group A streptococcal vaccines: 

Facts versus fantasy. Curr Opin Infect Dis. 2009. doi:10.1097/QCO.0b013e328332bbfe 

74.  Massell BF, Honikman LH, Amezcua J. Rheumatic Fever Following Streptococcal 

Vaccination: Report of Three Cases. JAMA J Am Med Assoc. 1969. 

doi:10.1001/jama.1969.03150190037007 

75.  Bisno AL, Rubin FA, Cleary PP, Dale JB. Prospects for a Group A Streptococcal 

Vaccine: Rationale, Feasibility, and Obstacles—Report of a National Institute of Allergy 

and Infectious Diseases Workshop. Clin Infect Dis. 2005;41(8):1150-1156. 

doi:10.1086/444505 

76.  Rivera-Hernandez T, Carnathan DG, Jones S, et al. An Experimental Group A 

&lt;em&gt;Streptococcus&lt;/em&gt; Vaccine That Reduces Pharyngitis and Tonsillitis 

in a Nonhuman Primate Model. Kaufmann  Thomas Guzmán, Carlos SHEP, ed. MBio. 

2019;10(2):e00693-19. doi:10.1128/mBio.00693-19 

77.  Parry E. Rheumatic fever and streptococcal infection: unravelling the mysteries of a 

dread disease. Med Hist. 1999;43(2):268-269. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1044745/. 

78.  Bisno AL. Alternate complement pathway activation by group A streptococci: role of 

M-protein. Infect Immun. 1979;26(3):1172-1176. 

https://pubmed.ncbi.nlm.nih.gov/118929. 

79.  Dale JB, Penfound TA, Tamboura B, et al. Potential coverage of a multivalent M 



 

74 

protein-based group A streptococcal vaccine. Vaccine. 2013;31(12):1576-1581. 

doi:10.1016/j.vaccine.2013.01.019 

80.  Batzloff MR, Hayman WA, Davies MR, et al. Protection against Group A Streptococcus 

by Immunization with J8-Diphtheria Toxoid: Contribution of J8- and Diphtheria 

Toxoid-Specific Antibodies to Protection. J Infect Dis. 2003;187(10):1598-1608. 

doi:10.1086/374800 

81.  Pruksakorn S, Galbraith A, Houghten RA, Good MF. Conserved T and B cell epitopes 

on the M protein of group A streptococci. Induction of bactericidal antibodies. J 

Immunol. 1992;149(8):2729 LP - 2735. 

http://www.jimmunol.org/content/149/8/2729.abstract. 

82.  Relf WA, Cooper J, Brandt ER, et al. Mapping a conserved conformational epitope from 

the M protein of group A streptococci. Pept Res. 1996;9(1):12-20. 

83.  Bensi G, Mora M, Tuscano G, et al. Multi high-throughput approach for highly selective 

identification of vaccine candidates: the Group A Streptococcus case. Mol Cell 

Proteomics. 2012;11(6):M111.015693-M111.015693. doi:10.1074/mcp.M111.015693 

84.  Mortensen R, Christensen D, Hansen LB, Christensen JP, Andersen P, Dietrich J. Local 

Th17/IgA immunity protect against Streptococcus pyogenes. PLoS One. 

2017;12(4):e0175707. 

85.  Mortensen R, Nissen TN, Blauenfeldt T, Christensen JP, Andersen P, Dietrich J. 

Adaptive Immunity against Streptococcus pyogenes in Adults Involves Increased IFN-

γ and IgG3 Responses Compared with Children. J Immunol. 2015;195:1657-1664. 

doi:10.4049/jimmunol.1500804 

86.  Ouwehand A, Isolauri E, Salminen S. The role of the intestinal microflora for the 

development of the immune system in early childhood. Eur J Nutr. 2003;41:I/32-I/37. 

doi:10.1007/s00394-002-1105-4 

87.  Young PG, Raynes JM, Loh JM, Proft T, Baker EN, Moreland NJ. Group A 

Streptococcus t antigens have a highly conserved structure concealed under a 

heterogeneous surface that has implications for vaccine design. Infect Immun. 

