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Abstract 

 
Background: Group A Streptococcus (GAS) is a serious human pathogen and effective vaccines are 

lacking. Two major vaccine targets are the M-protein and T-antigen, however there is a gap in 

understanding as to whether expression of either antigen impacts a protective immune response to the 

other during infection. This is of particular importance for M-proteins as members of this protein 

family are capable of interfering with antibody function. Accordingly, the aim of this project was to 

investigate how M-protein and T-antigen expression levels and functional capabilities influence 

opsonophagocytosis and killing of GAS in the presence of M-protein and T-antigen specific antisera. 

Methods: The project first characterised the rabbit derived antisera using ELISAs to determine the 

titre of antibodies specific for the antigens of interest. The characterised rabbit sera was then utilised 

to optimise a flow cytometry protocol to measure M-protein and T-antigen expression on GAS strains 

that express M proteins with differing immune evasion properties (emm1 and emm6 strains). 

Opsonophagocytic killing assays that utilise human neutrophil-like cells (HL-60 cells) were used to 

investigate the killing capacity of the M- and T-specific antisera alone and in combination against the 

emm1 and emm6 strains. 

Results: Serum characterisation established the specificity of the rabbit antisera against the GAS 

antigens and confirmed the ability for the M1 protein, but not the M6 protein, to non-specifically bind 

serum antibodies. The flow cytometry showed variation in the expression levels of M-protein and T- 

antigen on both emm1 and emm6 strains. The results of the opsonophagocytic killing assays with the 

rabbit antisera suggested that the level of M-protein expression, as well as the presence of an antibody 

binding motif within the M-protein, influenced T-antigen specific killing. In particular, a high level of 

M1 expression was associated with reduced killing by T1 antisera, and the M6/T6 strains were 

associated with negligible T-antigen expression and opsonophagocytic killing by T-antigen specific 

antisera. 
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Conclusion: There is marked differences in opsonophagocytic killing of GAS between strains with 

different M-protein and T-antigen profiles. This highlights the need for careful consideration of antigen 

expression and characterisation when selecting strains for vaccine development and assessment. 
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1 Introduction 

 
1.1 Group A Streptococcus 

 
Group A Streptococcus (GAS) or Streptococcus pyogenes are gram positive beta-haemolytic bacteria 

and obligate human pathogens (1). Colonisation occurs commonly on the skin and throat, with the 

potential to generate various disease phenotypes. These range from asymptomatic colonisation of the 

throat (carriage), common skin and throat infections, serious invasive infections, and post-infectious 

complications. To produce such a wide array of disease manifestations, GAS expresses a plethora of 

virulence factors at various times during infection (1, 2). 

 

1.2 Transmission and disease burden 

 
The ubiquitous and human-specific nature of GAS has enabled the bacterium to colonise, infect and 

generate disease in humans globally (1, 2). Although primarily impacting low-income countries, high- 

income countries also face significant burden, with specific communities disproportionately impacted 

by GAS disease (2, 3). 

 
1.2.1 Colonisation and transmission 

 
Asymptomatic colonisation acts as a reservoir of infection within the human population, with 

individuals often termed carriers of GAS. Environmental reservoirs have also been implicated in 

outbreaks within high-risk settings including hospitals, care homes and day-cares suggesting survival 

on dry surfaces, but less is known about the fomite transmission of GAS (4). Recently the capability 

for GAS to spread from asymptomatically colonised children into the air-borne environment was 

measured in the classroom setting. A spectrum of GAS carrier was observed from asymptomatic 

“heavy shedders” who shed for several weeks, to transiently colonised individuals within the same 

environment (5). This colonisation plays a role in propagating GAS infection and disease, but the 

extent and mechanisms involved are not completely understood (5). The newly developed human 

challenge model may offer insight into the mechanisms which limit GAS colonisation of the throat to 
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an asymptomatic state (6). This could benefit GAS study by delineating the host factors involved in 

various stages of GAS colonisation and disease, although currently limited to infections of the throat. 

Which in turn helps to understand the impact on GAS’s global disease burden (5, 6). 

 
1.2.2 Disease presentation and burden 

 
Common disease presentations from GAS infections stem from skin and throat colonisation which can 

develop into pyoderma and pharyngitis respectively (1, 7). Globally GAS is responsible for ~100 

million annual cases of pyoderma, whilst pharyngitis contributes ~600 million cases (5). Superficial 

infections by GAS strains possessing streptococcal pyrogenic exotoxins can cause scarlet fever, a 

highly communicable disease often impacting children that has seen a recent resurgence in case rates, 

particularly in high-income countries like the United Kingdom (UK) (5, 8, 9). Fortunately, many of 

these superficial infections and disease presentations are benign, often treated with penicillin which 

effectively clears GAS infections (10-12). However, superficial infections if untreated can develop 

into more severe invasive infections or trigger post-infectious complications associated with GAS 

infection. Invasive GAS infections were estimated to number 663,000 annual cases in 2005 and has 

been increasing in prevalence over time. A large proportion of these infections result in patient 

mortality, with mortality rates of approximately 8-23% associated with the first seven days of disease 

(2, 7, 13). Invasive disease rates in the UK notably are increasing alongside the increase in scarlet fever 

case rates, with household contacts of scarlet fever cases identified to be at a 20 times greater increased 

risk of an invasive infection (4). The global burden of disease can be linked to a combination of 

different host, environmental and virulence factors; one recent example is the increased burden of 

invasive disease in the UK being directly linked to a dominant M1 strain. This demonstrates the impact 

a particularly virulent strain has in driving an outbreak (7, 13-15). 

Repeated superficial infections with GAS can also develop into post-infectious complications, often 

due to the development of auto-immune disease. These include acute rheumatic fever (ARF) and 

rheumatic heart disease (RHD), which is a progression from ARF as well as post-streptococcal 

glomerulonephritis. Acute rheumatic fever is a systemic auto-immune disease that primarily affects 
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children. It classically develops following repeated pharyngitis infections but has recently been 

discovered to also be triggered by skin infections (7, 16-20). ARF as an auto-immune disease causes 

the stimulation of cross-reactive antibodies and T-cells that target both GAS proteins and host tissue 

markers (16, 20). These dysregulated immune responses in ARF often target the heart, causing carditis, 

a severe symptom of ARF. If long-term damage to heart tissues develops the disease progression is 

classified as rheumatic heart disease (RHD) and if untreated leads to cardiac failure, strokes, and a high 

patient mortality rate (7, 16-20). A 2005 study estimated the burden of ARF to be roughly 471,000 

cases annually with the majority of these in children 5-14, whilst RHD cases totalled 15.6-19.6 million 

current cases and a conjoined annual death toll of 350,000 people globally (2, 20). More recent 

estimates for RHD alone calculated 33 million cases that account for 275,000 deaths annually (20, 21). 

Accurate and timely diagnoses of ARF cases is critical due to the array of clinical symptoms and the 

consequences for misdiagnosis. If misdiagnosis occurs in healthy children, they are subjected to a 

rigorous course of unnecessary long-term antibiotic treatment. Whilst if an ARF diagnosis is missed 

and left untreated, the disease could progress causing heart tissue damage and the development of RHD. 

Therefore, to enable accurate diagnosis of a first ARF episode, the Jones criteria was developed and has 

been updated and amended over time (17, 20, 22). The criteria include ascertainment of evidence of a 

previous GAS infection, often investigating if patient sera displays antibody titres against GAS. In 

conjunction with a likely history of GAS infection a set of major and minor clinical presentations are 

outlined. Using these the patient must possess either two major or one major and two minor clinical 

presentations to qualify for a positive ARF diagnosis (17, 22). There have also been more recent efforts 

to discover biomarkers of ARF to make diagnosis both easier and more accurate (23-25). 

Globally the extent of GAS’ disease burden varies massively between countries as does the type of 

disease manifestation (2, 7). A range of factors contribute to this variation in GAS infections and 

disease phenotypes between different countries or different communities within a country (7, 13, 14). 

These include differences between hosts and environments or in the virulence of a regions circulating 
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strains, all of which can influence the burden of disease. Environmental examples include differences 

in climate such as winter or tropical conditions. But also include more host factors like poverty and 

overcrowding, which influence rates of infection. Unfortunately, these factors often directly impact 

lower-income countries or communities that have a higher proportion of socio-economic and 

environmental influences on disease (7, 13, 26). Epidemiological data provides direct evidence for the 

disproportionate impact of GAS on these low-income countries. Particularly with serious disease 

phenotypes including invasive disease, ARF, RHD and other GAS complications possessing high 

incidence and mortality rates in these settings (2, 19). Furthermore, circulating strains can vary 

geographically and temporally, which may further influence disease presentation depending on the 

virulence of each strain (13, 27). For example, the UK has a very high rate of scarlet fever, and a large 

proportion of strains circulating that express scarlet fever toxins, whilst in New Zealand (NZ) there are 

much lower rates of scarlet fever, but higher rates of other GAS disease (3, 5, 8). 

 
1.2.3 New Zealand disease burden 

 
New Zealand has a high burden of GAS disease, exemplified by the high skin infection rates which 

are double that of other high-income countries like Australia and the Unites States. Māori and Pacific 

communities are disproportionally impacted by this GAS disease burden (2, 19). Increased rates of 

skin infections alongside serious diseases such as ARF and RHD are greatly increased within these 

communities, particularly in children (3, 12, 28). The unacceptable disparity of New Zealand’s GAS 

disease burden is evident when age-standardised mortality rates are compared. ARF and RHD 

mortality rates for Māori and non-Māori were 9.6 and 2.0 respectively, displaying nearly five times 

greater mortality in the Māori community, which urgently requires addressing (2). Furthermore, GAS 

disease causes an enormous economic and health burden in New Zealand, with an estimated annual 

cost of 29.2 million NZ dollars and 2205 disability adjusted life years (19). The lack of a vaccine is 

one reason for the higher burden compared to other bacteria like Streptococcus pneumoniae (19). 

Additionally, even though ARF and RHD are rare at the population level they disproportionally 
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contribute to the cost (36.9% of cost) and the health burden (21.4% of disability-adjusted life years, 

DALYS) as diseases that primarily impact 5–19-year-olds (19). 

 

1.3 Virulence factors 

 
GAS possesses an arsenal of virulence factors that contribute to its success as a human pathogen. 

Virulence factors enable colonisation of human tissues, escape from and impairment of the immune 

system and the ability to survive in and spread through various human tissues (7). A major GAS 

virulence factor is the M protein, a surface protein involved in adhesion and immune evasion (7). 

Another is the GAS pili which contributes to binding human tissue enabling colonisation. Each pili 

consists of adaptor proteins at the tip and base, with T-antigen’s polymerising to form the body (Figure 

1-1 B) (10, 29-31). Both these virulence factors are major cell surface proteins and provide functional 

benefits to combat GAS disease; providing a means to classify GAS strains, alongside being potential 

targets for vaccine development (7, 32-35). Both proteins are focusses for this project due to their key 

roles in infection, immune evasion, and vaccine development (7, 32-35). 

GAS possess a vast array of other cell surface proteins that enable adhesion for tissue colonisation. 

The extensive arsenal of adhesins enables GAS to colonise and bind to various tissues throughout the 

human body (30). Tissue binding targets include fibrinogen, fibronectin, plasminogen, collagen, and 

laminin amongst others, highlighting the diverse opportunities for tissue colonisation (7, 30). These 

virulence factors involved in adhesion are likely why such variation in initial infection sites and disease 

presentations are seen globally, due to differences in circulating strains’ tissue binding capabilities (7, 

13, 34). 

 
1.3.1 M protein 

 
The M protein is a hypervariable surface protein expressed by all GAS which plays a key role in both 

infection and immune evasion (14, 36, 37). The binding capabilities of M proteins can vary between 

different GAS M protein strain types often due to structural differences between each protein (14, 32). 

Structural variation can include differences in the number of repeat regions, which in turn impact the 
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functional capabilities of the M protein through changes in their potential for protein-protein 

interactions (Figure 1-1,Figure 1-3) (13, 14, 32). The myriad of differences in M proteins between 

strains has led to the development of classification methods based on the M protein’s sequence, 

structure, and functional capabilities. Furthermore, if the functional binding capabilities can be 

understood, insight into how the M protein influences the immune system and thus enables disease 

progression can be gathered (13-15, 38). This understanding would be crucial for vaccine development, 

both to identify antigens with potential to generate a protective response and into how strain-based 

variation in immune evasion capabilities could impact immune protection (Figure 1-4) (32, 39-41). 

 

 

 

 

 

 
Figure 1-1: The protein structures of the M1, M6, T1 pilus and T6 pilus. 

This image is adapted from Raynes et al., 2018 (10). (A) The M1 and M6 proteins are displayed with 

their conserved regions being similar whilst they vary in the variable region with no A repeat region 

in M1 but present in M6. The Hyper-variable region (HVR) is displayed at the tip of both the M1 and 

M6 proteins and varies between each. The M1 proteins binding site for the IgG Fc region can also be 

seen in the variable region of the protein. (B) The T1 antigen is a dimer and forms the backbone of the 

tee 1 strains pili which possess an anchoring FctB region and an FctA adhesion region. While the T6 

antigen is a trimer forming the backbone of the tee 6 strains pili and lacks an anchoring region to the 

peptidoglycan membrane but possesses an FctA adhesion region. Although both structures are 

accessible on the bacterial cell surface, the comparably greater size of the pili may makes the T-antigen 

potentially more antigenically available. This figure was made using BioRender.
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1.3.1.1 M protein-based classification 

 
The classification of GAS strains using the M protein has enabled advancement from the previously 

utilised Lancefield antigen testing, providing more informative classification methods that increased 

understanding about the impact of strain variation on infection, disease, and immune interaction (1, 2, 

4). Importantly classifying the GAS strains based on a primary virulence factor enables a global picture 

of the strains causing infections and disease, both geographically and temporally including the context 

of their disease involvement (2, 4). Identifying the circulating strains based on geographical or 

temporal information can provide strains of interest for developing vaccines for specific regions of the 

world (5, 6). Whilst understanding strains implicated in specific disease manifestations like ARF and 

RHD could provide vaccine targets for decreasing the global burden of these specific diseases. 

 

 

 

 
 

Figure 1-2 The methods of M protein classification. 

The M protein is displayed alongside the three methods of GAS characterisation that utilise this protein. 

Emm typing is based on the sequencing of the 5’ region of the emm gene, which often contributes to 

the hyper-variable region. Whilst the emm-cluster typing utilises the unique binding capabilities of 

each emm type against the proteins displayed to further characterise each strain. Finally, 
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the emm pattern typing uses the emm gene’s chromosomal structure to characterise the whole protein, 

considering all four regions of A, B repeat, C repeat and D region. This figure was made using 

BioRender. 

 

 
1.3.1.1.1 Emm typing: 

 
The emm typing method of classifying GAS strains is based on the nucleotide sequencing of the emm 

gene’s 5’ regions, which is a common source of variation between strains due to it coding for the 

‘hypervariable region’ (HVR) of the M protein (Figure 1-2) (41, 42). Emm typing has identified >220 

unique emm types using the emm gene’s 5 prime regions (13, 31, 42). This classification can be done 

on any GAS strain identified from patient swab isolates enabling epidemiological sampling of strain 

prevalence in different countries and diseases, such as comparing strains causing skin infections to 

those more likely to cause pharyngitis (12, 18, 43). Overall, emm typing has provided an accurate and 

reproducible means of classifying GAS strains, but it lacked information about the structural and 

functional character of each M protein (Figure 1-2) (42, 44). Therefore, further classification methods 

were developed that included the whole emm gene sequence alongside the functional characteristics 

(32, 44). 

