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Abstract  

 

Streptococcus pyogenes (group A streptococcus, GAS) is an important human pathogen that is 

responsible for a range of diseases.  Non-invasive diseases include pharyngitis, scarlet fever 

and pyoderma/impetigo.  GAS is also capable of causing invasive diseases such as 

streptococcal toxic shock syndrome and necrotizing fasciitis.  There is a high chance of 

mortality associated with GAS invasive diseases, with approximately 8-23% of patients dying 

within 7 days of infection.  Consecutive GAS infections may give rise to auto-immune 

complications, including acute rheumatic fever (ARF) and rheumatic heart disease (RHD).  

Approximately 2-3% of patients who acquire streptococcal pharyngitis develop ARF.  Skin-

associated GAS strains have also been linked to cases of ARF.  A vaccine that can stop the 

progression of disease from the primary sites of infection (URT and skin) is desperately needed.  

 

There are two major hurdles in GAS vaccine design and development.  Firstly, the 

pathophysiology of ARF and RHD is driven by molecular mimicry between GAS M-protein 

and carbohydrate cross-reacting with human-tissue; and secondly, antigenic strain variation is 

extensive, thus challenging whole-organism and even a multivalent vaccine approach.   As an 

alternative, a minimal cryptic B-cell epitope, J8, from the highly-conserved C-repeat region of 

the M-protein was defined.  J8 was conjugated to a carrier protein diphtheria toxoid (DT) to 

render it immunogenic in an outbred population.  J8-DT administered subcutaneously with 

Alum was shown to protect against multiple GAS emm-types in mouse models of systemic and 

superficial skin infection and pre-clinical data on the safety of J8-DT demonstrated no 

abnormal heart tissue pathology.  

 

In light of these findings, the immunogenicity and protective efficacy of J8-DT/Alum in the 

upper respiratory tract (URT) was assessed.  Following subcutaneous (s.c.) immunisation with 

J8-DT/Alum, no peptide-specific salivary IgA was induced and protection was minimal 

following URT challenge with M1 and M6 GAS isolates.  To combat the lack of protection 

provided by J8-DT/Alum, a mucosal vaccine platform that could induce peptide-specific IgA 

and protection of the URT compartments was developed.  The vaccine platform consisted of 

liposomes composed of neutral lipids encapsulating DT and displaying lipidated J8 on its 

surface; vaccine referred to as ‘J8-Lipo-DT’.  Splenocytes from mice intranasally (i.n.) 

vaccinated with J8-Lipo-DT were able to recall a peptide-specific IFN-γ and IL-6 response.  
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IFN-γ and IL-6 are involved in neutrophil migration to the site of infection and neutrophils 

have been shown to be essential in J8-DT-mediated protection.  IL-6 can also augment IgA 

secretion. The role of IL-6 in J8-Lipo-DT-mediated URT protection was further confirmed 

when IL6-/- mice had significantly higher total streptococcal tissue bioburden in comparison 

to wild-type mice.   

 

To enhance the efficacy of J8-DT vaccine against hypervirulent covR/S mutant GAS, a 20-mer 

epitope S2, from SpyCEP (a CXC chemokine protease that is upregulated in covR/S mutant 

GAS strains) was introduced into the vaccine.  In a mouse model of pyoderma, J8-DT 

administered in combination with S2-DT protected mice against hypervirulent GAS.   

Likewise, it was found that liposomes containing J8 and S2 peptides (J8/S2-Lipo-DT) were 

able to induce J8 and S2-specific salivary IgA and protect against hypervirulent covR/S mutant 

GAS in a model of URT infection.   

 

The efficacy of J8-Lipo-DT was also assessed against skin-infection.  Mice immunised i.n. 

with J8-Lipo-DT were not protected following skin-infection.  To circumvent the lack of 

systemic protection, J8-DT/Alum (s.c.) was co-administered with J8-Lipo-DT (i.n.).  Dual-

route immunisation maintained the J8-specific serum IgG response and provided protection 

following skin-challenge.  However, the J8-specific salivary IgA response was diminished, 

coinciding with compromised protection following URT GAS infection.  Cytokine analysis 

revealed that the strong Th2 bias of Alum may be responsible for the reduced IgA response. 

 

To improve systemic immunogenicity and protection offered by J8-Lipo-DT, a glycolipid, 3D-

PHAD, was incorporated into the vaccine.  Dual-route immunisation with J8-Lipo-DT PHAD 

(i.n.+s.c.) improved systemic vaccine efficacy by eliciting potent J8-specific serum IgG 

responses and systemic protection comparable to J8-DT/Alum, while also maintaining the 

mucosal efficacy of J8-Lipo-DT.  Splenocytes from J8-Lipo-DT PHAD immunised mice 

produced IFN-γ and IL-2 in response to J8-stimulation.  IL-2 and IFN- γ act synergistically to 

upregulate macrophage intracellular killing activity; thus, suggesting the potential importance 

of macrophages in vaccine-mediated killing of GAS.  J8-Lipo-DT PHAD vaccinated mice were 

depleted of URT and systemic macrophages and challenged via the URT with M1 GAS.  

Vaccinated mice that did not undergo macrophage depletion had 100% survival which 

correlated with a significant reduction in GAS colonies on pharyngeal surfaces and in tissue 

when compared to the vaccinated+macrophage depleted cohort.   
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Intranasal immunisation with J8-Lipo-DT PHAD induced higher J8-specific salivary IgA than 

i.n. immunisation with J8-Lipo-DT, however, protection was comparable following URT 

challenge.  To further assess the role of salivary IgA in URT protection, polymeric Ig receptor 

(pIgR) knock out mice (pIgR-/-) mice were utilised.  PIgR promotes the transition of polymeric 

IgA through epithelial cells into mucosal secretions.  Vaccinated pIgR-/- and C57BL/6 mice 

exhibited comparable bacterial loads on pharyngeal surfaces and in organs, suggesting that 

salivary IgA is not necessary in J8-Lipo-DT PHAD-mediated URT protection.  To explore the 

potential mechanism of protection in J8-Lipo-DT PHAD-mediated immunity in the absence of 

salivary IgA, Th1, Th2 and Th17 cytokine responses were measured in spleen supernatants of 

vaccinated pIgR-/- mice.  It was shown that in the absence of mucosal IgA, IL-17A may play 

a role in combating infection.   

 

To expand upon the current findings, peptide J8 was tested in combination with another 

liposomal delivery system.  CAF01 is a strong Th1/Th17 stimulating adjuvant that has been 

used successfully in the delivery of antigens for influenza, chlamydia, tuberculosis, group A 

streptococcus and malaria.  Unlike J8-Lipo-DT, antigen absorption to CAF01 happens via 

electrostatic and hydrophobic interactions.  It was demonstrated that s.c. priming followed by 

airway boosting (prime-pull immunisation) with J8-DT/CAF01 promotes high and sustained 

salivary IgA and serum IgG levels.  Following prime-pull immunisation with J8-DT/CAF01, 

mice were protected against URT and skin infections.  Furthermore, inclusion of K4S2-DT 

(K4S2: a more soluble derivative of S2) into the J8-DT/CAF01 vaccine protected mice against 

skin and URT infections with hypervirulent covR/S mutant GAS.  For a vaccine to be 

efficacious, it must be able to induce a long-lasting memory B-cell (MBC) response.  Mice 

immunised using prime-pull strategy with J8-DT/CAF01 were able to recall a MBC response 

following stimulation with antigen.  Additionally, antigen stimulation of vaccinated 

splenocytes induced an IL-6 and IL-17A response; the absence of these cytokines has been 

implicated in GAS pathogenesis. 

 

Overall, the studies within this thesis demonstrate that liposomal-based delivery systems are 

ideal platforms for the delivery of peptide-based antigens.  These data highlight a significant 

advance towards the development of GAS vaccines that are human compatible and through the 

induction of potent Th1/Th17 cytokines can protect against URT and skin infections.    
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1.1 The genus Streptococcus  

 

The genus Streptococcus is comprised of Gram positive, non-spore forming, anaerobic, 

catalase negative bacteria (1).  Classification of the genus is based on haemolytic reactions on 

blood agar.  There are three distinct types of reactions: alpha (α) haemolytic (partial haemolysis 

of red blood cells), beta (β) haemolytic (complete haemolysis of red blood cells) and gamma 

(γ) haemolytic (absence of haemolysis of red blood cells).  Streptococcus pyogenes exhibit β-

haemolytic colonies on blood agar.  

 

1.2 Streptococcus pyogenes (group A streptococcus)  

 

1.2.1 Lancefield classification  

 

Streptococcus pyogenes (group A streptococcus, GAS) is a β-haemolytic pathogen. 

Classification of β-haemolytic Streptococci was developed by Rebecca Lancefield in the early 

20th century (2-6).  This classification method is based on serological reactivity of cell surface 

components such as cell wall polysaccharides, which divide β-haemolytic Streptococci into 

groups A – O.  The Lancefield scheme of serological typing distinguished GAS through the 

identification of a group A carbohydrate, composed of a N-acetylglucosamine side chain linked 

to a rhamnose polymer backbone (7). 

 

1.2.2 M-serotyping 

 

The M-protein is an important surface protein and virulence factor of GAS, and is encoded by 

the emm gene.  The M-protein extends from the cell surface as an alpha-helical coiled coil 

dimer and appears like fibrils on the GAS surface.  All M-proteins share a common framework 

consisting of four repeat regions, A, B, C and D.  The A repeat region is closest to the N-

terminus.  The hypervariable N-terminal region of the M-protein was found to be highly 

immunogenic and associated with the induction of serotype-specific opsonic antibodies (8, 9).  

The Carboxyl (C) terminus is anchored to the cell wall of GAS and is highly conserved (9).  

For a more detailed description of the M-protein, refer to section 1.3.1.2 M-Protein. 

 

In 1928 Lancefield demonstrated the type-specific immunity conferred by the streptococcal M-

protein (2).  Antibodies to the M-protein were found to be strain-specific (type-specific) and 
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opsonic.  This notion was utilised and further developed into a classification system whereby 

serological analysis of a purified M-protein fragment determined the M-type of a specific GAS 

isolate (10).  The method consisted of extracting M-protein and using it in a capillary precipitin 

test to determine the M-protein serotype with standardised type-specific antisera from rabbits 

(2, 10).  M-serotyping was also accompanied by detection of serum opacity factor (SOF) and 

T agglutination typing (T-typing) to further enhance the classification method.  However, many 

GAS isolates were unable to be serotyped due to the dearth of available M-type antisera (11-

13).  Thus, a molecular biology approach was developed whereby the 5’-end of the emm gene 

was used to predict M-serotypes, referred to as emm-typing (14). 

 

1.2.3 emm-typing  

 

Most serologically non-typeable GAS isolates can be genotyped through emm-typing (15).  

emm-typing is based on DNA sequence analysis of polymerase chain reaction (PCR) products 

of the N-terminal hypervariable region of the M-protein (15).  This technique involves the use 

of two highly conserved primers to amplify the N-terminal region of the emm gene, which is 

responsible for serotype specificity.  GAS isolates sharing >95% homology in the 5’-end 

(approximately 150 nucleotides) of their emm sequence are grouped together (15, 16).  There 

are more than 200 different emm-types and subtypes reported worldwide (17). 

 

1.2.4 emm pattern-typing 

 

The M-protein can be further differentiated into two classes according to reactions with C-

repeat region-specific monoclonal antibodies (mAb) (18).  Class I GAS are defined by their 

ability to bind to the C-repeat region-specific mAb, whereas class II GAS fail to bind to the 

mAb or bind only weakly (18).  It was further identified that the class I M-protein serotypes 

were SOF negative and the class II serotypes were SOF positive.  SOF is a virulence factor 

expressed by GAS that disrupts the structure of high-density lipoproteins causing serum to 

become cloudy (19).  SOF is also involved in GAS adherence and phagocyte resistance (19). 

Class I opacity factor negative M-protein serotypes (I/sof – M-proteins) occur in four distinct 

emm patterns A, B, C, and D (20).   emm patterns A, B, and C are mainly associated with 

pharyngeal infections and are grouped together as emm patterns A-C strains; whereas emm 

pattern D strains are associated with cutaneous infections.  Class II opacity factor positive M-

protein serotypes (II/sof + M-proteins) occur in emm pattern E strains that have been recovered 
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from both pharyngeal and cutaneous sites and are referred to as the “generalist” type (20-22) 

(Figure 1.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic of nine different mature M-proteins and emm patterns (20).  Protein 

structure is generally conserved; however, differences do exist.  M-proteins vary in size, those 

belonging to the A-C pattern-types are larger in comparison to E and D pattern-types.  emm 

pattern A-C strains are mainly associated with pharyngeal infections, emm pattern D strains 

are common to cutaneous infections (skin) and pattern E strains do not show tissue dominance 

(Adapted from Smeesters et al., 2010). 

 

1.2.5 emm-cluster system 

 

The emm-cluster system was designed as a complimentary tool to emm-typing.  The emm-

cluster system classifies closely related M-proteins that share binding and structural properties 

into 48 emm-clusters (23).  GAS isolates (n=1086) representing 175 emm-types were grouped 

into 2 clades, 2 sub-clades and 48 emm-clusters (Table 1.1).  In addition to sequence homology, 

each cluster shares binding capacities to six different host-ligands (human glu-plasminogen, 

human fibrinogen, human serum albumin, immunoglobulin G, immunoglobulin A and C4BP).  

Moreover, the cluster system can predict M-protein vaccine (i.e. 30-valent vaccine and J8 

vaccine) coverage and cross-protection in different geographical settings (23).  The utility of 

the cluster system has been demonstrated for the 30-valent N-terminal vaccine and J8 vaccine 

(M-protein-based vaccines in pre-clinical development).  The cluster system can be used as an 
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important tool to analyse GAS molecular epidemiology and contribute significantly to the 

design and development of M-protein-based GAS vaccines. 

 

Table 1.1 emm-cluster distribution based on M-protein sequence homology and shared 

binding capacities to host-ligands (23) 

 
emm-type emm-cluster 

Clade X  

4, 60, 78, 165 (st11014), 176 (st213) E1 

13, 27, 50 (50/62), 66, 68, 76, 90, 92, 96, 104, 106, 110, 117, 166 (st1207), 168 

(st1389) 

E2 

9, 15, 25, 44 (44/61), 49, 58, 79, 82, 87, 103, 107, 113, 118, 144 (stknb1), 180 

(st2460), 183 (st2904), 209 (st6735), 219 (st9505), 231 (stNS292) 

E3 

2, 8, 22, 28, 73, 77, 84, 88, 89, 102, 109, 112, 114, 124, 169 (st1731), 175 (st212), 

232 (stNS554) 

E4 

34, 51, 134 (st2105), 137 (st465), 170 (st1815), 174 (st211), 205 (st5282) E5 

11, 42, 48, 59, 63, 65 (65/69), 67, 75, 81, 85, 94, 99, 139 (st7323), 158 (stxh1), 172 

(st2037), 177 (st2147), 182 (st2861UK), 191 (st369) 

E6 

164 (st106M), 185 (st2917), 211 (st7406), 236 (sts104) Single protein emm-

cluster clade X 

Clade Y  

36, 54, 207 (st6030) D1 

32, 71, 100, 115, 213 (st7700) D2 

123, 217 (st809) D3 

33, 41, 43, 52, 53, 56, 56.2, (st3850), 64, 70, 72, 80, 83, 86, 91, 93, 98, 101, 108, 116, 

119, 120, 121, 178 (st22), 186 (st2940), 192 (st3757), 194 (st38), 208 (st62), 223 

(stD432), 224 (stD631), 225 (stD633), 230 (stNS1033), 242 (st2926) 

D4 

97, 157 (stn165), 184 (st2911) D5 

46, 142 (st818) A-C1 

30, 197 (st4119) A-C2 

1, 163 (st412), 227 (stil103), 238 (1-2), 239 (1-4) A-C3 

12, 39 (st412), 193 (st3765), 228 (stil62), 229 (stmd216) A-C4 

3, 31, 122 (st1692) A-C5 

5, 6, 14, 17, 18, 19, 23, 24, 26, 29, 37, 38 (38/40), 47, 57, 74, 105, 122, 140 (st7395), 

179 (st221), 218 (st854), 233 (stNS90), 234 (stpa57) 

Single protein emm-

cluster clade Y 

55, 95, 111, 215 (st804), 221, (stCK249), 222 (stCK401) Single protein emm-

cluster outlier 

 

In total, 22 different alleles of the J8 vaccine antigen were found in the data set.  J8, the vaccine antigen, is present 

in all but 13 emm-types from clade Y and absent in clade X (23).  emm-types in bold represent presence of J8 

vaccine antigen.  In contrast, J8.1 is present in 5 of the 6 emm-clusters constituting clade X (absent in emm-cluster 

E5).  In total, 173 of the 175 emm-types included in this study contains either J8 or J8.1 (23).  J8 and J8.1 are 

cross reactive antisera raised to both allelic sequences recognise p145 (parent sequence) equally (unpublished 

data).  For extensive discussion into J8 the vaccine antigen, please refer to chapter 2. 

(Adapted from Sanderson-Smith et al., 2014).  
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1.3 GAS pathogenesis and virulence profile  

 

GAS is responsible for a myriad of diseases ranging from superficial infections such as 

streptococcal pharyngitis and pyoderma to invasive necrotising fasciitis, streptococcal toxic 

shock syndrome (STSS) and repeated GAS infections may lead to rheumatic heart disease 

(RHD).  To achieve a wide spectrum of disease GAS must overcome the resistance imposed 

by the host environment.  Surface-associated and secreted virulence factors armour GAS with 

capabilities to adhere and colonise host epithelial cells, avoid engagement of phagocytes, 

inhibit complement and antibody function, impair phagocyte uptake mechanisms and promote 

phagocyte death (24).   

 

1.3.1 Surface-associated virulence factors  

 

The initial step of colonisation is initiated when GAS surface ligands bind to specific receptors 

on host cells (adherence), leading to bacterial internalisation and disease manifestation in the 

host.   

 

1.3.1.1 Adhesins  

 

Attachment of GAS to pharyngeal or dermal epithelium is the initial step in host colonisation 

(24).  A number of surface-associated virulence factors have been implicated in the adherence 

of target tissues and initiation of an infection.  The adherence of GAS is believed to be a two-

step process.  The first step involves a weak hydrophobic interaction mediated by lipoteichoic 

acid (LTA) and binding domains on the host cell surface (25-27).  LTA binding to the N-

terminal region of fribronectin (Fn) present on host cells has been reported for buccal and 

pharyngeal epithelial cells (28, 29).  LTA has also been shown to be involved in the adherence 

to human epithelial type-2 (HEp-2) cells (30).  The second step is characterised by more 

specific high affinity binding mediated by protein adhesins such as M-protein, Fn-binding 

proteins and laminin binding proteins (25-27).  The M-protein is the most common cell surface 

protein utilised in the second-step of adherence.     
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1.3.1.2 M-Protein  

 

The M-protein is a major virulence factor of GAS and was first identified by Rebecca 

Lancefield in 1928 (2).  The M-protein exists as an alpha-helical coiled coil dimer.  It is 

embedded in the cell wall by an LPxTG motif and extends approximately 60nm from the GAS 

surface as fibrillar structures (9, 31).  The surface exposed N-terminal region is most distal 

from the cell surface and consists of a hypervariable (emm-typing) region.  The C-terminal 

region is anchored to the cell surface and is highly conserved (2, 9, 31).  The M-protein consists 

of four repeat regions A, B, C and D with the N-terminal (hypervariable) region encompassing 

the A repeat region and the C-terminal (conserved) region including the C and D repeat regions 

(9, 32) (Figure 1.2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Schematic of M6 protein sequence (16).  The C-terminal (conserved) region of the 

M-protein is embedded into the GAS cell wall by an LPxTG motif.  The N-terminal 

(hypervariable) region extends from the cell surface as a fibrillar structure.  The M-protein 

consists of four repeat regions: A, B, C and D (Adapted from Bisno et al., 2003). 
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1.3.1.2.1 M-protein: Role in adherence  

 

The M-protein contributes to the adherence and internalisation of GAS to epithelial cells and 

keratinocytes (29, 33-35).  Adherence of the M-protein to extracellular proteins on epithelial 

cells promotes colonisation.  The N-terminal domain of the M6 protein has been shown to bind 

to sialic acid-containing receptors on human pharyngeal cells and salivary mucin (36).  Binding 

of M6 protein to keratinocytes was mediated through membrane cofactor protein CD46 (37, 

38).  It has also been shown that adherence of GAS to epithelial cells may be directed through 

M-protein binding to extracellular protein fibronectin (39).  The association between 

fibronectin binding protein and surface integrin 51 is responsible for the internalisation of 

GAS into host cells (33, 40-42).  Additionally, interactions between M1 protein and surface 

glycosaminoglycans and dermatan sulfate (heparan sulfate and heparin) promoted GAS 

adhesion to human epithelial cells and skin fibroblasts (43). 

 

1.3.1.2.2 M-protein: Role in anti-phagocytosis  

 

A key attribute of invasive GAS is its ability to evade phagocytosis.  A major contributor to 

this immune evasion and pathogenesis is the M-protein.  M-protein mediated anti-phagocytosis 

is achieved through the interference with the alternate complement pathway (44).  Following 

infection with GAS, activation of the alternate complement pathway leads to the deposition of 

C3b and iC3b on the surface of GAS.  Complement activation engages polymorphonuclear 

leukocytes (PMNs) and macrophages thereby facilitating phagocytosis.  M-protein binding to 

fibronectin protein contributes to the internalisation of GAS into host cells (33).  Fibronectin 

binding also restricts the deposition of C3b on the GAS surface, thus impeding its recognition 

by PMNs (45).  Additionally, complement control proteins such as C4b-binding protein 

(C4BP) and factor H (FH) inhibit phagocytosis by binding to the M-protein and blocking C3b 

deposition on the GAS surface (46, 47).   

 

The GAS M-protein also interferes with antibody-mediated opsonisation.  Immunoglobulins 

are generated against specific bacterial epitopes.  Protein H, a GAS surface protein structurally 

related to the M-protein, binds to the Fc region of Immunoglobulin G (IgG) and inhibits IgG-

dependent complement activation and opsonophagocytosis (48). 
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M-protein mediated anti-phagocytosis was also assessed using M-protein knockout mutant 

GAS.  Mutant GAS were unable to survive in human blood that contained phagocytes (49).   

 

1.3.1.3 Hyaluronic acid capsule  

 

The GAS extracellular surface is composed of hyaluronic acid (HA), a high molecular mass 

linear polymer containing repeat units of glucuronic acid and N-acetylglucosamine (50).  HA 

capsule biosynthesis is mediated by the hasABC operon (hasA: hyaluronic acid synthetase, 

hasB: UDP-glucose dehydrogenase and hasC: UDP-glucose pyrophosphorylase) (51).  The HA 

in the GAS capsule is structurally identical to the HA produced by mammalian cell surfaces 

and connective tissue.  This structural similarity reduces pathogen recognition and subsequent 

killing of invading GAS cells (24).  The HA capsule is a major virulence determinant of GAS, 

acting as a shield and protecting the organism from opsonophagocytosis (52, 53).  Mucoid 

(hyper-capsulated) GAS strains have been recovered from patients with invasive GAS disease 

(54).  Acapsular GAS mutants failed to grow in blood and were susceptible to phagocytic 

killing in-vitro.  Loss of capsule led to a 100-fold decrease in virulence in murine infection 

models (55, 56).   

 

Cathelicidin antimicrobial peptides contribute to bacterial killing within neutrophil 

extracellular traps (NETs).  The HA capsule has been implicated in the inhibition of human 

cathelicidin, thus, contributing to NET resistance (57). 

 

1.3.1.4 Streptococcal pili (T-antigen) 

 

GAS have long, surface-exposed, pilus-like structures composed of a family of extracellular 

matrix-binding proteins (58).  Pili are encoded by four genes that arelocalised to a genomic 

region known as FCT (Fibronectin- and Collagen-binding proteins and T antigen-encoding 

loci) (59).  GAS pili have been shown to be involved in the formation of biofilms (60), 

mediating adhesion to epithelial cells (61) and the development of micro-colonies that prevent 

phagocytosis (62).  In one particular study mice were protected against mucosal challenge 

following immunisation with a combination of recombinant pilus proteins (58).  A major 

protein constituent of GAS pilus-like structures is BP protein, which is the T-antigen used for 

the Lancefield T-typing system (63).  Consequently, there is a vast array of diversity, thus 

protection is specific to strains that contain the pilus-like variants for immunisation (63). 
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1.3.1.5 C5a peptidase (SCPA) 

 

C5a peptidase, also known as SCPA, is a highly specific proteolytic enzyme found on the 

surface of GAS and is antigenically conserved among different serotypes (64).  scpA, the gene 

encoding C5a peptidase, is present in all clinical isolates of GAS and is located within the 

multiple gene regulator of GAS (mga) regulon (65).  C5a peptidase cleaves complement 

derived C5a, impairing the recruitment of phagocytes to the site of infection (65-67).  C5a also 

contributes to GAS invasion through the binding of Fn on the surface of epithelial cells (68). 