2019;87(6). doi:10.1128/IAI.00205-19 



 

75 

88.  Mansury D, Ghazvini K, Jamehdar SA, et al. Enhancement of the effect of BCG vaccine 

against tuberculosis using DDA/TDB liposomes containing a fusion protein of HspX, 

PPE44, and EsxV. Artif Cells, Nanomedicine Biotechnol. 2019. 

doi:10.1080/21691401.2018.1557674 

89.  Sorayya A, Mosharraf M, Nayar R. Liposomal vaccine adjuvants and methods of 

making and using same. 2014:46. 

90.  Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immunity to work. 

Immunity. 2010;33(4):492-503. doi:10.1016/j.immuni.2010.10.002 

91.  Di Pasquale A, Preiss S, Tavares Da Silva F, Garçon N. Vaccine Adjuvants: from 1920 

to 2015 and Beyond. Vaccines. 2015;3(2):320-343. doi:10.3390/vaccines3020320 

92.  Apostólico J de S, Lunardelli VAS, Coirada FC, Boscardin SB, Rosa DS. Adjuvants: 

Classification, Modus Operandi, and Licensing. J Immunol Res. 2016;2016:1459394. 

doi:10.1155/2016/1459394 

93.  HogenEsch H, Dunham A, Burlet E, Lu F, Mosley YYC, Morefield G. Preclinical safety 

study of a recombinant Streptococcus pyogenes vaccine formulated with aluminum 

adjuvant. J Appl Toxicol. 2017;37(2):222-230. doi:10.1002/jat.3349 

94.  Feng Y, Jadhav AP, Rodighiero C, Fujinaga Y, Kirchhausen T, Lencer WI. Retrograde 

transport of cholera toxin from the plasma membrane to the endoplasmic reticulum 

requires the trans-Golgi network but not the Golgi apparatus in Exo2-treated cells. 

EMBO Rep. 2004;5(6):596-601. doi:10.1038/sj.embor.7400152 

95.  Teter K, Jobling MG, Sentz D, Holmes RK. The cholera toxin A1(3) subdomain is 

essential for interaction with ADP-ribosylation factor 6 and full toxic activity but is not 

required for translocation from the endoplasmic reticulum to the cytosol. Infect Immun. 

2006;74(4):2259-2267. doi:10.1128/IAI.74.4.2259-2267.2006 

96.  Stratmann T. Cholera Toxin Subunit B as Adjuvant––An Accelerator in Protective 

Immunity and a Break in Autoimmunity. Vaccines. 2015;3:579-596. 

doi:10.3390/vaccines3030579 

97.  Lönnroth I, Holmgren J. Subunit structure of cholera toxin. J Gen Microbiol. 

1973;76(2):417-427. doi:10.1099/00221287-76-2-417 



 

76 

98.  Ogra PL, Faden H, Welliver RC. Vaccination strategies for mucosal immune responses. 

Clin Microbiol Rev. 2001. doi:10.1128/CMR.14.2.430-445.2001 

99.  Schön A, Freire E, Schön A. Thermodynamics of Intersubunit Interactions in Cholera 

Toxin upon Binding to the Oligosaccharide Portion of Its Cell Surface Receptor, 

Ganglioside GM1. Biochemistry. 1989;28(12):5019-5024. doi:10.1021/bi00438a017 

100.  Francis ML, Ryan J, Jobling MG, Holmes RK, Moss J, Mond JJ. Cyclic AMP-

independent effects of cholera toxin on B cell activation: II. Binding of ganglioside 

G(M1) induces B cell activation. J Immunol. 1992. 