 

 

 
1.3.1.1.2 Emm-cluster system: 

 
The emm typing methodology was used to develop a more informative classification system that 

accounts for the functional binding capabilities of each M protein, thus producing the emm-cluster 

system (Figure 1-2) (32, 44). This clustering system enabled the 220 emm types to be condensed into 

48 phylogenetically arranged emm-clusters. The unique binding capabilities of each M protein was 

utilised to classify each emm type into functionally similar groups that shared binding properties. The 

host factors investigated for binding capability were all clinically relevant for M protein adhesion and 

immune evasion. These were immunoglobulin A and G (IgA and IgG), plasminogen, albumin, and C4 

binding protein (C4BP) (Figure 1-2) (32). A direct advantage of emm-clustering is the potential to 

uncover groups of emm-clusters possessing similar immune evasion mechanisms and disease 
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phenotypes (13, 34). An example of this is the division of the X and Y clades within the emm-cluster 

system, which functionally discerns between two large groups of emm clusters (32). The X cluster is 

predominantly associated with the functional binding of immunoglobulins like IgG and IgA, alongside 

some C4BP binding dependent on the cluster type within the clade, whilst clade Y primarily possesses 

M proteins capable of binding fibrinogen and one specific cluster that can bind plasminogen (3, 7). 

Finally, by functionally grouping emm types the selection of clinically and geographically relevant 

strains for vaccine development will be further informed by their emm-clusters and potentially provide 

information about interactions that may influence immunity (32). 

 

 

 
1.3.1.1.3 Emm pattern: 

 
The investigation into the emm gene’s chromosomal structure enabled the development of the emm 

pattern classification method. The M protein was classified using the arrangement of the emm and 

emm-like genes to provide an overall classification of the M protein’s structure (Figure 1-3) (32, 44, 

45). Therefore, each emm type can be classified into one of the five pattern types, A-E. Upon emm 

pattern typing strains it was identified that emm pattern types correlated with the GAS tissue tropism. 

Tissue tropisms for each strain patterns were identified with A-C preferentially infecting the throat, D 

had tropism to the skin and pattern E was identified to be a generalist with equal rates of throat and 

skin infections (7, 13, 38). This classification method although useful to correlate emm types with 

tissue tropism lacks information about the emm type’s functional capabilities provided by the emm- 

clustering system (32). 
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Figure 1-3: Emm pattern type structures 

The structures of the three emm pattern types are displayed above using the M1, M53 and M75 proteins 

which are prototypical structures for these emm patterns. Most of the structural variation occurs in the 

variable region with differences in the A and B regions prevalent. The conserved regions particularly 

the C repeat region and D region are often similar between the emm pattern types. Importantly variation 

between proteins causes differences in length of the M proteins and in binding affinities during 

infection. This figure was made using BioRender. 

 

 

1.3.1.2 M protein function 

 
The M protein has an array of functional capabilities especially in relation to immune evasion, 

however, these can often vary between different strains and M protein types. The emm-cluster typing 

utilises the M protein’s variable binding capabilities against host factors including IgG, IgA, C4BP, 

plasminogen, fibrinogen, and albumin (Figure 1-2) (32, 33). Importantly, each GAS strains’ virulence 

is impacted by the M proteins binding properties, including avoiding opsonophagocytic killing, 

inhibiting complement cascade activation, or determining potential tissue tropism (7, 32, 46). 

Furthermore, some M proteins can bind host cell glycoproteins and extra-cellular matrix proteins 

including fibronectin, whilst others bind specific host cell ligands, including M6 binding CD46 and 
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M1 binding surface bound glycosaminoglycans (7, 13). Furthermore, the M protein and their respective 

emm pattern types has been determined to be partially responsible for the range of disease phenotypes 

generated by GAS. An example of this is ARF, which is postulated to be generated through a 

combination of genetic and phenotypic bacterial characteristics combined with the hosts immune 

response interaction (43). Another disease implicated is the development of post-streptococcal 

glomerulonephritis and the over-stimulation of host T-cell responses which varies between infections 

(7, 41, 46). Therefore, understanding of how host factor binding by the M protein influences the 

immune response is key. One pathway for understanding this is to investigate how differences in M 

protein expression and function influences immune evasion against M protein and T-antigen targeted 

immune responses. 

 

 

 

1.3.2 T-antigen 
 

The T-antigen is an important cell surface protein that forms the backbone of the GAS pili, which is 

essential for adherence and immune evasion during infection. By polymerising up to 100 T-antigen 

monomers together the backbone is formed, providing the bulk of the pilus structure (Figure 1-1) (10, 

29, 31, 35). This expansion via T-antigen polymerisation enables the pili to extend away from the cell 

wall and increases the potential for binding to host cells during infection (Figure 1-1). However, 

although this extension increases virulence by extending out past the hyaluronic capsule the immune 

system has an increased chance of recognising and binding the antigens (10, 29, 35). Structurally, the 

T-antigen is formed from multiple domains ranging from two to four depending on the strain. The 

majority are two domains including the T1 antigen on the M1 strains, whereas the T6 antigen possesses 

three domains (Figure 1-1) (29, 35). 

The T-antigen is encoded in the FCT region named for its ability to also encode the Fibronectin binding 

and collagen binding cell surface proteins. This region also contains the coding material for the whole 

pilus including the assembly sortases required for pilus construction (13, 34). Amongst all GAS strains 
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there are nine distinct FCT types and within these families of FCT types, further variation is seen 

between pili, occurring primarily by the encoding of different T-antigen backbones (tee types) (34, 

47). However, different emm types within the same FCT type also display major differences in the 

sequences of their backbone, base, and tip proteins (48). The T1 and T6 strains utilised in this project 

belong to the FCT-2 and FCT-6 classes respectively, with differences in their T-antigen structure, 

sequence and pilus anchoring base proteins (Figure 1-1) (48). 

The transcriptional regulation of pili during infection is incompletely understood. The three key 

transcriptional regulators Nra, RofA and MsmR, vary between strains and may influence expression 

in via different mechanisms (9, 10). Environmental factors are also thought to modulate expression (9, 

11). Temperature based variation in pilus expression has been characterised with lower temperatures. 

The controlling mechanism was identified as the level of translation able to occur for the nra mRNA, 

which saw increases in translation rates at lower temperatures (11). In contrast to this, upon induction 

of invasive disease in strains possessing this control mechanism, the increased temperature of human 

tissue triggered the halting of pilus expression. Unfortunately, the control mechanism appeared 

restricted to the FCT-3 strains possessing the nra gene (9, 11). Other factors influencing expression 

include pH and it has shown that acidic environments increase pilus expression. Overall, the regulation 

of pilus expression is extremely multi-faceted varying between extracellular environmental factors and 

the cells intracellular metabolic activity and genetic regulation (9, 49). Increasing the understanding of 

how expression is regulated in turn will benefit understanding the impact of expression on the strains 

virulence and capability for these antigens to be targeted by the immune system. 

Originally the typing of T-antigens utilised hyperimmune rabbit serum and investigated the 

agglutination levels of GAS cells treated with trypsin (13, 50). This developed into typing by 

sequencing the tee gene, which codes for the T-antigen, and this methodology was called tee typing 

(like emm typing for M proteins) (13). Upon sequencing and analysing a range of emm types for their 

tee types 18 clades and six sub-clades of tee types were identified, many being globally and temporally 

conserved (34). This increased conservation was particularly evident when compared to the emm 
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gene as the tee gene was much less variable, likely contributing to why different emm types often share 

tee types. This conserved nature provides an opportunity for a vaccine with increased coverage 

compared to targeting the M protein. However, how the M protein influences a T-antigen targeted 

immune response is not completely understood and by investigating this interaction we aim to increase 

understanding of the T-antigen based vaccines potential success (13, 35, 51). 

 

 

 

1.4 Vaccine development 

 
Although GAS infections are currently treatable with antibiotics, primarily using penicillin, there is no 

other preventative measure to combat the large disease burden caused by GAS globally. The 

development of a clinically approved GAS vaccine is one such route, with research currently ongoing 

on a range of different vaccines (5, 6). The success of the Streptococcus pneumoniae vaccine is an 

example of the potential for vaccines to decrease the disease and economic burden of infection, 

suggesting that an effective GAS vaccine is a viable option (19). However, the variation in virulence 

factors amongst GAS circulating strains means vaccines are required to generate a broader immune 

response for protection (13). Other challenges facing a GAS vaccine have limited development 

including the risks of autoimmunity, the incomplete understanding of epidemiologically important 

strains in different areas worldwide and a lack of understanding about the natural interactions between 

GAS and the human immune response (40). In response to these challenges multiple pathways for 

vaccine development are being explored, including the targeting of the two significant type-specific 

virulence factors, the M protein and T-antigen (Figure 1-4) (29, 39, 52). These routes often try to mimic 

the natural immune response developed against GAS over time, which has been theorised after studies 

of adult intravenous immunoglobulin (IVIG) displaying GAS specific antibodies (53, 54). Further 

targets include conserved GAS surface antigens which are found on all strains of GAS bacteria, which 

aims to generate a broad protective immune response against all strains (11, 40). These virulence 

factors include the fibronectin binding protein, group A carbohydrate and serum opacity factor, which 
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have all been tested for protection in different combinations alongside as single antigen vaccines. 

However, there has been a lack of clinical trials utilising these vaccine approaches to demonstrate 

protection in humans (40). 

 

 

 

1.4.1 M protein vaccines 
 

As a primary cell surface virulence factor for GAS the M protein has become a significant target for 

vaccine development. Originally M protein-based vaccines used whole M proteins which showed some 

evidence of cross-reactive antibodies towards brain and heart tissues, like those targeted in ARF (55, 

56). Due to these adverse reactions, vaccine development against GAS using the M protein was halted 

until the cause for these reactions was identified. The cause was determined to be due to cross- 

reactivity between specific M protein epitopes and human tissue epitopes triggering auto-immune 

reactions (11, 55). For GAS vaccine development to continue the M protein epitopes used were 

carefully selected to avoid adverse reactions, thus creating a new avenue for developing M protein- 

based vaccines (11, 57, 58). To combat the global disease burden vaccine developers have aimed to 

provide coverage against as many strains as possible. Hence the improved classification of strain 

variation with emm typing identifying >220 emm-type strains and emm-clustering producing 48 

clusters has provided context for what a successful vaccine will protect against (32). Therefore, M 

protein-based vaccines have aimed to utilise safe M protein epitopes to avoid cross-reactivity 

implicated in ARF whilst ensuring maximum strain coverage (10, 11). One approach uses the hyper- 

variable N terminus from chosen emm types and combines carefully selected strains to maximise 

coverage (Figure 1-4) (52, 57, 58). Utilising this multivalent approach vaccine trials have demonstrated 

efficacy in both animal models and safety in stage I clinical trials (57, 58). The leading multivalent 

vaccine candidate is the 30 valent vaccine which targets 30 unique emm type hypervariable regions 

(Figure 1-4) (11, 32, 58). However, this approach remains limited globally due to the diversity of GAS 

strains with over 220 emm types identified worldwide, but it is an approach that has provided 

opportunities for progress (27, 58). Another approach is the targeting of the conserved region of the M 



15  

SENSITIVE 

protein, the C-repeat region, which is shared between emm types and is conserved between strains 

(Figure 1-4). Theoretically, targeting the conserved region of the M protein will generate cross-strain 

protection (11). The J-8 vaccine uses this mechanism and within early trials has demonstrated safety 

in humans (Figure 1-4). Animal models have displayed protection against pyoderma and bacteraemia 

(39, 59, 60). Targeting of epitopes within the C-repeat region is a concern as the accessibility of this 

region to the immune system is limited, which could impact the potential immunogenicity of the 

vaccine (39). 

 

 

 

1.4.2 T-antigen vaccines 
 

The T-antigen forms the backbone of the GAS pili and previous investigations into GAS infections in 

humans have indicated the immune response generates T-antigen specific antibodies. This provided 

evidence for the immunogenicity of the T-antigen and with the advantage of its more conserved nature, 

when compared to the M protein, made it a prime target for future GAS vaccine research (29, 35). The 

T-antigen locus possesses 18 tee-type genes, which is much fewer when compared to the >220 emm 

types. As a result, the possibility of generating broad-spectrum immune protection is thought to be 

more feasible when targeting the T-antigen as opposed to the M protein. Therefore, it has been 

hypothesised that a vaccine developed with epitopes from representatives of all 18 tee types could 

generate global coverage against the majority of GAS strains. Additionally, T-antigens show increased 

accessibility to the immune system on the bacterial cell surface, due to the large size upon 

polymerisation (Figure 1-1) (10, 35). One approach to producing a T-antigen targeted vaccine is the 

multivalent vaccine design which enables the targeting of a range of different strains. One vaccine 

using this approach is the TeeVax vaccine which consists of proteins generated by fusing immunogenic 

regions of selected T-antigens into a TeeVax protein (Figure 1-4) (29). The vaccine combined three of 

these TeeVax proteins and was able to generate antibodies against all 18 tee types upon vaccinating 

rabbits. Furthermore, the TeeVax vaccine demonstrated broad-spectrum protection in mouse models 
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(29). Importantly, in an invasive GAS mouse model the antibodies generated against the T-antigen 

displayed immune protection, decreased adhesion, and induced bacterial killing (10, 29, 35). 

 

 

 

 

 
 

 

 

Figure 1-4: Overview of current M protein and T-antigen targeted vaccines in development: 

The T-antigen vaccine can be seen targeting the backbone of the pili by generating immune responses 

to the T-antigens, which is undertaken by creating fusion proteins from a range of tee types. Whilst the 

two M protein targeted vaccines target the hyper variable region (HVR) like the 30-valent vaccine 

does, by combining 30 unique emm type HVR epitopes. Or they target the conserved C repeat region 

with carefully selected epitopes such as the J8 vaccine, which is a shared epitope between emm types 

that avoids causing any auto-immune cross-reactivity. This figure was made using BioRender. 

 

 

1.5 Project design 

 
1.5.1 Project rationale 

 
Currently GAS vaccine development is targeted towards virulence factors and cell surface proteins 

including the M protein and T-antigen. The increased knowledge of the virulence properties, 

classification and immunogenicity of these proteins has been beneficial to vaccine development as 

mentioned in section 1.4. Although individually more is known about these proteins, there are 
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knowledge gaps including their interaction with an immune response, particularly one targeted against 

the T-antigen. Furthermore, the M proteins can vary both in function and expression, but questions 

remain with respect to the impact of this biological variation on a vaccine-derived immune response. 

Therefore, this project was designed to utilise assays that act as correlates for immunity to investigate 

how the M protein and T-antigen are involved in a targeted immune response. 

 

 

 

1.5.2 Emm type strain selection 
 

The investigation into the M proteins impact on an immune response including both M protein and T- 

antigen targeted killing requires the selection of clinically relevant strains that have antisera available 

that specifically target these antigens (32, 44). Five clinically relevant emm types had previously been 

optimised in established assays and had antisera available for use in the laboratory. Therefore, by 

comparing their functional characteristics, emm-types with variation in their host binding capabilities 

could be selected (Table 1) (32). This resulted in the selection of emm 1 and emm 6 as the two emm 

types used for use in this project, with two strains from each emm type investigated. The M1 protein 

(from emm 1 strains) displays binding capability to IgG, fibrinogen, and albumin, whilst the M6 protein 

(from emm 6 strains) had no recorded binding capabilities (Table 1) (32, 44). Therefore, by comparing 

the level of M protein and T-antigen targeted killing between emm types the impact of the M proteins 

host binding capabilities on GAS’s immune evasion can be investigated. 
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Table 1: The typing and binding capabilities of potential Emm type candidates: 
 

Relevant M Proteins: Binding Capability to Host Factors: 

Clade Emm 

Type 

Tee 

Type 

Pattern Cluster IgG IgA Plasminogen Fibrinogen Albumin C4BP 

Y 1* 1 A-C A-C 3       

Y 6* 6 A-C Single       

Y 12 12 A-C A-C 4       

Y 53 13 D D 4       

X 75 25 E E 6       

The five GAS Emm types with established assays are displayed with their classification information 

and host factor binding capabilities (32). From this information a choice can be made on which Emm 

types to use in the project which are seen with a * in the table (emm 1 and 6). 