 

1.3.2 Secreted virulence factors 

 

GAS produces a myriad of secreted virulence factors mainly responsible for colonisation and 

host-immune evasion.  These extracellular products are implicated in the organism’s success 

as a pathogen (69). 

 

1.3.2.1 Streptococcal inhibitor of complement-mediated lysis (SIC) 

 

Streptococcal inhibitor of complement-mediated lysis (SIC) is a secreted GAS protein (70).  

SIC is under transcription control by the Mga regulon and its expression is unique to M1 and 

M57 GAS strains (70).  SIC is a contributor to GAS virulence and pathogenicity.   

 

M1 and M57 GAS strains release SIC, which couple to clusterin and histidine rich 

glycoproteins, two serum regulators of the membrane attack complex (MAC), inhibiting 

complement-mediated lysis (71).  SIC also contributes to epithelial cell adherence through 

binding proteins ezrin and meosin (72).  All these processes together aid in the ability of GAS 

to subvert the immune responses of the host and establish colonisation. 

 

1.3.2.2 Fibronectin binding protein (FbaA) 

 

The fibronectin binding protein (FbaA) is under positive transcription control by the Mga 

regulon and present in M-types 1, 2, 4, 22, 28 and (41).  In the absence of FbaA, GAS has 

reduced ability to invade HEp-2 cells and following skin infection, mortality is reduced 

significantly (41).   
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FbaA has also been described as an anti-opsonic and anti-phagocytic protein (73).  FbaA plays 

a crucial role in the binding of GAS to human regulators of complement activation, factor H 

and FH-like protein 1 (FHL-1) (73).  Interaction between FbaA and factor H and FHL-1 inhibits 

C3b deposition on the surface of GAS, preventing complement mediated phagocytosis (73).  

Additionally, the presence of FbaA was shown to promote the survival of GAS in whole human 

blood (73).   

 

1.3.2.3 Streptococcus pyogenes cell envelope protease (SpyCEP) 

 

Streptococcus pyogenes cell envelope proteinase (SpyCEP) is a cell wall anchored serine 

protease that can also be released as a soluble enzyme.  SpyCEP is under transcription control 

by the covR/S regulon (74).  Upregulation of SpyCEP due to mutations in the covR or covS 

locus is associated with lethal invasive GAS isolates (75).  SpyCEP can cleave human 

interleukin-8 (IL-8) and KC and MIP-2 in mice, thereby disrupting neutrophil chemotaxis to 

the site of infection and assisting GAS to become systemic (75).  Invasive blood isolates have 

been shown to have increased SpyCEP activity compared to non-invasive isolates (76).  

SpyCEP is highly conserved between GAS isolates (75, 77).   

 

1.3.2.4 Streptolysins  

 

Streptolysin O (SLO) and streptolysin S (SLS) are two cytolytic toxins possessed by GAS.  

SLS and SLO are responsible for the lysis of red blood cells observed in the classification of 

GAS and are present in most strains of GAS (78).  Both SLO and SLS have been implicated in 

the enhancement of GAS virulence in a mouse model of sepsis (79).   

 

SLO is a 69-kDa exotoxin that is cholesterol dependent and oxygen labile; it is encoded by one 

gene, slo.  SLO promotes apoptosis through the formation of pores in host-cell membranes 

(80).  SLO expression is necessary to induce caspase-dependent apoptosis in macrophages and 

neutrophils and SLO-deficient mutant GAS had reduced virulence following murine systemic 

infection (81).  SLO has also been shown to chaperone nicotinamide dehydrogenase (NAD-

glycohydrolase) into keratinocytes thereby modifying host-cell signalling pathways that inhibit 

GAS internalisation.  This contributes to SLO toxicity in the host and subsequently the 

induction of keratinocyte apoptosis (82).  In addition to anti-phagocytic capabilities, SLO has 

the potential to manipulate host-cytokine inflammatory responses to augment virulence in 
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mouse models of invasive infection (81).  SLO has also been shown to mediate tissue damage 

during mucosal (83) and systemic infections (84).    

 

SLS is a small 2.7-kDa peptide that is encoded by a nine-gene locus, containing genes sagA 

and sagI (SLS-associated gene) (85).  Unlike SLO, it is oxygen stable (86).  SLS contributes 

to anti-phagocytosis through the apoptosis of neutrophils via pore formation (86) and to GAS 

virulence through lysis of host cells (87).   

 

SLS mediates paracellular translocation through the recruitment of calpain (cysteine protease) 

and proteolytic degradation of intracellular junctions (88).  SLS also plays a role in tissue 

damage by promoting the development of necrotising fasciitis (89).  SLO, M-protein, 

neutrophil derived oxidases and proteases and SLS all contribute to the development of 

necrosis (78).   

 

1.3.2.5 Streptococcal pyrogenic exotoxins (Spe) 

 

Streptococcal pyrogenic exotoxins (Spe) are a group of super antigens associated with 

necrotising fasciitis and STSS (90).  These superantigens include six SpeG, three SpeJ and 56 

SmeZ (streptococcal mitogenic exotoxin Z), which are chromosomally-encoded, and six SpeA, 

three SpeC, two SpeH, three SpeI, one SpeK, four SpeM and three SSA (streptococcal 

superantigen), which are bacteriophage-encoded (91).  Superantigens bind to the variable 

region of the beta-chain (V) of the T cell receptor and MHC class II molecules on B cells, 

monocytes and dendritic cells.  This leads to the overstimulation of inflammatory cytokines 

and subsequent tissue damage, necrosis and organ dysfunction (32, 92, 93).  SpeA and SmeZ 

have been linked to invasive streptococcal disease or STSS (94-101).   SSA has been detected 

in highly virulent M3 isolates (102) and has been associated with invasive disease (103).  SpeC 

and SpeG have been found to be more prevalent in non-invasive isolates (99, 103-108). 

 

SpeB has been identified as a cysteine protease rather than a superantigen (92).  SpeB has been 

shown to cleave immunoglobulins, chemokines, cytokines and cathelicidin and bind to host-

proteins enabling GAS to circumvent host immune responses and influence cell differentiation 

and signaling (109-113).  Further immune evasion techniques associated with SpeB include its 

ability to degrade host proteins that promote autophagy and lead to intracellular colonisation 
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(114).  This mechanism has been studied in the globally disseminated M1T1 GAS serotype 

that can proliferate efficiently in infected cells (114). 

 

1.4 Regulators of GAS virulence genes  

 

Survival of GAS within the ever-changing host environment requires fluidity in virulence gene 

expression.  GAS possess remarkable adaption capabilities that enable it to succeed as a human 

pathogen.  The expression of virulence factors are controlled by transcriptional regulators; 

these include GAS stand-alone response regulators and two-component signal transduction 

systems (TCSs) (115).  The Mga regulatory system is a stand-alone regulator (116) and the 

best characterised TCS is the covR/S regulatory system (74).    

 

1.4.1 Mga regulatory system 

 

Mga is a stand-alone virulence gene activator that has been found in all GAS strains (117). 

Mga has been shown to regulate 10% of the GAS genome (118).  The virulence factors under 

the control of the Mga regulon are required for cell-adherance, colonisation and host immune 

evasion.  These virulence factors include the M-protein family (emm, mrp, arp, and enn), C5a 

peptidase, serum opacity factor (Sof; SbfII), SIC, collagen like protein (sclA) and FbaA (16).  

Mga also regulates its own transcription (119) (Figure 1.3). 

 

Mga regulation is triggered in response to carbohydrate metabolism and phosphorylation by 

the GAS phosphotransferase system (PTS) leading to Mga inactivation and down-regulation 

of Mga promoting virulence factors (120).  Two divergent Mga strains have been identified, 

Mga-1 and Mga2.  The Mga-1 allele was found in sof- class I strains associated with pharyngeal 

infections and the Mga-2 allele was mostly present in sof+ class II strains linked to both 

pharyngeal and cutaneous infections (121).  
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Figure 1.3 An illustration of Mga-regulated genes and their downstream function in GAS 

(122). An arrow indicates transcriptional activation, while repression is indicated with a bar.  

Core Mga regulon genes that show high-level activation and reflect direct binding of Mga to 

their respective promoters are listed at the top.  The 2° regulon genes that show low-level 

regulation and likely are indirectly influenced by Mga are shown at the bottom (Adapted from 

Hondrop et al., 2007). 

 

1.4.2 covR/S regulatory system  

 

Control of virulence regulatory system (covR/S) is a two-component regulatory system that 

represses the expression of several virulence associated with conferring a selective advantage 

to GAS (123).  Approximately 10-15% of the GAS genome is directly or indirectly controlled 

by the covR/S operon (74).  The signal sensor kinase (covS) is autophpsphorylated in response 

to environmental stimuli such as increased temperature and salt concentrations or host 

antimicrobial peptides (124), this then leads to the subsequent transfer of a phosphate group to 

the response regulator gene (covR).  Phosphorylation of covR represses the expression of speA, 

hasA and streptokinase (ska; stimulates the production of plasmin activity leading to the 

degredation of fibrin networks produced by the host cell).  Absence of phosphorylation leads 
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to the repression of speB and G-related alpha2 M-binding protein (grab; involved in protection 

of virulence factor determinants from proteolytic degradation) (125, 126).   

 

Repression of SpeB (cysteine protease) preserves the M-protein from proteolytic cleavage 

thereby enhancing the immune evasion mechanisms reported in covR/S mutant GAS strains 

(127).  Down-regulation of SpeB is also responsible for the preservation of other GAS 

virulence factors including Ska, glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 

glycolytic enzyme responsible for immune evasion) and streptococcal surface enolase (SEN; 

activates human plasminogen, promoting invasive disease), further enhancing the potential of 

severe systemic infections (128, 129).  Mutation in the covR/S operon also mediates the up-

regulation (de-repression) of virulence factors associated with immune evasion and anti-

phagocytosis by neutrophils (32).  The synergistic repression and de-repression facilitated 

through covR/S mutation contributes to the development of hypervirulent GAS associated with 

invasive infections (32) (Figure 1.4). 

 

The covR/S wild-type pathology of GAS is favored in the broader GAS population.  There is a 

fitness-cost associated with mutations in the covR/S operon.  This fitness-cost leads to the 

decreased ability of GAS to bind epithelial cells due to enhanced HA capsule expression 

impeding cell surface proteins from binding to host cells (130, 131).  Thus, mutations in the 

covR/S regulon are likely to occur post-colonisation.  The exact mechanism and sequence of 

events leading to covR/S mutation has not been identified; however, it does appear to be 

influenced by the possession of certain virulence factors and certain environmental cues.  The 

highly virulent and globally disseminated M1T1 clone has been associated with the resurgence 

of severe GAS infections for nearly 40 years (132).  In the M1T1 clone, a natural covS deletion 

is responsible for the upregulation of HA capsule, loss of SpeB expression and subsequent 

preservation of bacteriophage encoded Sda1(133).  The acquisition of the bacteriophage-

encoded sda1 gene was previously identified as promoting escape from neutrophil extracellular 

traps (134) and playing a critical role in the selection of covR/S mutations (135).  However, 

introduction of the Sda1-encoding prophage into M1 GAS strain, SF370, did not favour the 

selection of covR/S mutants in-vivo.  Additionally, the phage-converted strain possessed no 

capacity to survive human neutrophil killing or cause invasive lethal infection in-vivo (134).  

On the other hand, the capsule synthetase gene hasA and M-protein gene emm have been found 

to be essential for in vivo selection of covR/S mutations (57).  Besides virulence gene 
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possession, human neutrophil-mediated killing of GAS also selects for neutrophil resistant 

covR/S mutant GAS clones resulting in variants with enhanced survival and virulence (136). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Idealised schematic of covR/S mutation during GAS pyoderma (130).  Several 

virulence factor genes are up-regulated as a result of covR/S mutation including SpyCEP, 

Sda1, SIC and the HA-capsule.  The altered virulence profile leads to hypervirulence and 

invasive disease in the host (Adapted from Langshaw et al., 2017). 

 

1.5 GAS epidemiology and disease burden 

 

A myriad of virulence factors and the ability to control virulence expression in response to host 

environments gives GAS the ultimate weaponry to infiltrate the host and potentiate a wide 

spectrum of disease.  Humans are the only known reservoir for GAS and the epithelial surfaces 

of the throat and skin are the primary portals of infiltration and colonisation by the organism.  

Infection with GAS can lead to non-invasive and invasive disease pathologies.  Of major 

concern are the post-streptococcal sequelae of diseases which are comprised of rhematic fever 

(RF), RHD and acute post-streptococcal glomerulonephritis (ASPGN).   

 

Epidemiological studies have correlated emm-types to disease severity and have shown a 

distinction between emm-type distribution found between populations, existing geographically 
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and socio-economically around the world (137-140).  Certain emm-types are regularly found 

in certain disease manifestations; for example, emm-types-2, 4, 6, 12 and 44/61 are associated 

with non-invasive disease, emm-types 1, 3 and 49 are commonly associated with invasive 

disease and emm-types 1, 3, 5, 6, 11, 12, 14, 17, 18, 19, 24, 27, 29, 30, 32, and 41are associated 

with the post-streptococcal sequelae of acute rheumatic fever (ARF) (32).  The constant 

pressure of host immune selection leads to a large degree of variability within emm-types.  

These variations are attributed to the resurgence of certain emm-types and disease 

manifestations.  The successive wave of emm1 (141) and M3 (142) invasive infections are 

attributed to the acquisition of additional virulence factors via horizontal gene transfer.   

 

The distribution of emm-types in Africa and the Pacific differ greatly from those observed in 

high-income countries (140).  Indigenous Australians were included in the Pacific region 

because of the documented similarities between this group and Pacific Islanders (140).  In 

Africa 18 emm-types accounted for 50.4% of isolates and in the Pacific region 19 emm-types 

accounted for 51.3% of isolates.  In comparison, for Asia, Latin America, the Middle East and 

high income countries, between 3 – 6 emm-types accounted for over 50% of isolates (140).  

The diversity in the molecular epidemiology may be due to the clinical presentation of the 

disease.  The high incidence of impetigo in Africa and the Pacific has been associated with 

multiple emm-types that are readily transmitted (140).   

 

1.5.1 Non-invasive diseases  

 

Non-invasive diseases include pharyngitis, scarlet fever and pyoderma/impetigo.  GAS is the 

leading cause of bacterial pharyngitis, with peak incidence in children between 5-15 years of 

age (143).  Outbreaks occur in close human-to-human contact environments such as schools 

and households (144).  Transmission results primarily from the inhalation of large droplets of 

respiratory secretions with an incubation period of 2-5 days (144).  The clinical presentation of 

GAS pharyngitis begins with fever, malaise and a sore throat with physical characteristics of 

swollen tonsils covered with a white/yellowish exudate (144).  There are an estimated 616 

million cases of GAS pharyngitis that occur every year world-wide (145).  Inadequate 

treatment of GAS pharyngitis can lead to the development of ARF and subsequent RHD. 

 

GAS pharyngitis may be accompanied by a rash, referred to as scarlet fever.  The rash appears 

in the first two days of infection, starting from the trunk and spreading to the extremities.  It is 
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characterised by minute papules giving a sandpaper feeling to the skin and enlarged papillae 

(strawberry tongue) (145).  The pathogenesis of scarlet fever is not well understood but it is 

associated with pharyngeal infections with GAS strains containing SPEs (146).  Approximately 

0.3-3% of previously healthy individuals who acquire streptococcal pharyngitis develop ARF 

(147). 

 

A purulent exudate (pus) is evident in skin infections (pyoderma/impetigo) caused by GAS.   

The purulent exudate is a result of infiltrating leukocytes that promote the growth of GAS.  

Transmission is mediated through direct skin contact.   GAS skin infections are most common 

in tropical settings, economically disadvantaged environments and in areas of poor hygiene 

and living conditions (148).  There is an estimated prevalence of more than 162 million cases 

(per annum) of GAS pyoderma in children world-wide (149).   

 

1.5.2 Invasive diseases  

 

Invasive diseases include STSS, necrotizing fasciitis (NF), bacteraemia, puerperal sepsis and 

pneumonia.  M-types 1-3 have continually been associated with life-threatening infections 

(150).  There is a high chance of mortality associated with GAS invasive diseases, with 

approximately 8-23% of patients dying within 7 days of infection (32).  The global burden of 

invasive diseases is estimated at 3-5 cases per 100 000 population, with an average mortality 

of 29% (151). 

 

NF (streptococcal gangrene) is an infection of the deeper subcutaneous tissues and fascia that 

begins at the site of trauma or operative incision (152).  Risk factors for the development of 

NF include age, comorbidities such as ischaemic heart disease, congestive heart failure, gout 

and chronic kidney disease, and the use of corticosteroids (150).  NF has a high degree of 

morbidity and mortality, with mortality rates ranging from 15-45% and severe cases of 

morbidity leading to 9-23% chance of limb amputation (150).  NF can often be accompanied 

by the onset of STSS, which is defined by the sudden onset of shock and organ failure (152).  

NF is the most common portal of entry in cases of STSS; however, in up to 55% of cases the 

portal of entry cannot be identified (150).  Mortality rates for STSS have been reported to be 

between 20-80% (150).   
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1.5.3 Post-streptococcal sequelae of disease  

 

ARF is an inflammatory disorder that can follow an untreated GAS pharyngeal infection (153).  

The clinical manifestations of ARF include arthritis (inflammation of the joints), carditis 

(inflammation of the heart), Syndenham chorea (neurological symptoms i.e. involuntary 

movements), the appearance of subcutaneous nodules (painless nodules over elbows, knees, 

wrist and spine) and erythema marginatum (redness of the skin and mucous membranes) (154).  

The incidence of ARF is not confined to, but is predominant in, low-income countries and in 

the Indigenous populations of some high-income countries such as Australia.  In the Indigenous 

population of North Queensland, Australian ARF incidence rates are 155 per 100 000 children 

(5-14 years) (155).  In the Northern Territory, Australian ARF incidence rates are reported at 

380.1 per 100 000 children (156).  Global disease estimates for ARF are approximately over 

470 000 cases annually world-wide with 350 000 deaths occurring as a result of ARF or RHD.  

RHD results from the long-term cardiac damage from single or multiple episodes of ARF 

(154).  RHD is a major cause of morbidity and mortality in low-income countries, with 95% 

of the 294 000 deaths due to RHD occurring in impoverished and socially-disadvantaged 

settings (140).  Moreover, Indigenous Australians are 20-times more likely than non-

Indigenous Australians to die as a result of RHD (157).  Despite having the highest documented 

rates of ARF and RHD in the world, pharyngeal carriage of GAS appears to be low in these 

communities.  Although not proven, it has been suggested that impetigo can also lead to the 

development of ARF and RHD (158).   

 

The pathophysiology of ARF and RHD is driven by molecular mimicry between GAS M-

protein and carbohydrate (N-acetyl-beta-D-glucosamine) cross-reacting with human-tissue 

(154).  A two-hit hypothesis has been suggested for the initiation of RHD; whereby, (i) anti-

streptococcal antibodies attack the valve endothelium leading to the (ii) infiltration of T-cells 

that lead to granulomatous lesions and Aschoff bodies (scarring) (153, 159, 160).  The 

association between rheumatic carditis and cross-reactive antibodies streptococcal antibodies 

was identified in the 1960s.  These studies showed that 18% of biopsies from patients who had 

died as a result of ARF and RHD showed antibody deposition in valve and myocardial tissues 

(161).  This theory was later supported with mouse (24, 162) and human (153, 163) studies 

assessing the role of GAS-specific monoclonal antibodies in the recognition of cardiac tissues. 

The targets of the cross-reactive antibodies were found to be cardiac myosin in the myocardium 

and laminin in the valve endothelium and basement membrane, cross-reacting with group A 
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carbohydrate and M-protein (164).  The association between M-protein sequence variation and 

rheumatogenic GAS strains is discussed in chapter 2.   Furthermore, the PARF (peptide 

associated with rheumatic fever) domain of the M-protein was shown to bind to the CB3 region 

of collagen type IV leading to an influx in antibodies and consequent inflammation (165).  

Other studies have demonstrated that only 1.4% of GAS strains associated with ARF contained 

the PARF motif, thus suggesting that other mechanisms are also likely to be involved in ARF 

pathogenesis (166).  Autoantibodies against collagen I have been shown to be produced in 

patients with ARF (167); however, no immunological cross-reactivity between streptococcal 

proteins and collagen has been observed (164).  Thus, suggesting that the release of collagen 

from damaged valves during ARF may lead to the induction of autoantibodies and 

inflammation (164). 

 

As outlined by the two-hit hypothesis, antibody deposition in the valve epithelium leads to 

the first damage to the endocardial surface.  This is then followed by the upregulation of 

vascular cell adhesion protein 1 (VCAM1) on the endothelial surface and infiltration of T-

cells into the valve (168).  Immunisation with M6 protein was shown to induce valvulitis and 

myocarditis in a Lewis rat model with both CD4+ and CD8+ T-cells detected in valvular 

lesions (169).  However, CD4+ Th1-cells are the main mediators of the intense inflammatory 

process that leads to scarring and neovascularisation (170). 

 

In order for ARF to occur, it appears that a pharyngeal and/skin infection caused by GAS must 

occur in a host with genetic susceptibility to the disease (154).  A systemic review and meta-

analysis of twin studies of concordance of ARF demonstrated that ARF is an autoimmune 

disorder with high heritability (171).  Polymorphisms in multiple genes encoding immune-

related protein have been shown to be associated with ARF and RHD, these include: mannose-

binding protein C 2 (encoded by MBL2), ficolin 2 (encoded by FCN2), low-affinity 

immunoglobulin-γ Fc region receptor IIa (encoded by FCGR2A), Toll-like receptor 2 (encoded 

by TLR2), tumour necrosis factor (encoded by TNF), interleukin-1 receptor antagonist 

(encoded by IL1RN), transforming growth factor β1 (encoded by TGFβ1) and cytotoxic T 

lymphocyte protein 4 (encoded by CTLA4) (reviewed extensively in Carapetis et al., 2016 

(164)).  The genetic susceptibility to ARF/RHD is associated with Class II human leukocyte 

antigen (HLA) molecules that present peptides from extracellular pathogens to CD4+ T-cells 

(172).  The Class I HLA allele HLA*B5 has also been implicated in the development of ARF 
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(173).  To further understand host genetic susceptibility in the development of RHD, large-

scale genome wide association studies of RHD in multiple populations in over 20 countries, 

including northern Australia, are currently underway (154). 

 

ASPGN is a renal disease characterised by the sudden onset of edema, hematuria, proteinuria, 

and hypertension (174).  It is associated with the previous diagnosis of pyoderma or pharyngitis 

caused by nephrotic strains of GAS.  Nephritogenicity is restricted to M-types 1, 2, 4, 12, 18 

and 25 recovered from the URT, and M-types 49, 55, 57 and 60 associated with pyoderma 

(175).  Several studies have reported that seropositivity for anti-SIC or anti-DRS (DRS; 

distantly related to SIC) antibodies is associated with ASPGN (176-178).  Additionally, it has 

found that anti-DRS-G (DRS-G; an orthologue of DRS) antibodies, from Streptococcus 

dysgalactiae subsp. equisimilis, have also been positively associated with ASPGN (179).  The 

incidence of ASPGN has declined worldwide; however, it remains a significant concern in 

underdeveloped societies where inadequate medical care leads to delayed diagnosis and kidney 

damage (174, 175).  ASPGN tends to occur in epidemic outbreaks.  The most recent epidemic 

occurred in the Indigenous communities of the Northern Territory of Australia (180).  There 

are an estimated 472 000 cases per year resulting in approximately 5000 deaths worldwide 

(145).   

 

1.6 Tissue tropisms  

 

The primary ecological niche for GAS is the oropharynx and skin.  These tissues allow access 

to epithelial cells where GAS can adhere, colonise and disseminate into deep tissue.   

Pharyngeal infections are most common in temperate environments (transmission via aerosol 

droplets) and in tropical settings impetigo predominates (transmission via skin contact) (181).  

Tissue tropisms exist among GAS isolates where there is a strong correlation between emm-

pattern type and tissue-site preference.  GAS ‘throat-specialists’ belong to emm-pattern types 

A-C, representing 46.6% of pharyngitis isolates and 8.2% of impetigo isolates (182).  In 

contrast, GAS ‘skin-specialists’ belong to emm-pattern type D, representing 49.8% of impetigo 

isolates and 1.7% of pharyngitis isolates (182).  GAS ‘generalist’ strains belong to emm-pattern 

type E, accounting for 51.7% throat isolates and 42% skin isolates (182).   

 

In mice, the nasal-associated lymphoid tissue (NALT), a functional homologue of human 

tonsils, is used to model upper respiratory tract (URT) GAS infections.  NALT is made up of 
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follicle associated epithelium, high endothelial venules, and T-cell and B-cell enriched zones.   

NALT epithelium contains antigen sampling microfold-cells (M-cells), which transport 

antigens from the nasal passage to the underlying lymphoid tissue (183).  Following URT 

infection, GAS has been shown to transverse the epithelium and form micro-colonies in NALT 

(184). 