101.  Wiedinger K, Pinho D, Bitsaktsis C. Utilization of cholera toxin B as a mucosal adjuvant 

elicits antibody-mediated protection against S. pneumoniae infection in mice. Ther Adv 

Vaccines. 2017. doi:10.1177/2051013617691041 

102.  Bitsaktsis C, Rawool DB, Li Y, Kurkure N V., Iglesias B, Gosselin EJ. Differential 

Requirements for Protection against Mucosal Challenge with Francisella tularensis in 

the Presence versus Absence of Cholera Toxin B and Inactivated F. tularensis. J 

Immunol. 2009. doi:10.4049/jimmunol.0803242 

103.  Takahashi I, Okahashi N, Kanamoto T, Asakawa H, Koga T. Intranasal immunization 

of mice with recombinant protein antigen of serotype cStreptococcus mutans and cholera 

toxin B subunit. Arch Oral Biol. 1990;35(6):475-477. doi:10.1016/0003-

9969(90)90211-R 

104.  Hajishengallis G, Hollingshead SK, Koga T, Russell MW. Mucosal immunization with 

a bacterial protein antigen genetically coupled to cholera toxin A2/B subunits. J 

Immunol. 1995;154(9):4322-4332. 

105.  McIntosh M, Stone BA, Stanisich VA. Curdlan and other bacterial (1→3)-β-D-glucans. 

Appl Microbiol Biotechnol. 2005. doi:10.1007/s00253-005-1959-5 

106.  Xu L, Zhang J. Bacterial glucans: production, properties, and applications. Appl 

Microbiol Biotechnol. 2016. doi:10.1007/s00253-016-7836-6 

107.  LeibundGut-Landmann S, Groß O, Robinson MJ, et al. Syk- and CARD9-dependent 

coupling of innate immunity to the induction of T helper cells that produce interleukin 

17. Nat Immunol. 2007;8(6):630-638. doi:10.1038/ni1460 



 

77 

108.  Annonymous. Food Additives Permitted for Direct Addition to Food for Human 

Consumption; Curdlan. 1996:65941-65942. 

109.  Zhang S, Huang S, Lu L, Song X, Li P, Wang F. Curdlan sulfate-O-linked quaternized 

chitosan nanoparticles: Potential adjuvants to improve the immunogenicity of 

exogenous antigens via intranasal vaccination. Int J Nanomedicine. 2018;12:2377-2394. 

doi:10.2147/IJN.S158536 

110.  Zygmunt BM, Rharbaoui F, Groebe L, Guzman CA. Intranasal Immunization Promotes 

Th17 Immune Responses. J Immunol. 2009;183(11):6933-6938. 

doi:10.4049/jimmunol.0901144 

111.  Henriksen-Lacey M, Korsholm KS, Andersen P, Perrie Y, Christensen D. Liposomal 

vaccine delivery systems. Expert Opin Drug Deliv. 2011;8(4):505-519. 

doi:10.1517/17425247.2011.558081 

112.  Ghaffar KA, Marasini N, Giddam AK, et al. Liposome-based intranasal delivery of 

lipopeptide vaccine candidates against group A streptococcus. Acta Biomater. 2016. 

doi:10.1016/j.actbio.2016.04.012 

113.  Henriksen-Lacey M, Devitt A, Perrie Y. The vesicle size of DDA:TDB liposomal 

adjuvants plays a role in the cell-mediated immune response but has no significant effect 

on antibody production. J Control Release. 2011;154(2):131-137. 

doi:10.1016/j.jconrel.2011.05.019 

114.  Holten-Andersen L, Doherty TM, Korsholm KS, Andersen P. Combination of the 

cationic surfactant dimethyl dioctadecyl ammonium bromide and synthetic 

mycobacterial cord factor as an efficient adjuvant for tuberculosis subunit vaccines. 