 

 

1.5.3 Enzyme-linked immunosorbent assays 
 

Enzyme-linked immunosorbent assays (ELISAs) are a commonly used immunoassay and enable the 

identification of antibody binding alongside providing a method for quantifying antibody binding 

titres. The ELISA method utilised in this project is the indirect ELISA which entails coating the antigen 

of interest directly to the plate. Following this a serum (containing primary antibodies) is screened 

which, if bound, are detected using a secondary antibody conjugated to an enzyme that will trigger a 

colour change upon addition of a substrate (61). The indirect ELISA is an accurate measure of antibody 

binding and provides the ability to measure similar serum types with the same secondary (61). Rabbit 

antiserum and human antiserum have been used in ELISAs against the M protein since 1976 when an 

experiment displayed anti-M12 antibodies in both serum types (62). 
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1.5.4 Flow cytometry 
 

Flow cytometry is a tool that is not commonly used for bacteria, likely due to the range of technical 

difficulties. The small size creates difficulty in identifying cells from debris alongside potential noise 

making identifying biological variation within samples using the fluorescence intensity of cells 

difficult (63). For example, running flow cytometry on GAS strains that can non-specifically bind 

antibodies, would lead to the misreporting of antibody binding causing inaccurate fluorescent 

intensities. Fortunately, a protocol developed by Dr. Jacelyn Loh using mice anti-sera provided a basis 

for which to translate and optimise for rabbit anti-sera (29). This would enable the measurement of M 

protein and T-antigen expression levels on various GAS strains using anti-M1, anti-T1, anti-M6 and 

anti-T6 rabbit sera, controlling with pre-immune rabbit sera (Figure 1-5). Comparing the shift in 

fluorescence between the pre-immune sera control and a protein targeted sera e.g. anti-M1, would 

enable the relative level of the M1 protein expression to be measured (29). Ascertaining these 

expression levels will provide insight into the extent to which expression levels of GAS cell surface 

proteins within an emm type affects M protein and T-antigen targeted killing (which will be measured 

using opsonophagocytic killing assays (OPKA’s) outlined in the next section. 
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Figure 1-5: An overview of the processes involved in this project 

The experimental methods used in this project are displayed within this schematic overview. NZ white 

rabbits are used to generate antisera to the M1, M6, T1 and T6 antigens. This sera in conjunction with 

baby rabbit complement and neutrophil-like cells are used in the OPKAs to determine the efficacy of 

killing on each strain. On top of this, the antisera also provide a means of measuring the GAS protein 

expression levels with flow cytometry. This figure was made using BioRender. 

 

 

1.5.5 Opsonophagocytic killing assays 
 

The GAS opsonophagocytic killing assay (OPKA) is a recently developed functional assay that derives 

from the more classical Lancefield assay. The Lancefield assay utilised antibodies to opsonise the GAS 

bacteria and trigger leukocytes to phagocytose the bacteria. To achieve this serum from GAS patients 

was incubated with dilutions of cultured GAS, whilst the complement and leukocytes required for 

phagocytic killing were provided by donor blood pre-screened to have no GAS antibody reactivity 

(64). The plating and enumeration of any colonies grown from each of these dilutions would be 

compared to a control of only GAS to determine if killing had occurred by observing decreased colony 

forming units (64). This assay displayed high variability resulting from donor’s blood and required 
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consistent screening and collection of fresh blood. Therefore, the OPKA aimed to provide an assay 

that could measure killing as a potential correlate of immunity by assessing the antibody driven killing 

whilst being a consistent replicable assay (51, 65).  The protocol was optimised and standardized by using 

the emm 1, 6 and 12 strains in the assay, (51, 65). To remove the requirement of fresh donor blood the 

protocol was adapted to utilize a human cell culture line of HL-60 cells that are capable of 

differentiating into a neutrophil-like lineage. Additionally, the complement source was controlled by 

using commercially available baby rabbit complement as opposed to complement sourced from donor 

blood (Figure 1-5) (51, 65). 

 
1.5.6 Project aims 

 
This project is designed to investigate how the immune evasion properties of GAS virulence factors, 

particularly the M protein and T-antigen, can influence immune responses targeted towards another 

virulence factor. How the GAS M protein, which is a multifunctional immune evasion molecule, 

influences immune responses targeting the T-antigen, which forms the backbone of the GAS pilus. To 

achieve this the following research questions, aim to be answered: 

• Does the level of M protein expression influence the killing capacity of T-antigen targeted 

antisera? 

• How do M proteins from different GAS strains, and with different immune evasion properties, 

influence the killing capacity of the T protein targeted antisera? 

In summary, this project aims to investigate the relationship between the Streptococcal M protein and 

a T-antigen targeted immune response. Therefore, our use of two GAS strains possessing distinct 

immune evasion mechanisms will be crucial for this. The M protein and T-antigen expression levels 

between strains will provide insight into how surface expression levels could influence immune 

evasion. Thus, the impact of M protein function alongside M protein and T-antigen expression on a T- 

antigen targeted immune response will be investigated using an opsonophagocytic killing assay 

(OPKA), as the correlate for immune protection (65). 
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2 Materials and Methods 

 
2.1.1 Buffers, media, and reagents: 

 
2.1.2 ELISA: 

 
Reagents Formula Notes/Methods 

Carbonate- 

bicarbonate coating 

buffer 

• 35mM NaHCO3 

• 15mM Na2CO3 

Adjusted to pH of 9.6 using NaOH or 

HCL 

PBS • 137mM NaCl 

• 2.7mM KCL 

• 10mM Na2HPO4 

• 2mM KH2PO4 

Adjusted to pH of 7.4 

 
Can be adjusted to PBS-T by adding 0.1% 

Tween-20 

 

 
2.1.3 Bacterial growth and OPKAs: 

 
Reagents Formula Notes/Methods 

Opsonisation 

buffer 

• 10 % defined foetal bovine 

serum (Hyclone, Cytiva) 

• 9% Hanks balanced salt 

solution (HBSS) (+Ca/Mg) 

(Thermofisher Scientific) 

• 0.5% 1% gelatin solution 

Heat inactivated. 

 
Made up to volume with sterile pyrogen-free 

water. 

Prepared on day of assay then discarded. 

1% gelatin 

solution 

• 1 % gelatin (Thermo 

Scientific) 

• Sterile pyrogen free water 

Dissolve gelatin in water and autoclave. 

Store at RT for up to 2 months. 

Todd Hewitt 

Broth 

• 3% Todd Hewitt Broth (BD, 

Fort Richard Labs) 

• Distilled water 

Volumes adjusted according to requirements. 

Mix all ingredients in a Duran bottle and 

autoclave at 121℃ for 20 minutes. 
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STGG 

Media: 

• 3% Tryptone Soya Broth 

(BD, Fort Richard Labs; 

New Jersey, USA) 

• 0.5% Glucose (Sigma- 

Aldrich; Missouri, USA) 

• 10% Glycerol (ECP Limited; 

Auckland, NZ) 

• Distilled water 

Mix all ingredients in a Duran bottle and 

autoclave at 121℃ for 20 minutes. 

Todd-Hewitt 

-yeast extract 

agar (THY) 

plates: 

• 3% Todd-Hewitt Broth (BD, 

Fort Richard Labs; New 

Jersey, USA) 

• 0.5% yeast Extract (Oxoid 

Ltd, Thermo Fisher 

Scientific) 

• 1.5% bacteriological Agar 

(BD, Fort Richard Labs) 

• Sterile pyrogen free water 

Autoclave and incubate in a water bath at 

50℃. 

Pour 23mL agar into each 100x100mm square 

plate. 

Leave to dry on a flat surface for 20 minutes. 

Invert stacked plates to store at 4℃ for up to 1 

month. 

TTC stock: • 2.5% TTC (2, 3, 5- 

tetraphenyltetrazolium 

chloride) (Sigma Aldrich) 

• Sterile pyrogen free water 

Dissolve TTC in 40mL water and make up to a 

final volume of 50mL with the remaining 

water. Use a 0.22µm filter to sterile filter. 

Store at 4℃ for up to a month. 

Todd-Hewitt 

yeast extract 

overlay agar: 

• 3% Todd-Hewitt broth (BD, 

Fort Richard Labs) 

• 0.5% yeast extract (Oxoid 

Ltd, Thermo Fisher) 

• 0.75% bacteriological agar 

(BD, Fort Richard Labs) 

• 0.1% TTC stock 

Make fresh on day of assay. 

 
Autoclave and incubate in a 50℃-water bath 

until required. 

TTC prepared as stated above. 

Blood Agar 

Plates: 

• Columbia Horse Blood Agar 

Plates (BD, Fort Richard 

Labs) 

 

Baby Rabbit 

Complement: 

• (Pel-Freez Biologicals, AR, 

USA) 
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2.1.4 Flow cytometry: 

 
Reagents Formula Notes/Methods 

Flow Blocking 

Buffer: 

• PBS 

• 3% Fetal Bovine Serum (Hyclone, 

Cytiva) 

• Etheylenediaminetetraacetic acid (EDTA) 

Serum was heat 

inactivated at 56℃ for 30 

minutes 

FACS Buffer: • Phosphate buffered saline (PBS) 

• 1% Fetal Bovine Serum (Hyclone, 

Cytiva) 

• 5mM Etheylenediaminetetraacetic acid 

(EDTA) 

 

Flow Blocking 

Reagent (GRB 

Block): 

• Native Human IgG FC fragment protein 

(Abcam) 

Diluted in FACS buffer to 

required concentration. 

Flow Blocking 

Reagent (Tru- 

Stain): 

• Human Tru-Stain FcX (Biolegend) Diluted in FACS buffer to 

required concentration. 

Flow Secondary 

Antibody Stain: 

• Anti-Rabbit Alexafluor 647 (Life 

Technologies) 

• Anti-Mouse Alexafluor 647 (AbCam) 

• Fluorescein isothiocyanate (FITC) 

(AbCam) 

Diluted in FACS buffer to 

required concentration. 

 

 
2.2 Full-length M proteins: 

 
The full-length M Proteins were produced prior to this project as described in Jones et al (2018) (51). 

The emm1 strain selected to produce M1 protein was SF370 and the emm6 strain selected for M6 

protein production was MGAS10394. Briefly, these two M proteins were cloned via amplification of 

genomic DNA using specific primers and Sanger sequencing to confirm the correct sequence. 

Escherichia coli BL21 (DE3) cells were utilised to express recombinant proteins without signal and 

transmembrane sequences. 
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2.3 M protein HVR peptides: 

 
The hyper-variable regions of the M proteins were synthesised by GenScript USA Inc. who confirmed 

their purity to be above 90% by testing the HVR peptides using mass spectrometry. These represent 

two regions of 50 amino acids, as demonstrated in Table 2 below. 

Table 2 : HVR Peptide Amino Acid Sequences. 
 

M Protein Type: Amino Acid Sequence Represented: 

M1 NGDGNPREVIEDLAANNPAIQNIRLRHENKDLKARLENAMEVAGRDFKRA 

M6 RVFPRGTVENPDKARELLNKYDVENSMLQANNDKLTTENKNLTDQNKNLT 

 

 

 

2.4 Full-length T-antigens: 

 
The full-length T-antigens were generated by Dr Jacelyn Loh prior to this project, in which detailed 

methodologies are published (Young et al., 2019) (Loh et al., 2021)(29, 35). The tee6 gene was 

amplified from the MGAS10394 strains genomic DNA, whilst the tee1 gene was amplified from the 

SF370 strain. This process involved the PCR amplification of genes from the sortase motif and signal 

cleavage site, and the T1 and T6 proteins which were subsequently expressed in Escherichia coli BL21 

(DE3) cells using recombinant protein expression techniques. 
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2.5 Rabbit anti-sera: 

 
2.5.1 M protein anti-sera: 

 
M protein anti-sera were produced for a previous study by Jones et al (2018) where the M1 and M6 

proteins were used to inoculate New Zealand white rabbits emulsified with Incomplete Freund’s 

adjuvant in a 3-dose schedule and then euthanised to enable antisera collection (51). This collection 

method was approved by The University of Auckland Animal Ethics Committee, and the ARRIVE 

guidelines were followed. 

 

 

 

2.5.2 T-antigen anti-sera: 

 
T-Antigen anti-sera was generated using a similar methodology as the M protein anti-sera. This time 

it was generated by Dr Jacelyn Loh as part of an earlier study (Loh et al., 2021) (29). New Zealand 

white rabbits were inoculated with the T1 and T6 antigens emulsified with Incomplete Freund’s 

adjuvant in a 3-dose schedule before collecting the antisera after the rabbits were euthanised. 
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2.6 GAS strains 
 

Table 3: GAS strain information: 
 

emm type: Strain Name: Strain Origin: Project Uses: 

emm 1 SF370 A laboratory adapted 

strain from ATCC. 

Originally a wound 

swab. 

Flow cytometry. 

OPKA. 

emm 1 43 Pharyngitis swab 

isolated from the UK in 

2009. 

Flow cytometry. 

OPKA. 

emm 1 SF370 M1 Knockout SF370 strain with the 

knockout performed by 

Dr Jacelyn Loh. 

Control strain for flow 

cytometry. 

emm 1 SF370 T1 Knockout SF370 strain with the 

knockout performed by 

Dr Jacelyn Loh. 

Control strain for flow 

cytometry. 

emm 6 GASOPA6_02 

(M6:2) 

Pharyngitis swab 

isolated from the UK in 

2009. 

Flow cytometry. 

OPKA. 

emm 6 GAS_1070 

(M6:1070) 

Isolated from an ARF 

patient in NZ. 

Flow cytometry. 

OPKA. 

emm 6 GAS_08308 

(M6:09209) 

Isolated from an ARF 

patient in NZ. 

Flow cytometry. 

emm 6 GAS_09209 

(M6:08308) 

Isolated from an ARF 

patient in NZ. 

Flow cytometry. 
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2.7 Enzyme-Linked Immunosorbent Assays (ELISA) 

 
2.7.1 Full-length M protein and T-antigen ELISAs 

 
ELISAs used 96 well plates (ThermoFisher Scientific, Auckland NZ) that were coated with 50µL of 

either M protein or T-antigen at 5µg/mL in 1x PBS and incubated overnight at 4℃. Plates were then 

washed 3 times with 300µL of PBS supplemented with 0.1% Tween-20 (PBST) per well followed by 

blocking with 100µL of 5% milk PBST at 20℃ for one hour. Plates were washed as described above 

and 50µL of rabbit sera pre-diluted in PBST was added to their respective wells as demonstrated in 

Figure 2-1. Plates were then incubated at 20℃ for an hour and washed again, before 50µL goat anti- 

rabbit IgG secondary diluted to 1:10,000 in 5% milk PBS-T was added per well. Following a final 1- 

hour incubation at 20℃, 50µL of 3,3′,5,5′-Tetramethylbenzidine liquid peroxidase substrate (Sigma; 

TMB) was added to the wells and incubated for 2.5 minutes at room temperature. The reaction was 

stopped with 50µL of 1M HCl added to each well, giving the staining effect displayed in Figure 2-1. 

The absorbance was then measured at 450nm using the EnSight plate reader (PerkinElmer). 

 

 

 

2.7.2 HVR peptide ELISAs 

 
HVR peptide ELISAs follow a similar protocol to full-length protein ELISAs but included minor 

variations. The HVR peptides were coated in Carbonate-Bicarbonate buffer and sealed with an 

AlumaSeal (MediRay) for 3 hours at 37℃, after which the coated plates were further incubated at 4℃ 

overnight before use. Furthermore, there was no blocking step for HVR peptide ELISAs, and both 

primary and secondary antibodies were diluted to 1:10,000 in PBS-T instead of 5% milk PBS-T. 
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Figure 2-1: Overview of an ELISA protocol, biological interactions, and plate map. 