 

1.7 Host-immune responses against GAS  

 

1.7.1 Innate immune cells in protection against GAS  

 

Innate immune responses are profoundly important in the defence against GAS.  Macrophages, 

dendritic cells (DCs) and neutrophils are the first line of defence against an invading pathogen 

(185).  The interaction between pattern recognition receptors (PRRs) present on innate immune 

cells and GAS-derived pathogen-associated molecular patterns (PAMPs) initiates a cascade of 

intracellular signalling events that activate down-stream molecules critical for host defences.   

 

1.7.1.1 Macrophages  

 

Macrophages are critical in the innate immune response against an invading pathogen.  

Macrophages directly contribute to pathogen killing by phagocytosis, promoting cytokine 

signaling and cellular migration to the site of infection, inducing local inflammation, and 

becoming active antigen presenting cells (APCs) (186-188).  The role of macrophages in the 

context of GAS infection was studied in mice rendered macrophage deficient.  Macrophage-

deficient mice had 100% mortality in comparison to 90% survival in non-depleted controls 

(186).  No mortality was observed 48 hours (h) post-infection, thus emphasizing the importance 

of macrophages in the initial control of GAS infection (186).  In further support, mice unable 

to recruit macrophages to the site of infection were highly susceptible to parenteral GAS 

infection (infection mimicking NF).  The mechanism for macrophage recruitment was driven 

by (tumour necrosis factor) TNF- without any effects on PMNs (189).  To confirm the role 

of macrophages in NF, macrophages/monocytes were depleted leading to increased bacterial 

dissemination from the infection site (189).  In contrast, GAS has also been shown to survive 

within macrophages to evade host-defences (190-192).  GAS was demonstrated to escape from 

phagocytosis by residing in the cytoplasm of macrophages and intracellular survival was 

attributed to the presence of surface associated M-protein (190-192). 
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1.7.1.2 Dendritic cells (DCs) 

 

DCs have been shown to play a critical role in the control of GAS (193).  Mice depleted of 

DCs had increased bacterial dissemination from the site of infection to draining lymph nodes 

and systemic organs.  Furthermore, the absence of DC’s led to the abrogation of IL-12, which 

is critical in the downstream initiation of T-cell and B-cell-mediated adaptive responses (193).  

Infection with GAS also induces DC maturation through the upregulation of CD40, CD80, 

CD86, MHCII molecules and the production of IL-12 and TNF-, all of which are responsible 

for subsequent lymphocyte activation and differentiation (193, 194).  In human blood both 

plasmacytoid and myeloid DCs are activated in response to GAS.  Activation leads to CD4+ 

T-cell stimulation and enhanced Th1 cytokine production (195).  Upregulation of HA-capsule 

and SLO have been shown to inhibit DC maturation through inhibition of bacterial binding and 

apoptosis respectively (196).   

 

1.7.1.3 Neutrophils  

 

Neutrophils are the first-line of defence against invading organisms.  Interleukin-8 (IL-8) and 

murine equivalent chemokines CXCL1 and CXCL2 (KC and MIP-2 respectively) promote 

neutrophil chemotaxis to the site of infection leading to the phagocytosis of invading pathogens 

(197).  Macrophages are some of the first cells to respond to invading pathogens; thus, they are 

likely the first cells to release IL-8 (198).  Other clearance mechanisms include; production of 

antimicrobial peptides, respiratory bursts of reactive oxygen species (ROS) and nitric oxide, 

and release of extracellular traps (NETs; a matrix of chromatin fibres covered in enzymes that 

trap and surround pathogens) (199).  GAS have developed many mechanisms to impair 

neutrophil functions.  GAS DNase, Sda1, has been shown to promote bacterial escape from 

neutrophils by degradation of NETs (200).  Enhanced SLO expression is implicated in 

neutrophil necrosis (201) and enhanced ScpC expression leads to the degradation of neutrophil 

attracting chemokine IL-8 (201-203).  Neutrophil evasion is enhanced upon covR/S mutation. 

 

1.7.2 CD4+ T-helper-cells in protection against GAS  

 

T-cells are a subset of lymphocytes that are key mediators of the effector function of an immune 

response.  APCs capture, process and present antigens to naïve T-cells via MHC molecules.  

Endogenously derived antigens presented via MHC class I molecules are recognised by CD8+ 
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T-cells (cytotoxic T-cells).  Extracellular pathogens presented via MHC class II molecules are 

recognised by CD4+ T-cells (T-helper (Th)-cells).  The interaction between Th-cells and APCs 

is necessary for B-cell activation and differentiation into antibody-secreting plasma cells and 

memory cells (204).  CD4+ T-cells can be subdivided into Th1, Th2 and Th17 subsets based 

on their pattern of cytokine production (205, 206). 

  

1.7.2.1 Th1-cells  

 

Th1 cytokines, IFN-, IL-12 and TNF, are associated with protection against GAS infections.  

Using transgenic mouse-models and depletion studies, it has been shown that protective 

immunity against GAS is mediated by these cytokines.  Mice deficient in the IFN receptor and 

in TNF- had reduced macrophage recruitment to the site of infection and were susceptible to 

systemic GAS challenge (189, 207).  IL-12 treatment has been shown to significantly decrease 

the rate of death after GAS skin infection (208).  Furthermore, depletion of DCs was shown to 

abolish IL-12 production and lead to increased bacterial dissemination into draining lymph 

nodes and systemic organs (193).  

 

1.7.2.2 Th2-cells  

 

During an infection the T-cell zones of secondary lymphoid tissue contain pathogen-specific 

Th2 effector cells that are the progeny of naïve CD4+ T-cells activated by APCs (209).  The 

main function of these Th2-cells is to help B-cells mount an antibody response against the 

infectious agent.  As the B-cells pass through the T-cell zones they make transient interactions 

with the Th2-cells (209).  When a B-cell presents an antigen recognised by the Th2-cell the 

adhesive interactions are strengthened and the B-cell becomes trapped by the T-cell, giving 

rise to activated B-cells (209).   The characteristic cytokine secreted by Th2-cells on 

stimulation by their target cell is IL-4, which works to initiate the proliferation and clonal 

expansion of B-cells that precede their differentiation into antibody secreting plasma cells 

(209).   Th2-cells also secrete IL-5 and IL-6, which further drive the differentiation of B-cells 

to plasma cells (209). 
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1.7.2.3 Th17-cells  

 

IL-17 has been shown to play a fundamental role in the clearance of GAS from the URT (210, 

211).  IL-17 is the predominant cytokine produced in NALT following intranasal inoculation 

with GAS (211).  Adoptive transfer of CD4+ T-cells from immunised IL-17A-/- mice led to 

decreased protection following intranasal GAS-challenge (211).  IL-17A production was 

shown to be dependent on IL-6; IL-6-/- mice were unable to mount an IL-17 response and were 

susceptible to URT GAS infection (210).  IL-17 might directly enhance bacterial clearance by 

promoting fast recruitment of neutrophils to site of infection (212). 

 

1.7.3 The role of antibodies in protection against GAS  

 

The humoral immune system is governed by the generation of long-lived memory B-cells and 

plasma cells (antibody secreting cells; ASCs) that produce antibodies (immunoglobulins) 

essential for host-defence (213).  Following activation by T-cells, B-cells differentiate into 

short lived plasma blasts that secrete antibody.  Some of the activated B-cells re-enter the B-

cell follicle and through the influence of specialised T follicular helper (TFH) cells proliferate 

to form germinal centres (GCs) in secondary lymphoid tissues (214).  The GC ultimately 

produces high-affinity, long-lived plasma cells that are capable of sustaining a high level of 

antibody secretion (215).  After ~10 days, memory B-cells (MBCs) form and move to effector 

sites ready to mount a rapid secondary response (216).  Development of a MBC response to 

GAS was found to be restricted to emm-type and number of exposures.  In a murine-model of 

pyoderma, two subsequent exposures of the same GAS strain within three weeks was required 

to mount type-specific MBC response (217).  This reflects the situation observed in humans 

where endemicity is high in some at risk-communities yet protection is compromised (217). 

 

Antibodies can be cell-surface bound or secreted.  Five classes of antibodies (IgM, IgD, IgG, 

IgA, and IgE) exist each with unique structural features that impact antibody function (218).  

In regards to GAS immunity, natural exposure and vaccination have shown to elicit protective 

antibody responses.  These responses are niche-specific, with systemic immunity being 

governed by IgG and mucosal immunity relying on IgA (202, 219-224).  The IgG and IgA 

isotypes can be further divided into subclasses.  Unique structural differences, primarily in the 

hinge region divide IgG into four subclasses (IgG1, IgG2, IgG3 and IgG4) and IgA into two 

subclasses (IgA1 and IgA2) (218).  The first line of defence at mucosal surfaces is primarily 
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provided by secretory IgA (SIgA).  Secretory antibodies have their basis in the local production 

of polymeric IgA (pIgA) (225).  Mucosal and glandular plasma cells express a small 

polypeptide, namely the joining (J) chain, which regulates polymer formation of IgA (225).  

The J chain provides pIgA with the capacity to bind polymeric immunoglobulin receptor 

(pIgR), mediating the transcytosis of pIgA through the epithelial membrane (225).  At the 

apical surface of the epithelial membrane, proteolytic cleavage of pIgR releases SIgA and free 

secretory component (SC) into the mucosal secretions (The IgA SC is derived from the pIgR) 

(226).   

 

Antibodies prevent disease via direct neutralization of pathogens.  They bind to specific 

pathogen targets, preventing microbial interactions with host cell receptors and blocking 

adherence.  Antibodies also play a role in complement activation which results in the assembly 

of the membrane attack complex to directly destroy the target.  Another mechanism by which 

antibodies mediate protection is through opsonophagocytosis, where antibodies (and other 

opsonins) facilitate the clearance of a pathogen by mononuclear phagocytes (monocytes, 

macrophages and DCs) and granulocytes (neutrophils, eosinophils, basophils and mast cells) 

(218). 

 

1.8 Treatment and prevention strategies  

 

1.8.1 Antibiotics 

 

GAS remains exquisitely sensitive to penicillin (24).  However, in the past two-decades 

penicillin treatment failure has increased by 40% (227).  The failure of penicillin to treat 

invasive GAS infections can be attributed to the poor penetration of penicillin into epithelial 

cells and protection of GAS by β-lactamase-producing bacteria of the oral microbiota (228).  

In cases of penicillin treatment failure, oral cephalosporins such as cefadroxil and cefpodoxime 

proxetil are prescribed (228).  Recommended treatments for penicillin-allergic patients with 

GAS pharyngitis are macrolide (erythromycin and azithromycin) and lincosamide 

(clindamycin) antibiotics (229). 

 

The increasing threat of antibiotic resistance remains a major concern.  Therefore, prevention 

rather than treatment is the only way forward.   
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1.9 Vaccination  

 

1.9.1 Liposomes as antigen delivery systems   

 

The primary sites for GAS infection are the URT and skin (181).  An optimal GAS vaccine 

would therefore have to elicit both mucosal and systemic immune responses to confer complete 

protection.  Parenteral vaccination alone is insufficient to provide protection against mucosally 

active pathogens; thus, a mucosal vaccination route is also necessary.  Peptide-based antigens 

have limited ability to be administered via the mucosal route and they require the addition of 

adjuvants to be effective (230).   

 

Liposomes are optimal for the delivery of specific antigens as they can be customised to target 

desired tissues and/cells.  To trigger the desired immune response, 

antigens/immunostimulants/adjuvants (compounds) can be coupled to liposomes in numerous 

ways; compounds can be encapsulated within the hydrophilic core, entrapped in the 

hydrophobic bilayer, electrostatically complexed on the surface and anchored (via fatty acyl 

chains) to the phospholipid bilayer (204).  The quality of an immune response induced by 

liposomes can be enhanced by the incorporation of immunostimulants such as monophosphoryl 

lipid A (MPL) and trehalose dibehenate (TDB) (231).  Liposomes can also be prepared with 

various lipid compositions, surface charges and sizes (204) thereby making them the ideal 

platform for the delivery of conserved antigens that rarely stimulate strong immune responses 

in isolation (232).    

 

1.9.1.1 The influence of surface charge in the development of liposomal delivery systems   

 

Cationic liposomes have a natural affinity towards negatively charged cell surfaces.  The main 

feature of cationic liposomes is to prolong the deposition of antigen at the injection site leading 

to the proficient uptake by APCs (231).  In contrast, anionic liposomes are poorly absorbed 

through cell membranes (204, 233).  Intranasal administration of cationic liposomes has been 

shown to effectively deliver antigens into the cytoplasm of macrophages and DCs (234, 235).   

 

CAF01 is a cationic liposomal delivery system that has been shown to induce protective 

immune responses in various disease models and states.  These include Mycobacterium 

tuberculosis (TB) (236-238), Chlamydia trachomatis (236, 239-241), influenza (242), blood-
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stage malaria (243) and GAS (244).  CAF01 is composed of DDA 

(dimethyldioctadecylammonium), a synthetic amphiphilic cationic lipid, stabilised with 

immunostimulatory component, trehalose 6,6-dibehenate (TDB), a non- toxic analogue of the 

mycobacterial cell wall component trehalose 6,6′ dimycolate (TDM) (245). 

 

CAF01 is a strong Th1/Th17 promoting adjuvant (238, 246).  These cell-subsets play a critical 

role in the protection against GAS (185, 189, 207, 210, 211, 247). CAF01 has also been shown 

to create a depot effect, leading to increased monocyte influx to the site of injection as well as 

the draining lymph nodes (248).  CAF01 adjuvanted vaccines have been demonstrated to 

induce IgG1 levels comparable to vaccines adjuvanted with aluminum hydroxide (Alum) 

(231).  Alum preferentially induces Th2-type immune responses (249) that may suppress the 

events required for Th1-type cell development (250, 251).  Thus, Alum may not be well suited 

for use in GAS vaccines where Th1/Th17 responses are critical in protection (244). 

 

1.9.1.2 Incorporation of MPL into liposome-based vaccines  

 

Toll-like receptor (TLR) ligands can be surface coupled, embedded or absorbed on the surface 

of liposomes to enhance liposomal adjuvanting activity (204).  The TLR4 ligand, MPL, 

comprises the lipid A portion of Salmonella minnesota R595 lipopolysaccharide (LPS; 

endotoxin) (252).  TLR4 stimulation contributes to the activation of NF- κB and subsequent 

expression of proinflammatory cytokines, such as TNF-α and IL-6 (253).  Expression of these 

cytokines enhances the adaptive immune response by stimulating the maturation of APCs 

(254).  MPL has been reported to promote IFN- signalling, therefore inducing a dominant 

Th1-type immune response (252).  In mice, MPL induces a predominantly IFN- and IgG2 

antibody response (252). MPL has also been shown to increase the differentiation of cytotoxic 

T-cells through IL-6 signalling, resulting in significant protection following influenza A 

challenge (255). 

 

GlaxoSmithKile (GSK) Biologicals uses MPL in several vaccine formulations.  An example is 

AS01, a liposome-based adjuvant that contains two immunostimulants: MPL and QS-21(a 

saponin molecule extracted from the bark of the South American tree Quillaja 

saponaria Molina, fraction 21) (256).  AS01 is a component of the Plasmodium falciparum 

vaccine RTS,S, which has recently completed a phase 3 clinical trial  (256, 257).  Vaccination 
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with RTS,S resulted in very high levels of antibodies against the malarial antigen and was 

found to be nonpyrogenic and safe for use in humans (258).    

 

GAS vaccine development is comprehensively discussed in chapter 2: Contribution of cryptic 

epitopes in designing a group A streptococcal vaccine (under review: HV&I).  
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Abstract 

 

A successful vaccine needs to target multiple strains of an organism.  Streptococcus pyogenes 

is an organism that utilizes antigenic strain variation as a successful defence mechanism to 

circumvent the host immune response.  Despite numerous efforts, there is currently no vaccine 

available for this organism.  Here we review and discuss the significant obstacles to vaccine 

development, with a focus on how cryptic epitopes may provide a strategy to circumvent the 

obstacles of antigenic variation. 
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Vaccines are amongst the greatest medical achievements of modern civilisation.  Today, over 

70 vaccines have been licenced to prevent infection with approximately 30 different organisms 

1, 2.  Vaccine development has largely focused on the concepts of live attenuated, sub-unit and 

whole-cell vaccine designs.  Of these one-third are sub-unit vaccines that contain highly 

immunogenic immunodominant antigens capable of producing antibodies to a single-strain of 

an organism 2, 3.  However, for several infectious diseases this approach is ineffective or is 

associated with major disadvantages.  The challenge is that many organisms are antigenically 

variable and due to their diversity, polyvalent vaccines have been developed.  Examples 

include vaccines for Streptococcus pneumoniae and Human Papilloma Virus 3. 

 

Streptococcus pyogenes (group A streptococcus, GAS) is an important human pathogen for 

which vaccines are not yet available.  For this organism, antigenic diversity is extensive and 

this challenges even a multivalent vaccine approach.  An alternative approach is to use cryptic 

epitopes because these are poorly immunogenic in the native organism and they are thus not 

under immune selection pressure 3.  Although they may not be recognised as a result of natural 

infection 4,  they can be highly immunogenic when presented in isolation such as a peptide or 

a recombinant polypeptide fragment.  Furthermore, because they are conserved they may be 

able to induce strain-transcending immunity.  Cryptic epitopes can thus be exploited in vaccine 

development.  Despite their recognised potential there is a paucity of literature on the 

description and utilisation of cryptic epitopes as vaccine candidates.   Here, we provide an in-

depth review on the development and potential use of two separate cryptic epitopes in a vaccine 

to prevent infection with GAS. 

 

GAS is a Gram-positive organism that primarily infects the upper respiratory tract (URT) and 

the skin 5, 6.  It is responsible for a wide array of infections ranging from superficial infections 

such as streptococcal pharyngitis and pyoderma to invasive necrotising fasciitis.  The ‘post-

streptococcal’ sequelae of rheumatic fever (RF)/rheumatic heart disease (RHD) and post-

streptococcal glomerulonephritis are also of major concern.  GAS infections and their sequelae 

are responsible for more than 500,000 deaths each year 5.  In 2015 there was an estimated 319 

400 deaths due to RHD 7. 
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Immunopathogenesis and obstacles in GAS vaccine development  

 

Development of auto-reactive B and T-cells   

 

Infection with GAS can lead to acute rheumatic fever (ARF), which predominantly affects 

people living in resource-poor settings.  Subsequent streptococcal throat infections can cause 

recurrent ARF.  Single or repeated episodes of ARF can result in RHD 8.  The genetic 

susceptibility to RF/RHD is associated with Class II MHC molecules (HLA-DR, DQ and DP) 

that present peptides from extracellular pathogens to CD4+ T-cells 9.  These include HLA-

DRB1, HLA-DRB4, HLA-DQA1 and HLA-DQB1 10.  The aetiology of the disease is not well 

understood but has been defined as an autoimmune illness (see below) 11.  The streptococcal 

M-protein shares an alpha-helical coiled-coil structure and antigenic cross-reactivity with 

cardiac myosin.  This phenomenon was first described by Kaplan 12, and Zabriskie 13 and 

Meyeserian 12 as antibody cross-reactivity.  This is a significant hindrance to GAS vaccine 

development where it is critical that a vaccine does not induce auto-reactive B- and T-cell 

responses.  The evidence that an autoimmune pathogenic process might involve the M-protein 

was highlighted in an early study in 1969 where 21 children were vaccinated with type-3 

streptococcal M-protein.  Children received up to 33 injections of partially purified M-protein 

at doses of up to 1 mg per injection.  Following vaccination, although these children developed 

18 GAS infections (tonsillitis/pharyngitis), none were type-3 GAS infections.  However, two 

of these infections were followed by RF and one by probable RF 14.  In other studies where 

subjects were immunized with three doses of M-protein there were no reported serious adverse 

events 15, 16.  In 1979, the US Food and Drug Administration prohibited the development of a 

GAS vaccine after considering the findings of the independent advisory panel “Review of 

Bacterial Vaccines and Bacterial Antigens”.  The prohibition remained for nearly 30 years and 

was lifted in 2006 when subunit vaccines were being developed 17.  

 

The immunopathogenesis of group A streptococcal disease has been studied and the 

autoimmune potential of the M-protein has been identified in a number of previous studies 

reviewed extensively by Cunningham 18, 19.  The B1B2/B2/B3A regions of the M-protein were 

found to contain myosin-cross reactive epitopes, with B2 peptide having 42% identity with 

cardiac myosin and B1A inducing myocardial lesions 20.  Therefore, the B-repeat region of the 

M-protein has been excluded in GAS vaccine development.  Additionally, studies have also 
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shown cross-reactivity between the C-repeat region and cardiac and skeletal myosin 20-22,  thus 

strengthening the case for the development of minimal subunit vaccines where host cross-

reactive epitopes can be eliminated to reduce the risk of ARF and RHD. 

 

M-protein sequence variation is associated with rheumatogenic GAS strains associated with 

the development of ARF.  Examples include M-types 5 (M5) and 6 (M6).  Immunization with 

M6 protein was shown to induce valvulitis and myocarditis in a Lewis rat model with both 

CD4+ and CD8+ T-cells detected in valvular lesions 23.  Additionally, immunization with 

human cardiac myosin generated T-cells that recognized the M5 protein 24.  Furthermore, 

passive transfer of M-protein A-repeat region-specific T-cells into naïve rats produced 

valvulitis providing further evidence that M-protein-specific T-cells may be key mediators in 

valvular heart disease 25.  M-types 1, 3, 5, 6, 14, 18, 19, 24, 27 and 29 have been previously 

associated with ARF 26-31.  The relationship between rheumatogenic GAS strains and acute 

pharyngitis was evaluated in an epidemiological study in the United States.  A decrease in the 

prevalence of ARF was associated with a significant reduction in the proportion of cases of 

acute streptococcal pharyngitis in children caused by rheumatogenic GAS types 30.  In a more 

recent study, it was found that GAS strains belonging to emm pattern D (skin pattern) 

contributed to 49% of ARF-associated GAS strains, thus also suggesting a role of skin infection 

in the development of ARF 32. 

 

Antigenic strain variation with GAS and the need for repeat exposure to induce immune 

memory  

 

A major hindrance to subunit vaccine development is the vast sequence diversity of the 

virulence factor, the M-protein.  Strain-specific immunity is a result of the development of 

antibodies to the immunodominant amino-terminal epitopes on this protein 27.  The M-protein 

is encoded by the emm gene.  There are over 200 distinct strains based on the serological M-

types and more than 230 emm types have been identified using emm typing 33, 34, the gold 

standard molecular typing method that is based on the 5’-end 150 nucleotides of the emm gene 

35.   

  

Early studies by Kuttner and Lenert 36 revealed the presence of type-specific antibodies in 

children recovering from streptococcal pharyngitis.  A follow-up study found that type-specific 
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antibodies from adults recovering from GAS infection in the URT were able to bind to 

homologous heat-killed streptococci but not strains of heterologous types 37.  In another study, 

type-specific antibodies were shown to reduce the risk of homologous pharyngeal infections 

38.  Further studies by Lancefield reported that human antisera to types 3, 6 and 13 protected 

mice against homologous challenge with GAS to an extent roughly proportional to the antibody 

concentration detected in sera 39.  This supported the notion that M-protein-specific antibodies, 

post-pharyngeal infection with GAS, persist for extended periods of time, and confer 

homologous strain-specific immunity.  

 

However, there is very little knowledge on the acquisition of immunity following GAS skin 

infection.  We used a number of epidemiologically distinct GAS strains to model the 

development of acquired immunity to pyoderma and demonstrated that infection leads to 

antibody responses to the serotype-specific determinants on the M-protein and short-lived 

protective immunity to homologous strains.  Memory B-cells do not develop after a single 

infection and immunity is rapidly lost 4.  Similarly, sequential infections with different strains 

resulted in short-lived immunity only to the last strain to which the mice had been exposed and 

not to any previous strains.  However, two sequential infections with the same strain within a 

short time frame did induce enduring strain-specific immunity.  Along with antigenic-diversity, 

if the requirement for multiple consecutive exposures to each serotype of GAS to induce a 

memory response also occurs in humans, then this represents a further serious impediment to 

the development of immunity to GAS.  The need for multiple infections to induce 

immunological memory to a given strain begs the question of whether natural infection post-

vaccination will be able to boost and maintain memory.  This is a critical question for all 

vaccine candidates.  Mice exposed to multiple strains, either sequentially or simultaneously, 

did not develop antibodies to a conserved M-protein vaccine peptide, J8, demonstrating that 

this epitope is cryptic to the immune system 4.  However, we have recently shown that skin 

infection can boost J8-induced immunity and furthermore that the infection serves to broaden 

the nature of immunity by engaging other antigens such as SpyCEP 40.  

 

GAS vaccine development 

 

GAS vaccine development is divided into M-protein and non-M-protein-based approaches 41.  