Infect Immun. 2004;72(3):1608-1617. doi:10.1128/iai.72.3.1608-1617.2004 

115.  Davidsen J, Rosenkrands I, Christensen D, et al. Characterization of cationic liposomes 

based on dimethyldioctadecylammonium and synthetic cord factor from M. tuberculosis 

(trehalose 6,6′- dibehenate) - A novel adjuvant inducing both strong CMI and antibody 

responses. Biochim Biophys Acta - Biomembr. 2005;1718(1-2):22-31. 

doi:10.1016/j.bbamem.2005.10.011 

116.  Ostrop J, Jozefowski K, Zimmermann S, et al. Contribution of MINCLE–SYK 

Signaling to Activation of Primary Human APCs by Mycobacterial Cord Factor and the 



 

78 

Novel Adjuvant TDB. J Immunol. 2015;195(5):2417 LP - 2428. 

doi:10.4049/jimmunol.1500102 

117.  Imai T, Matsumura T, Mayer-Lambertz S, et al. Lipoteichoic acid anchor triggers 

Mincle to drive protective immunity against invasive group A Streptococcus infection. 

Proc Natl Acad Sci. 2018;115(45):E10662-E10671. doi:10.1073/pnas.1809100115 

118.  Strasser D, Neumann K, Bergmann H, et al. Syk kinase-coupled C-type lectin receptors 

engage protein kinase C-δ to elicit Card9 adaptor-mediated innate immunity. Immunity. 

2012;36(1):32-42. doi:10.1016/j.immuni.2011.11.015 

119.  Zhang X, Majlessi L, Deriaud E, Leclerc C, Lo-Man R. Coactivation of Syk Kinase and 

MyD88 Adaptor Protein Pathways by Bacteria Promotes Regulatory Properties of 

Neutrophils. Immunity. 2009;31(5):761-771. doi:10.1016/j.immuni.2009.09.016 

120.  Henriksen-Lacey M, Bramwell VW, Christensen D, Agger EM, Andersen P, Perrie Y. 

Liposomes based on dimethyldioctadecylammonium promote a depot effect and 

enhance immunogenicity of soluble antigen. J Control Release. 2010;142(2):180-186. 

doi:10.1016/j.jconrel.2009.10.022 

121.  Knudsen NPH, Olsen A, Buonsanti C, et al. Different human vaccine adjuvants promote 

distinct antigen-independent immunological signatures tailored to different pathogens. 

Sci Rep. 2016;6:19570. doi:10.1038/srep19570 

122.  Martel CJM, Agger EM, Poulsen JJ, et al. CAF01 Potentiates Immune Responses And 

Efficacy Of An Inactivated Influenza Vaccine In Ferrets. PLoS One. 2011;6(8):e22891. 

doi:10.1371/journal.pone.0022891 

123.  van Dissel JT, Joosten SA, Hoff ST, et al. A novel liposomal adjuvant system, CAF01, 

promotes long-lived Mycobacterium tuberculosis-specific T-cell responses in human. 

Vaccine. 2014;32:7098–7107. doi:10.1016/j.vaccine.2014.10.036 

124.  Mak TW, Saunders ME, Tamminen WL, Chaddah MR. The Immune Response: Basic 

and Clinical Principles. Elsevier Science; 2005. 

https://books.google.co.nz/books?id=2AaJqNl1QIYC. 

125.  Bernstein DI, Cardin RD, Bravo FJ, et al. Successful application of prime and pull 

strategy for a therapeutic HSV vaccine. npj Vaccines. 2019;4(1):33. 



 

79 

doi:10.1038/s41541-019-0129-1 

126.  Schein CH, Noteborn MHM. Formation of Soluble Recombinant Proteins in Escherichia 

Coli is Favored by Lower Growth Temperature. Bio/Technology. 1988;6(3):291-294. 

doi:10.1038/nbt0388-291 

127.  Mühlmann M, Forsten E, Noack S, Büchs J. Optimizing recombinant protein expression 

via automated induction profiling in microtiter plates at different temperatures. Microb 

Cell Fact. 2017;16(1):220. doi:10.1186/s12934-017-0832-4 

128.  Ma J, Wang B, Yu L, et al. The novel combinations of CTB, CpG, and aluminum 

hydroxide significantly enhanced the immunogenicity of clumping factor A 221-550 of 

Staphylococcus aureus. Biosci Biotechnol Biochem. June 2020:1-10. 

doi:10.1080/09168451.2020.1771170 

129.  Fujimoto K, Kawaguchi Y, Shimohigoshi M, et al. Antigen-Specific Mucosal Immunity 

Regulates Development of Intestinal Bacteria-Mediated Diseases. Gastroenterology. 