(1) An overview of the ELISA protocol steps. The order in which each component is added and the 

opportunity for potential binding. The plate is coated with a selected protein or HVR and antibodies 

from rabbit sera are tested for binding capabilities. The primary antibody is washed off before the 

secondary antibody binds to any rabbit anti-sera bound to the coated antigen. The secondary antibody 

is labelled with a horse-radish peroxidase (HRP) that, upon TMB incubation, will react to form a blue- 

coloured product. HCl stops this reaction and converts it to yellow. (2) The example plate displays a 

completed ELISA, with the intensity of the colour produced proportional to the antibody concentration 

bound in the well. This plate would be read at an absorbance of 450nm. (3) An ELISA well with 

successful binding at all stages is schematically displayed with the outcome of a positive signalling 

reaction by the TMB and HCl. This figure was made using BioRender. 

 

 

2.8 Bacterial culturing 

 
2.8.1 Culturing working stocks 

 
The expansion of frozen stocks of S. pyogenes to produce working stocks for use in opsonophagocytic 

assays followed a standard 3-day methodology. The frozen S. pyogenes glycerol stocks were removed 

from the -80℃ freezer and kept on dry ice while being streaked onto horse blood agar plates. These 

were incubated overnight at 37℃, 5% CO2, to avoid overgrowth and ensure isolated colonies grew. 

The following day a single colony from each plate was used to seed 10mL of Todd-Hewitt broth which 
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was incubated overnight at 37℃ in 5% CO2 without agitation. Finally, on day 3, pre-warmed Todd- 

Hewitt broth was inoculated with the overnight GAS liquid culture at a 1:10 dilution in a 50mL falcon 

tube and incubated at 37℃, 5% CO2 until an optical density (OD) of 0.5-0.7 is reached, after which 

the growth was stopped by placing it in an ice bath. To create working stocks for freezing, the bacterial 

suspension was mixed 1:1 with STGG media and vortexed. This mix was made into 500µL aliquots in 

1.5mL Eppendorf tubes (Axygen) and frozen at -80℃ until needed. 

 

These working stocks were generated for all strains used in assays throughout the project ensuring 

batch consistency across all experiments. The M1 strains included M1:SF370, a well-classified 

laboratory-adapted strain initially isolated from a patient’s wound (J Ferretti et al, 2001) and the M1:43 

strain, a clinical isolate from a throat swab taken from a patient with pharyngitis (51, 66). Furthermore, 

two knock-out M1:SF370 strains were grown, one with the M protein knocked out and the other with 

the pilus knocked out, both generated by Dr. Jacelyn Loh, which were used as controls during the flow 

cytometry. The M6 strains grown included the M6:2 strain, isolated from a throat swab sample in the 

UK, and the M6:1070 strain, isolated from an acute rheumatic fever patient in NZ using a throat swab. 

The M6:1070 strain was selected in addition to the M6:2 strain following flow cytometry 

characterisation described in section 3.2.3. 

 

 

2.9 Flow cytometry 

 
2.9.1 Optimisation of bacterial fixing mechanism 

 
The bacterial stocks used in the flow required fixing prior to use to ensure biological safety. Therefore, 

to determine the optimal method for bacterial fixing, an M1:SF370 working stock (0.67 OD) was 

quick-thawed at 85℃ in a heat-block, centrifuged and re-suspended in blocking buffer at 0.2 OD in 

preparation for use. Half of the samples were heat fixed at 80℃ for 5 minutes before staining, whilst 

the others were fixed with 50µL per sample of 4% Paraformaldehyde (Sigma-Aldrich) for 30-minute 

incubation after staining was completed. 
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Following resuspension in the blocking buffer, all samples were sonicated, rested on ice, and re- 

suspended in FACS buffer before 200µL samples were placed into flow tubes. Samples were stained 

with a primary antibody, either pre-immune, anti-M1 or anti-T1 mouse sera. After washing with 1mL 

FACS buffer using anti-mouse Alexafluor 647 (AbCam). After being washed and re-suspended in 

200µL FACS buffer, samples were run on a BD LSRII flow cytometer (BD Sciences). 10,000 events 

were collected and analysed using FlowJo. 

 
2.9.2 Determining the optimal anti-rabbit secondary antibody for bacterial flow 

 
The optimal secondary antibody choice and concentration was determined from anti-rabbit Alexafluor 

647 (ThermoFisher Scientific) and FITC (AbCam). M1:43 bacteria (OD: 0.534) was diluted in 

blocking buffer to 0.2 OD and heat-killed. The aliquot was re-suspended in FACS buffer and diluted, 

ensuring each 200µL sample had less than 1,000,000 cells. Samples were stained with 100µL of either 

anti-M1, anti-T1 or pre-immune rabbit sera at a 1:50 concentration for 30 minutes on ice. Following a 

wash, 100µL of secondary was added per sample, which utilised varying dilutions of FITC (1:50- 

1:200) or Alexafluor 647 (1:50-1:800). Samples were then run on the BD LSRII flow cytometer (BD 

Sciences), and 10,000 events were collected to be analysed on FlowJo. 

 
2.9.3 Optimising the blocking of M1 Fc binding 

 
The M1:43 strain was used to optimise the blocking of Fc receptor binding by the M1 protein. Frozen 

M1:43 stocks were quick-thawed, re-suspended in blocking buffer (0.2 OD), and heat-killed. After 

cooling and sonicating, the bacterial aliquot was re-suspended and diluted in FACS buffer, which gave 

<1,000,000 cells per 200µl sample. Samples were then blocked with 100µL of either Tru-Stain 

(BioLegend) at concentrations of 1:10 or 1:20 or Human Fc Receptor (AbCam) at concentrations of 

1:10, 1:20 or 1:40. Controls included samples with a FACS buffer block and no-block. All samples 

underwent a 10-minute blocking incubation at room temperature before being stained with the primary 

antibodies of either pre-immune or anti-M1 rabbit sera and incubated on ice for 30 minutes. Samples 

were then washed with FACS buffer and incubated in a 100µL staining volume of anti-rabbit 
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Alexafluor 647 (1:200) for 30 minutes on ice. After a final wash and resuspension with 200µL FACS 

buffer, samples were run on the BD LSRII flow cytometer (BD Sciences), collecting 10,000 events, 

and analysed using FlowJo (Figure 2-2). 

 

 

 
 

 
Figure 2-2: Optimised Bacterial Flow Cytometry Protocol. 

Bacteria were prepared by heat killing at 80℃ for 5 minutes and sonicated for 1 minute. Each sample 

was diluted to under 1,000,000 cells and blocked with Human Fc Antibody fragment (AbCam) at 1:20 

concentration for 10 minutes. Both primary (1:50) and secondary (1:200) antibodies were successively 

incubated with bacteria on ice for 30 minutes. Samples were run on the BDLSRII cytometer. This 

figure was made using BioRender. 

 

 
 

2.9.4 M1 protein and T1 antigen expression measurement 

 
The optimised bacterial flow cytometry methodology was used to measure the protein expression 

levels on the M1 strains including the two control knockout strains. All strains were quick-thawed 

(37℃), re-suspended in blocking buffer (0.2 OD) and heat killed (80℃ for 5 minutes) before being 

cooled on ice. Samples were then sonicated and incubated on ice for 15 minutes before being re- 

suspended in FACS buffer at <1,000,000 cells per 200µL sample. Half the samples per strain were 

blocked with 100µL of Human Antibody Fc region (AbCam) (1:20 concentration) for 10 minutes at 

room temperature. All samples were stained with 100µL of their respective primary antibody of anti- 
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M1, anti-T1 or Pre-Immune rabbit Sera, all at a 1:50 concentration, and incubated on ice for 30 

minutes. A 1 mL FACS buffer wash was completed before staining all samples with 100µL of anti- 

rabbit Alexafluor 647 for 30 minutes on ice. Samples were washed and re-suspended in 200µL FACS 

buffer and run on the BD LSRII flow cytometer collecting 30,000 events that were analysed using 

FlowJo (V 10.8.1). 

 
2.9.5 M6 strain selection and M6/T6 expression measurement 

 
To identify another M6 strain for use in this project, over and above M6:2 that was already shown to 

behave well in opsonophagocytic assays (Jones et al), the optimised flow cytometry protocol was used 

(51). All four M6 strains were screened for M6 and T6 expression levels as described in section 2.9.4 

using anti-M6, anti-T6 or pre-immune rabbit sera, all at 1:50 concentration. A blocked control sample 

was run to confirm that no non-specific pre-immune serum binding was occurring. Alongside the 

samples, a negative control of the M protein knock-out strain was run to ensure serum binding was 

specific to the M protein. All samples were run using the BD LSRII flow cytometer, collecting 30,000 

events, and analysed using FlowJo. 

 
2.9.6 M6 expression analysis at different growth time points 

 
To investigate if the expression profiles of the M6 protein or T6 antigen could be influenced by the 

bacteria’s growth stage, the M6:2 and M6:1070 strains were cultured to generate working stocks from 

each stage of the bacterial growth curve. Flow cytometry was then completed as described above 

(section 2.9.5) on the four working stocks per strain staining for M6 and T6, with samples read on the 

BD LSRII flow cytometer. 

 

2.10 Opsonophagocytic Killing Assays 

 
2.10.1 HL-60 cells 

 
The HL-60 cell lines were cultured, maintained, and differentiated into neutrophil-like cells by Aimee 

Paterson, a senior research technician in the Moreland laboratory, according to developed protocols 
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(Jones et al., 2018). Briefly, cells were expanded from frozen stocks and maintained for 2 weeks at a 

density between 2x105 and 1x106/ml until they were ready for differentiation and use. Differentiation 

required incubation for 3-4 days at 37℃ in M2 media. On the morning of use cells were centrifuged, 

washed in HBSS, re-suspended in OPS buffer and viability tested by staining and counting a subset of 

cells (51, 65). 

 
2.10.2 Optimum dilution assays 

 
These assays determined the correct bacterial and complement dilutions required for each strain’s 

killing assays. Varying concentrations of bacteria were exposed to a range of active complement 

concentrations (Figure 2-2). The level of non-specific killing was determined using a heat-inactivated 

complement column at each complement concentration. This experimental protocol was adapted from 

Jones et al. (2018) and McGregor et al., (2020)(51, 65). Bacterial dilutions were prepared by first quick 

thawing a working stock before re-suspending in OPS buffer. In a separate 96-well plate, bacteria were 

diluted ten-fold in well H1, followed by a five-fold serial dilution up the column (Figure 2-2). From 

that column, 10µL of bacteria was multi-channel pipetted into each column of the assay plate, 

producing a vertical gradient of bacterial concentrations. 

The assays were completed following the standard OPKA procedure as detailed in section 2.10.3, 

where the assay plates were first incubated at room temperature for 30 minutes. Active and heat- 

inactivated complement were diluted in Eppendorf tubes with OPS buffer to dilutions from 1:1 to 1:6. 

Figure 2-3 displays how the complement was multi-channel pipetted into the assay plate with 10µL 

added alongside 40 µL of differentiated HL-60 cells into each well. The plate was then incubated at 

37℃ for an hour on a 700rpm shaking incubator and set on ice for 15 minutes. Finally, the contents of 

the wells were plated onto dry THY agar plates spotting 10µL with a multi-channel pipette and 

immediately tilting, which created horizontal streaks. Each plate fit 3 columns, and once all columns 

were plated, they were dried at room temperature before THY overlay agar with TTC was poured over 

the plates. Once the agar solidified, plates were incubated upside down overnight at 37℃. Plates were 

read the following morning using an automated colony counter. The bacterial and complement 
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dilutions that produced between 100-200 colony counts while maintaining 10-30% non-specific killing 

were then selected to be used in the opsonophagocytic killing assays (OPKAs). 

 

 

 

 

 
Figure 2-3: Bacterial Dilution Process and Plate Plan for Optimal Dilution Assays. 

Bacterial dilutions were prepared in a separate 96-well plate, serially diluting the strain in OPS buffer. 

Six concentrations of baby rabbit complement were tested using both heat-inactivated and active 

complement columns (HI and A respectively). Thus, an optimal dilution for bacteria and complement 

is identified by comparing the killing between the various combinations of bacterial and complement 

concentrations. This figure was made using BioRender. 

 

 

2.10.3 OPKAs 

 
The methodology used was originally developed by Professor David Goldblatts laboratory at 

University College London, London and refined by Dr Reuben McGregor at the University of 

Auckland (51, 65). The protocol used the bacterial and complement dilutions selected from optimum 

dilution assays for each strain (section 3.3.1) with the addition of the sera to be tested for killing. An 

overview of the OPKA is shown in Figure 2-4. 

The assay plate was prepared by adding 20µL of OPS buffer to all wells except row H, wells 3-12 of 

 

a 96-well round-bottomed plate. 30µL of serum samples pre-diluted in OPS buffer (1:5 unless 
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otherwise stated) was added into the empty wells of row H, wells 3-12 and serially diluted 3-fold 

(Figure 2-5). The working stocks were thawed and diluted in OPS to the pre-determined optimal 

dilution (section 2.10.2) and 10µL of the solution was added to the side of each well. Bacteria were 

then mixed with sera by tapping plates, ensuring all bacteria entered the wells at a consistent time. 

Plates were incubated on a shaker for 30 minutes at room temperature, enabling opsonisation of 

bacteria as per Figure 2-4. 

Baby rabbit complement was thawed on ice and a specified volume was heat-inactivated at 56℃/ for 

30 minutes. The complement was diluted in OPS buffer to the concentration from the optimal dilution 

assay (section 2.10.2). Complement was added as per Figure 2-5 with 10µL of heat-inactivated 

complement added to control column A and 10µL of active complement to the remainder of the wells 

immediately followed by addition of 40µL differentiated HL-60 (Figure 2-5). The plates were 

incubated at 37℃/5% CO2 on a mini-orbital shaker at 700-rpm for an hour, which gave time for 

complement and HL-60 cells to phagocytose and kill opsonised GAS in the wells. Post-incubation, the 

plates were put on ice for 20 minutes halting the killing process. 

Square THY agar plates were dried at room temperature prior to plating. OPKA plates were mixed 

gently by vortex and 10µL from each well was transferred to THY agar plates using a multichannel 

pipette in a column wise fashion (Figure 2-4). Each column was spotted down and immediately tilted, 

enabling the spot to run horizontally across 1-2cm. This was repeated until three columns were plated 

to fill one THY plate and repeated until all columns had been plated. The plates were dried at room 

temperature for 20 minutes. Finally, an overlay of warm liquid THY agar with TTC was added and 

allowed to solidify. The TTC overlay enabled the visualisation of colonies the following morning, as 

shown in Figure 2-4. The plates were left to incubate upside down overnight at 37℃. Colonies were 

counted the following morning, after gently wiping the overlay to remove any unwanted bacterial 

colony spots and then counted using the Protocol 3 automated colony counter’s OPKA software 

(Symbiosis). 
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Figure 2-4: Opsonophagocytic Killing Assay Overview - From Serum Generation to Colony 

Counting. 

The protein-specific rabbit sera were incubated with GAS to induce targeted antibody binding. Each 

well was then incubated with a pre-determined concentration of baby rabbit complement and 

neutrophil-like HL-60 cells. This induced the killing of GAS via antibody-dependent 

opsonophagocytosis during the hour of incubation. The killing was stopped by putting the plates on 

ice. The contents of the wells were then plated onto agar and incubated overnight, which enabled the 

colonies to be counted and the levels of killing caused by the rabbit anti-serum to be ascertained. This 

figure was made using BioRender.
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Figure 2-5: Opsonophagocytic Killing Assay Plate Plan: 

The plate plan for both M1 and M6 strain killing assay. Both homologous and heterologous M and T 

Sera were tested alongside pre-immune sera and a mix of homologous M and T sera. All sera were 

serially diluted 3-fold from row H upward to A, enabling analysis of each serum’s killing efficacy at 

various concentrations. All wells were controlled for non-specific killing using baby rabbit 

complement (BRC) only wells, from which we could compare the active complement killing activity 

to heat-inactivated complement. This ensured that killing seen from the sera was specific and not 

caused by complement activity alone. This figure was made using BioRender. 