M-protein-based vaccines include fused recombinant peptides from the N-terminal region of 
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the M-protein from multiple emm types of GAS (6-, 26- and 30-valent vaccines) 42-45, antigens 

from the conserved C-repeat region of the M-protein, StreptInCor (containing selected T and 

B-cell epitopes) 46, SV1 (containing five 14-mer amino-acid sequences from differing C-repeat 

region) 47 and J8/J14, a cryptic epitope-based vaccine approach (containing a single B-cell 

epitope from the C3 repeat region) 48.  Figure 1 represents a schematic of the M-protein with 

the location and targets of M-protein-based vaccines in development.  The non-M-protein-

based vaccines include virulence factors such as SpyCEP 49 and C5a peptidase 50, and group 

carbohydrates 51, 52.  A comprehensive discussion of M-protein and non-M-protein GAS 

vaccines is summarized in Table 1.  

 

M-protein-based vaccines  

 

To take advantage of the type-specific opsonic antibodies associated with the amino (N)-

terminal region of the M-protein a multivalent M-protein vaccine was designed.  The hexa-

valent vaccine consisting of N-terminal subunits from 24, 5, 6, 19, 1 and 3 M-protein peptides 

was found to be immunogenic against all six M-protein peptides and no cross-reactivity 

between immune sera and human heart tissue was observed 42, 44.  However, this vaccinate 

candidate was constrained by type-specific protection 42, 44.  Therefore, the vaccine was 

advanced to a 26-valent N-terminal vaccine (StreptAvax), consisting of 26 N-terminal subunits 

from North American GAS isolates 53.  Although StreptAvax was shown to cross-opsonize 

non-vaccine M-types, it offered limited theoretical coverage against strains in many developing 

countries 45, 53.  The 26 emm types present in the vaccine accounted for only 65% of all isolates 

in Africa, Asia, Middle-East and Pacific region, with the theoretical coverage of the vaccine in 

Africa being estimated to be 39% and in the Pacific region, 23.9% 54.  Regardless, this is the 

most advanced GAS vaccine candidate with the successful completion of a Phase II clinical 

trial 55.  The vaccine has since been refined to a 30-valent vaccine consisting of 30 N-terminal 

subunits from North America and Europe.  The serotypes included in the vaccine account for 

98% of all cases of pharyngitis in the United States and Canada, 90% of invasive disease cases 

in the United States and 78% of invasive disease cases in Europe 56.  The vaccine was shown 

to induce antibodies in rabbits against 24 of 40 non-vaccine serotypes 43, 57.  Recently, these 

observations have led to the designing of M-protein-based vaccines utilizing an emm cluster-

typing system in combination with computational structure-based peptide modelling.  The 
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preliminary data are promising, however, further investigations are required to confirm the 

feasibility of this approach 58. 

 

To elicit a broader range of protection, vaccine candidates targeting the conserved C-terminal 

region of the M-protein have been developed.  StreptInCor, comprising 55 amino-acid residues 

from the C2 and C3 conserved regions of the M5 protein was shown to be protective in BALB/c 

59, HLA class II transgenic mice 60 and SWISS mice 61.  Protective efficacy was demonstrated 

against M1, M5, M12, M22 and M87 GAS strains 62.  No autoimmune pathology was observed 

in heart or other organs 60 and an epidemiological study of Brazilian GAS isolates predicted 

the protective coverage to be 71% 62.  Another C-terminal vaccine candidate in development is 

SV1, consisting of five 14-mer amino-acid sequences (J14i variants) from differing C-repeat 

regions combined in a single recombinant construct.  Unlike the J8-DT vaccine candidate, SV1 

maintains alpha-helical structure without the need for additional flanking sequence 47, 63.   

Antibodies raised to SV1 were shown to bind to each of the 5 J14i variants which are present 

in 97% of M-proteins 47, 63.  The studies with the Lewis Rat model for valvulitis suggested that 

the vaccine is safe and will elicit antibodies that recognize a broad range of GAS serotypes 63.  

J14 has also been combined synthetically with 7 amino-acid peptides from different emm 

strains and induced protective antibodies in mice to strains both represented by and not 

represented by the amino-terminal sequences 64. 

 

An experimental vaccine J8-DT, targeting the conserved domain of M-protein and conjugated 

to diphtheria toxoid (focus of this review) has shown efficacy against multiple GAS strains.  

The efficacy of J8-DT was further improved to protect against covR/S mutant hypervirulent 

strains by incorporation of a SpyCEP epitope (S2) (see below).  J8 conjugated to CRM 197 

(enzymatically inactive non-toxic form of DT) in combination with K4S2-CRM is currently in 

preparation for a Phase I clinical trial 65-67.  

 

Non-M-protein-based vaccines 

 

In recent years with the help of reverse vaccinology along with proteomics, whole genome 

sequencing, bio-informatics and microarray technology, a number of non-M-protein vaccine 

candidates have been identified 68 and are under pre-clinical development.  Their highly-

conserved nature across various serotypes and to date, no evidence of associated tissue cross-
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reactivity, makes them an attractive target for vaccine development 56.   Non-M-protein-based 

vaccine candidates that have been shown to play a role in immunity include C5a peptidase 50, 

69-71, streptococcal fibronectin binding protein 72, 73, streptococcal pyrogenic exotoxins A 74, 75, 

B 76 and C 77, S. pyogenes cell envelope protease 49, 65, serum opacity factor 78, streptococcal 

pili 79, and GAS carbohydrate 51, 52, 80.  However, a non-M-protein vaccine candidate has yet to 

progress into human clinical trials.  It is believed that despite the role that non-M-protein 

antibodies play in GAS immunity, opsonic M-protein specific antibodies will be critical for 

clearing GAS infection 81.  A combination of M-protein and non-M-protein antigens could be 

exploited to improve protection which has been demonstrated with the MJ8CombiVax (J8-

CRM+K4S2-CRM) vaccine 67.  A detailed analysis of each of these vaccine candidates is 

provided in Table 1. 

 

Identifying a cryptic target for a GAS vaccine  

 

Bessen and Fischetti 82 demonstrated the protective potential of the conserved region of the M-

protein against GAS.  Mice were immunized intranasally with synthetic peptides from the 

highly-conserved C-repeat region of the M-protein, which had been covalently linked to 

cholera toxin B subunit (CTB).  These peptides corresponded to antigenic epitopes shared by 

many emm types.  It was found that intranasal immunization with the cross-reactive epitopes 

coupled to CTB led to significant protection against pharyngeal colonisation by GAS.  In 

parallel, Jones and Fischetti 83 showed that antibodies to the amino-terminal region of the M-

protein, but not the conserved central region, were opsonic.  Contrary to that, we demonstrated 

that a conserved region peptide, p145 (a 20-mer peptide from the ‘C3-repeat’ region), was able 

to induce opsonic antibodies in mice post-immunization84.  The opsonization assay used 

stationary phase rather than log-phase organisms that are used in the ‘classical’ Lancefield 

assay.  It was hypothesized that the diminished hyaluronic acid (HA) capsule associated with 

stationary phase GAS will allow better access of antibodies to the C-repeat region of the M-

protein 85.   p145 peptide was identified by scanning the conserved C- region of the M-protein 

of GAS 22, 84.  p145-specific affinity purified human antibodies collected from a highly endemic 

region of Australia, were also shown to be opsonic 86. These findings suggested that p145 might 

be a suitable vaccine candidate.  However, there were concerns regarding host tissue cross 

reactivity.  Human studies suggested that while humoral responses may initiate RF/RHD, the 

key mediators of heart lesions are auto reactive T-cells.  By molecular mimicry these T-cells 
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also recognize heart tissue proteins.  Heart infiltrating T-cell clones isolated from RHD patients 

have been shown to recognize GAS M5 protein and heart tissue proteins/peptides 87, 88.  It was 

deemed prudent to define the minimal epitope within p145 that was immunogenic and able to 

induce opsonic antibodies. 

 

The structure of the M-protein is a coiled-coil alpha helix and it was critical that the minimal 

epitope maintains helical folding in order to induce antibodies that recognize the native protein.  

To promote alpha-helical coiled-coil confirmation, small sequences (12 amino-acids in length) 

from p145 were flanked with a GCN4 peptide (from a DNA binding protein of yeast known to 

promote an alpha helical coiled-coil) 89.  Chimeric peptides designated J1 to J9 were used to 

map the minimal epitope within p145 using age-stratified sera from Indigenous Australians 

living in a highly streptococcal endemic region 86 (Table 2).  Sera from over 90% of individuals 

in the 20+ years age group recognized peptides J1, J2, J7, and J8 but the recognition of these 

peptides was much less in children (approximately 20%) 86.  The epitopes were thus cryptic in 

that many years of exposure were required to induce an antibody response.  Additional studies 

revealed that human antibodies to p145 could opsonize multiple serotypes of GAS including 

strains that exhibited slight differences in the p145 minimal epitope sequence 90.  Monoclonal 

antibodies from mice immunized with p145 recognized J7, J8 and J9 91.  These three peptides 

induced a significant antibody response to themselves (titre >12,800), although only J8 could 

induce an antibody response to p145.  Having noted the potential of J7, J8 and J9, an additional 

chimeric peptide, termed J14, was synthesized from amino-acids 7-20 of p145 (amino-acids 

found within J7, J8 and J9) 91.  p145 antisera bound to J14 and antisera from mice immunized 

with J14 recognized J7, J8, J9 and p145.  J8 and J14 did not induce p145-specific T-cell 

responses in mice, which was seen as a bonus in terms of the safety profile of the vaccine 91.  

Within p145, the T-cell epitopes were mapped to J2 and J3.  This corresponds to residues 3-14 

located at the amino-terminal region of p145 91.  Thus, a minimal cryptic B-cell epitope (J8) 

was defined, and this did not contain a potentially deleterious T-cell epitope from GAS, yet 

was able to stimulate antibodies that could opsonize GAS 91.  Although J8 did not contain a 

GAS-derived T-cell epitope recognized by mice, it does nevertheless contain one or more T-

cell epitopes.  J8 has 12 amino-acids copying the M-protein sequence, but also contains an 

additional 16 non-streptococcal amino-acids (GCN4 protein) that form part of the T-cell 

epitope of J8 89, 91.  
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The immunogenicity of the J8 peptide was determined using different adjuvants 48.  

Quackenbush (outbred) and B10.BR mice were immunized with J8 peptide and lymph node 

cell proliferation to the peptide was determined for each mouse.  For the Quackenbush mice, 

lymph node cells from only 2 of the 20 mice proliferated, whereas T-cells from 7 of the 8 

immunized B10.BR mice responded to the J8 peptide 48.   

 

Development of a conjugate GAS vaccine 

 

Immunological responsiveness to a vaccine is determined by T-cells being able to recognize 

processed fragments of an antigen (via the major histocompatibility molecule II [MHC II]).  

Failure of J8 to stimulate T-helper cells in an outbred population would limit its suitability as 

a vaccine.  Therefore, J8 was conjugated to the carrier protein, diphtheria toxoid (DT), and the 

conjugate was used to immunize mice which were subsequently challenged via the skin or 

mucosal routes 48. 

 

J8-DT administered subcutaneously with Alum protected against streptococcal pyoderma and 

bacteraemia 65.  In this study, a scarification method was used to mimic superficial skin 

infection.  Vaccinated mice had significantly reduced bacterial burden in the skin in 

comparison to non-vaccinated mice.  In addition, vaccinated mice either did not develop a 

systemic infection or cleared infection significantly faster compared to the non-immunized 

cohort 65.  The vaccine was shown to induce a memory response using an adoptive transfer 

assay.  J8-DT-immunized mice were rested for 10-12 weeks and splenocytes or purified B or 

T-cells were then transferred to naïve immunodeficient SCID mice.  Adoptive transfer of 

splenocytes from immunized mice or B-cells from immunized mice along with T-cells from 

either immunized or naïve mice resulted in the recipients being immune and showing 

significantly reduced bacterial burden in the skin and blood following challenge infection.  At 

the time of challenge, the reconstituted SCID mice did not have detectable J8-specific 

antibodies in their serum 65.  These data thus demonstrated that mice could be protected even 

if they did not have serum antibodies at the time of challenge, providing they had memory B-

cells.  Presumably the memory B-cells responded quickly to the infection, producing 

opsonizing antibodies. 
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Pre-clinical data on immunogenicity and safety of J8-DT demonstrated no abnormal heart 

tissue pathology in a Lewis rat model for cardiac valvulitis 92.  In addition, a dose escalating 

toxicology assessment of J8-DT in rabbits demonstrated no treatment-related or toxicologically 

significant effects 92.  The vaccine has been tested in a pilot Phase I clinical trial and was shown 

to be immunogenic with no serious adverse events reported in the study (manuscript 

submitted). 

 

J8-DT-mediated systemic protection required J8-specific IgG to mediate GAS clearance from 

the site of infection 65, 66, 93.  However, protection against URT infection may require an IgA 

response 94, 95.  We observed that intramuscular immunization with J8-DT/Alum resulted in 

high serum J8-specific IgG titres but no salivary J8-specific IgA titres.  Following intranasal 

challenge there was minimal protection as demonstrated from estimating bacterial burden in 

nasal secretions, throats and Nasal Associated Lymphoid Tissue (NALT; a murine homolog to 

human tonsils) 96.  

 

We explored different approaches to induce mucosal immunity.  Immunization of mice with 

J8-DT/CTB (cholera toxin B, CTB) (and J14-DT/CTB) led to protection following challenge 

via the URT route 97.   However, CTB is not a suitable adjuvant for human studies.  We 

therefore explored other potential approaches to induce mucosal immunity.  Immunization with 

J14 formulated with bacterial outer membrane proteins (J14/proteosomes) and administered 

intranasally to outbred mice resulted in J14-specific IgA in saliva and a decreased colonisation 

in mice post-challenge with GAS 94.  In a further study, J14 was incorporated into a lipopeptide 

construct to which a universal T-cell epitope and a self-adjuvanting lipid moiety, Pam(2)Cys, 

were attached 98.  This vaccine formulation (P25-P2C-J14) induced salivary J14-specific 

antibodies, which coincided with reduced throat colonisation post-intranasal GAS challenge 98.  

More recently we have explored the use of liposomes composed of neutral lipids encapsulating 

DT and displaying lipidated J8 on their surface (J8-Lipo-DT).  This liposome construct induced 

peptide-specific IgA and protected against intranasal GAS challenge 96. 

 

Anti-J8 antibodies are not observed following a GAS infection of mice.  Additionally, there is 

a lack of anti-J8 antibody secreting cells (ASCs) in the spleen and long lived plasma cells 

(LLPCs) in the bone marrow 4.  In contrast, following immunization with J8-DT, significant 

numbers of J8-specific ASCs were observed in the spleens of mice.  Furthermore, following 
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sequential infections of J8-vaccinated mice with different strains of GAS, the numbers of J8-

specific ASCs increased significantly and the degree of protective immunity similarly 

increased.  Thus, while J8 is cryptic following infection of naïve mice, J8-specific B-cells 

(induced by vaccination with a J8 conjugate vaccine) can nevertheless be boosted by infection 

4, 93, 40. 

 

J8, being highly conserved and cryptic, overcomes the barrier of antigenic variability found 

within circulating GAS strains.  In a recent study by Sanderson-Smith et al., 2014  99, J8 was 

found to have high sequence homology among differing emm types; 173 of the 175 emm types, 

collected globally, contained either the J8 or J8.1 allele 99.  These two J8 allelic sequences are 

immunologically cross-reactive.  Antisera raised to both allelic sequences recognize the parent 

peptide (p145) equally (unpublished data).  Further supporting these data is a study from 

Cambodia where 28% and 69% of the isolates carried the J8 or J8.1 allele respectively, thus, 

predicting the theoretical coverage of the vaccine to be 97% 100.  Likewise, in another study 

carried out in Lao, where among 124 GAS isolates, 34 emm types were observed: 15% and 

82% of the isolates predicted to contain the J8 or J8.1 allele respectively and the theoretical 

coverage of the J8 vaccine was predicted to be 97% 101.  These studies provide encouraging 

data supporting the potential of cryptic epitope J8 in combating one of the major impediments 

to GAS vaccine development - antigenic strain variation.  This is further strengthened by 

extensive animal studies where immunization with vaccines based on cryptic epitopes (J8-DT 

or J8-DT+K4S2-DT) provided protection against GAS strains from multiple emm types 

belonging to different clades and emm clusters 65-67. 

 

Pathogenesis of covR/S mutant GAS strains  

 

While J8-DT is a highly efficacious vaccine that protects against multiple GAS strains of 

various emm types, its efficacy against hyper-virulent covR/S mutant strains is compromised.  

The covR/S system plays an important role in regulating ~15% of the genome of which a 

majority includes virulence gene expression (mostly virulence factors responsible for 

invasiveness of an isolate during infection) 102.  Several virulence factor genes are upregulated 

as a result of covR/S mutation including S.pyogenes  cell envelope proteinase (SpyCEP, cepA), 

streptodornase of serotype 1 (Sda1, sda1), streptolysin O (SLO, slo), streptococcal inhibitor of 

complement (SIC, sic) and the hyaluronic acid capsule synthesis operon (HA, hasABC) 103. 



 

  Chapter 2 

 

 65 

SpyCEP, a CXC chemokine protease is a cell wall anchored serine protease that can also be 

released as a soluble enzyme 104.  SpyCEP can cleave human interleukin-8 (IL-8) and KC and 

MIP-2 in mice, thereby disrupting neutrophil chemotaxis to the site of infection and assisting 

GAS to become systemic 104.  Invasive blood isolates have been shown to have increased 

SpyCEP activity compared to non-invasive isolates 105.  The role of neutrophils in SpyCEP 

mediated pathogenesis of GAS was demonstrated utilising human microvascular endothelial 

cells where infection with GAS cepA mutant (gene encoding SpyCEP, cepA, deleted) led to 

significantly higher neutrophil chemotaxis in comparison to a covR/S mutant GAS strain.  In 

addition, it was demonstrated that covR/S mutant GAS survived neutrophil killing significantly 

more than cepA mutant bacteria 106.  Furthermore, following subcutaneous skin-infection 

covR/S mutant GAS demonstrated increased lesion size which correlated with 

histopathological analysis where an impaired neutrophil recruitment to the site of infection was 

noted 106.  

 

Hypervirulent covR/S mutant GAS have been associated with reduced colonisation capacity 

103.  However, covR/S mutant GAS displayed enhanced ability to establish URT infection in a 

mouse model when compared to a cepA mutant 105.  On the contrary, in the same study the 

observations were reversed when the contribution of SpyCEP to GAS adherence and invasion 

was examined using HEp-2 human epithelial cells.  The cepA mutant was found to be ~3 fold 

more adherent and ~2 fold more invasive than the covR/S mutant parent strain 105.  These data 

are supported by another study where covR/S mutant GAS had significantly decreased 

adherence to HEp-2 cells and HaCaT keratinocytes in comparison to wild-type GAS 103.  

covR/S mutant GAS were found to have significantly more hyaluronic acid capsule than wild-

type GAS.  Hypercapsulation was associated with impaired adherence through the masking of 

GAS adhesins and extracellular binding proteins 103. 

 

SpyCEP is highly conserved between GAS isolates 104, 107.  Initial studies by Rodriguez-Ortega 

et al., 2006 68, using a whole genome proteomic bioinformatic approach identified SpyCEP 

(Spy0416) as a potential vaccine candidate that led to partial protection following intranasal 

infection with M23 GAS.  In another study, SpyCEP immunization led to reduced 

dissemination of GAS to the blood and spleen following challenge 49.  Similarly, intranasal 

immunization with rSpyCEP significantly reduced covR/S mutant GAS dissemination from 

URT to blood liver or spleen 49.  Furthermore, SpyCEP vaccination has been shown to reduce 
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the intensity of intranasal infection with bioluminescent GAS (covR/S wild-type) 108.  However, 

bacterial counts in nasal tissues on day-4 post-infection were not significantly different 

between vaccinated and control groups, indicating that SpyCEP alone was unlikely to be a 

viable vaccine candidate 108. 

 

Development of a combination vaccine to broaden the scope of J8-DT 

  

The data on the mechanism of J8-DT-mediated protection highlighted a critical role of 

neutrophils 65.  Following skin challenge with covR/S wild-type GAS, vaccinated neutrophil-

depleted mice suffered significantly higher bacterial burdens in skin and blood when compared 

to vaccinated neutrophil-sufficient mice 65.  These data suggested that J8-DT may have 

compromised efficacy against strains of GAS that have a mutation in the covR/S regulon, 

preventing neutrophil ingress to the site of infection and hampering phagocytosis.  This was 

supported by histological examination that demonstrated a lack of neutrophils at the site of 

infection 65.  To protect neutrophil-attracting CXC chemokines from degradation, antibodies 

were generated using a truncated recombinant SpyCEP fragment (rSpyCEP: amino-acid 

residues 35-587) 49 combined with J8-DT.  Vaccination with this combination vaccine (J8-DT+ 

rSpyCEP) led to significant protection against pyoderma and bacteraemia 65.  In-vitro studies 

showed that anti-SpyCEP antibodies protected IL-8 from degradation mediated by 

supernatants from covR/S mutant GAS strains 106.  These data demonstrated that J8-DT and 

rSpyCEP act synergistically to opsonize GAS (with anti-J8 antibodies) and to block IL-8 

degradation (with anti-SpyCEP antibodies).  The combination vaccine resulted in profound 

protection against covR/S wild-type and mutant GAS skin challenges.  

 

The combination J8-DT+rSpyCEP is promising; however, rSpyCEP is a large protein, which 

may have the ability to induce an unwanted autoimmune response.  Although rSpyCEP has 

been previously used as a vaccine candidate with no known side effects 49; to eliminate any 

potential risks that may impede future vaccine progress, epitope mapping of rSpyCEP was 

undertaken.  Peptide S2 (AA 205-224) was recognized by antisera from rSpyCEP-immunized 

mice.  Antibodies generated to S2 could completely protect IL-8 from SpyCEP-mediated 

proteolysis 66.  We also demonstrated that human plasma samples with a confirmed antibody 

response to GAS could only partially protect IL-8 from degradation, suggesting that native 

SpyCEP may be cryptic or subdominant conferring a survival advantage to the organism 66.  
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Like J8, S2 is highly conserved with 95% homology found between the vaccine candidate S2 

and S2.1 (Table 3), further suggesting that it is not under immune pressure.  Both rSpyCEP- 

and S2-antisera also protected the related mouse chemokine, MIP-2, against degradation.  

Subsequently, mice vaccinated with the combination vaccine (J8-DT+S2-DT) and challenged 

via the skin route with stationary or log phase covR/S mutant organisms had significantly 

reduced bacterial burden in skin and blood when compared to PBS controls 66.  Furthermore, 

histological examination revealed that immunized mice had a large influx of neutrophils to the 

site of infection.  Mucosal immunity was also assessed in the context of J8 and S2 mediated 

protection.  J8 and S2 expressed on the surface of liposomes (J8/S2-Lipo-DT) and administered 

to mice intranasally elicited J8- and S2-specific IgA titres that were comparable to the titres 

induced by the individual vaccine constructs (J8-Lipo-DT and S2-Lipo-DT respectively) 96.  

Following intranasal-challenge with 5448AP GAS (a covR/S mutant), immunized mice had 

significantly reduced bacterial colonisation in comparison to PBS controls in throat swabs and 

NALT 96.  Recently a more soluble derivative of S2 (S2 with four Lysine residues; K4S2) in 

combination with J8-DT has demonstrated comparable efficacy  67.  A comprehensive 

summary of cryptic/B-cell epitopes utilized in vaccines designed by our group is presented in 

Table 4.  

 

Animal models in GAS vaccine development 

 

GAS is a human-specific pathogen; consequently, use of an animal model to study vaccine 

efficacy and immunopathogenesis of the organism poses several challenges.  GAS isolated 

from humans rarely show natural virulence for mice and serial passaging is required to increase 

the virulence of the organism.  Additionally, lack of responsiveness to GAS superantigens 

further limits the utility of animal models to assess vaccine efficacy in the context of humans; 

colonization is often difficult to achieve and true pharyngitis does not occur 109.  A potential 

way forward would be to develop a human GAS pharyngeal challenge model and efforts to 

implement this strategy are currently underway 110.   

 

Despite these limitations, mouse models provide a complex multi-factorial immune system that 

cannot be recapitulated in an in-vitro environment.  The recent emergence of humanized mice 

is a pivotal step in the advancement of translational vaccine research.  Humanized mice 

expressing human MHC recognize GAS superantigens 111 and therefore can be utilized to 
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assess vaccine efficacy against clinical GAS isolates that rarely show natural virulence in mice.  

Humanized plasminogen mice can be used to model GAS invasive disease in humans.  Since 

GAS streptokinase has a higher affinity for human plasminogen than mouse plasminogen, these 

mice can mimic the activation of human plasminogen by streptokinase which is vital for 

systemic dissemination 112.  Another alternative would be to use non-human primate (NHP) 

models that are biologically closer to humans.  Streptococcal pharyngitis has been previously 

assessed in NHPs 113, 114.  In addition, different experimental vaccine candidates inducing 

significantly different level of protection in two different mouse models 112; suggests that 

progression to human clinical trials requires standardisation of animal models for the 

advancement of GAS vaccine development 112.  Overall, a combination of various readouts (in-

vivo protection studies in mouse and in-vitro opsonophagocytic assays) may provide valuable 

insight into the mechanistic aspects as well as protective efficacy of vaccines in humans.    