2019;157(6):1530-1543.e4. doi:10.1053/j.gastro.2019.08.021 

130.  Price GA, Holmes RK. Immunizing adult female mice with a TcpA-A2-CTB chimera 

provides a high level of protection for their pups in the infant mouse model of cholera. 

PLoS Negl Trop Dis. 2014;8(12):e3356-e3356. doi:10.1371/journal.pntd.0003356 

131.  Lee J, Yoo J-K, Sohn H-J, et al. Protective immunity against Naegleria fowleri infection 

on mice immunized with the rNfa1 protein using mucosal adjuvants. Parasitol Res. 

2015;114(4):1377-1385. 

https://www.unboundmedicine.com/medline/citation/25604672/Protective_immunity_

against_Naegleria_fowleri_infection_on_mice_immunized_with_the_rNfa1_protein_u

sing_mucosal_adjuvants_. 

132.  Miyata T, Harakuni T, Taira T, Matsuzaki G, Arakawa T. Merozoite surface protein-1 

of Plasmodium yoelii fused via an oligosaccharide moiety of cholera toxin B subunit 

glycoprotein expressed in yeast induced protective immunity against lethal malaria 

infection in mice. Vaccine. 2012;30(5):948—958. doi:10.1016/j.vaccine.2011.11.059 

133.  Morefield G, Touhey G, Lu F, Dunham A, HogenEsch H. Development of a 

recombinant fusion protein vaccine formulation to protect against Streptococcus 

pyogenes. Vaccine. 2014;32(30):3810-3815. 



 

80 

doi:https://doi.org/10.1016/j.vaccine.2014.04.092 

134.  Dale JB, Smeesters PR, Courtney HS, et al. Structure-based design of broadly protective 

group a streptococcal M protein-based vaccines. Vaccine. 2017;35(1):19-26. 

doi:10.1016/j.vaccine.2016.11.065 

135.  Aranha MP, Penfound TA, Spencer JA, et al. Structure-based group A streptococcal 

vaccine design: Helical wheel homology predicts antibody cross-reactivity among 

streptococcal M protein-derived peptides. J Biol Chem. 2020. 

doi:10.1074/jbc.RA119.011258 

136.  Rivera-Hernandez T, Rhyme MS, Cork AJ, et al. Vaccine-Induced Th1-Type Response 

Protects against Invasive Group A &lt;em&gt;Streptococcus&lt;/em&gt; Infection in 

the Absence of Opsonizing Antibodies. Kaufmann SHE, ed. MBio. 2020;11(2):e00122-

20. doi:10.1128/mBio.00122-20 

137.  Oleszycka E, McCluskey S, Sharp FA, et al. The vaccine adjuvant alum promotes IL-

10 production that suppresses Th1 responses. Eur J Immunol. 2018;48(4):705-715. 

doi:10.1002/eji.201747150 

138.  Damelang T, Rogerson SJ, Kent SJ, Chung AW. Role of IgG3 in Infectious Diseases. 

Trends Immunol. 2019;40(3):197-211. doi:10.1016/j.it.2019.01.005 

139.  Michaelsen TE, Kolberg J, Aase A, Herstad TK, Høiby EA. The four mouse IgG 

isotypes differ extensively in bactericidal and opsonophagocytic activity when reacting 

with the P1.16 epitope on the outer membrane PorA protein of Neisseria meningitidis. 