 

 

2.11 Statistical analyses 

 
2.11.1 Area Under the Curve (AUC) 

 
ELISAs were graphed and analysed using GraphPad Prism 8.0.2, as displayed in Figure 2-6. Each 

point averaged the duplicate absorbance readings at each serum dilution and was plotted with standard 

error of the mean (SEM) to show any variation in duplicates. To control for background absorbance 

when calculating the area under the curve (AUC) a negative control was used at the same dilution 

range as the sera. 
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Figure 2-6: Graphical display of the area under the curve calculation. 

The ELISA displays binding of the anti-M6 (αM6) rabbit sera and a negative control at a starting 

dilution of 1:500 against the M6 full-length protein. To generate the area under the curve (AUC), both 

duplicate sera had a line of best fit attributed to their mean absorbance points along the dilution 

gradient. This antibody titre AUC is generated for both the sera and negative control, enabling the 

removal of background binding from the αM6 AUC, giving a final AUC of 445,957. 

 

 

2.11.2 Staining index 

 
The staining index is an analytical method for flow cytomtery data to enable comparison of positive 

sample mean fluoresecence intensities (MFIs) whilst incorporating each sample's negative controls to 

control for spread in fluorescence. The staining index was used to investigate the increase in staining 

between different protocols relative to a baseline and enabled accurate identification of the optimal 

method for the flow protocol. 

The method of calculating the staining index is displayed in Figure 2-7. The shift in MFI between the 

M1 stained (positive) and pre-immune stained sample (negative) was divided by twice the standard 

deviation of the pre-immune stained sample. This gave an index for the experimental methodology 

that was compared directly to others more accurately than an MFI shift only. 



40  

SENSITIVE 

 
 
 

Figure 2-7: Graphical display of staining index calculation using a histogram. 

Two sample populations were stained with either a negative primary (red) or a positive primary (blue). 

Each population’s Mean Fluorescence Intensity (MFI) has been identified alongside the negative 

populations’ standard deviation (S.D). These values were plugged into the noted formula and enabled 

the calculation of the stain index (∆), providing a read-out that could be compared across samples with 

differences in staining methodology. 

 

 

2.11.3 Opsonic Index (OI) 

 
The Opsonic Index (OI) is the read-out used in the OPKAs and quantified the level of killing. OI was 

calculated using the excel-based Opsotiter software (University of Alabama research foundation 

Birmingham, AL, USA) which transformed the raw data of colony forming units (CFU) and serum 

dilutions into OI’s as well as quality control metrics such as non-specific killing. Read-outs generated 

by the Opsotiter software are outlined in Figure 2-8. 
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Figure 2-8: Opsonic Index and non-specific killing calculation from an assay graph. 

The killing assay results from the negative control of the pre-immune rabbit sera and the αM1 rabbit 

Sera against SF370 are plotted. The 0% killing threshold was calculated using the active complement 

control wells, enabling the identification of the colony count at 50% killing. Here the Opsonic index 

(OI) from the plate was 25. However, the software adapted for the 1:5 initial serum dilution and gave 

a final OI of 125. The max killing was calculated by taking the lowest colony forming unit (CFU) 

count from αM1 and the accepted maximum CFU to calculate the percentage difference. In this case, 

max killing = 1-(58/142)*100= 59%, as is represented in the figure. 
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3 Results 

 
3.1 Serum characterisation 

 
The overarching aim of this thesis was to test the contribution to opsonophagocytic killing of sera 

targeting the M protein and/or the T-antigen. To do this, sera targeting M proteins and T-antigens were 

obtained from rabbits vaccinated with the respective proteins for two representative GAS M-types 

(section 2.1.1): M1 (expressing M1 and T1) and M6 (expressing M6 and T6). In addition, serum from 

rabbits was obtained before vaccination occurred producing pre-immune rabbit sera which was used 

as a control. The sera used in this project are summarised in Table 4. 

Characterisation of binding of these rabbit antisera to their homologous antigens as well as any 

potential cross reactivity between sera in the project was crucial. Antibody binding to the GAS M 

protein is complex, with multiple domains within each M protein type having varying degrees of 

conservation with other M-types. Furthermore, some M proteins (particularly M1) are capable of non- 

specifically binding antibodies via their Fc receptor (section 1.3.1.2). The possible binding profiles are 

summarised in Figure 3-1, using the M1 protein as an example. 
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Figure 3-1: M1 protein and HVR serum binding profiles: 

This schematic portrays the M1 full-length protein and M1 HVR peptides bound to a plate uniformly. 

However, during an ELISA, these proteins would be in various orientations as the proteins bind to the 

wells in various conformations. The different types of protein-antibody binding interactions are 

modelled using this schematic. (A) Anti-M1 sera displays all three types of binding: the HVR region- 

specific binding, the conserved region-specific binding, and the M1 proteins non-specific binding of 

IgG via their Fc region. (B) The M6 sera, although unable to bind the M1 proteins HVR region, can 

bind epitopes present in the conserved region of the full-length protein. The M1 protein also displays 

the capability to bind the M6 antisera’s IgG via the Fc region. (C-D) Finally, the non-specific binding 

of the IgG Fc region by full length M1 protein can occur in all sera types, even when no specific 

binding is present. These binding interactions all contribute to the amount of binding occurring, 

depending on both the sera type and dilution factor used. This figure was made using BioRender. 

 

 

3.1.1 Serum dilution optimisation 
 

To determine a consistent dilution range of sera, a set of preliminary ELISAs were run against the 

respective homologous proteins. Optimum initial dilutions and dilution factors varied between M/T 

protein and HVR antisera (Table 4), giving a range of absorbance readings (data not shown). Based on 

these results, the initial dilution was selected to be 1:500, whilst the dilution factor was 3-fold. These 

parameters enabled ELISAs to be performed for all antigens with the same dilution series; thus, all 

sera could be run in a single assay and direct comparisons between ELISAs could be made. 
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Table 4 : Optimal serum dilutions for homologous sera against respective proteins. 
 

 Protein Coated: Initial Dilution: Dilution Factor: 

 
Full-Length 

Proteins: 

M1 1:500 2x 

M6 1:500 2x 

T1 1:500 3x 

T6 1:500 3x 

HVR Peptides: M1 HVR 1:100 2x 

M6 HVR 1:100 2x 

Final Selection: All Proteins 1:500 3x 

 

 

 

3.1.2 Rabbit antisera characterisation ELISAs 

 
Following ELISA protocol optimisation, binding of all rabbit antisera (Table 4) to each antigen (M1, 

M6, T1 and T6) was characterised. Briefly, all proteins were coated on plates in individual ELISAs, 

and binding of their homologous M- and T-antisera, their heterologous protein sera (e.g., M6-antisera 

against M1 protein) and pre-immune rabbit sera was probed using the optimised dilutions displayed in 

Table 4. The complete ELISA dilutions are shown (Figure 3-1 Figure 3-4) as well as the respective 

quantitative AUC calculations in section 2.11.1 (Figure 3-5). 

The M1 full-length protein ELISA displayed binding to all four sera with increased binding of M1- 

and M6-antisera alongside weaker binding of T1-antisera and pre-immune rabbit sera (Figure 3-2, A). 

The observation of binding of pre-immune serum (negative antibody control) at the same level as T1- 

antisera serum, indicates non-specific binding properties of the M1 protein via the Fc region (Figure 

3-1, A). To further dissect the ability of the rabbit sera to target different regions of the M1 protein, 

ELISAs coating only the HVR peptide were also run. The M1 HVR ELISAs showed that only anti- 

M1 sera bound the M1 HVR peptide (Figure 3-2). Whereas the anti-M6, anti-T1 and pre-immune 

serum binding was not seen against the M1 HVR region (indicating the HVR region is only targeted 

by sera specifically generated by the M1 protein) with no cross-reactive epitopes present. 
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Figure 3-2: M1 full length protein and HVR ELISAs: 

Absorbance curves were generated using a plate reader to measure ELISA plates coated with (A) M1 

full-length protein or (B) M1 HVR peptide and incubated with titrated anti-M1, anti-M6, anti-T1 and 

pre-immune rabbit sera. Anti-rabbit IgG-HRP and TMB substrate were used for detection as they 

underwent a colour changing reaction from blue to yellow if antibody binding was present (as 

described in section 2.7). Absorbance values at 450nm were then plotted using GraphPad Prism (V. 

8.0.2), with each data point representing the mean absorbance ± standard error of 2 technical replicates. 

The horizontal dashed line corresponding with the purple triangles indicates background absorbance 

in absence of serum. 

 

 
The absorbance curves for the M6 full-length protein showed M6-antisera strongly binding to the full- 

length M6 protein whilst M1-antisera bound with a slightly weaker absorbance curve (Figure 3-3). The 

T6-antisera and pre-immune sera displayed no binding to the M6 full-length protein, suggesting that 

no non-specific binding of IgG occurred against M6. Further investigation into the specificity of these 

sera’s binding capacity used the M6 HVR peptide in an ELISA. The M6-antisera displayed binding 

activity specifically to the M6 HVR peptide (Figure 3-3, B). However, no binding was seen from the 

anti-M1, anti-T6 or pre-immune antisera. Therefore, the M6 HVR region was only capable of being 

targeted by M6 protein specific antisera, whereas full-length M6 protein showed some cross-reactivity 

with M1 antisera displaying some binding. 

A B 
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Figure 3-3: M6 full length protein and HVR ELISAs: 

These absorbance curves were generated using a Perkin Elmer Ensight plate reader to measure ELISA 

plates coated with (A) M6 full-length protein or (B) M6 HVR peptide and incubated with titrated anti- 

M6, anti-M1, anti-T6 and pre-immune rabbit sera. Anti-rabbit IgG-HRP and TMB substrate were used 

for detection as they underwent a colour changing reaction from blue to yellow if antibody binding 

was present. Increased colouring was read as increased absorbance at 450nm in the Ensight plate 

reader, which was then plotted using Prism, with each data point representing the mean absorbance ± 

standard error of 2 technical replicates. The horizontal dashed line corresponding with the purple 

triangles indicates background absorbance in absence of serum. 

 

 
The T-antigen ELISAs characterised the binding of anti-T1, anti-T6, and pre-immune sera to the T1 

and T6 full length proteins (Figure 3-4). Alongside these three sera the anti-M1 and anti-M6 sera were 

ran against T1 and T6 full-length proteins respectively. Therefore, the T-antigens were tested against 

their specific sera alongside running heterologous anti-T rabbit sera and homologous anti-M protein 

sera to investigate potential cross-reactivity. Both the T1 and T6 ELISAs only displayed binding 

against their homologous sera and no other sera showed reactivity against either T-antigen (Figure 

3-4). 

A B 
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Figure 3-4: T1 and T6 protein ELISA's: 

Absorbance curves were generated using a Perkin Elmer Ensight plate reader on ELISA plates coated 

with the (A) T1 and (B) T6 full-length proteins. (A) The T1 full-length protein was incubated with 

titrated anti-T1, anti-T6, anti-M1 and pre-immune rabbit sera. (B) Whereas the T6 full-length protein 

was incubated with titrated anti-T6, anti-T1, anti-M6 and pre-immune rabbit sera. Anti-rabbit IgG- 

HRP and TMB substrate were used for detection as they underwent a colour changing reaction from 

blue to yellow if antibody binding was present. Increased colouring was read as increased absorbance 

at 450nm in the Ensight plate reader, which was then plotted using Prism, with each data point 

representing the mean absorbance ± standard error of 2 technical replicates. The horizontal dashed line 

corresponding with the purple triangles indicates background absorbance in absence of serum. 

 

 
Calculating and plotting AUCs as described in Figure 2-6 for each of the ELISA’s absorbance curves 

enabled quantification and a visual comparison of the antibody titres between sera. Binding of all sera 

(M1-, M6-, T1- and pre-immune antisera) to the full-length M1 protein was observed to varying degrees. 

However only the M1-antisera bound to the M1 HVR peptide (Figure 3-5, A and B). The M6 full-length 

protein and HVR ELISA AUCs demonstrated M6- and M1-antisera binding to the full-length protein 

and only M6-antisera capable of binding the M6 HVR (Figure 3-5, C, D). The anti-T, heterologous anti-

M and pre-immune sera were unable to bind the M protein HVRs, with binding only seen by each of the 

homologous M protein’s antisera that possessed specific reactivity to the HVR peptides (Figure 3-5, B, 

D). Therefore, the binding of anti-T1 and pre-immune sera to the full-length M1 protein is likely due to 

non-specific Fc region binding (Figure 3-5, A). The M1-antisera AUC against the M1 protein compared 

with the M1 HVR showed that approximately 50% of the total M1-protein reactivity is directed to the 

HVR (Figure 3-5, A, C). For the M6-antisera reactivity against the M6 protein, the AUC showed that only 

A B 
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25% of the total M6-protein reactivity was directed to the HVR (Figure 3-5, C-D). However, the AUC’s 

for the overall antibody titres of the M6-antisera is roughly three times greater than the M1-antisera’s 

against their respective homologous full-length proteins (Figure 3-5, A, C). Furthermore, the M6-antisera 

binding to the M1 full-length protein at a high level (Figure 3-5, A), is likely due to a combination of 

conserved-region cross-reactivity and the M1-proteins non-specific antibody binding capacity (Figure 

3-1, B). Finally, the T1 and T6 protein AUCs showed that only homologous T-antisera could bind the 

T-antigens, with no cross-reactivity with other serum observed. The AUCs generated from the T1 and 

T6 ELISAs suggest the anti-T antigen sera is much higher titre than the anti-M protein antisera (Figure 

3-5, E-F). 
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Figure 3-5: Area Under the Curve (AUC) calculations for all ELISAs: 

The area under the curves from each ELISA were generated according to section 2.11.1 and plotted 

using GraphPad Prism (V 8.0.2). The ELISAs were adjusted to only take the first nine dilution points 

and were base-line corrected, which enabled a more accurate AUC to be determined for each serum 

titre. Each bar represents the AUC from the corresponding sera in that ELISA, and all bar graphs have 

standardised axes for easier comparison of the antibody binding levels. 
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3.1.3 Serum characterisation summary 
 

The rabbit antisera were characterised against the M1, M6, T1 and T6 full-length proteins alongside 

the M1 and M6 HVR peptides, enabling their binding capabilities to be known for the future 

experiments. All rabbit antisera bound to their respective antigen targets, alongside some cross 

reactivity seen between the two full-length M proteins. However, this was lost in ELISAs against the 

HVR peptide alone and no cross-reactivity was seen between the T-antigens either. Overall, the 

antibody responses against the T-antigens appeared to possess higher quantities of antibody titres than 

those against the M protein. 

 

 

 

3.2 Flow cytometry 

 
3.2.1 Optimising the protocol for GAS flow cytometry using rabbit antisera 

 
Flow cytometry was used to measure the binding capacity of rabbit antisera to GAS proteins on the 

bacterial surface, enabling their surface expression levels to be determined for each strain. However, 

the use of rabbit antisera as the primary antibody required optimisation of the methodology. The fixing 

method, secondary antibody, and the blocking of non-specific rabbit antisera binding to the M protein 

(observed in section 2.1.4 required optimisation. 

Bacterial fixing was tested using heat and paraformaldehyde which are two methods used in the 

laboratory to fix the bacteria prior to flow analysis. The M1 strains (M1:SF370 and M1:43) were fixed 

with both methods and stained with anti-M1, anti-T1 and pre-immune serum as the primary antibodies 

and histograms of fluorescence were plotted (Figure 3-6). To ensure primary antibodies were binding 

correctly an M1 knockout M1:SF370 and T1 knockout M1:SF370 strains were also run, these 

displayed that the sera was binding correctly (results not shown). The heat-killed samples for 

M1:SF370 and M1:43 generated clear separate positive and negative populations (Figure 3-6 A, C). 

However, the paraformaldehyde-fixed samples for both strains generated non-distinct populations with 
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no separation, likely due to the destruction of bacterial cells and protein antigens (Figure 3-6 B, D). 