 

Many pre-clinical studies in GAS vaccine development rely on hypothesis-driven research in 

mice.  Recently, the translation of mouse data into humans has been questioned.  A recent study 

claimed that genomic responses in mouse models correlate poorly with the human condition 

115.  A subsequent report reevaluated the same gene expression dataset in a more rigorous and 

less biased manner and reported the exact opposite findings 116.  To combat the caveats 

associated with in-vivo research, rigorous standards need to be implemented when undertaking 

mouse studies.  Proper use of controls, sufficient statistical power to determine cohort sizes 

and attention to data interpretation will improve the translational impact of these experiments 

117.  Additionally, discounting the practicality and the utility of mouse-based research may 

compromise future scientific discoveries 118.  Thus, an ongoing discussion on mouse models in 

all disease states is necessary to advance translational research in a more efficient and effective 

way.    

 

Other cryptic vaccines in preclinical development  

 

The implementation of cryptic epitopes as vaccine candidates is not unique to GAS vaccine 

development and has been employed in other fields as well.  Plasmodium spp. parasites evade 

immunity through switching antigen expression and/or by expressing antigens that exist in 

multiple allelic forms.  However, some important antigens/epitopes are cryptic and such as not 

under immune pressure.  The circumsporozoite protein (CSP) protein is found on the surface 
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of sporozoites (introduced into the blood stream following a mosquito bite).  The amino-

terminal region of the CSP is responsible for liver invasion by sporozoites 119.  A cryptic, 21 

amino-acid epitope, from the amino-terminal region of the CSP protein, was identified that 

induced antibodies capable of blocking liver cell invasion 120.  However, in the native state the 

epitope was not immunogenic, protecting the parasite’s ability to invade hepatocytes 120.  

 

Bacillus anthracis is the causative agent of anthrax in animals and humans.  Anthrax toxin is 

composed of a protective antigen (PA), a cell binding protein, and two enzyme components. 

PA-based vaccination has shown protective efficacy following anthrax challenge 121-123.  The 

licensed Bioanthrax/AVA vaccine, composed predominantly of PA, requires multiple 

injections and yearly boosts to maintain immunity.  It has also demonstrated a high degree of 

reactogenicity 124-126.  PA-specific neutralising antibody repertoire has been shown to be 

limited to a few dominant specificities thus leaving the vaccine vulnerable to B.anthracis 

strains resistant to PA-specific humoral immunity 127, 128.  A protective cryptic antigen within 

PA was identified that could elicit humoral immunity and potent neutralisation of lethal toxin 

in-vitro 128.  Immunization with full-length PA did not induce antibodies specific for the epitope 

128.   

 

Conclusion  

 

Vaccine development strategies have primarily focused on dominant epitopes; however, 

immunodominance can be a hindrance to the progression of a vaccine due to its common 

association with antigenic polymorphism.  Therefore, a focus should be placed on defining 

cryptic epitopes that induce protective immune responses to a vast array of antigenically 

variable organisms.  While cryptic epitopes are not recognized, or recognized poorly, as a result 

of natural infection 4, they can induce antibodies that may recognize the organism and induce 

strain-transcending immunity 65, 66. 

 

The cryptic epitope, J8, is minimal and this enhances its safety profile, and S2 contains only 

20 amino-acids.  They work synergistically to induce strain-transcending immunity that 

prevents infection with virulent streptococci.  This strategy of identifying non-

dominant/cryptic epitopes has been successfully applied to a few organisms that readily evade 

immunity and enable the design of highly immunogenic and effective vaccines.    



 

  Chapter 2 

 

 70 

Acknowledgments:  

 

We thank Emma Langshaw for critically reviewing the manuscript and Ainslie Calcutt for her 

assistance with analysis of the S2 data sequence.  

 

Funding:  

 

This work was supported by grants from the National Heart Foundation of Australia 

(APP1044023), a National Health and Medical Research Council (NHMRC) (Australia 

Program grant (APP1037304) and a NHMRC project grant (APP1083548).  We also 

acknowledge funding from the National Foundation of Medical Research and Innovation 

(NFMRI, Australia), and the Australian Tropical Medicine Commercialisation grant.  An APA 

and a GLYPRS Scholarship awarded to VO and a NHMRC Fellowship grant to MFG.  



 

  Chapter 2 

 

 71 

References: 

 

1. The Australian immunisation handbook. Canberra: Australian Department of Health, 

2015 update. 

2. Landry S, Heilman C. Future directions in vaccines: the payoffs of basic research. 

Health Aff (Millwood) 2005; 24:758-69. 

3. Good MF, Yanow SK. Cryptic epitope for antibodies should not be forgotten in vaccine 

design. Expert review of vaccines 2016; 15:675-6. 

4. Pandey M, Ozberk V, Calcutt A, Langshaw E, Powell J, Rivera-Hernandez T, et al. 

Streptococcal Immunity Is Constrained by Lack of Immunological Memory following a Single 

Episode of Pyoderma. PLoS pathogens 2016; 12:e1006122. 

5. Carapetis JR, Steer AC, Mulholland EK, Weber M. The global burden of group A 

streptococcal diseases. The Lancet Infectious diseases 2005; 5:685-94. 

6. Jackson SJ, Steer AC, Campbell H. Systematic Review: Estimation of global burden of 

non-suppurative sequelae of upper respiratory tract infection: rheumatic fever and post-

streptococcal glomerulonephritis. Trop Med Int Health 2011; 16:2-11. 

7. Watkins DA, Johnson CO, Colquhoun SM, Karthikeyan G, Beaton A, Bukhman G, et 

al. Global, Regional, and National Burden of Rheumatic Heart Disease, 1990-2015. The New 

England journal of medicine 2017; 377:713-22. 

8. Sika-Paotonu D, Beaton A, Raghu A, Steer A, Carapetis J. Acute Rheumatic Fever and 

Rheumatic Heart Disease. In: Ferretti JJ, Stevens DL, Fischetti VA, eds. Streptococcus 

pyogenes : Basic Biology to Clinical Manifestations. Oklahoma City (OK): University of 

Oklahoma Health Sciences Center 

(c) The University of Oklahoma Health Sciences Center., 2016. 

9. Guilherme L, Kohler KF, Postol E, Kalil J. Genes, autoimmunity and pathogenesis of 

rheumatic heart disease. Ann Pediatr Cardiol 2011; 4:13-21. 

10. Klingenberg R. The Heart in Rheumatic, Autoimmune and Inflammatory Diseases. Eur 

Heart J 2017; 38:2985. 

11. Guilherme L, Kalil J. Rheumatic fever and rheumatic heart disease: cellular 

mechanisms leading autoimmune reactivity and disease. J Clin Immunol 2010; 30:17-23. 

12. Kaplan MH, Meyeserian M. An immunological cross-reaction between group-A 

streptococcal cells and human heart tissue. Lancet (London, England) 1962; 1:706-10. 

13. Zabriskie JB. Mimetic relationships between group A streptococci and mammalian 

tissues. Adv Immunol 1967; 7:147-88. 

14. Massell BF, Honikman LH, Amezcua J. Rheumatic fever following streptococcal 

vaccination. Report of three cases. Jama 1969; 207:1115-9. 



 

  Chapter 2 

 

 72 

15. D'Alessandri R, Plotkin G, Kluge RM, Wittner MK, Fox EN, Dorfman A, et al. 

Protective studies with group A streptococcal M protein vaccine. III. Challenge of volunteers 

after systemic or intranasal immunization with Type 3 or Type 12 group A Streptococcus. The 

Journal of infectious diseases 1978; 138:712-8. 

16. Fox EN, Waldman RH, Wittner MK, Mauceri AA, Dorfman A. Protective study with 

a group A streptococcal M protein vaccine. Infectivity challenge of human volunteers. The 

Journal of clinical investigation 1973; 52:1885-92. 

17. Revocation of status of specific products; Group A streptococcus. Direct final rule. Fed 

Regist 2005; 70:72197-9. 

18. Cunningham MW. Rheumatic fever, autoimmunity, and molecular mimicry: the 

streptococcal connection. Int Rev Immunol 2014; 33:314-29. 

19. Cunningham MW. Post-Streptococcal Autoimmune Sequelae: Rheumatic Fever and 

Beyond. In: Ferretti JJ, Stevens DL, Fischetti VA, eds. Streptococcus pyogenes : Basic Biology 

to Clinical Manifestations. Oklahoma City (OK): University of Oklahoma Health Sciences 

Center 

(c) The University of Oklahoma Health Sciences Center., 2016. 

20. Cunningham MW, Antone SM, Smart M, Liu R, Kosanke S. Molecular analysis of 

human cardiac myosin-cross-reactive B- and T-cell epitopes of the group A streptococcal M5 

protein. Infection and immunity 1997; 65:3913-23. 

21. Bessen D, Jones KF, Fischetti VA. Evidence for two distinct classes of streptococcal 

M protein and their relationship to rheumatic fever. The Journal of experimental medicine 

1989; 169:269-83. 

22. Pruksakorn S, Currie B, Brandt E, Phornphutkul C, Hunsakunachai S, Manmontri A, 

et al. Identification of T cell autoepitopes that cross-react with the C-terminal segment of the 

M protein of group A streptococci. Int Immunol 1994; 6:1235-44. 

23. Quinn A, Kosanke S, Fischetti VA, Factor SM, Cunningham MW. Induction of 

autoimmune valvular heart disease by recombinant streptococcal m protein. Infection and 

immunity 2001; 69:4072-8. 

24. Galvin JE, Hemric ME, Kosanke SD, Factor SM, Quinn A, Cunningham MW. 

Induction of myocarditis and valvulitis in lewis rats by different epitopes of cardiac myosin 

and its implications in rheumatic carditis. The American journal of pathology 2002; 160:297-

306. 

25. Kirvan CA, Galvin JE, Hilt S, Kosanke S, Cunningham MW. Identification of 

streptococcal m-protein cardiopathogenic epitopes in experimental autoimmune valvulitis. 

Journal of cardiovascular translational research 2014; 7:172-81. 

26. Bisno AL. Group A streptococcal infections and acute rheumatic fever. The New 

England journal of medicine 1991; 325:783-93. 

27. Fischetti VA. Streptococcal M protein: molecular design and biological behavior. 

Clinical microbiology reviews 1989; 2:285-314. 



 

  Chapter 2 

 

 73 

28. Johnson DR, Stevens DL, Kaplan EL. Epidemiologic analysis of group A streptococcal 

serotypes associated with severe systemic infections, rheumatic fever, or uncomplicated 

pharyngitis. The Journal of infectious diseases 1992; 166:374-82. 

29. Lee GM, Wessels MR. Changing epidemiology of acute rheumatic fever in the United 

States. Clinical infectious diseases : an official publication of the Infectious Diseases Society 

of America 2006; 42:448-50. 

30. Shulman ST, Stollerman G, Beall B, Dale JB, Tanz RR. Temporal changes in 

streptococcal M protein types and the near-disappearance of acute rheumatic fever in the 

United States. Clinical infectious diseases : an official publication of the Infectious Diseases 

Society of America 2006; 42:441-7. 

31. Wolfe RR. Incidence of acute rheumatic fever: a persistent dilemma. Pediatrics 2000; 

105:1375. 

32. Williamson DA, Smeesters PR, Steer AC, Steemson JD, Ng AC, Proft T, et al. M-

Protein Analysis of Streptococcus pyogenes Isolates Associated with Acute Rheumatic Fever 

in New Zealand. Journal of clinical microbiology 2015; 53:3618-20. 

33. Beall B, Facklam R, Thompson T. Sequencing emm-specific PCR products for routine 

and accurate typing of group A streptococci. Journal of clinical microbiology 1996; 34:953-8. 

34. Smeesters PR, McMillan DJ, Sriprakash KS. The streptococcal M protein: a highly 

versatile molecule. Trends in microbiology 2010; 18:275-82. 

35. Smeesters PR, Mardulyn P, Vergison A, Leplae R, Van Melderen L. Genetic diversity 

of Group A Streptococcus M protein: implications for typing and vaccine development. 

Vaccine 2008; 26:5835-42. 

36. Kuttner AG, Lenert TF. The occurrence of bacteriostatic properties in the blood of 

patients after recovery from streptococcal pharyngitis. The Journal of clinical investigation 

1944; 23:151-61. 

37. Rothbard S. Bacteriostatic effect of human sera on group a streptococci: Type-specific 

antibodies in sera of patients convalescing from group a streptococcal pharyngitis 

. The Journal of experimental medicine 1945; 82:93-106. 

38. Wannamaker LW, Denny FW, Perry WD, Siegel AC, Rammelkamp CH, Jr. Studies on 

immunity to streptococcal infections in man. AMA Am J Dis Child 1953; 86:347-8. 

39. Lancefield RC. Persistence of type-specific antibodies in man following infection with 

group A streptococci. The Journal of experimental medicine 1959; 110:271-92. 

40. Pandey M, Ozberk V, Langshaw EL, Calcutt A, Powell J, Batzloff RM, et al. Skin 

infection boosts memory B-cells specific for a cryptic vaccine epitope of group A streptococcus 

and broadens the immune response to enhance vaccine efficacy. npj Vaccines 2018. 

41. Steer AC, Dale JB, Carapetis JR. Progress toward a global group a streptococcal 

vaccine. The Pediatric infectious disease journal 2013; 32:180-2. 



 

  Chapter 2 

 

 74 

42. Dale JB. Multivalent group A streptococcal vaccine designed to optimize the 

immunogenicity of six tandem M protein fragments. Vaccine 1999; 17:193-200. 

43. Dale JB, Penfound TA, Chiang EY, Walton WJ. New 30-valent M protein-based 

vaccine evokes cross-opsonic antibodies against non-vaccine serotypes of group A 

streptococci. Vaccine 2011; 29:8175-8. 

44. Kotloff KL, Corretti M, Palmer K, Campbell JD, Reddish MA, Hu MC, et al. Safety 

and immunogenicity of a recombinant multivalent group a streptococcal vaccine in healthy 

adults: phase 1 trial. The Journal of the American Medical Association 2004; 292:709-15. 

45. McNeil SA, Halperin SA, Langley JM, Smith B, Warren A, Sharratt GP, et al. Safety 

and immunogenicity of 26-valent group a streptococcus vaccine in healthy adult volunteers. 

Clinical infectious diseases : an official publication of the Infectious Diseases Society of 

America 2005; 41:1114-22. 

46. Guilherme L, Fae KC, Higa F, Chaves L, Oshiro SE, Freschi de Barros S, et al. Towards 

a vaccine against rheumatic fever. Clin Dev Immunol 2006; 13:125-32. 

47. McMillan DJ, Dreze PA, Vu T, Bessen DE, Guglielmini J, Steer AC, et al. Updated 

model of group A Streptococcus M proteins based on a comprehensive worldwide study. 

Clinical microbiology and infection : the official publication of the European Society of 

Clinical Microbiology and Infectious Diseases 2013; 19:E222-9. 

48. Batzloff MR, Hayman WA, Davies MR, Zeng M, Pruksakorn S, Brandt ER, et al. 

Protection against group A streptococcus by immunization with J8-diphtheria toxoid: 

contribution of J8- and diphtheria toxoid-specific antibodies to protection. The Journal of 

infectious diseases 2003; 187:1598-608. 

49. Turner CE, Kurupati P, Wiles S, Edwards RJ, Sriskandan S. Impact of immunization 

against SpyCEP during invasive disease with two streptococcal species: Streptococcus 

pyogenes and Streptococcus equi. Vaccine 2009; 27:4923-9. 

50. Cleary PP, Matsuka YV, Huynh T, Lam H, Olmsted SB. Immunization with C5a 

peptidase from either group A or B streptococci enhances clearance of group A streptococci 

from intranasally infected mice. Vaccine 2004; 22:4332-41. 

51. Sabharwal H, Michon F, Nelson D, Dong W, Fuchs K, Manjarrez RC, et al. Group A 

streptococcus (GAS) carbohydrate as an immunogen for protection against GAS infection. The 

Journal of infectious diseases 2006; 193:129-35. 

52. Salvadori LG, Blake MS, McCarty M, Tai JY, Zabriskie JB. Group A streptococcus-

liposome ELISA antibody titers to group A polysaccharide and opsonophagocytic capabilities 

of the antibodies. The Journal of infectious diseases 1995; 171:593-600. 

53. Hu MC, Walls MA, Stroop SD, Reddish MA, Beall B, Dale JB. Immunogenicity of a 

26-valent group A streptococcal vaccine. Infection and immunity 2002; 70:2171-7. 

54. Steer AC, Law I, Matatolu L, Beall BW, Carapetis JR. Global emm type distribution 

of group A streptococci: systematic review and implications for vaccine development. The 

Lancet Infectious diseases 2009; 9:611-6. 



 

  Chapter 2 

 

 75 

55. McNeil SA HS, Langley JM, Smith B, Warren A, Baxendale DM, Sharratt GP, et al. . 

A double-blind, randomized phase II trial of the safety and immunogenicity of 26-valent group 

A streptococcus vaccine in healthy adults. International Congress Series 2006; 1289:303-6. 

56. Dale JB, Batzloff MR, Cleary PP, Courtney HS, Good MF, Grandi G, et al. Current 

Approaches to Group A Streptococcal Vaccine Development. In: Ferretti JJ, Stevens DL, 

Fischetti VA, eds. Streptococcus pyogenes : Basic Biology to Clinical Manifestations. 

Oklahoma City (OK): University of Oklahoma Health Sciences Center 

(c) The University of Oklahoma Health Sciences Center., 2016. 

57. Dale JB, Penfound TA, Tamboura B, Sow SO, Nataro JP, Tapia M, et al. Potential 

coverage of a multivalent M protein-based group A streptococcal vaccine. Vaccine 2013; 

31:1576-81. 

58. Dale JB, Smeesters PR, Courtney HS, Penfound TA, Hohn CM, Smith JC, et al. 

Structure-based design of broadly protective group a streptococcal M protein-based vaccines. 

Vaccine 2017; 35:19-26. 

59. Guilherme L, Postol E, Freschi de Barros S, Higa F, Alencar R, Lastre M, et al. A 

vaccine against S. pyogenes: design and experimental immune response. Methods 2009; 

49:316-21. 

60. Guerino MT, Postol E, Demarchi LM, Martins CO, Mundel LR, Kalil J, et al. HLA 

class II transgenic mice develop a safe and long lasting immune response against StreptInCor, 

an anti-group A streptococcus vaccine candidate. Vaccine 2011; 29:8250-6. 

61. Postol E, Alencar R, Higa FT, Freschi de Barros S, Demarchi LM, Kalil J, et al. 

StreptInCor: a candidate vaccine epitope against S. pyogenes infections induces protection in 

outbred mice. PloS one 2013; 8:e60969. 

62. De Amicis KM, Freschi de Barros S, Alencar RE, Postol E, Martins Cde O, Arcuri HA, 

et al. Analysis of the coverage capacity of the StreptInCor candidate vaccine against 

Streptococcus pyogenes. Vaccine 2014; 32:4104-10. 

63. McNeilly C, Cosh S, Vu T, Nichols J, Henningham A, Hofmann A, et al. Predicted 

Coverage and Immuno-Safety of a Recombinant C-Repeat Region Based Streptococcus 

pyogenes Vaccine Candidate. PloS one 2016; 11:e0156639. 

64. Brandt ER, Sriprakash KS, Hobb RI, Hayman WA, Zeng W, Batzloff MR, et al. New 

multi-determinant strategy for a group A streptococcal vaccine designed for the Australian 

Aboriginal population. Nature medicine 2000; 6:455-9. 

65. Pandey M, Langshaw E, Hartas J, Lam A, Batzloff MR, Good MF. A synthetic M 

protein peptide synergizes with a CXC chemokine protease to induce vaccine-mediated 

protection against virulent streptococcal pyoderma and bacteremia. Journal of immunology 

(Baltimore, Md : 1950) 2015; 194:5915-25. 

66. Pandey M, Mortensen R, Calcutt A, Powell J, Batzloff MR, Dietrich J, et al. 

Combinatorial Synthetic Peptide Vaccine Strategy Protects against Hypervirulent CovR/S 

Mutant Streptococci. Journal of immunology (Baltimore, Md : 1950) 2016; 196:3364-74. 



 

  Chapter 2 

 

 76 

67. Pandey M, Powell J, Calcutt A, Zaman M, Phillips ZN, Ho MF, et al. Physicochemical 

characterisation, immunogenicity and protective efficacy of a lead streptococcal vaccine: 

progress towards Phase I trial. Scientific reports 2017; 7:13786. 

68. Rodriguez-Ortega MJ, Norais N, Bensi G, Liberatori S, Capo S, Mora M, et al. 

Characterization and identification of vaccine candidate proteins through analysis of the group 

A Streptococcus surface proteome. Nature biotechnology 2006; 24:191-7. 

69. Cheng Q, Stafslien D, Purushothaman SS, Cleary P. The group B streptococcal C5a 

peptidase is both a specific protease and an invasin. Infection and immunity 2002; 70:2408-13. 

70. Ji Y, Carlson B, Kondagunta A, Cleary PP. Intranasal immunization with C5a peptidase 

prevents nasopharyngeal colonization of mice by the group A Streptococcus. Infection and 

immunity 1997; 65:2080-7. 

71. Ji Y, McLandsborough L, Kondagunta A, Cleary PP. C5a peptidase alters clearance 

and trafficking of group A streptococci by infected mice. Infection and immunity 1996; 64:503-

10. 

72. Bronze MS, Beachey EH, Dale JB. Protective and heart-crossreactive epitopes located 

within the NH2 terminus of type 19 streptococcal M protein. The Journal of experimental 

medicine 1988; 167:1849-59. 

73. Guzman CA, Talay SR, Molinari G, Medina E, Chhatwal GS. Protective immune 

response against Streptococcus pyogenes in mice after intranasal vaccination with the 

fibronectin-binding protein SfbI. The Journal of infectious diseases 1999; 179:901-6. 

74. Roggiani M, Stoehr JA, Olmsted SB, Matsuka YV, Pillai S, Ohlendorf DH, et al. 

Toxoids of streptococcal pyrogenic exotoxin A are protective in rabbit models of streptococcal 

toxic shock syndrome. Infection and immunity 2000; 68:5011-7. 

75. Schlievert PM, Assimacopoulos AP, Cleary PP. Severe invasive group A streptococcal 

disease: clinical description and mechanisms of pathogenesis. J Lab Clin Med 1996; 127:13-

22. 

76. Kuo CF, Wu JJ, Lin KY, Tsai PJ, Lee SC, Jin YT, et al. Role of streptococcal pyrogenic 

exotoxin B in the mouse model of group A streptococcal infection. Infection and immunity 

1998; 66:3931-5. 

77. McCormick JK, Tripp TJ, Olmsted SB, Matsuka YV, Gahr PJ, Ohlendorf DH, et al. 

Development of streptococcal pyrogenic exotoxin C vaccine toxoids that are protective in the 

rabbit model of toxic shock syndrome. Journal of immunology (Baltimore, Md : 1950) 2000; 

165:2306-12. 

78. Courtney HS, Hasty DL, Dale JB. Serum opacity factor (SOF) of Streptococcus 

pyogenes evokes antibodies that opsonize homologous and heterologous SOF-positive 

serotypes of group A streptococci. Infection and immunity 2003; 71:5097-103. 

79. Mora M, Bensi G, Capo S, Falugi F, Zingaretti C, Manetti AG, et al. Group A 

Streptococcus produce pilus-like structures containing protective antigens and Lancefield T 



 

  Chapter 2 

 

 77 

antigens. Proceedings of the National Academy of Sciences of the United States of America 

2005; 102:15641-6. 

80. van Sorge NM, Cole JN, Kuipers K, Henningham A, Aziz RK, Kasirer-Friede A, et al. 

The classical lancefield antigen of group a Streptococcus is a virulence determinant with 

implications for vaccine design. Cell host & microbe 2014; 15:729-40. 

81. Cunningham MW. Pathogenesis of group A streptococcal infections. Clinical 

microbiology reviews 2000; 13:470-511. 

82. Bessen D, Fischetti VA. Influence of intranasal immunization with synthetic peptides 

corresponding to conserved epitopes of M protein on mucosal colonization by group A 

streptococci. Infection and immunity 1988; 56:2666-72. 

83. Jones KF, Fischetti VA. The importance of the location of antibody binding on the M6 

protein for opsonization and phagocytosis of group A M6 streptococci. The Journal of 

experimental medicine 1988; 167:1114-23. 

84. Pruksakorn S, Currie B, Brandt E, Martin D, Galbraith A, Phornphutkul C, et al. 

Towards a vaccine for rheumatic fever: identification of a conserved target epitope on M 

protein of group A streptococci. Lancet (London, England) 1994; 344:639-42. 

85. Good MF, Pandey M, Batzloff MR, Tyrrell GJ. Strategic development of the conserved 

region of the M protein and other candidates as vaccines to prevent infection with group A 

streptococci. Expert review of vaccines 2015; 14:1459-70. 