Scand J Immunol. 2004;59(1):34-39. doi:10.1111/j.0300-9475.2004.01362.x 

140.  Prabakaran M, Velumani S, He F, et al. Protective immunity against influenza H5N1 

virus challenge in mice by intranasal co-administration of baculovirus surface-displayed 

HA and recombinant CTB as an adjuvant. Virology. 2008;380:412-420. 

doi:10.1016/j.virol.2008.08.002 

141.  Sánchez J, Holmgren J. Cholera toxin structure, gene regulation and pathophysiological 

and immunological aspects. Cell Mol Life Sci. 2008;65(9):1347-1360. 

doi:10.1007/s00018-008-7496-5 

142.  Kaiko GE, Horvat JC, Beagley KW, Hansbro PM. Immunological decision-making: 



 

81 

how does the immune system decide to mount a helper T-cell response? Immunology. 

2008;123(3):326-338. doi:10.1111/j.1365-2567.2007.02719.x 

143.  Lee J-B, Jang J-E, Song MK, Chang J. Intranasal Delivery of Cholera Toxin Induces 

Th17-Dominated T-Cell Response to Bystander Antigens. PLoS One. 2009;4(4):e5190. 

https://doi.org/10.1371/journal.pone.0005190. 



 

82 

PERMISSION TO REUSE FIGURE 

 

Permission to use the figure denoted as Figure 1-5 in the introduction chapter of this thesis. 


	Abstract
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	1 Introduction
	1.1 Epidemiology of Streptococcus pyogenes
	1.1.1 Global burden
	1.1.2 Strep A infections in New Zealand

	1.2 Streptococcus pyogenes pathogenesis
	1.2.1 Virulence factors
	1.2.1.1 M-protein


	1.3 Streptococcus pyogenes pili
	1.4 Host immunity to pathogens
	1.4.1 Host immunity for strep A vaccine protection

	1.5 Vaccines for Streptococcus pyogenes
	1.5.1 Immunity for vaccine protection

	1.6 TeeVax for vaccine delivery
	1.7 Adjuvants
	1.7.1 Cholera B toxin
	1.7.2 Curdlan
	1.7.3 Liposome: CAF01

	1.8 Project aim

	2 Materials and methods
	2.1 Materials
	2.1.1 Bacteria strains
	2.1.2 Bacteria plasmids
	2.1.3 Culture media
	2.1.4 Antibiotics
	2.1.5 Solutions
	2.1.6 Adjuvants
	2.1.7 Antibodies
	2.1.8 Mice
	2.1.9 Splenocytes stimulation

	2.2 Methods
	2.2.1 Mice
	2.2.2 TeeVax1 expression and purification
	2.2.3 Adjuvant formulation
	2.2.3.1 Aluminium Hydroxide (Alum)
	2.2.3.2 Cholera Toxin B (CTB)
	2.2.3.3 Curdlan
	2.2.3.4 Liposomes: CAF01

	2.2.4 Immunisation study
	2.2.4.1 Collection of faeces and blood for antibody monitoring
	2.2.4.2 Blood collection by cardiac puncture
	2.2.4.3 Bronchoalveolar lavage (BAL) fluid collection
	2.2.4.4 Nasal sample collection
	2.2.4.5 Saliva collection
	2.2.4.6 Spleen collection

	2.2.5 Specific antibody detection by ELISA
	2.2.6 Cytokine detection by Luminex
	2.2.7 Statistical analysis


	3 Results
	3.1 Expression and purification of recombinant proteins
	3.1.1 Optimisation of TeeVax1 expression and purification
	3.1.2 Expression and purification of a T-antigen (T5)

	3.2 Immunisation and Analysis of Vaccine Formulation in Mice
	3.2.1 Analysis of antibody response in serum and mucosal samples
	3.2.1.1 Serum antibody response to TeeVax1 components
	3.2.1.2 TeeVax1 antibody response in mucosal samples

	3.2.2 Cytokine analysis of stimulated splenocytes


	4 Discussion
	4.1 Optimisation for TeeVax1 expression and purification
	4.2 Serum antibody response of mice immunised with TeeVax1 formulations
	4.3 Mucosal antibody response
	4.4 Cytokine response by splenocyte re-stimulation
	4.5 Conclusion

	5 Supplementary data
	References