Therefore, the optimal fixing method utilised in all future flow cytometry was heat-killing. 

 

 
 

 
Figure 3-6: Optimisation of bacterial fixing method: 

The M1:SF370 and M1:43 strains were run to measure the binding of anti-M1, anti-T1 and pre-immune 

rabbit sera to heat-killed (80℃ for 5 minutes) and paraformaldehyde-fixed samples. These histograms 

were plotted using FlowJo analysis software (V 10.8.1) following gating and display the heat-fixed 

and paraformaldehyde-fixed samples for M1:43 (A-B) and M1:SF370 (C-D). The histograms display 

the fluorescence intensity for samples stained with pre-immune (red), anti-M1 (light blue), and anti- 

T1 (orange) rabbit sera. 

 

 
In the laboratory, a flow cytometry protocol using polyclonal rabbit antisera had not been optimised 

and thus, the next optimisation step required for GAS flow cytometry was the identification of a 

suitable anti-rabbit secondary antibody. Two secondary labels were trialed, FITC and AlexaFluor 647. 

These secondaries were run against M1:SF370 labelled with anti-M1, anti-T1 and pre-immune antisera 

at multiple concentrations and from each sample a mean staining index was calculated (Figure 3-7) 

(section 2.11.2). The samples were controlled against an M1 protein M1:SF370 knockout and a T1-

antigen M1:SF370 knockout strain to confirm that primary antibody staining was functioning 
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properly (results not shown). Comparing the staining indexes between FITC and AlexaFluor 647, the 

latter produced greater staining signal against the rabbit antisera (Figure 3-7). AlexaFluor 647’s 

optimal staining concentration was determined to be 1:200, meaning future samples were stained with 

α-rabbit AlexaFluor 647 at a 1:200 concentration. 

 

 

 

Figure 3-7: Secondary antibody optimisation: 

This graph represents the results from the flow cytometry performed on M1:SF370 using pre-immune 

and anti-M1 rabbit sera with mean fluorescence intensities recorded using FlowJo (V 10.8.1) and then 

utilised to calculate the staining index (section 2.11.2). Each secondaries’ mean staining indexes were 

plotted as bars using GraphPad Prism (V 8.0.2) for each concentration of the FITC and AlexaFluor 

647 anti-rabbit secondaries, enabling comparisons of the potential candidates for use in the optimised 

flow cytometry protocol. 

 

 
Previous GAS flow cytometry by Dr Loh used mouse sera as the primary antibody, which through 

previous experience we know avoids non-specific Fc-binding by the M protein (32). However, the M1 

protein was shown to non-specifically bind to rabbit IgG (section 3.1). Therefore, to measure specific 

protein expression on the surface of GAS, non-specific antibody binding needed to be blocked. Two 



53  

SENSITIVE 

blocking solutions were tested at multiple concentrations; a human Fc receptor that was named Generic 

Rabbit Block (GRB) throughout experiments, and the Tru-Stain blocking solution. Two controls were 

used, the first, a FACs buffer block which controlled any blocking and binding changes occurring as a 

result of the increased incubation time and sample volume that the primary antibody is added to. The 

second was a sample that had no blocking solution added to it and thus was a negative control (Figure 

3-8). The staining indexes were calculated for each sample identifying the M-specific binding levels 

while accounting for the non-specific binding of pre-immune rabbit serum. Both blocks increased the 

staining index compared to the controls, with GRB block producing the highest stain indexes, therefore 

providing the most effective block for non-specific binding (Figure 3-8). Importantly, the blocking 

step could prevent the non-specific binding of pre-immune rabbit serum by the M1 protein which was 

observed in the ELISAs (Figure 3-2). Upon finally selecting the optimal blocking solution, the GRB 

block produced similar staining indexes at the 1:10 and 1:20 concentrations, therefore, to extend the 

use of the reagent the 1:20 RB concentration was selected (Figure 3-8). 

 

 

 

Figure 3-8: Optimising blocking solution against M protein Fc antibody binding: 

M1:43 samples were blocked with either Tru-Stain or GRB (Human IgG Fc fragment protein) at 

varying concentrations and controlled using samples blocked with the FACS flow buffer and the no- 

block sample had nothing added to the flow samples during the blocking step. These samples were 
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stained using pre-immune and anti-M1 rabbit sera, with mean fluorescence intensities recorded using 

FlowJo (V 10.8.1) and then utilised to calculate the staining index (section 2.11.2). Each block’s 

staining index was plotted as a bar using GraphPad Prism and enabled comparisons to be made to 

determine the most effective blocking solution. 

 

 
Overall, the optimised flow cytometry protocols were established for the fixing mechanism, blocking 

solution and anti-rabbit secondary antibody enabling the GAS strains to accurately be run through the 

flow cytometer. The resulting methodology is displayed below in the schematic outlining the process 

of selecting the optimised protocol (Figure 3-9). 

 

 

 

 

 
 

 
Figure 3-9: Overview of the choices made to optimise the GAS flow cytometry: 

The optimised methods chosen for the bacterial fixing, secondary antibody and M1 nonspecific binding 

blocking are displayed above. These were included into the overall flow cytometry protocol and 

enabled for reproducible and accurate flow cytometry to be undertaken in the project. To fix the 

bacteria, a thermo-block at 80℃ was used for 5 minutes, killing the bacteria. Furthermore, anti-rabbit 

Alexafluor 647 at a 1:200 dilution was determined to be the optimal secondary staining antibody for 

the rabbit sera flow. Finally, to block the non-specific binding of antibodies to the M1 protein the RB 

block at a 1:20 dilution was identified to maximise the inhibition of unwanted non-specific binding. 

This figure was made using BioRender. 

 

 

3.2.2 Measuring the M1 strains protein expression and non-specific antibody binding 
 

The now optimised flow cytometry protocol (Figure 3-9) was used to measure the expression of M and 

T proteins on two M1 strains, M1:SF370 and M1:43 (Figure 3-10 B, D). An unblocked control was
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also included to enable the measurement of non-specific binding (Figure 3-10 A, C). The anti-M1 and 

anti-T1 MFIs for blocked samples were used to represent M1 and T1 protein expression (Figure 3-11). 

By internally controlling background staining with the pre-immune sera, the M1 protein to T1 antigen 

expression levels can be compared across the two strains. To confirm primary antibodies were binding 

correctly these stains were controlled using an M1 protein M1:SF370 knockout and a T1-antigen 

M1:SF370 knockout strain (results not shown). 

 

 

 

 

Figure 3-10: M1 strain characterisation histograms: 

The M1:SF370 and M1:43 strains were ran once using the optimised flow cytometry protocol to 

measure the binding of anti-M1, anti-T1 and pre-immune rabbit sera to blocked and unblocked samples. 

These histograms were plotted using FlowJo analysis software (V 10.8.1) following gating and display 

the blocked and unblocked samples for M1:SF370 (A-B) and M1:43 (C-D). The histograms display 

the fluorescence intensity for samples stained with pre-immune (red), anti-M1 (light blue), and anti-

T1 (orange) rabbit sera. 

 

 
The M1 expression profiles differed between M1:SF370 and M1:43 strains, with M1:43 expressing 

three times higher levels of the M1 protein (Figure 3-11). The T1 expression profiles for both strains 

were similar. SF370 expressed the M1 protein and T1 antigen at equal levels as illustrated in the 
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histograms, although a proportion of SF370 cells appear to not express M1 or T1 (Figure 3-10 B and 

Figure 3-11). M1:43 differed by expressing three times greater M1 protein than T1 antigen in the 

blocked stained samples (Figure 3-11). Next, non-specific serum binding was investigated by 

comparing the staining populations of pre-immune in blocked and un-blocked samples (Figure 3-10). 

The pre-immune stained populations varied between the blocked and un-blocked samples with clear 

negative shifts produced upon blocking (Figure 3-10). Plotting the pre-immune MFIs for both strains 

demonstrated a minor increase in M1:SF370 when unblocked, whereas M1:43 generated a major MFI 

increase in the unblocked sample (Figure 3-12). The large proportion of non-specific binding by the 

pre-immune sera on the M1:43 strain likely reflects its higher M1-protein expression. As these assays 

were only completed once, repeating these experiments would enable the confirmation of the binding 

profiles displayed in these results. 

 

 

 

Figure 3-11: The M1 and T1 protein expression levels for the M1:SF370 and M1:43 strains: 

The histograms for the blocked M1:SF370 and M1:43 samples were analysed using FlowJo (V 10.8.1) 

and graphed using GraphPad Prism (V 8.0.2), with each bar representing the mean fluorescence 

intensity (MFI) for either the M1 protein (light blue) or T1 antigen (orange). The MFI was used to 

directly represent the level of expression for either M1 or T1 on each strain. Therefore, M1:43 

expressed much higher levels of M1 protein than SF370, whereas the T1 expression profiles were 

similar between the two strains.
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Figure 3-12: M1 strains mean fluorescent intensity when treated with pre-immune rabbit sera 

when blocked and unblocked. 

The two M1 strains M1:SF370 and M1:43 were measured using pre-immune rabbit sera against 

blocked and un-blocked bacterial samples and the mean fluorescence intensities were analysed using 

FlowJo (V 10.8.1). The MFIs were plotted using GraphPad Prism (V 8.0.2) and the difference between 

blocked and unblocked samples represented the amount of non-specific binding occurring between the 

M1 protein and pre-immune antisera. Both strains when unblocked displayed increases in the MFI of 

pre-immune sera-stained samples. This increase was more prevalent in the M1:43 strain which 

increased to a greater extent than SF370. 

 

 

3.2.3 M6 Strain selection and characterisation 
 

The M6:2 strain selected for this project had previously been well characterised in opsonophagocytic 

killing assays (OPKAs) in the laboratory (51). However, a second comparative M6 strain required 

selection from those available in our stocks: M6:1070, M6:08308 and M6:09209. Flow cytometry 

using pre-immune, anti-M6 and anti-T6 sera on blocked samples enabled the measurement of each 

strain’s M6 and T6 expression (Figure 3-13). The expression levels for each strain were internally 

controlled  for  background  fluorescence  by the  pre-immune  staining  population.  Therefore, 
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comparisons could be made between the strains’ MFIs to identify the second M6 strain for study 

(Figure 3-14). 

All four strains consistently expressed the M6 protein, with M6:1070 expressing the highest levels of 

M6 (Figure 3-14). The M6:2 and M6:1070 histograms generated single staining populations for anti- 

M6 sera staining. Whilst the M6:08308 and M6:09209 strains saw the anti-M6 stained population 

generating two peaks, one positive and one negative for M6 expression (Figure 3-13). This could be 

the results of technical issues in which anti-M6 failed to completely stain the samples, although this 

seems unlikely as the M6:2 and M6:1070 strains stained correctly. Another possibility is differences 

in the regulation of protein expression. Furthermore, when stained with anti-T6 sera all four strains 

showed low expression of the T6 antigen, especially in comparison to the pre-immune background 

MFIs (Figure 3-14). In comparison to T1 expression in SF370 and M1:43, all M6 strains expressed T6 

at much lower levels on average (Figure 3-11 and Figure 3-15). Overall, the four M6 strains had poor 

T6 expression levels and displayed no discernible differences between strains. Therefore, due to the 

differential M6 expression by M6:1070, this strain was selected to investigate the functional impact on 

increased M protein expression. The chosen M6:2 and M6:1070 strains were subsequently stained with 

pre-immune sera against blocked and un-blocked samples. This confirmed a lack of non-specific 

antibody binding by the M6 protein, as observed in ELISAs (Figure 3-3 and Figure 3-15). 
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Figure 3-13: Histograms from the flow cytometry screening the M6 strains. 

The histograms for the M6:2 (A), M6:1070 (B), M6:09209 (C) and M6:08308 (D) were generated 

using FlowJo (V 10.8.1). These display the expression profiles of the M6 protein and T6 antigen for 

each strain with the pre-immune sera as a negative control of background binding and fluorescence 

from a single assay each. All four strains display similar expression profiles, with limited T6 antigen 

expression seen and the M6 protein expression also remaining consistent. The M6 protein staining was 

much cleaner in the M6:2 and M6:1070 strains (A-B) as one prominent peak was seen as opposed to 

the double peaks generated in the M6:08308 and M6:09209 strains’ histograms (C-D). 
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Figure 3-14: Screening the protein expression profiles for available M6 strains. 

The M6:2, M6:1070, M6:08308 and M6:09209 strains were screened using the optimised flow 

methodology to measure the MFIs for the pre-immune, M6 and T6 antisera binding as a representation 

of their protein expression. Each bar is the mean fluorescence intensity for each serum bound to the 

bacteria, with the background MFI controlled using the pre-immune sera’s binding. With anti-M6 (dark 

blue), anti-T6 (green) and pre-immune sera (red), and each strain’s bars demarcated differently. 

Therefore, by comparing the M6 and T6 MFI levels to the strain’s background the M6 and T6 

expression level can be discerned. M6:2 and M6:1070 displayed positive T6 expression with slightly 

higher than background MFIs recorded for anti-T6 sera, whilst the M6:08308 and M6:09209 both 

generated T6 MFIs lower than the pre-immune serum background MFI. All four strains displayed high 

levels of M6 expression, with M6:1070 possessing the highest expression levels and the most different 

to the M6:2 strain. 
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Figure 3-15: Pre-immune serum binding on the M6 strains. 

The chosen M6 strains M6:2 and M6:1070 were ran blocked and unblocked against pre-immune rabbit 

sera to confirm that no non-specific binding was occurring between the M6 protein and IgG like that 

seen in the M1 protein. Each bar is the mean fluorescence intensity from the histograms generated 

using FlowJo (V 10.8.1) and enabled comparisons between each strains blocked and unblocked 

samples. The difference between the blocked and unblocked pre-immune sera MFIs for each strain is 

representative of non-specific binding, and the two M6 strains displayed no clear difference between 

the blocked and unblocked samples’ MFIs. Hence, no non-specific binding was occurring between the 

M6 protein and rabbit antisera. 

 

 

3.2.4 Growth stage impact on M6 and T6 expression 
 

The original aim was to investigate the functional impact of M6 and T6 expression levels on immune 

targeting and immune evasion, in particular the ratio of M6 protein expression against T6 antigen 

expression. Unfortunately, unlike the two M1 strains chosen with varying M protein and T-antigen 

expression levels, both the M6 strains were phenotypically similar and had low T6 expression. 

Therefore, the impact of the different growth stages on protein expression was investigated to generate 

an M6 strain with increased T6 expression or a lower M6 to T6 expression ratio. Previous studies 

suggested a range of mechanisms that could alter GAS surface protein expression, with one potential 

mechanism being growth stage. Therefore, the impact of the growth curve and different growth stages 

on protein expression was investigated. The M6:2 and M6:1070 
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strains were grown with sampling from each stage of the growth curve (Figure 3-16) prior to antibody 

labelling for flow cytometry analysis. Background fluorescence levels were internally controlled 

between the samples by staining with pre-immune sera alongside the anti-M6 and anti-T6 sera (Figure 

3-17). T-antigen expression remained consistent in both strains throughout all four growth stage 

samples (Figure 3-17). However, the lower MFI values compared to the pre-immune sera raise 

concerns about the staining of T6 in these experiments. This might suggest that neither strain expressed 

any T-antigen in this experiment or that the anti-T6 staining of T6 antigens failed for an unknown 

reason. Regardless, the M6 protein expression was constant throughout the experiment, except for the 

highest optical density (OD) samples taken from the overnight cultures which demonstrated elevated 

M protein expression (Figure 3-17). This death phase result could be due to a change in regulation 

under the stress of bacterial death in the micro-environment. Overall, for the M6 strains (2 and 1070), 

there was no clear variation in protein expression observed when measured at different growth stages, 

thus it was decided to proceed to OPKA using standard log-phase bacteria. 