86. Brandt ER, Hayman WA, Currie B, Carapetis J, Wood Y, Jackson DC, et al. Opsonic 

human antibodies from an endemic population specific for a conserved epitope on the M 

protein of group A streptococci. Immunology 1996; 89:331-7. 

87. Fae KC, da Silva DD, Oshiro SE, Tanaka AC, Pomerantzeff PM, Douay C, et al. 

Mimicry in recognition of cardiac myosin peptides by heart-intralesional T cell clones from 

rheumatic heart disease. Journal of immunology (Baltimore, Md : 1950) 2006; 176:5662-70. 

88. Guilherme L, Fae KC, Oshiro SE, Tanaka AC, Pomerantzeff PM, Kalil J. Rheumatic 

fever: how S. pyogenes-primed peripheral T cells trigger heart valve lesions. Ann N Y Acad 

Sci 2005; 1051:132-40. 

89. Relf WA, Cooper J, Brandt ER, Hayman WA, Anders RF, Pruksakorn S, et al. Mapping 

a conserved conformational epitope from the M protein of group A streptococci. Pept Res 

1996; 9:12-20. 

90. Brandt ER, Hayman WA, Currie B, Pruksakorn S, Good MF. Human antibodies to the 

conserved region of the M protein: opsonization of heterologous strains of group A 

streptococci. Vaccine 1997; 15:1805-12. 

91. Hayman WA, Brandt ER, Relf WA, Cooper J, Saul A, Good MF. Mapping the minimal 

murine T cell and B cell epitopes within a peptide vaccine candidate from the conserved region 

of the M protein of group A streptococcus. Int Immunol 1997; 9:1723-33. 



 

  Chapter 2 

 

 78 

92. Batzloff MR, Fane A, Gorton D, Pandey M, Rivera-Hernandez T, Calcutt A, et al. 

Preclinical immunogenicity and safety of a Group A streptococcal M protein-based vaccine 

candidate. Human vaccines & immunotherapeutics 2016; 12:3089-96. 

93. Pandey M, Wykes MN, Hartas J, Good MF, Batzloff MR. Long-term antibody memory 

induced by synthetic peptide vaccination is protective against Streptococcus pyogenes 

infection and is independent of memory T cell help. Journal of immunology (Baltimore, Md : 

1950) 2013; 190:2692-701. 

94. Batzloff MR, Yan H, Davies MR, Hartas J, Lowell GH, White G, et al. Toward the 

development of an antidisease, transmission-blocking intranasal vaccine for group a 

streptococcus. The Journal of infectious diseases 2005; 192:1450-5. 

95. Bessen D, Fischetti VA. Passive acquired mucosal immunity to group A streptococci 

by secretory immunoglobulin A. The Journal of experimental medicine 1988; 167:1945-50. 

96. Zaman M, Ozberk V, Langshaw EL, McPhun V, Powell JL, Phillips ZN, et al. Novel 

platform technology for modular mucosal vaccine that protects against streptococcus. 

Scientific reports 2016; 6:39274. 

97. Olive C, Clair T, Yarwood P, Good MF. Protection of mice from group A streptococcal 

infection by intranasal immunisation with a peptide vaccine that contains a conserved M 

protein B cell epitope and lacks a T cell autoepitope. Vaccine 2002; 20:2816-25. 

98. Batzloff MR, Hartas J, Zeng W, Jackson DC, Good MF. Intranasal vaccination with a 

lipopeptide containing a conformationally constrained conserved minimal peptide, a universal 

T cell epitope, and a self-adjuvanting lipid protects mice from group A streptococcus challenge 

and reduces throat colonization. The Journal of infectious diseases 2006; 194:325-30. 

99. Sanderson-Smith M, De Oliveira DM, Guglielmini J, McMillan DJ, Vu T, Holien JK, 

et al. A systematic and functional classification of Streptococcus pyogenes that serves as a new 

tool for molecular typing and vaccine development. The Journal of infectious diseases 2014; 

210:1325-38. 

100. Turner P, Ngeth P, Turner C, Sao S, Day NP, Baker C, et al. Molecular Epidemiology 

of Group A Streptococcus Infections in Cambodian Children, 2007-2012. The Pediatric 

infectious disease journal 2015; 34:1414-5. 

101. Rattanavong S, Dance DA, Davong V, Baker C, Frost H, Phetsouvanh R, et al. Group 

A streptococcal strains isolated in Lao People's Democratic Republic from 2004 to 2013. 

Epidemiology and infection 2016; 144:1770-3. 

102. Churchward G. The two faces of Janus: virulence gene regulation by CovR/S in group 

A streptococci. Molecular microbiology 2007; 64:34-41. 

103. Hollands A, Pence MA, Timmer AM, Osvath SR, Turnbull L, Whitchurch CB, et al. 

Genetic switch to hypervirulence reduces colonization phenotypes of the globally disseminated 

group A streptococcus M1T1 clone. The Journal of infectious diseases 2010; 202:11-9. 



 

  Chapter 2 

 

 79 

104. Turner CE, Kurupati P, Jones MD, Edwards RJ, Sriskandan S. Emerging role of the 

interleukin-8 cleaving enzyme SpyCEP in clinical Streptococcus pyogenes infection. The 

Journal of infectious diseases 2009; 200:555-63. 

105. Edwards RJ, Taylor GW, Ferguson M, Murray S, Rendell N, Wrigley A, et al. Specific 

C-terminal cleavage and inactivation of interleukin-8 by invasive disease isolates of 

Streptococcus pyogenes. The Journal of infectious diseases 2005; 192:783-90. 

106. Zinkernagel AS, Timmer AM, Pence MA, Locke JB, Buchanan JT, Turner CE, et al. 

The IL-8 protease SpyCEP/ScpC of group A Streptococcus promotes resistance to neutrophil 

killing. Cell host & microbe 2008; 4:170-8. 

107. Sumby P, Zhang S, Whitney AR, Falugi F, Grandi G, Graviss EA, et al. A chemokine-

degrading extracellular protease made by group A Streptococcus alters pathogenesis by 

enhancing evasion of the innate immune response. Infection and immunity 2008; 76:978-85. 

108. Alam FM, Bateman C, Turner CE, Wiles S, Sriskandan S. Non-invasive monitoring of 

Streptococcus pyogenes vaccine efficacy using biophotonic imaging. PloS one 2013; 

8:e82123. 

109. Henningham A, Gillen CM, Walker MJ. Group a streptococcal vaccine candidates: 

potential for the development of a human vaccine. Current topics in microbiology and 

immunology 2013; 368:207-42. 

110. Perepared for WHO PD-VAC.  Status of Vaccine Research and Development of 

Vaccines for Streptococcus pyogenes. 

111. Nooh MM, El-Gengehi N, Kansal R, David CS, Kotb M. HLA transgenic mice provide 

evidence for a direct and dominant role of HLA class II variation in modulating the severity of 

streptococcal sepsis. Journal of immunology (Baltimore, Md : 1950) 2007; 178:3076-83. 

112. Rivera-Hernandez T, Pandey M, Henningham A, Cole J, Choudhury B, Cork AJ, et al. 

Differing Efficacies of Lead Group A Streptococcal Vaccine Candidates and Full-Length M 

Protein in Cutaneous and Invasive Disease Models. mBio 2016; 7. 

113. Skinner JM, Caro-Aguilar IC, Payne AM, Indrawati L, Fontenot J, Heinrichs JH. 

Comparison of rhesus and cynomolgus macaques in a Streptococcus pyogenes infection model 

for vaccine evaluation. Microbial pathogenesis 2011; 50:39-47. 

114. Virtaneva K, Porcella SF, Graham MR, Ireland RM, Johnson CA, Ricklefs SM, et al. 

Longitudinal analysis of the group A Streptococcus transcriptome in experimental pharyngitis 

in cynomolgus macaques. Proceedings of the National Academy of Sciences of the United 

States of America 2005; 102:9014-9. 

115. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W, et al. Genomic 

responses in mouse models poorly mimic human inflammatory diseases. Proceedings of the 

National Academy of Sciences of the United States of America 2013; 110:3507-12. 

116. Takao K, Miyakawa T. Genomic responses in mouse models greatly mimic human 

inflammatory diseases. Proceedings of the National Academy of Sciences of the United States 

of America 2015; 112:1167-72. 



 

  Chapter 2 

 

 80 

117. Justice MJ, Dhillon P. Using the mouse to model human disease: increasing validity 

and reproducibility. Disease models & mechanisms 2016; 9:101-3. 

118. Osuchowski MF, Remick DG, Lederer JA, Lang CH, Aasen AO, Aibiki M, et al. 

Abandon the mouse research ship? Not just yet! Shock (Augusta, Ga) 2014; 41:463-75. 

119. Rathore D, Sacci JB, de la Vega P, McCutchan TF. Binding and invasion of liver cells 

by Plasmodium falciparum sporozoites. Essential involvement of the amino terminus of 

circumsporozoite protein. The Journal of biological chemistry 2002; 277:7092-8. 

120. Rathore D, Nagarkatti R, Jani D, Chattopadhyay R, de la Vega P, Kumar S, et al. An 

immunologically cryptic epitope of Plasmodium falciparum circumsporozoite protein 

facilitates liver cell recognition and induces protective antibodies that block liver cell invasion. 

The Journal of biological chemistry 2005; 280:20524-9. 

121. Little SF, Ivins BE, Fellows PF, Friedlander AM. Passive protection by polyclonal 

antibodies against Bacillus anthracis infection in guinea pigs. Infection and immunity 1997; 

65:5171-5. 

122. Pezard C, Weber M, Sirard JC, Berche P, Mock M. Protective immunity induced by 

Bacillus anthracis toxin-deficient strains. Infection and immunity 1995; 63:1369-72. 

123. Turnbull PC, Leppla SH, Broster MG, Quinn CP, Melling J. Antibodies to anthrax toxin 

in humans and guinea pigs and their relevance to protective immunity. Medical microbiology 

and immunology 1988; 177:293-303. 

124. Demicheli V, Rivetti D, Deeks JJ, Jefferson T, Pratt M. The effectiveness and safety of 

vaccines against human anthrax: a systematic review. Vaccine 1998; 16:880-4. 

125. Institute of Medicine Committee to Assess the S, Efficacy of the Anthrax V. In: 

Joellenbeck LM, Zwanziger LL, Durch JS, Strom BL, eds. The Anthrax Vaccine: Is It Safe? 

Does It Work? Washington (DC): National Academies Press (US) 

Copyright 2002 by the National Academy of Sciences. All rights reserved., 2002. 

126. Pittman PR, Kim-Ahn G, Pifat DY, Coonan K, Gibbs P, Little S, et al. Anthrax vaccine: 

immunogenicity and safety of a dose-reduction, route-change comparison study in humans. 

Vaccine 2002; 20:1412-20. 

127. Albrecht MT, Li H, Williamson ED, LeButt CS, Flick-Smith HC, Quinn CP, et al. 

Human monoclonal antibodies against anthrax lethal factor and protective antigen act 

independently to protect against Bacillus anthracis infection and enhance endogenous 

immunity to anthrax. Infection and immunity 2007; 75:5425-33. 

128. Oscherwitz J, Yu F, Jacobs JL, Liu TH, Johnson PR, Cease KB. Synthetic peptide 

vaccine targeting a cryptic neutralizing epitope in domain 2 of Bacillus anthracis protective 

antigen. Infection and immunity 2009; 77:3380-8. 

129. Guilherme L, Ferreira FM, Kohler KF, Postol E, Kalil J. A vaccine against 

Streptococcus pyogenes: the potential to prevent rheumatic fever and rheumatic heart disease. 

Am J Cardiovasc Drugs 2013; 13:1-4. 



 

  Chapter 2 

 

 81 

130. Azmi F, Ahmad Fuaad AA, Giddam AK, Batzloff MR, Good MF, Skwarczynski M, et 

al. Self-adjuvanting vaccine against group A streptococcus: application of fibrillized peptide 

and immunostimulatory lipid as adjuvant. Bioorganic & medicinal chemistry 2014; 22:6401-

8. 

131. Kirvan CA, Swedo SE, Heuser JS, Cunningham MW. Mimicry and autoantibody-

mediated neuronal cell signaling in Sydenham chorea. Nature medicine 2003; 9:914-20. 

132. Shikhman AR, Cunningham MW. Immunological mimicry between N-acetyl-beta-D-

glucosamine and cytokeratin peptides. Evidence for a microbially driven anti-keratin antibody 

response. Journal of immunology (Baltimore, Md : 1950) 1994; 152:4375-87. 

133. Shikhman AR, Greenspan NS, Cunningham MW. Cytokeratin peptide SFGSGFGGGY 

mimics N-acetyl-beta-D-glucosamine in reaction with antibodies and lectins, and induces in 

vivo anti-carbohydrate antibody response. Journal of immunology (Baltimore, Md : 1950) 

1994; 153:5593-606. 

134. Simpson WJ, Musser JM, Cleary PP. Evidence consistent with horizontal transfer of 

the gene (emm12) encoding serotype M12 protein between group A and group G pathogenic 

streptococci. Infection and immunity 1992; 60:1890-3. 

135. Kawabata S, Kunitomo E, Terao Y, Nakagawa I, Kikuchi K, Totsuka K, et al. Systemic 

and mucosal immunizations with fibronectin-binding protein FBP54 induce protective immune 

responses against Streptococcus pyogenes challenge in mice. Infection and immunity 2001; 

69:924-30. 

136. McArthur J, Medina E, Mueller A, Chin J, Currie BJ, Sriprakash KS, et al. Intranasal 

vaccination with streptococcal fibronectin binding protein Sfb1 fails to prevent growth and 

dissemination of Streptococcus pyogenes in a murine skin infection model. Infection and 

immunity 2004; 72:7342-5. 

137. Goodfellow AM, Hibble M, Talay SR, Kreikemeyer B, Currie BJ, Sriprakash KS, et al. 

Distribution and antigenicity of fibronectin binding proteins (SfbI and SfbII) of Streptococcus 

pyogenes clinical isolates from the northern territory, Australia. Journal of clinical 

microbiology 2000; 38:389-92. 

138. Bensi G, Mora M, Tuscano G, Biagini M, Chiarot E, Bombaci M, et al. Multi high-

throughput approach for highly selective identification of vaccine candidates: the Group A 

Streptococcus case. Molecular & cellular proteomics : MCP 2012; 11:M111.015693. 

139. Reid SD, Green NM, Sylva GL, Voyich JM, Stenseth ET, DeLeo FR, et al. 

Postgenomic analysis of four novel antigens of group a streptococcus: growth phase-dependent 

gene transcription and human serologic response. Journal of bacteriology 2002; 184:6316-24. 

140. Fritzer A, Senn BM, Minh DB, Hanner M, Gelbmann D, Noiges B, et al. Novel 

conserved group A streptococcal proteins identified by the antigenome technology as vaccine 

candidates for a non-M protein-based vaccine. Infection and immunity 2010; 78:4051-67. 

141. Reglinski M, Lynskey NN, Choi YJ, Edwards RJ, Sriskandan S. Development of a 

multicomponent vaccine for Streptococcus pyogenes based on the antigenic targets of IVIG. 

The Journal of infection 2016; 72:450-9. 



 

  Chapter 2 

 

 82 

142. Henningham A, Chiarot E, Gillen CM, Cole JN, Rohde M, Fulde M, et al. Conserved 

anchorless surface proteins as group A streptococcal vaccine candidates. Journal of molecular 

medicine (Berlin, Germany) 2012; 90:1197-207. 

143. Olive C, Batzloff M, Horvath A, Clair T, Yarwood P, Toth I, et al. Group A 

streptococcal vaccine delivery by immunization with a self-adjuvanting M protein-based lipid 

core peptide construct. The Indian journal of medical research 2004; 119 Suppl:88-94. 

144. Olive C, Batzloff MR, Horvath A, Wong A, Clair T, Yarwood P, et al. A lipid core 

peptide construct containing a conserved region determinant of the group A streptococcal M 

protein elicits heterologous opsonic antibodies. Infection and immunity 2002; 70:2734-8. 

145. Olive C, Ho MF, Dyer J, Lincoln D, Barozzi N, Toth I, et al. Immunization with a 

tetraepitopic lipid core peptide vaccine construct induces broadly protective immune responses 

against group A streptococcus. The Journal of infectious diseases 2006; 193:1666-76. 

146. Olive C, Sun HK, Ho MF, Dyer J, Horvath A, Toth I, et al. Intranasal administration is 

an effective mucosal vaccine delivery route for self-adjuvanting lipid core peptides targeting 

the group A streptococcal M protein. The Journal of infectious diseases 2006; 194:316-24. 

 

 

 

 

 

 

 

  



 

  Chapter 2 

 

 83 

 
 

Figure 1: Idealized schematic illustrating M-protein based vaccine targets. The amino-

terminal region: 30-valent N-terminal vaccine consisting of four different multivalent fusion 

proteins (containing eight or nine M-protein fragments) 43; The B-repeat region: representing 

defined myosin cross-reactive epitopes 20; The C1-C3 repeat regions: SV1 vaccine consisting 

of five 14-mer amino-acid sequences (J14i variants) combined in a single recombinant 

construct 47; The C2-C3 repeat regions: StreptInCor vaccine containing immunodominant T 

(22 amino- acids) and B-cell (25 amino-acids) epitopes (bold residues) linked by eight amino-

acid residues ([ ] boxed residues) 59; The C3 repeat region: Minimal B-cell cryptic epitope 

within p145 defined as J8, bold residues are those contained within M-protein (J8i), residues 

not in bold are from GCN4 protein (not from M-protein) 91.
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Table 1: Status of M-protein and non-M-protein-based GAS vaccines  

 
Name Composition Advantages Disadvantages Status Ref. 

M-protein based vaccines 

26-valent N-

terminal 

(StreptAvax) 

N-terminal subunits from 26 

serotypes of GAS.  Four 

different recombinant proteins 

(containing six or seven M-

protein fragments linked in 

tandem) formulated with Alum 

- Does not require carrier protein 53 

- Ability to cross-opsonize M-types not 

included in vaccine 53 

- No cross-reactivity between immune sera 

and human heart tissue 45, 53 

- Constrained by type-specific 

protection 

- Theoretical coverage of 

vaccine in Africa 39% and 

Pacific region 23.9% 54 

Phase II clinical 

trial completed: 

Well tolerated and 

immunogenic in 

healthy adults 55  

 
45, 53, 55 

30-valent N-

terminal  

N-terminal subunits from 30 

serotypes of GAS. Four 

different multivalent fusion 

proteins (containing eight or 

nine M-protein fragments) 

formulated with Alum 

- Serotypes account for 98% of all cases of 

pharyngitis in the U.S. and Canada and 

90% of invasive diseases in the U.S. and 

78% of invasive diseases in Europe 56 

- Evoked bactericidal antibodies against all 

30 vaccine serotypes of GAS (using serum 

from immunized rabbits) 43 

- Contained significant levels of 

bactericidal antibodies against 24 of 40 

non-vaccine serotypes of GAS tested 43 

- Heterologous protection not 

reported in animal models 

Pre-clinical  
43, 56 

StreptInCor Based on the amino-acid 

sequences from the M5 protein 

conserved regions (C2 and C3 

regions).  Contains 

immunodominant T (22 amino- 

acids) and B-cell (25 amino-

acids) epitopes linked by eight 

amino-acid residues 

- Protective in BALB/c 59, HLA class II 

transgenic (mice containing human HLA 

II alleles) 60 and SWISS mice 61 

- Antibodies able to neutralize/opsonize 

M1, M5, M12, M22 and M87 GAS 62 

- No autoimmune pathological reactions 

were observed in heart or other organs 60   

- Potential to elicit B and T-memory cells 
129 

None identified yet Pre-clinical  
59-62, 129 

J8-DT/Alum 

(MJ8Vax) 

Minimal B-cell epitope within 

p145 (C3-repeat region), 

conjugated to T-helper cell 

protein diphtheria toxoid (DT) 

and formulated with Alum 

- Cryptic B-cell antigen capable of 

inducing protection against all GAS 

serotypes  

- Protection against streptococcal 

pyoderma, bacteraemia 65 and pharyngitis 

(J8-Lipo-DT) 96 

- Pre-clinical data demonstrated no 

abnormal heart tissue pathology 92 

- Limited efficacy against 

hypervirulent covR/S mutants 

GAS strains 65, 66 

Pilot Phase I trial 

completed: Well 

tolerated and 

immunogenic in 

healthy adults 

(manuscript in 

preparation)  

 
65, 66, 92, 96 
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- Minimal epitope size enhances safety 

profile 

J8-CRM+K4S2-

CRM/Alum 

(MJ8CombiVax) 

J8-CRM combined with a 20-

mer B-cell epitope (K4S2) 

from SpyCEP and conjugated 

to CRM 67 

 

* K4S2: A more soluble 

derivative of S2 (S2 with four 

Lysine residues) 
#CRM197 (CRM): 

Enzymatically inactive and 

non-toxic form of DT 

- Act synergistically to opsonize GAS 

(with anti-J8 antibodies) and to block IL-8 

degradation (with anti-SpyCEP antibodies)  

- Protect against hypervirulent covR/S 

mtant GAS 65-67  

None identified yet In preparation for 

Phase I trial  

 
65-67 

SV1 Five 14-mer amino-acid 

sequences (J14i variants) from 

differing C-repeat regions 

combined in a single 

recombinant construct  

- Maintains -helical structure without the 

need for flanking sequence  

- Evidence of cross-recognition between 

J14i variants, may provide extended M-

protein coverage 

- No autoimmune responses detected in 

studies with the Lewis Rat model for 

valvulitis 

- Present in 97% of M-proteins  

None identified yet Pre-clinical  
47, 63 

Self-adjuvanting 

J14 

J14 incorporated with fibril 

forming peptides Q11 and 

lipoamino-acids (C16) 

 

Vaccine constructs:  

(i) J14-spacer1-Q11-spacer2-

C16-C16 

(ii) J14-spacer2-C16-C16 

- Capable of inducing significant dendritic 

cell uptake and J14-specific antibody 

responses  

None identified yet Pre-clinical  
130 

Non-M-protein based vaccines  

GAS carbohydrate 

(GAS CHO) 

GAS-CHO conjugated to 

tetanus toxoid (TT)  

- GAS carbohydrate: conserved across all 

GAS strains 80 

- Induction of phagocytosis promoting 

antibodies in rabbits 52 

- Intranasal immunization (GAS-

CHO/CTB): significant reduction in GAS 

throat colonisation 51 

- Cross-reactivity between 

GAS carbohydrate and human 

tissue 131-133 

Pre-clinical  
51, 52 
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GAS carbohydrate 

(GAC) defective 

for GlcNAc 

sidechain 

Gac1 mutant bacteria (GlcNAc 

sidechain deficient GAC) was 

used to extract GlcNAc-

defective GAC (GAC) 

- GAS carbohydrate: conserved across all 

GAS strains  

- No cross-reactivity between human 

cardiac antigens due to removal of 

GlcNAc sidechain  

- Opsonisation and killing of diverse GAS 

serotypes  

- Passive protection in murine systemic 

infection model 

None identified yet Pre-clinical  
80 

GAS C5a peptidase 

(SCPA) 

Recombinant, enzymatically 

inactive SCPA delivered 

intranasally (unadjuvanted) 71, 

134 or combined with MPL and 

formulated with Alum for 

subcutaneous immunization  50 

- Antigenically conserved among different 

serotypes, may induce protection across 

several GAS serotypes 

- Induction of high serum IgG and salivary 

IgA  

- Reduced the colonisation of M1, M2, 

M6, M11 and M49 GAS serotypes  

None identified yet Pre-clinical  
50, 69-71 

Fibronectin 

binding protein 

(FBP54 or Sfb1) 

Recombinant FBP54 (rFBP54) 

coupled with cholera toxin 

subunit B (CTB) and delivered 

orally and intranasally; 

Recombinant Sfb1 conjugated 

to CTB and delivered 

intranasally  

- The fbp54 gene: highly conserved among 

all test strains (>98%) 72  

- FBP54/CTB oral/intranasal 

immunization:  antigen-specific salivary 

IgA and serum IgG  

- Subcutaneous immunization with 

FBP54/CFA protected mice against 

intraperitoneal GAS infection 135 

-Intranasal immunization  with Sfb1/CTB 

protected mice against lethal GAS 

infection 73 

-Intranasal immunization with 

Sfb1/CTB was ineffective 

against systemic bacterial 

growth and dissemination 136 

- GAS pyoderma predisposes 

individuals to severe GAS 

infection, despite presence of 

anti-Sfb1IgG titres 137 

Pre-clinical  
72, 73, 135 

Serine protease 

(SpyCEP) 

Recombinant SpyCEP 

(rSpyCEP) administered 

parentally with CFA 49 or 

rSpyCEP combined with C-

terminal peptide antigen (J8-

DT) and administered 

subcutaneously with Alum 65 

- Reduced the dissemination of GAS from 

local to systemic infection 49 

- Combination vaccination (J8-

DT+rSpyCEP) resulted in profound 

protection against covR/S wild-type and 

mutant GAS skin challenges 65 

- Limited efficacy when 

administered alone 65, 66 

Pre-clinical  
49, 65 

Serum opacity 

factor (SOF2) 