 

 

 

 

 

Figure 3-16: Bacterial Growth Curve: 

This demonstrates the known progression of bacterial growth by displaying the Log number of cells 

present in the liquid culture media over incubation time. Each growth phase is attributed to a specific 

optical density (OD.) range and that enables for bacterial growth to be measured. (A) The lag phase is 

attributed to 0.0-0.2 OD, (B) the growth phase is attributed to be between 0.2–0.5 OD, the stationary 

phase is between 0.5–0.7 OD, and (D) the death phase of greater than 0.7 OD. 
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A B 
 

 
 

Figure 3-17: M6:2 (A) and M6:1070 (B) protein expression profiles expressed by MFI across 

the four growth stages. 

After growing each strain to multiple optical densities (OD) the optimised flow cytometry protocol 

was used to measure staining of the anti-M6 and anti-T6 sera (section 2.9.6). The MFIs for the M6 and 

T6 sera binding were measured alongside the pre-immune serum readings which provided a 

background measurement for each time point and acted as an internal control for the samples. The 

graphs portray each strains expression profiles at the various time points by representing each MFI as 

a bar. Both strains demonstrated that varying the growth stage had no impact on the T-antigen 

expression levels and only small changes in the M protein expression level except when grown to an 

OD of 1.051 or 0.984 which was generated by measuring directly from an overnight culture (A, B). 

 

 
 

3.2.5 Flow cytometry summary 
 

The flow cytometry protocol was optimised for GAS by identifying heat-killing as the optimal fixing 

method. Whilst the anti-rabbit Alexafluor 647 and human IgG Fc fragment (GRB) were chosen as the 

optimal secondary antibody and blocking solution respectively. Subsequently protein expression on 

the M1 strains M1:SF370 and M1:43 was measured. Equal levels of T-antigen expression were seen, 

whilst the M1:43 strain expressed twice the M1 protein as M1:SF370. All M1 strains displayed non- 

specific binding, seemingly correlating with the M1 proteins expression level. Furthermore, the M6 

strains M6:2, M61070, M6:08308 and M6:09209 all were measured for M6 and T6 expression, with 

low levels of T6 expression seen on all four strains. The M6 expression profiles varied between strains, 
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with M6:1070 possessing the highest levels with M6:2 next. With no M6 proteins displaying non- 

specific binding. 

 

 

3.3 Opsonophagocytic Killing Assays (OPKA) 

 
3.3.1 Optimum dilution assays 

 
The opsonophagocytic killing assays (OPKAs) aim to provide a functional correlate for antibody 

mediated immune protection against GAS by measuring the opsonisation and antibody-dependent 

phagocytosis induced by each serum. To fulfil these immune interactions, baby rabbit complement is 

required as part of the opsonisation process (section 2.10.2). As complement can also non-specifically 

kill some bacteria, complement dilutions are standardised between experiments to provide enough 

complement for the phagocytic process whilst minimising non-specific complement-mediated killing 

(Figure 3-18). Optimal dilution assays are completed before the killing assays to identify the required 

complement concentration per strain. This needs to be completed for each batch of assay stock as they 

will be grown to slightly different OD (although all within log phase of growth) each time (Figure 

3-18). By optimising and controlling these variables in the killing assays the impact of the sera can be 

more accurately determined. The optimised dilutions calculated with stocks used in this project are 

similar for the three clinical strains, whilst the laboratory adapted M1:SF370 required higher dilutions 

for both complement and bacteria (Table 3). The increased dilutions required for M1:SF370 is likely 

due to this being a laboratory adapted strain and thus, less virulent. 
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Figure 3-18: Overview of the optimum dilution assays. 

Each strain of bacteria is optimised to determine the bacterial and complement dilutions that would 

generate the most accurate data in the killing assays. At each complement concentration both heat- 

inactivated (HI) and active (A) complement were compared (A) (B). After completing each assay and 

recording Colony Forming Units (CFU) counts using the Synbiosis protocol3 counter, an excel 

software formatted the assays. This enabled the analysis of each dilution to determine if the criteria set 

upon the development of these assays was met. The bacterial dilution required a CFU of between 100 

and 200 and the complement dilution needed a CFU of between 50 and 200. Furthermore, the non- 

specific killing (NSK) was calculated from the colony counts of the active and heat-inactivated 

complement-only wells and for a reliable assay was required to be between 15 and 35%. This figure 

was made using BioRender. 

 

 
Table 5: Optimal dilutions identified for each strain. 

 

 Strain: Bacterial Dilution: Complement 

Dilution: 

M1: SF370 1:1500 1:6 

43 1:500 1:2.5 

M6: 2 1:500 1:2 

1070 1:400 1:2.5 

Each strains’ optimal dilution results were collated to provide insight into any major variations between 

each strains requirements for the killing assays to work. 
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3.3.2 Opsonophagocytic killing assays 

 
All strains were tested in the optimised OPKA using anti-M1, anti-M6, anti-T1, anti-T6 and pre- 

immune sera, along with a mix of the homologous M and T antisera (section 2.10.3). All assays 

generated a killing curve which provides trends of killing and enables the calculation of the total killing 

and opsonic indexes (OI). 

 
3.3.3 M1:SF370 OPKAs 

 
M1:SF370 is a laboratory adapted M1 strain and is well established in these protocols with many cases 

of previous use in OPKA experiments (51, 65). A representative killing curve shows increase colonies 

(reduced killing) along the titration curve for the anti-M1, anti-T1 and mixed anti-M1/anti-T1 serum 

(Figure 3-19 A). A lack of killing is evident for the anti-M6, anti-T6 and pre-immune sera which saw 

stable CFU numbers across the titration curve. The anti-M1/anti-T1 serum mix’s killing curve overlaps 

that of the anti-T1’s, suggesting that the addition of anti-M1 sera did not improve the killing by anti- 

T1. If synergistic killing was present between the two sera, upon addition of the anti-M1 sera the mixed 

sera would kill at higher dilutions and generate a higher opsonic index than the anti-T1 sera alone. 

Using the killing curves from three replicate assays, each sera’s opsonic indexes were generated, 

plotted, and statistically analysed using a one-way ANOVA (Figure 3-19 B). The killing capacity of 

the anti-M1, anti-T1 and anti-M1/anti-T1 mixed sera were all significantly greater than the baseline 

readouts seen from anti-M6, anti-T6 and pre-immune sera (p<0.001) (Figure 3-19 B). Killing by the 

anti-T1 sera was demonstrated to be the most potent, with an average opsonic index of 4557 being the 

highest and significantly higher than the anti-M1 (p<0.05). The addition of anti-M1 sera to the anti-T1 

sera was shown to not significantly impact the killing capacity. Finally, although the M1:SF370 killing 

appeared primarily to be by the anti-T1 sera, the anti-M1 sera was also capable of killing but had an 

opsonic index 12 times lower than the anti-T1 (Figure 3-19 B). 
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Figure 3-19: M1 SF370 representative OPKA and opsonic indexes. 

The M1:SF370 OPKAs were run as biological triplicates of three independent assays, but a singular 

killing assay was chosen as a representative graph for the antisera’s (α-) killing capabilities and trends 

(A). Only the anti-M1, anti- T1 sera and anti-M1/anti-T1 mixed sera killed the M1:SF370, generating 

opsonic index (OI) read-outs that provide a quantitative measure of bacterial killing. Each sera’s 

opsonic index was averaged over the three replicate assays and displayed as a bar on the right with the 

standard deviation denoted by error bars, enabling each serum’s killing capacity to be compared (B). 

Statistical analyses were performed using a one-way ANOVA on the OI values. Which displayed a 

significant difference in killing between the anti-T1 sera compared to anti-M1 (p<0.05), whereas the 

anti-M1/anti-T1 serum mix was not significantly different to the anti-T1 sera alone. 

 

 

3.3.4 M1:43 OPKAs 
 

The anti-M1 and anti-M1/anti-T1 mixed sera generated curves that demonstrated killing along the 

titration curves against M1:43 at similar dilutions (Figure 3-20 A). All other sera tested were unable to 

cause any killing against M1:43. The overlap in killing curves between anti-M1/anti-T1 mixed sera and 

anti-M1 suggests that the addition of anti-T1 sera did not improve killing by the anti-M1 sera. Using 

the killing curves from three assays, each sera’s opsonic indexes were generated, plotted, and 

statistically analysed (Figure 3-20 B). The anti-M1 and anti-M1/anti-T1 mixed sera showed significant 

killing compared to the other sera (p<0.0001). However, no significant difference between anti-M1 

and anti-M1/anti-T1 mixed sera killing was displayed in the Opsonic Indexes (OI), confirming that 

anti-T1 sera addition does not improve killing. This was expected as anti-T1 sera alone displayed no 

ability to kill the M1:43 bacteria unlike the M1:SF370 OPKA results, where anti-T1 sera 

A B 
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generated killing (Figure 3-19 B). Both strains possess similar levels of T1 antigen expression, 

therefore, it is likely that the M1:43 strains’ increased level of M1 protein expression is influencing 

the anti-T1 sera’s ability to kill. Therefore, M1:43 killing was only driven by the anti-M1 sera, and OIs 

were greater than those seen against M1:SF370. 

 

 

 

 

 
Figure 3-20: M1 43 representative killing assay and opsonic indexes: 

The M1:43 OPKAs were run as biological triplicates of three independent assays, but a singular killing 

assay was chosen as a representative graph for the antisera’s (α-) killing capabilities and trends (A). 

Only the anti-M1 and anti-M1/anti-T1 mixed sera killed the M1:43, generating opsonic index (OI) 

read-outs that provide a quantitative measure of bacterial killing. Each sera’s opsonic index was 

averaged over the three replicate assays and displayed as a bar on the right with the standard deviation 

denoted by error bars, enabling each serum’s killing capacity to be compared (B). Statistical analyses 

were performed using a one-way ANOVA on the OI values. Which displayed significant killing by the 

anti-M1 and anti- M1/anti-T1 mixed sera when compared to the remaining serum tested which all gave 

baseline OI readings (B). 

 

 
 

3.3.5 M6:2 OPKAs 
 

The M6:2 strain killing curves trends follows similar trends to that of the M1:43; only the homologous 

M sera and the mixed sera caused killing along the titration curve (Figure 3-21 A). The anti-T6, anti- 

M1, anti-T1 and pre-immune sera all showed no killing capabilities against the M6:2 bacteria. The 

anti-M6 and anti-M6/anti-T6 mixed sera generated similar killing curves, likely demonstrating that 

A B 
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adding anti-T6 sera did not improve the killing by the anti-M6 sera. Especially as anti-T6 alone 

demonstrated no ability to kill M6:2. The killing curves from three triplicate assays enabled the 

calculation of each sera’s opsonic indexes which were plotted and statistically analysed (Figure 3-21 

B). The OIs for the anti-M6 and anti-M6/anti-T6 mix displayed significant killing of the M6:2 bacteria 

compared to the negative controls (p<0.0001). The OIs reinforced the lack of improvement in killing 

seen when anti-T6 was added to anti-M6 with no significant difference between the anti-M6 and mixed 

sera. Against the M6:2 strain, it appeared that only the anti-M6 could kill the bacteria and no anti-T6 

serum or cross-reactive activity was seen. 

 

 

 

 
 

 

Figure 3-21: M6 2 representative OPKA and opsonic indexes: 

The M6:2 OPKAs were run as biological triplicates of three independent assays, but a singular killing 

assay was chosen as a representative graph for the antisera’s (α-) killing capabilities and trends (A). 

Only the anti-M6 and anti-M6/anti-T6 mixed sera killed the M6:2, generating opsonic index (OI) read-

outs that provide a quantitative measure of bacterial killing. Each sera’s opsonic index was averaged 

over the three replicate assays and displayed as a bar on the right with the standard deviation denoted 

by error bars, enabling each serum’s killing capacity to be compared (B). Statistical analyses were 

performed using a one-way ANOVA on the OI values. Significant differences were seen between the 

anti-M6 sera and the anti-M6/anti-T6 mixed sera compared to all other sera tested (p<0.0001). However, 

no significance was seen between the anti-M6 and mixed sera. (B). 

A B 
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3.3.6 M6:1070 OPKAs 
 

M6:1070 generated similar killing curves to M6:2 with only anti-M6 and the mix αM6/anti-T6 sera 

causing killing (Figure 3-21 A and Figure 3-22 A). However, in comparison with M6:2 killing curves, 

the M6:1070 appeared to be killed by the anti-M6 and αM6/anti-T6 mixed sera at higher dilutions 

(Figure 3-21 B and Figure 3-22 B). Against M6:1070, the killing curves for the anti-T6, anti-M1, anti- 

T1 and pre-immune sera all demonstrated an inability to kill (Figure 3-22 A). Furthermore, the killing 

curves generated by the anti-M6 and anti-M6/anti-T6 mixed sera were similar, and as anti-T6 sera 

alone was unable to produce killing, it is likely that the addition of the anti-T6 sera did not augment 

killing by the anti-M6 sera. Three assays were completed and the OIs from each assay’s killing curves 

were averaged, plotted, and analysed (Figure 3-22 B). As expected, the OIs for the anti-M6 and anti- 

M6/anti-T6 mix were significantly greater than the other sera, which generated baseline readouts of no 

killing (p<0.0001). There is no significant difference in OIs between the anti-M6 and anti-M6/anti-T6 

mix. Therefore, the anti-M6 sera was the only sera capable of killing the M6:1070 strain, which is in 

line with the M6:2 OPKAs. 

 

 

 

 
Figure 3-22: M6 1070 representative OPKA and opsonic indexes: 

The M6:1070 OPKAs were run as biological triplicates of three independent assays, but a singular 

killing assay was chosen as a representative graph for the antisera’s (α-) killing capabilities and trends 

(A). Only the anti-M6 and anti-M6/anti-T6 mixed sera killed the M6:1070, generating opsonic index 

(OI) read-outs that provide 

A 
B 
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a quantitative measure of bacterial killing. Each sera’s opsonic index was averaged over the three 

replicate assays and displayed as a bar on the right with the standard deviation denoted by error bars, 

enabling each serum’s killing capacity to be compared (B). Statistical analyses were performed using 

a one-way ANOVA on the OI values which displayed significant killing by the anti-M6 and anti- 

M6/anti-T6 mix sera compared to all other sera tested (p<0.0001), whilst no significance was seen 

between the anti-M6 and anti-M6/anti-T6 mix (B). 

 

 

3.3.6.1 OPKA Summary 
 

In summary the OPKAs showed α-M sera mediated killing in all four strains tested, but α-T sera killing 

in only the M1:SF370. Furthermore, mixing the α-M and α-T sera was unable to increase the killing 

against any of the strains above what a singular serum could achieve. Finally, no cross-reactive serum 

activity was seen in the OPKAs as the heterologous α-M and α-T sera was ineffective 

at killing any of the strains. 
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4 Discussion 

This project aimed to investigate the interaction of two key GAS virulence factors, the M protein and 

T antigen, with a functional antibody response. Both antigens are major vaccine targets, thus 

understanding their relationship with each other and the immune response is important (29, 40, 58). 

To achieve this the project was divided into three main parts. The key reagent used in this project was 

rabbit sera generated to these antigens. Thus, the first part of this project was using ELISA to quantify 

titres of antibodies to the M proteins and T antigens to inform downstream experiments and result 

interpretation. The second part of the project utilised the rabbit sera in flow cytometry to probe the 

expression of virulence factors on whole GAS bacterium. The third and final part of the project used 

opsonophagocytic killing assays (OPKAs) to determine how the expression and function of M proteins 

and T-antigens on GAS influenced antisera driven opsonophagocytic killing. Overall, the project 

sought to inform the understanding of effective M protein and T-antigen based vaccines. 

 

4.1 Serum characterisation 

The characterisation of the rabbit sera using ELISAs enables the measurement of each serum’s 

antibody titre and their binding specificity. The immunogenicity and binding capabilities of sera 

targeting the M protein and T-antigen are well characterised in the literature (29, 51). However, it was 

crucial to characterise the binding specificities of each serum before use in functional assays so when 

used in downstream experiments, we have confidence in the serum’s specificity and titre. Moreover, a 

large component of the natural immune response to GAS is the generation of protective antibodies (29, 

58). Vaccine development efforts have focussed on the M protein and T-antigen, by mimicking natural 

immunity, with adults thought to develop an effective natural immune response to GAS (7, 40, 54). 

Studies have characterised these natural responses and often focus on the intravenous immunoglobulin 

(IVIG) in which GAS specific antibodies are seen (29, 40). The interaction of these antisera with key 

virulence factors on live GAS in this project are important as they have been shown to play a role in 

immune protection (29, 40, 51). ELISAs provide the foundation for understanding this basic binding 
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of sera to their GAS targets. As such, ELISAs are frequently used in current vaccine studies to 

investigate the immunogenicity and specificity of vaccines in animal models and human trials by 

measuring antibody titres against specific antigens (29, 58). 

 
4.1.1 M protein specific rabbit antisera binding 

The ELISAs confirmed the binding of the anti-M1, anti-M6, anti-T1 and anti-T6 rabbit antisera to their 

homologous proteins (section 3.1). The anti-M1 and anti-M6 sera contained antibodies to the hyper- 

variable region (HVR) of their respective M proteins. The HVR forms the basis of the 30-valent 

vaccine (52, 58) reinforcing the idea of the HVR being a target for immune responses. However, in 

this study the majority of the antibodies in the rabbit sera targeted other epitopes outside the HVR 

along the full-length protein showing that other regions of the M protein are also immunogenic. The 

cross-reactivity of anti-M1 sera to M6 protein and vice-versa, suggests that a proportion of antibody 

titres are specific to epitopes in the conserved region that are shared by both the M1 and M6 proteins. 

This cross-reactive immune response to conserved M protein epitopes has also been explored as a 

mechanism for vaccine development. Currently, a GAS vaccine is being developed targeting a specific 

conserved M protein epitope (J8) that has demonstrated some protective capabilities (59). However, 

during the opsonophagocytic killing assays in this project the cross-reactive binding of the rabbit sera 

was unable to induce killing to any emm1 or emm6 strains (section 3.3). This suggests the rabbit sera, 

whilst capable of binding, as shown by ELISA, is unable to stimulate opsonophagocytic killing of 

heterologous M-types, and that type specific immunity is the major mechanisms for OPKA in the M- 

type specific sera. 

 
4.1.1.1 M protein conserved region targeting by rabbit antisera 

 

The lack of cross-reactive killing by the M protein rabbit sera suggests that the conserved or cross- 

reactive epitopes did not trigger opsonophagocytic killing. This highlights a potential need to target 

specific protective epitopes in the conserved region when designing a vaccine based on this portion of 

the M protein. The J8 vaccine exemplifies this approach by targeting a very specific epitope in the 
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conserved region, generating antibodies that can bind the epitope on different emm types and 

subsequently induce immune killing (39, 59). It is possible that the lack of cross-reactive killing by M 

protein sera in this project is because antibodies specific to the conserved region represented in the J8 

vaccine are not present (32). The difficulty in generating a potent immune response to the conserved 

region of the M protein is even more accentuated when the risks of cross-reactive epitopes and 

triggering of auto-immune disease is factored in (55, 56). However, unlike the inoculation of the full- 

length M protein, which was done to generate sera for this project, the J8 vaccine was designed 

specifically to avoid potentially cross-reactive epitopes in the conserved region (39, 59). 

 
4.1.2 M protein driven non-specific serum binding 

Previous studies identified the functional capacity of M proteins to bind a myriad of host factor 

proteins, including immunoglobulin G (IgG) and A (IgA) (7, 32, 36). Using functional experiments 

and genetic analysis of the M proteins, the IgG binding region and the predicted sequence was 

identified (32, 33). Using this information, the M1 protein was determined to bind the IgG Fc region 

whilst the M6 protein lacked this binding ability (32, 33). The serum characterisation in this project 

confirmed the M1 protein’s ability to bind rabbit antisera non-specifically, as shown by the binding of 

the anti-T sera and pre-immune sera (Figure 3-5) (32). This in turn informed optimisation of flow 

cytometry where rabbit antisera were used to measure emm1 strains protein expression. As non- 

specific binding was observed against the M1 protein, blocking of these Fc binding sites on the M 

protein was required (section 3.1 and 3.2) to enable quantification of the M1-specific antibodies in 

sera, which bound M protein via the Fab portion of the antibody molecules. In contrast to M1, the M6 

antigens are not reported to contain an IgG Fc binding motif and this was supported by the lack of pre- 

immune or anti-T1 sera binding to M6 full-length protein (Figure 3-3) (32). 

 
4.1.3 T-antigen specific rabbit antisera binding 

Characterising the anti-T1 and anti-T6 rabbit antisera revealed there was no cross-reactive antibody 

binding between the two T-antigens (section3.1.2). This suggests that despite the T-antigen being 

more 
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conserved than the M protein, the structural and sequence differences between these two T-antigens 

are such that they contain no shared epitopes (34, 35, 48). This is in keeping with the T-antigen based 

vaccine (TeeVax) in which both T1 and T6 antigens were included to ensure immune coverage against 

both strains and their respective FCT-2 and FCT-6 strain families (29, 48). 

During the development and testing of Teevax, five two domain T-antigens (one FCT-2, one FCT-3 

and three FCT-4) were used to make the Teevax1 protein which was inoculated into rabbits. This 

elicited a cross-reactive serum response and ELISA characterisation determined cross- reactivity to 

fifteen other two domain T-antigens, including T-antigens from FCT-5 and FCT-6. This suggests that 

cross-reactivity in sera responses between T-antigens is reliant on structural similarities (29, 48). 

Providing an explanation as to why no cross-reactive binding of sera between the two-domain T1 

antigen and three-domain T6 antigen was seen in this project (Figure 3-4). 

Interestingly, the anti-T1 and anti-T6 rabbit antisera displayed much higher antibody titres than the 

anti-M1 and anti-M6 sera (Figure 3-5), suggesting the T-antigens maybe more immunogenic than the 

M proteins. During natural infection the polymerisation of T-antigens in the pilus backbone may 

influence this increased immune response, as there are more antigens present during the inoculation, 

however this is unlikely to impact the immune response during vaccination with T-antigen only in this 

project (10). Furthermore, the sera were generated at different times, and natural variation between 

rabbits also could have influenced the antibody titres potentially leading to this increased reactivity in 

the anti-T sera (section 2.1.2) (29, 51). 

 

4.2 Measuring GAS protein expression profiles 

Measuring differences in expression of M protein and T-antigen within and between emm types is 

important for understanding the variation of GAS surface protein expression as it impacts strain 

virulence, immune evasion, disease burden and, in turn, how an effective vaccine can be developed 

(18, 40). The selection of two emm types (emm1 and emm6), and multiple clinically relevant strains 
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from each emm type were used for this purpose, the two emm1 strains M1:SF370 and M1:43, alongside 

the emm6 strains M6:2, M6:1070, M6:08308 and M6:09209. 

The optimisation of a flow cytometry protocol to measure the M protein and T-antigen expression on 

whole GAS in this project has also informed other research in the Moreland laboratory over the last 

year. This protocol has now been utilised on a range of other emm types (emm12, emm53, and emm75) 

in the laboratory to measure M protein expression levels to understand their targetability in killing 

assays for related projects. 

4.3 The impact of varying M protein expression on opsonophagocytic killing 

To investigate the influence of M protein and T-antigen expression levels on antibody mediated killing, 

results from opsonophagocytic killing assays (OPKA) were compared within the emm1 and emm6 

strains. The M1:SF370 and M1:43 displayed phenotypic differences, with M1:43 expressing 

approximately three times more M1 protein than M1:SF370, yet both strains expressed similar levels 

of the T-antigen. OPKA results showed effective killing of both strains using anti-M1 sera, however, 

the M1:43 was approximately three times more susceptible to anti-M1 targeted killing than M1:SF370 

(Figure 3-19 and Figure 3-20). This suggests a positive correlation between the anti-M1 targeted killing 

and M1 protein expression on the bacterial cell surface, likely due to an increased availability of the 

M1 protein for targeted binding of anti-M1 rabbit sera and thus triggering opsonophagocytic killing. 

In contrast to the M1 expression, the T1-antigen expression levels on emm1 strains were similar (Figure 

3-11). The anti-T1 sera was more effective at killing M1:SF370 than the anti-M1 sera (Figure 3-19 and 

Figure 3-20). However, anti-T1 sera was unable to kill M1:43, despite equal expression levels of the 

T1-antigen on both strains. 

 
4.3.1 The impact of M1 expression on the killing of emm1 strains 

A key aim of this project was to investigate the impact of M protein expression on T-antigen targeted 

immune responses, as the T-antigen based vaccines are currently under development (10, 29). Previous 

T-antigen vaccine research primarily used SF:370 in killing assays, which displayed effective killing, 
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similar to results seen here (Figure 3-19) (29). However, an effective vaccine will need to be able to 

induce killing of all strains within an emm type, such that the lack of killing of the M1:43 in this project 

requires further investigation. Two potential mechanisms could be inhibiting the anti-T sera killing of 

M1:43. One is that the M1:43’s high level of non-specific IgG Fc binding may inhibit anti-T sera from 

binding to the T-antigen, thus preventing opsonophagocytic killing from occurring (Figure 3-12). The 

second possibility is that increased M protein expression is sufficiently high to mask the T-antigen 

binding sites on the GAS cell surface. However, the latter is unlikely since the anti-T1 antisera bound 

the M1:43 strain as detected by flow cytometry. 

Future work will be necessary to completely clarify the mechanism causing inhibition of T1-targeted 

killing on M1:43. One possible approach would be to utilise specificity assays which are an adaptation 

of OPKAs that include a pre-incubation step of the serum and chosen antigens. This pre-incubation 

depletes antibodies to specific antigens and thus will block the antibodies from being able to induce 

opsonophagocytosis. For this research specificity assays would pre-incubate M1:43 with the Generic 

rabbit block (GRB) to remove non-specific binding as it did during flow cytometry (section 2.9.3). 

Doing so would help determine if the inhibition of M1:43’s non-specific IgG binding would make it 

susceptible to a T1 targeted immune response, as seen in M1:SF370. 

 
4.3.2 The impact of M6 expression on the killing of emm6 GAS strains 

In order to identify M6/T6 strains for this project a screening process was undertaken using four emm6 

strains, M6:2, M6:1070, M6:08308 and M6:09209. M6 protein expression levels varied among all four 

strains, but the T6 expression remained consistently low (Figure 3-14). For the two strains selected for 

OPKA, the anti-T6 sera showed no killing against M6:2 and M6:1070 (Figure 3-21 and Figure 3-22). 

This suggests that the emm6 strains tested in this project did not express sufficient levels of T-antigen 

to be targeted for opsonophagocytic killing. It is known that environmental factors and growth stage 

may influence T-antigen expression and so attempts were made to manipulate the M6:2 and M6:1070 

T-antigen expression levels (67). This involved measuring T6 expression throughout the growth cycle, 

but unfortunately, this experimental procedure proved ineffective using the tee6 strains (Figure 3-17). 
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Overall, this lack of T6-antigen expression maybe due to the laboratory culture conditions utilised, 

which maybe in line with conditions to a blood-stream infection. It is possible that T-antigen expression 

is markedly higher in certain conditions in vivo, for example a throat micro-environment as pili are 

known to have a key-role in adhesion when infection is established in the pharynx (7, 37, 67). The 

recently adapted human-challenge model could provide a novel means to isolate and immediately 

measure T-antigen expression levels of GAS directly involved in throat colonisation during an active 

infection (6). Importantly, the controlled nature of the human challenge model would also mean the 

GAS samples used to generate infection could be measured for expression pre-infection for potential 

comparisons (6). Future research specifically on emm6 could take advantage of genetic manipulation 

to alter each strains T6-antigen expression levels. Alternatively, another option is research using GAS 

strains from the FCT-3 family of tee types, which naturally vary their pilus expression according to 

environmental influences like temperature and pH (67-69). Experimenting with these strains would 

provide control over T-antigen expression levels and could lead to more targeted outcomes in 

investigating the T6-antigen. 

 

4.4 How M protein function influences targeted immune responses 

The functional differences between the M1 and M6 proteins, and how they influence functional 

antibody responses are important to understand as this can shed fundamental new insight into how 

their functional characteristics may contribute to immune evasion. 

 
4.4.1 M protein influences on functional capacity and vaccine assessments 

The differences between the two M1 strains were significant. While both strains exhibited non-specific 

antibody binding, the clinical isolate M1:43 showed much higher non-specific binding than M1:SF370 

(Figure 3-12). This result could be driven by the higher M1 expression levels of M1:43 which were 

measured as more than double M1:SF370 (Figure 3-11). Alternatively, the decreased non-specific 

binding by M1:SF370 could be related to its decreased virulence as this is a laboratory adapted strain. 

This highlights challenges of strain selection for vaccine research, as one showed high levels of killing 
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for T-antigen sera and the other showed none. Given these large differences in phenotype it maybe that 

multiple strains for each emm-type need to be assessed in future vaccine assessments. 

 
4.4.2 The M6 protein lacks functional effects when expressed on live GAS 

The M6 strain was selected in this project for its inability to bind host factor proteins via the M6 protein 

(32). This was confirmed during the serum characterisation in this project (both ELISAs and flow 

cytometry) and thus support the initial project design, which aimed to draw comparisons between the 

M1 and M6 OPKAs to discern if M protein functional differences influence killing, particularly using 

T-antigen targeted sera (29, 32, 65). Hence, an M protein with no functional capabilities (M6) provides 

a comparative tool against an M protein possessing a myriad of functional binding capabilities (M1) for 

future research (Table 1). 

 
4.4.3 M protein function impacts GAS killing using rabbit antisera 

All strains, regardless of their ability to bind IgG non-specifically were effectively killed by their 

homologous M protein sera. This suggests that the M1 proteins non-specific binding of IgG is unable 

to hinder an M1-targeted antibody response in high-titre rabbit sera. This contrasts with T-antigen 

specific killing. For M1 it appears that a high ratio of M protein to T-antigen blocks killing by T- 

antigen specific sera. Furthermore, for M6 strains, where T-antigen expression is low in liquid culture 

in vitro, there is a lack of T-antigen induced killing. While this meant the comparison of the functional 

impact of M proteins on T-antigen targeted killing between M1 and M6 strains was limited by the lack 

of T6 expression on the emm6 strains, it does highlight the importance of antigen expression and strain 

characterisation of GAS for vaccine research. GAS is a diverse bacterium for over 200 emm-types. 

This project focused on two emm-types and four strains, and even within this limited number of strains 

the functional antibody responses differed significantly. Future work assessing the protective capacity 

of M-protein and T-antigen based vaccines should carefully consider the strains selected and the 

limitations of working with strains in vitro. A balance between assessing a broad number of strains for 

coverage assessments, with practicality and data utility is also needed. 
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5 Conclusion 

The project aimed to investigate how GAS virulence factor expression and function influenced an 

immune response, particularly an antibody response against the M protein and T-antigen. Specific 

rabbit antisera were utilised and binding characterised to their respective targets of the M1 protein, M6 

protein, T1-antigen, or T6-antigen. Flow cytometry was used to measure the expression of these 

virulence factors on two emm1 strains and two emm6 strains, which were subsequently used in OPKAs 

to determine the killing capacity of the rabbit antisera against these strains. Results suggest that for 

M1, the M protein expression levels are impacting T-antigen targeted killing of GAS, with high M 

protein expression outcompeting T-antigen killing. However, emm6 strains displayed extremely low 

T6- antigen expression. While this limited the investigation into how the M1 and M6 functional 

differences influenced a T-antigen targeted immune response, they highlighted further challenges for 

assessing functional T-antigen antibody responses in vitro. Overall, this highlighted that 

characterisation of expression levels of the M protein and T-antigen are crucial when selecting strains 

for vaccine development. 
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