Purified recombinant SOF2 

from SOF positive M-serotype 

2 GAS 

- Anti-rSOF2 serum able to opsonize SOF 

positive M2, M4 and M28 GAS types 

- Anti-rSOF2 serum 

ineffective for SOF negative 

M5 GAS 

Pre-clinical  
78 



   Chapter 2 

 

 87 

Streptococcal 

pyrogenic exotoxin 

A (SPE A) 

SPE A purified from 

Staphylococcus aureus 

(double, triple and hexa-amino 

acid mutants of SPE A) 

- Protection from lethal GAS infection and 

no symptoms of streptococcal toxic shock 

syndrome (STSS) 75 

- Immunization  also led to survival and no 

signs of illness when challenged 

subcutaneously with wild-type SPE A 74 

None identified yet 

 

Pre-clinical  
74, 75 

Streptococcal 

pyrogenic exotoxin 

B (SPE B) 

SPE B was purified from 

Streptococcus pyogenes A-20 

(a protease producing clinical 

isolate) 

 

- 100% survival in vaccinated mice 

following challenge with GAS A20 76 

- Severity of skin lesions reduced in 

immunized mice 76 

- Passive immunization  with 

anti-SPE B IgG conferred 

partial protection with 50% 

survival in the immunized 

cohorot in comparison to 28% 

survival in the control cohort 
76 

Pre-clinical  
76 

Streptococcal 

pyrogenic exotoxin 

C (SPE C) 

Double-site Y15A/N38D and 

the triple-site 

Y15A/H35A/N38D mutants 

constructed from 3D-structure 

of SPE C 

 

- Non-mitogenic for rabbit splenocytes and 

human PBMCs 77 

- Non-lethal in two rabbit models of STSS 
77 

- Highly immunogenic and vaccination 

protected rabbits from challenge with 

wild-type SpeC 77 

- None identified yet Pre-clinical   
77 

Streptococcal pili 

(T-antigen) 

Vaccine comprising of a 

combination of recombinant 

pilus proteins  

- Protection against mucosal infection 

following immunization  79 

- Cross-protection can be achieved 

between some T-types that share high 

homology, restricting number of variants 

required for broad coverage 56 

- Vast sequence diversity, 

protection is specific to strains 

that contain pilus like variants 

in vaccine 56 

Pre-clinical  
56, 79 

Combo#5 Vaccine consisting of a 

combination of trigger factor 

(TF), inactivated versions of 

arginine deiminase (ADI), 

streptolysin O (SLO), 

Streptococcus pyogenes cell 

envelope proteinase (SpyCEP) 

and group A streptococcal C5a 

peptidase (SCPA) adjuvanted 

with Alum 

- Murine serum antibodies from BALB/c 

and humanized plasminogen mice were 

able to bind to live GAS  

- Anti-combo#5 sera from BALB/c and 

humanized plasminogen mice was opsonic 

against pM1.200 and 5448 GAS strains 

respectively 

- Mice were significantly protected 

following skin-challenge 

- In a model for invasive 

disease, protection was 

compromised.  M1 protein 

(positive control) vaccine was 

the only experimental vaccine 

that conferred protection 

(100% survival) 

Pre-clinical   
112 
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3-antigen combo Vaccine consisting of 

Streptolysin O (SLO, aa 32–

571), SPy0269 (aa 27–849), 

and S. pyogenes cell envelope 

protease (SpyCEP, aa 34–

1613) tagless versions were 

cloned in the pET24b+ E. 

coli expression vector and 

purified 

- Antigens conferred consistent cross-

protection against a wide range of GAS 

strains in different mouse models of 

infection 

- Vaccine elicits antibodies capable of 

neutralizing two important virulence 

factors expressed by a large fraction of 

GAS isolates 

- None identified yet Pre-clinical   
138 

Spy 7 Vaccine consisting of seven 

recombinant antigens – C5a 

peptidase, oligopeptide-binding 

protein, putative pullulanase, 

nucleoside-binding protein, 

hypothetical membrane 

associated protein, cell surface 

protein and Spy AD  

- Induction of anti-streptococcal antibodies 

and demonstrated protective efficacy 

against M1 and M3 GAS strains 

- Murine Spy7 antiserum demonstrated no 

discernible reactivity with human heart 

valve tissue using an ELISA based assay, 

suggesting an absence of cross reactive 

epitopes within any of the selected 

antigens 

- Antigens have been tested in 

isolation as vaccine 

candidates, including six of 

those included in this study. 

Of these, C5a peptidase, cell 

surface protein, and SpyAD 

showed protective efficacy 70, 

138, 139,while oligopeptide-

binding protein, putative 

pullulanase, and hypothetical 

membrane associated protein 

were not protective 138, 140 

Pre-clinical   
141 

ADI and TF Vaccine consisting of Arginine 

deiminase (ADI) and trigger 

factor (TF) 

- These surface-exposed enzymes are 

expressed across multiple GAS serotypes 

exhibiting ≥99% amino acid sequence 

identity 

- Sera from human populations suffering 

repeated GAS infections and high levels of 

autoimmune complications do not 

recognize these enzymes 

- Protective efficacy demonstrated against 

intraperitoneal challenge with M1 GAS 

- Combination ADI and TF was observed 

to act synergistically, conferring 

significant protection against lethal 

subcutaneous M1 GAS challenge 

- None identified yet Pre-clinical  
142 
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Table 2: List of synthetic peptides of p145 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bold residues are those contained within p145. 

Underlined residues represent the T-cell epitope contained within p145. 

Highlighted residues represent the B-cell epitope contained within p145.   

 

*Adapted from Hayman et al. 1997 91. 

 

  

P145: L R R D L D A S R E A K K Q V E K A L E

J1: Q L E D K V K Q L R R D L D A S R E A K E E L Q D K V K

J2: L E D K V K Q A R R D L D A S R E A K K E L Q D K V K Q

J3: E D K V K Q A E R D L D A S R E A K K Q L Q D K V K Q L

J4: D K V K Q A E D D L D A S R E A K K Q V Q D K V K Q L E

J5: K V K Q A E D K L D A S R E A K K Q V E D K V K Q L E D

J6: V K Q A E D K V D A S R E A K K Q V E K K V K Q L E D K

J7: K Q A E D K V K A S R E A K K Q V E K A V K Q L E D K V

J8: Q A E D K V K Q S R E A K K Q V E K A L K Q L E D K V Q

J9: A E D K V K Q L R E A K K Q V E K A L E Q L E D K V Q L

J14: K Q A E D K V K A S R E A K K Q V E K A L E Q L E D K V K
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Table 3: Multiple sequence alignment of S2 variants  

 

 

 

 

S2 sequence alignment performed using bioinformatics program (Clustal Omega; 

http://www.ebi.ac.uk/Tools/msa/clustalo/).  Data representing 95% homology between S2 and 

S2.1.  An * (asterix) indicates positions which have single, fully conserved residues.  Single 

amino-acid polymorphism represented in bold.  A total of 96 BLAST hits returned with 62 hits 

containing 100% homology with S2 and 34 hits containing 100% homology with S2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S2: N S D N I K E N Q F E D F D E D W E N F

S2.1: N S D N I K E N Q F G D F D E D W E N F

* * * * * * * * * * * * * * * * * * *

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 4: J8-based vaccine modifications  

Peptide Sequence Adjuvant/ 

delivery 

system 

Application/ 

outcomes 

Ref. 

p145   
LRRDLDASREAKKQV

EKALE 

CFA 

*not suitable 

for human use 

p145/CFA: p145-spcific antibodies from 

mice immunized with p145/CFA were able 

to opsonize several serotypes of GAS 

 
84 

 

J8  

Highly conserved peptide 

from p145: 
QAEDKVKQSREAKK

QVEKALKQLEDKVQ 

 

12-mer peptide ftom 

p145 in bold, total 28-
mer  

Alum J8-DT/Alum: J8 conjugated to T-helper 

cell carrier protein, DT, and administered 

subcutaneously to mice with Alum 

protected against streptococcal pyoderma 

and bacteraemia 

 

 
65 

CTB 

*not suitable 

for human use  

J8-DT/CTB: Mice immunized intranasally 

with J8-DT/CTB had significantly 

increased survival following intranasal 

challenge with GAS and salivary IgA 

correlated with protection  

 

 
97 

Liposomes J8-Lipo-DT: Mice immunized intranasally 

with J8-Lipo-DT induced high J8-specific 

salivary IgA and mice were protected 

following URT-challenge 

 
96 

     

  LCP LCP-J8: Mice immunized subcutaneously 

with LCP-J8 and LCP-J8 in CFA induced 

high J8-specific serum IgG and antisera 

from these mice was able to opsonize 

multiple GAS strains.  Antibodies did not 

cross react with human heart tissue 

proteins.  

 

Tetraepitopic LCP (LCP system 

incorporating 4 different non-host cross-

reactive peptide epitopes of the GAS M-

protein): Parenteral immunisation induced 

high antigen-specific serum IgG responses 

and the antisera was able to opsonize 

multiple GAS strains.  Immunized mice 

were also protected following systemic 

challenge.   

 

LCP-8830-J8 (LCP system 

incorporating 2 different peptide 

epitopes of the GAS M-protein, 8830 

and J8): Mucosal immunization induced 

an antigen-specific systemic IgG.  Antisera 

was able to opsonize a homologous and 

heterologous GAS strain.  Immunized 

mice were protected following systemic 

and mucosal challenge.  

 
143, 

144 

 

 

 

 

 

 
145 

 

 

 

 

 
146 

 

J14  

Highly conserved peptide 
from p145: 

KQAEDKVKASREAK

KQVEKALEQLEDKV

K 

 

CTB 

*not suitable 

for human use 

J14-DT/CTB: Mice immunized 

intranasally with J14-DT/CTB had 

significantly increased survival following 

intranasal challenge with GAS and 

detection of salivary IgA was coincided 

with protection 

 

 
97 
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14-mer peptide from 

p145 in bold, total 29-
mer 

Proteosomes J14/Proteosomes: Intranasal 

immunization of mice induced J14-specific 

salivary IgA that led to decreased URT 

colonisation in mice post-intranasal 

challenge 

 

 
94 

Pam(2)Cys P25-P2C-J14: Mice immunized 

intranasally with P25-P2C-J14 induced 

J14-specific salivary IgA that coincided 

with a significant reduction in throat 

colonisation  

 
98 

 

rSpyCEP  

Encompassing amino-
acid residues 35–587 

(GenBank No. 

DQ413032) 

 

 

CFA 

*not suitable 

for human use 

rSpyCEP/CFA: Mice immunized with 

rSpyCEP/CFA had reduced bacterial 

dissemination from local intramuscular 

and intranasal sites of GAS infections and 

anti-rSpyCEP antibodies were able to 

inhibit SpyCEP cleaving of IL-8 

 

 
49, 104 

Alum J8-DT+rSpyCEP/Alum: Combination 

vaccination resulted in profound protection 

against covR/S wild-type and mutant GAS 

skin challenges 

 
65 

 

S2  

Highly conserved peptide 
from rSpyCEP (AA 205-

224): 

NSDNIKENQFEDFDED

WENF 

Alum J8-DT+S2-DT/Alum: Combination 

vaccination resulted in protection against 

pyoderma and bacteraemia following skin-

infection with covR/S mutant GAS and 

antibodies generated to S2 could 

completely protect IL-8 from SpyCEP 

mediated proteolysis  

 

 
66 

Liposomes  J8/S2-Lipo-DT: Combination intranasal 

vaccination induced J8 and S2-specific 

salivary IgA that coincided with reduced 

bacterial colonisation of the URT 

following intranasal infection with covR/S 

mutant GAS 

 
96 

 

K4S2 

 

(S2 with 4 

lysine 

residues) 

 
A more soluble derivative 

of S2 

 

Alum J8-CRM+K4S2-CRM/Alum 

(MJ8CombiVax): Parenteral 

immunization of mice with MJ8CombiVax 

was immunogenic and protective against 

covR/S mutant skin challenge. 

Immunogenicity and protective efficacy 

was comparable to J8-DT+S2-DT 

vaccination.  

 

*CRM197 (CRM): Enzymatically inactive 

and non-toxic form of DT 

 
67 

 

CFA: Complete Freud’s adjuvant 

Alum: Aluminum hydroxide   

CTB: Cholera toxin B subunit 

Liposomes: Liposomes composed of neutral lipids encapsulating DT and displaying lipidated 

peptide on surface 

LCP: Lipid core peptide  
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Proteosomes: Bacterial outer membrane proteins  

Pam(2)Cys: Lipopeptide construct containing a universal T-cell epitope and a self-adjuvanting 

lipid moiety 
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3.1 Ethics statement and animals  

 

All animal protocols were reviewed and approved by the Griffith University Animal Ethics 

Committee (AEC) in accordance with the National Health and Medical Research Council 

(NHMRC) of Australia guidelines (AEC protocol numbers: GLY/09/14, GLY/03/15 and 

GLY/18/16).  Experimental protocols involving pIgR knock-out (KO) (pIgR -/-) mice were 

reviewed and approved by Office of the Gene Technology Regulator (OGTR) (NLRD approval 

number: NLRD/004/17).  PIgR -/- mice breeding pairs were sourced from QIMR Berghofer 

and mice were bred at Griffith University.  IL-6 KO (IL-6-/-) mice were gifted by Prof. 

Geoffrey Hill (QIMR Berghofer, Brisbane, Australia).  BALB/c, C57BL/6, SWISS (outbred) 

and B10.BR (4 – 6-week-old) were sourced from the Animal Resource Centre (Perth, WA, 

Australia).   

 

3.2 GAS strains and growth conditions 

 

GAS strains pM1.200 (M1, emm 1; pharyngeal isolate obtained from a patient with scarlet 

fever (1)), pM6.200 (M6, emm 6), 5448AP (emm 1; obtained from the Walker lab, University 

of Queensland), pNS1 (emm 100) and p88/30 (emm 97).  All GAS strains were serially 

passaged (p = passaged and AP = animal passaged) through mice spleen to enhance virulence.  

pM1.200 and pM6.200 were made streptomycin-resistant to enable GAS to be distinguished in 

throat swabs from commensal murine bacterial flora (resistance to 200 g/ml streptomycin) 

(2).  This involved overnight growth of GAS in 5 ml Todd Hewitt broth supplemented with 1% 

neopeptone (THBN; BD Difco, Australia) containing 5 g/ml streptomycin (Sigma-Aldrich, 

Australia).  GAS were then centrifuges at 845 xg for 10 min and resuspended in 200 l of 

THBN. The GAS culture was then streaked out onto Columbia blood agar (CBA; Oxoid 

Limited, Australia) plates containing 5% defibrinated horse-blood and grown overnight at 37 

C.  A single colony was then used to inoculate 5 ml of THBN containing 10 g/ml 

streptomycin and the above procedure was repeated with increasing streptomycin 

concentrations until the GAS could be grown in the presence of 200 g/ml streptomycin.  

 

All GAS strains were grown overnight at 37 C on CBA containing 5% defibrinated horse-

blood.  Single colonies were used to inoculate THBN.  Bacterial cultures were grown to 

stationary phase (16 hours overnight culture). 
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Table 3.1 GAS strain table  

 

scpC – Streptococcus pyogenes cell envelope protease (SpyCEP); speA – streptococcal pyrogenic exotoxin A; speC – streptococcal pyrogenic 

exotoxin C; speB – streptococcal pyrogenic exotoxin B; fbp – fibronectin binding protein; slo – streptolysin O; scpA – C5A peptidase; sda1 

– extracellular streptodormase 1; hasA – hyaluronan synthase; ska – streptokinase A (Adapted from Jamie-lee Mills., 2016). 

 

The J8 allele type for pNS1 is J8 (SREAKKQVEKAL), J8.2 (SREAKKKVEADL) and J8.4 (SREAKKQLEAEH).  The J8 allele type for 

5448 AP is J8 (SREAKKQVEKAL) and J8.2 (SREAKKKVEADL).  The S2 sequence type for pNS1 is S2.1 

(NSDNIKENQFGDFDEDWENF).  The S2 sequence type for 5448 AP is S2 (NSDNIKENQFEDFDEDWENF) (Adapted from Jamie-lee 

Mills., 2016).  

 

3.3 Antigen preparation 

 

The peptides J8 (QAEDKVKQSREAKKQVEKALKQLEDKVQ) and K4S2 

(KKKKNSDNIKENQFEDFDEDWENF) were synthesized and purified (>95%) by 

Chinapeptides Co. Ltd. (Shanghai, China).  Peptides were conjugated to diphtheria toxoid (DT; 

Statens Serum Institut, Copenhagen, Denmark) via a C-terminal cysteine residue using EMCS 

(6’-maleimidocaproyl n-hydroxy succinimide ester; Sigma-Aldrich, Australia), as described 

elsewhere (3, 4).  Briefly, DT was dialysed against 0.1 M sodium phosphate buffer (pH 7).  The 

dialysis was performed overnight at 4C.  The dialysed carrier protein (DT in 0.1 M sodium 

phosphate buffer; 10 mg/ml) was dissolved in a glass tube containing 2.5 mg EMCS and 75 l 

DMF (N,N-Dimethylformamide; Sigma-Aldrich, Australia) and incubated at room temperature 

for 1 h on shaking platform.  The activated carrier was dialysed overnight 4C in sodium 

phosphate buffer containing EDTA.  The activated carrier (DT) was conjugated to peptide (J8-

C or K4S2-C) by mixing the components together at room temperature for 1 h on shaking 

platform.  The conjugate was dialysed overnight 4C in sodium phosphate buffer and quantified 

using protein estimation and analysed by SDS-PAGE and amino-acid analysis.  All peptides 

were stored in solution at -20 C. 

 

All vaccine formulations were prepared fresh before each immunisation.  

 

Isolate M-

protein  

emm 

type  

Country 

of origin  

Anatomical 

site  

scpC speA speC speB fbp slo scpA sda1 hasA ska covR/S 

status 

2031 AP 

(pM1) 

M1 1 Australia throat + + - + + + - - + + Wild-

type 

NS1 AP 

(pNS1) 

M100 100 Australia  skin + - + + + + + - + + Wild-

type  

pM6 

 

M6 6 N/A throat N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Wild-
type 

5448 AP M1 1 N/A blood + 

 

+ - + + + + + + + Mutant 

88/30 AP 

(p88/30) 

M97 97 Australia  skin + - - + + + + - + + Mutant  
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3.3.1 Preparation of Aluminium hydroxide (Alum) vaccines  

 

For immunisations, J8-DT (30 μg/mouse) and J8-DT (30 μg/mouse) + K4S2-DT (30 

μg/mouse) were absorbed onto Alum (2% Alhydrogel, Brenntag, Biosector, Denmark) in a 1:1 

ratio.  Vaccine formulations were combined by rotating slowly for 1 hour at room temperature 

as previously described (3) and mice were immunised subcutaneously (s.c.) in a total volume 

of 50 μl. 

 

3.3.2 Preparation of CAF01 vaccines 

 

CAF01 was sourced under a Material Transfer Agreement (MTA) from Statens Serum Institut 

(SSI), Copenhagen, Denmark. 

 

For immunisations, liposomes of dimethyldioctadecylammonium (DDA) and trehalose 6,60 -

dibehenate (TDB) (CAF01; Statens Serum Institut, Copenhagen, Denmark) was used as an 

adjuvant (5).  CAF01 was mixed at a 1:1 ratio with J8-DT (30 μg/mouse) and J8-DT (30 

μg/mouse) + K4S2-DT (30 μg/mouse) by vortexing every 10 mins for half an hour and mice 

were immunised s.c. in a total volume of 200 μl and intranasally (i.n.) in a total volume of 30 

μl (15 μl/nare).  

 

3.3.3 Preparation of cholera toxin B (CTB) subunit vaccines 

 

Cholera toxin (CT), the major virulence factor of Vibrio cholerae, consists of subunit A (CTA) 

and subunit B (CTB) (6).  The CTA subunit is responsible for the disease phenotype of cholera 

and CTB provides the vehicle to deliver CTA to target cells (6).  Sigma Aldrich CTB contains 

< 0.5% CTA; therefore the use of CTB in humans is undesirable and research is underway to 

remove the toxicity from the molecule while also maintaining the adjuvant effect (6). 

 

For immunisations, J8-DT (30 μg/mouse) was mixed with CTB (Sigma Aldrich, St. Louis, 

United States) (10 μg/mouse).  Mice were immunised i.n. route in total volume of 20 μl (10 

μl/nare).  
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3.4 J8-Lipo-DT, J8/S2-Lipo-DT and J8-Lipo-DT PHAD formulations 

 

To promote noncovalent complexing of peptides to liposomal bilayer, a hydrophobic anchor 

consisting of two palmitic acids (C16) was added to the epsilon and primary amine group of 

the lysine in a tripeptide spacer (consisting of K-S-S) present in peptide amino-terminus.  

Peptide sequence for (C16)2-KSS-J8: 

(C16)2KSSQAEDKVKQSREAKKQVEKALKQLEDKVQ and peptide sequence for (C16)2-

KSS-S2: (C16)2KSS NSDNIKENQFEDFDEDWENF.  These constructs were synthesized and 

purified (>95%) by Chinapeptides Co. Ltd. (Shanghai, China). 

 

Liposomal vaccines were prepared as per an established method (6).  Briefly, predetermined 

volumes of peptide (J8-Lipo-DT and J8-Lipo-DT PHAD) and/ peptides (J8/S2-Lipo-DT) and 

phospholipids dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol (CHOL) and 1 

L--phosphatidylglycerol (PG) were coated on to a round bottom flask.  For J8-Lipo-DT 

PHAD, 3D-PHAD (25 μg/mouse) (Avanti Polar Lipids. Inc., Alabaster, United States) was 

incorporated during liposome preparation.  The lipid thin film was then hydrated and dispersed 

in 3 ml of 20 mM phosphate buffered saline (PBS) pH 6 containing 2.7 mg of Trehalose 

(Sigma-Aldrich, St.  Louis, United States) and a predetermined amount of DT by continual 

rotation for 10 min in a water bath at 37C.  The resultant liposomal suspension was 

centrifuged, the supernatant was removed and the liposome pellet resuspended in 3 ml of 20 

mM PBS pH 7.2-7.4 containing 2.7 mg of Trehalose.  Freshly prepared liposomes were freeze-

dried in glass vials with 10% trehalose.  For administration, each vial was resuspended in PBS 

and mice were immunised i.n. with a total volume of 20 μl (10 μl/nare) or s.c. with a total 

volume of 50 μl. 

 

Amino-acid analysis was determined by The Australian Proteome Analysis Facility (APAF) 

and used to calculate the molar ratios of J8 and DT, and S2 and DT. 

 

The average particle size (nm) of a liposome was measured at 25C using a Nanosizer 

(Zetasizer Nano Series ZS, Malvern Instruments, United Kingdom) with disposable capillary 

cuvettes.  Size was analysed using non-invasive backscatter system and the measurements 

taken with a 173 scattering angle.  Correlation times were based on 10 seconds per run and at 

least five consecutive runs were made per measurement.  The results are the average of 
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triplicate independent measurements analysed using Dispersion Technology Software 

(Malvern Instruments, United Kingdom).   

 

 

 

 

 

 

 

 

Figure 3.1 Manufacturing steps for liposomal vaccine preparation. Neutral lipids, peptides 

and/PHAD were dissolved in organic solvent (chloroform) and coated on to a round bottom 

flask.  The lipid thin film was then evaporated in a rotary evaporator and hydrated and 

dispersed in PBS (20 mM, pH 6) containing DT and trehalose.  The resultant liposomal solution 

was centrifuged and unencapsulated DT was removed and the liposome pellet was resuspended 

in PBS (20 mM, pH 7.2 – 7.4) containing trehalose.  Freshly prepared liposomes were freeze 

dried in glass vials (Adapted from Sharareh Eskandari., 2017). 

 

3.5 Intranasal (i.n.) immunisation of mice 

 

Mice were immunised i.n. on days 0, 21 and 42 as per an established method (6).  Mice were 

immobilised and administered J8-Lipo-DT (10 μl/nare), J8/S2-Lipo-DT (10 μl/nare), J8-Lipo-

DT PHAD (10 μl/nare), J8-DT/CAF01 (15 μl/nare) or J8-DT+K4S2-DT/CAF01 (15 μl/nare).  

Control mice were administered PBS in a total volume of 20 μl (10 μl/nare).  Positive control 

mice received J8-DT/CTB (10 μl/nare).  Vaccines were administered using a p20 pipette and 

sterile filter tips (Interpath, Victoria, Australia).  

 

3.6 Subcutaneous (s.c.) immunisation of mice 

 

Mice were immunised s.c. at the tail base on days 0, 21 and 42 with J8-DT/Alum (50 μl), J8-

Lipo-DT PHAD (50 μl), J8-DT/CAF01 (200 μl) or J8-DT+K4S2-DT/CAF01 (200 μl). 

 

3.7 Intramuscular (i.m.) immunisation of mice 

 

Mice were immunised i.m. on days 0, 21 and 28 as per an established method (6).  Briefly, 

mice were anesthetised and the haunch (ventral face of the left leg muscle) of the mouse was 
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firmly pinched to form a bulge.  The needle was inserted vertically into the bulge of muscle 

and J8-DT/Alum (50 μl), J8-Lipo-DT PHAD (50 μl) and PBS/Alum (50 μl) was injected.  

Boosts were applied in the opposite limb to the previous immunisation. 

   

3.8 Serum, saliva and faecal sample collection 

 

Serum was collected on days 20, 40 and 50 after primary immunisation to determine the level 

of peptide-specific systemic antibodies.  Blood was collected via the vein slightly behind the 

mandible and allowed to clot overnight.  Serum was collected after centrifugation for 10 min 

at 845 xg and stored at -20C. 

 

Saliva was collected on days 7, 28 and 50 as per an established protocol (6) to determine the 

level of peptide-specific salivary antibodies.  Briefly, mice were administered 0.1% pilocarpine 

to induce salivation.  Saliva was then collected in tubes containing phenylmethylsulfonyl 

(Sigma-Aldrich St.  Louis, United States), a protease inhibitor, and samples were stored at −80 

°C.   

 

Six to 10 freshly voided faecal pellets were collected from individual mice, frozen and then 

lyophilized.  The dry weight of faecal solids was determined before they were resuspended by 

vortexing in 5% non-fat dry milk, 50 mmol/L EDTA (Gibco, Grand Island, USA), 0.1 mg/ml 

soya bean trypsin inhibitor (Sigma-Aldrich, St. Louis, USA), and 2 mmol/L PMSF (20 μl/mg 

of dry weight).  Solid matter was separated by centrifugation for 10 min at 15 000 xg.  The 

supernatants were stored at −80 °C. 

 

3.9 Determination of antibody titres by enzyme-linked immunosorbent assay (ELISA) 

 

ELISA was used to measure J8, S2 and K4S2-specific serum IgG and mucosal IgA, as 

described elsewhere (6, 7).  Briefly, peptide was coated onto Titertek PVC microplates (MP 

biomedicals, Alabama, USA).  Samples were assessed using 2-fold dilutions of 1:100 of serum 

or 1:2 dilutions of saliva and peptide-specific mouse antibodies were detected with HRP-

conjugated goat anti-mouse IgG antibody (1:3000) (Bio-rad Laboratories, New South Wales, 

Austalia) or HRP-conjugated goat anti-mouse IgA antibody (1:100) (Invivogen, San Diego, 

United States).  For IgG isotyping, the following dilutions were used: IgG1 (1:4000), IgG2a 

(1:2000), IgG2b (1:2000) and IgG3 (1:2000).  SIGMAFAST OPD substrate (Sigma-Aldrich, 
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St. Louis, United States) was added according to manufacturer’s instructions and incubated at 

room temperature for 20 min for serum samples and 30 min for saliva samples (protected from 

the light).  The absorbance was measured at 450nm in a Tecan Infinite M200 Pro plate reader 

(Tecan Group Ltd., Switzerland).  The end-point titre was defined as the highest dilution that 

gave an absorbance of >3 standard deviations above the mean absorbance of negative control 

wells (containing pooled-sera/saliva, at the same dilution, from mice immunised with PBS).   

 

3.10 Upper respiratory tract (URT) GAS infection of mice 

 

After a primary immunisation and two boosts, vaccinated and control mice were infected with 

GAS as previously described (6).  Briefly, mice were administered 200 μg/ml of streptomycin 

water 24 hours prior to infection and for the continual of the study.  Mice were anaesthetized 

via an intraperitoneal (i.p.) injection of 100 μl ketamine:xylazil:H2O (1:1:10). Once 

immobilized, GAS strains pM1.200 or pM6.200 or 5448AP at a concentration of 5x108 cfu/ml 

(5x106 cfu/10 μl) were intransally administered at 5 μl/nare.  Mice were monitored daily for 

signs of illness as per the score sheet approved by Griffith University Animal Ethics Committee 

(Appendix III).  

 

3.11 Murine model for superficial skin infection 

 

Mice were challenged via the skin with 1x108 cfu/ml of GAS strain pNS1 or p88/30 or 5448AP 

as described elsewhere (8). Briefly, mice were anaesthetized with a mixture of ketamine:xylazil 

mixture as above. The fur from the nape of the neck of mice was removed using clippers and a 

shaver, and the skin was wiped clean with an ethanol swab. Mechanical scarification of the 

skin was performed using a metal file.  Following skin abrasion, the mice were infected with 

GAS. An inoculum (20 μl) of GAS containing 1x106 cfu counts was topically applied.  Once 

the inoculum had completely absorbed on the skin, a temporary cover was applied on the 

wounded site and mice were housed in individual cages.  Mice were monitored daily for 

infected lesions, as well as signs of illness as per the score sheet approved by Griffith University 

Animal Ethics Committee (Appendix III). 

 

3.12 Organ collection and CFU determination 
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Following intranasal infection, throat swabs (TS) and nasal shedding (NS) were collected on 

days 1–3 post-infection as described elsewhere (6).  For throat swabs, swab applicators (Copan 

Diagnostics, California, USA) were placed in sterile PBS to dampen, mice were then 

immobilised and throats were swabbed.  Swab applicator was then suspended in PBS, serially 

diluted and dot-plated (20 μl) in duplicate on CBA plates containing 5% defibrinated horse-

blood.  Bacterial burden in nasal sheddings were determined by pressing the nares of each 

mouse onto CBA plates containing 5% defibrinated horse-blood and exhaled particles were 

streaked out (9).  On day 3 post-infection mice were sacrificed and blood (diluted 1:6 in 

PBS+10mM EDTA), spleen, lungs and nasal associated lymphoid tissue (NALT) were 

removed, mechanically homogenized using the Bullet Blender Homogeniser (Next Advance, 

USA), serially diluted and dot-plated (20 μl) in duplicate on CBA plates containing 5% 

defibrinated horse-blood.   

 

Following skin infection, mice were sacrificed on days 3 and 6.  Blood samples were collected 

via cardiac puncture (diluted 1:6 in PBS+10mM EDTA), spleens were removed and skin 

biopsy samples (measuring 2–3 mm3) from the infected lesion at the nape of the neck were 

obtained.  The skin and spleen samples were mechanically homogenized using the Bullet 

Blender Homogeniser (Next Advance, USA), serially diluted and dot-plated (20 μl) in 

duplicate as above.   

 

For bacterial enumeration, all plates were incubated at 37 °C overnight and then individual 

haemolytic streptococcal colonies were counted.   

 

3.13 In-vitro stimulation of splenocytes 

 

Single-cell suspensions of spleens from immunised mice free of erythrocytes were prepared in 

RPMI 1640 media.  Briefly, spleens were removed aseptically from immunised and naïve mice 

and placed in RPMI 1640 media.  Spleens were homogenised using the flat head of a 10 ml 

syringe and filtered successively through 70 μm filter to obtain a single-cell suspension 

(splenocytes).  The cell suspension was homogenised at 500 xg for 10 min at 4°C.  The 

homogenised spleen was lysed for 3 min at room temperature with sterile ACK (150 mM 

ammonium chloride, 1 mM potassium hydrogen carbonate, 0.1 mM di-sodium-EDTA; pH 7.2) 

buffer.  The reaction was stopped by adding RPMI 1640 media and the splenocytes were 

centrifuged at 500 xg or 10 min at 4°C.  Viable cells were counted using trypan blue exclusion 
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and resuspended in RPMI 1640 media containing 10% foetal bovine serum (FBS; Invitrogen, 

Australia).  Splenocytes at 4x105 cells in a total volume of 0.1ml were plated out on 96-well 

round bottom plates and the following stimuli were added: lipopolysaccharide (LPS; Sigma-

Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), Concanavalin A (ConA; 

Sigma-Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), J8 peptide (500 

μg/ml), diphtheria toxoid (DT; 500 μg/ml), J8-DT (500 μg/ml) and media alone for 72 hours 

in 5% CO2 at 37 °C.  Supernatants were isolated after 72 hours and stored at −80 °C for 

cytometric bead array analysis.   

 

3.14 Quantification of secreted cytokines by cytometric bead array  

 

Mouse Th1/Th2/Th17 cytokine kit (Becton Dickson, USA) was used according to 

manufacturers’ instructions, except that volumes of samples and standards were scaled down 

as previously reported (6, 10).  This kit was used to measure Interleukin-2 (IL-2), Interleukin-

4 (IL-4), Interleukin-6 (IL-6), Interferon-gamma (IFN- γ), Tumor Necrosis Factor (TNF), 

Interleukin-17A (IL-17A), and Interleukin-10 (IL-10) protein levels in a single sample.   

Briefly, 180μl of Assay Diluent was added to 20 μl of mouse Th1/Th2/Th17 standards (Top 

Standard) and serially diluted 1:2 until 1:256.  Next, 2 μl of each capture bead was aliquoted 

into a master-mix with PE detection reagent and 20 μl was added to wells already containing 

10 μl of spleen supernatants.  Samples were then incubated for 2 h at room temperature (RT) 

and protected from the light.  After 2 h incubation, 150 μl of wash buffer was added and 

samples were centrifuged at 300 xg for 5 minutes, wash buffer was then aspirated and an 

additional 200 μl of wash buffer was added to the sample pellet ready to be run on the flow 

cytometer.  Samples were run on a BD LSRFortessa cytometer and data analyzed with FCAP 

Array (v 3.0 for windows) software. 

 

3.15 Spleen proliferation assay 

 

Briefly, S2 peptide and DT was administered subcutaneously at the tail base, with each mouse 

receiving 30 μg of peptide and DT emulsified in CFA.  Ten days later, spleen cells were plated 

in quadruplicate at 4 x 105 cells/well in RPMI 1640 complete medium containing 5 x 10-5 M 

β–mercaptoethanol and antigen at various concentrations.  The plates were incubated for 4 days 

in a humidified 5% CO2/air environment at 37ºC.  During the last 18 h of culture, cells were 

pulsed with 0.25 μCi of 3[H]-Thymidine (PerkinElmer)/well and harvested onto fiberglass 



  Chapter 3 

 

 104 

mats; 3H incorporation was measured on a PerkinElmer MicroBeta2 β counter.  Stimulation 

index (SI) was defined as counts per minute in the presence of antigen/counts per minute in the 

absence of antigen. 

 

3.16 Cell-depletion studies 

 

Macrophages were depleted with Clodronate Liposomes (ClLipi; ClodLipBV, Haarlem, The 

Netherlands).  Subcutaneous ClLip administration was used for depletion of systemic 

macrophages, whereas intranasal ClLip administration was used for depletion of macrophages 

in the URT.  The dose and time-course for ClLip administration were optimized using 

histological analysis of various organs (NALT, lungs, spleen and lungs).  Mice were treated 

with 100 μl (0.5 mg/mouse) of ClLip i.p. and 50 μl (0.25 mg/mouse) of ClLip (5 mg/ml) i.n. 

on days -3, -2 and -1 before infection (day 0) to achieve >90% depletion of macrophages in all 

tissues tested.   

 

3.17 Histological examinations 

 

To determine macrophage depletion, NALT, lung, spleen and liver biopsy samples were 

collected from ClLip-treated mice.  Samples were immediately fixed in buffered formalin and 

embedded in paraffin for F4/80 staining.  Samples were processed by the QIMR Berghofer 

histology facility.  Sections were scanned and read at high magnification using ImageScope 

software (Leica Biosystems, Victoria, Australia).  Positive cells were counted in five areas of 

scanned slides and expressed at the average number of positive cells/high-powered field using 

ImageJ (National Institutes of Health, Bethesda, USA). 

 

3.18 Statistics  

 

Statistical analysis was performed with GraphPad Prism 6 software using a nonparametric, 

unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS control group 

(ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001) and two-tailed t test, corrected for 

multiple comparisons using the Tukey’s comparison test (ns; *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001).  Percent reduction was calculated in comparison to total mean of naïve/PBS 

control.  
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The upper respiratory tract (URT) is the major entry site for human pathogens and strategies to 
activate this network could lead to new vaccines capable of preventing infection with many 
pathogens. Group A streptococcus (GAS) infections, causing rheumatic fever, rheumatic heart disease, 
and invasive disease, are responsible for substantial morbidity and mortality. We describe an 
innovative vaccine strategy to induce mucosal antibodies of significant magnitude against peptide 
antigens of GAS using a novel biocompatible liposomal platform technology. The approach is to 
encapsulate free diphtheria toxoid (DT), a standard vaccine antigen, within liposomes as a source of 
helper T-cell stimulation while lipidated peptide targets for B-cells are separately displayed on the 
liposome surface. As DT is not physically conjugated to the peptide, it is possible to develop modular 
epitopic constructs that simultaneously activate IgA-producing B-cells of different and complementary 
specificity and function that together neutralize distinct virulence factors. An inflammatory cellular 
immune response is also induced. The immune response provides profound protection against 
streptococcal infection in the URT. The study describes a new vaccine platform for humoral and 
cellular immunity applicable to the development of vaccines against multiple mucosal pathogens. 
 
 
The respiratory tract is the most common site of infection by pathogens. Upper respiratory tract (URT) infections 

cause at least half of all illness in the community, resulting in morbidity, absenteeism from work and school, 

direct health care costs and mortality1. A wide range of organisms infect the respiratory tract, including viruses, 

bacteria, fungi and parasites. Group A streptococcus (GAS) is a Gram-positive bacterium that primarily infects 

the URT mucosa, but also the skin, resulting in a broad spectrum of diseases. The most common disease 

following colonization of the URT is pharyngitis. However, there are several ‘post-streptococcal’ diseases that 

are of particular concern, including rheumatic fever and rheumatic heart disease (RHD), for which there is an 

estimated 34 million prevalent cases2. Globally, GAS infection and associated diseases result in over 500,000 

deaths each year, highlighting the urgent need for a vaccine. 

     GAS vaccines can be divided into M-protein and non-M protein-based candidates3. The M protein is a major 

virulence determinant located on the cell surface 4 and consists of a hypervariable amino-terminus that is the 

target of strain-specific antibodies and a conserved C-repeat domain. Leading M protein-based vaccine 

candidates are the amino-terminal multivalent vaccines and conserved C-repeat M-protein peptides5–7. Non-M 

protein candidates include SpyCEP8, C5a peptidase9 and group carbohydrates10. 

     We previously defined two conserved vaccine peptides: J8-based on a minimal B cell epitope from the C3-

repeat domain of the M protein11; and S2, from the bacterial IL-8 protease, SpyCEP12. When chemically linked 

to the carrier protein diphtheria toxoid (J8-DT), and administered sub-cutaneously with alum, J8 induces IgG 

antibodies that together with neutrophils protect mice from systemic and skin challenge with multiple GAS 
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strains6,13 . S2 is a 20-amino acid peptide from SpyCEP12 . Immunization with S2-DT induces antibodies that can block the proteolytic function 

of SpyCEP and protect the neutrophil chemo-attractant activity of IL-8. The combination of J8-DT with S2-DT, administered parenterally with 

alum, induces IgG antibodies that can protect against skin challenge with hyper-virulent GAS organisms that have mutated their Control of 

Virulence Regulatory Sensor (CovR/S) and thus up-regulated SpyCEP production12. 

Unlike protection against skin disease, protection against URT infection requires an IgA response. Passively acquired human M-protein-specific 

IgA, but not IgG, can protect mice from intranasal infection14, and mucosal immunity in mice following immunization with a proteosome-based 

vaccine correlated with a salivary IgA response to a conserved M-protein peptide15. However, IgA production requires mucosal immunization 

and there are no mucosal adjuvants licensed for human use16, although some are highly effective in inducing mucosal IgA responses in animals 

(such as the cholera toxin B [CTB] subunit) following intra-nasal administration17. 

The aim of this study was to develop a novel vaccine formulation that would induce mucosal immunity and be suitable for human use. The 

natural tendency of liposomes to interact with antigen presenting cells combined with the known ability of lipid core peptides to target Toll Like 

Receptors18,19 provided the rationale for using liposomes combined with lipidated peptides to activate the immune system20. Various liposome 

formulations have been administered safely to humans21. 

Liposomes are spherical vesicles composed of biocompatible phospholipid bilayers22 in which multiple lipophilic constructs can be incorporated 

within the lipid bilayers. They should be ideal platforms to induce peptide-specific antibody responses of multiple specificities. However, 

peptides are poorly immunogenic unless conjugated to a ‘carrier’ protein that activates helper T-cells23. The classic strategy has been to conjugate 

peptides to carrier proteins or to T-helper epitopes before embedding them in liposomes24. This was based on fundamental immunological 

principles whereby B-cells recognizing the B-cell epitope take up the linked protein or T-cell epitope which is then processed for presentation 

to T-cells 23. Thus, to induce antibodies of multiple defined specificities with liposomes, each peptide will require chemical conjugation prior 

to liposome assembly and the capacity to present multiple epitopes will depend on the choice of carrier protein. There are no peptide-liposome 

vaccines in clinical trial (www.clinicaltrials.gov). The question that we addressed was whether a carrier protein contained within a liposome, 

but not physically conjugated to the peptide, would be able to induce T-cell help to B-cells responding to different surface peptide epitopes of 

GAS and induce protection against this mucosal pathogen. If successful, such liposomes would transform vaccine development by allowing 

modular design of multiple peptide immunogens effective against many mucosal pathogens. 
 

Results 
Parenteral immunization with J8-DT/alum induces J8-specific antibodies and protects against skin and systemic infection with common strains 
of GAS of multiple emm types via IgG antibodies working together with neutrophils13. We initially asked whether this vaccination regimen 
would protect against URT infection. Mice were vaccinated with three doses of J8-DT/alum intra-muscularly following which we observed 
high serum IgG titers (105–10 6) (Supplemental Fig. 1A), serum IgA titers of 100 (data not shown), salivary IgG titers of ~10 (data not shown) 
and no salivary IgA (Supplemental Fig. 1B). Mice were then challenged with the M1 GAS strain (in two separate experiments) and we observed 
limited reduction in GAS colonies from nasal secretions, in throat, and in Nasal Associated Lymphoid Tissue (NALT; a murine functional 
homolog to human tonsils)25, which did not reach statistical significance (Supplemental Fig. 1C–H).  
These data provided the impetus to develop a mucosal vaccine platform that could induce peptide-specific IgA and protection of the URT 
compartments. Given our evidence that protection against the highly virulent CovR/S mutant GAS required the induction of antibodies capable 
of neutralizing two complementary virulence factors12, we developed a modular vaccine that could present more than one peptide 
simultaneously. 
 
Liposome vaccine immunogenicity and stability.  The vaccine platform that we tested consisted of a liposome composed of 

neutral lipids encapsulating DT and displaying various lipidated charged peptides on its surface. The vaccine is referred to as ‘Peptide-Lipo-

DT’. The peptides represented target B -cell epitopes with the lipid tail anchoring the peptide to the liposome. The liposomes contained an 

average of 57 peptides per molecule of DT (total DT content was 87 μg encapsulated within 10 mg of liposomes). Ninety-five percent of the 

DT was encapsulated within the liposome as determined by using a fluorescent analogue of J8-Lipo-DT. The detailed physico-chemical 

properties of the liposomes and methodologies are described in Materials and Methods (and see Fig. 1). 

We initially tested single peptide liposomes and asked whether J8 incorporated with the lipid bilayer of liposomes enclosing DT would induce 

a mucosal IgA response. J8 was attached to the liposome by addition to the J8 sequence of a spacer (KSS) and a di-palmitic acid tail ([C16]2). 

We observed that J8-KSS-(C16)2-Lipo-DT (abbre-viated as J8-Lipo-DT) and J8 chemically conjugated to DT and mixed with CTB (J8-

DT/CTB), but not lipidated J8 alone [J8-KSS-(C16)2] nor J8 chemically conjugated to DT without CTB (J8-DT) induced mucosal IgA responses 

following intra-nasal administration and two boosts (Fig. 2A). Although not relevant to streptococcal immunity, we also measured the fecal IgA 

responses and observed significant IgA responses in J8-Lipo-DT-vaccinated mice but not mice immunized with J8- KSS-(C16)2 (data not 

shown). These results show that the liposome construct was immunogenic, but that both lipidated J8 (without liposome with enclosed DT) and 

J8-DT (without lipos-omes) were not immunogenic and suggested that the liposome membrane was essential for induction of the IgA response. 

The results did not exclude a role for the lipid tail of the peptide; rather they show that it alone was not effective. 

We then tested a different single peptide liposome, S2-KSS-(C16)2-Lipo-DT (abbreviated as S2-Lipo-DT). S2 is the 20-mer B-cell epitope from 

SpyCEP. We observed that the salivary S2-specific IgA response following intra-nasal vaccination was also significant and equivalent to that 

induced by S2 that had been chemically conjugated 
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Figure 1.  Idealized structure of liposomal platform technology. Liposome encapsulates DT while the peptide antigens attached to the 

spacer KSS at the N-terminus is covalently coupled to two palmitic acid molecules, facilitating their insertion into the liposome membrane 

(both internally and externally). For simplicity, the lipidated peptides are only displayed as being external to the liposome, but are expected to 

be located on both sides of the membrane.  
 

 

to DT (S2-DT) and administered with CTB (Fig. 2B). We were interested to know whether the immunogenicity of the construct was related to 

inherent immunogenicity of the S2 peptide. We observed that mice immunized intra-nasally with S2 (no lipid tail) mixed with CTB did not 

induce S2-specific IgA (Fig. 2B). The lack of response to S2/CTB, together with the positive response to S2-Lipo-DT, suggested that S2 alone 

was incapable of stimu-lating T-cells necessary to provide B-cell help. This was confirmed by immunizing mice with S2 and showing that 

spleen cells from immunized mice did not proliferate in vitro to S2 (Fig. 2C); and further confirmed by immunizing mice parenterally with S2-

KSS-(C16)2 emulsified in complete Freund’s adjuvant (CFA) and showing a complete lack of an antibody response to S2. (Fig. 2D). These data 

with J8 and S2 collectively showed that a liposome encapsulating DT was essential for the IgA response and that the surface peptide is not 

required to activate T-cells. 

The size, shape and surface charge of particulate vaccines can influence their immunogenicity and NLRP3 inflammasome activation is a feature 

of charged particulate vaccine adjuvants including liposomes26–28. We tested different sizes of J8-Lipo-DT and observed that the self-assembling 

microparticulate sized J8-Lipo-DT (1756 nm) and the 823 nm sized J8 -Lipo- DT stimulated the highest IgA response (Supplemental Fig. 2). 

For all further experiments we used the larger sized liposomes. 

We were interested to test whether a lyophilized vaccine would remain immunogenic post re-hydration. This would greatly facilitate 

development of the vaccine and negate any concerns that might arise due to instability of the liquid form of the vaccine29. We freeze-dried the 

vaccine, stored it at 4 °C for 1, 5 and 7 weeks, and re-suspended it in PBS prior to immunization. We observed that immunogenicity was 

completely maintained providing trehalose (a lyoprotectant) was added to the vaccine prior to freeze-drying (Supplemental Fig. 3A,B, which 

shows the data for 7 weeks post freeze-drying). 
 
Assessing protection from streptococcal infection.  To assess protection, mice were immunized with J8-Lipo-DT while control 

groups were immunized with liposomes alone, liposomes encapsulating DT (Lipo-DT), J8-DT/CTB, DT/CTB or PBS. Mice were given a 

primary immunization followed by two booster immunizations (all delivered intra-nasally) and then challenged intra-nasally with a serotype 

M1 pharyngeal isolate (not a CovR/S mutant) obtained from a patient with scarlet fever15. Prior to challenge, we observed that J8-Lipo-DT and 

J8-DT/CTB induced comparable J8-specific salivary IgA and serum IgG (Fig. 3A,B). Post-challenge with GAS, the bacterial load in nasal 

discharge was significantly lower in mice immunized with either J8-Lipo-DT or J8-DT/ CTB (Day 3, Fig. 3C). J8-Lipo-DT-immunized mice 

also showed significant protection against infection on the pharyngeal surface (throat swabs) and NALT (Fig. 3D,E). Surprisingly, however, 

J8-DT/CTB-immunized mice were not protected from colonization of the throat or NALT.  
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Figure 2.  J8 and S2-specific antibody response and spleen cell proliferative response to antigens for individual BALB/c mice 

(n = 5/group). Mean antibody titer +SEM are shown. (A) J8-specific salivary IgA antibody response for BALB/c mice (n =5/group). Mean 

antibody titers are represented as a bar + SEM. (B) S2-specific salivary IgA titer. (C) Average stimulation index (SI) of spleen cell 

proliferation for BALB/c mice immunized with 30 μg of S2 peptide and 30 μg of DT in complete Freund’s adjuvant. Proliferation of cells 

induced by S2 peptide and DT (30 μg) and concanavalin A (conA) was determined. The average counts per minute observed for control 

mice in the absence of antigen were 5303 cpm. (D) S2-specific serum IgG titer. Statistical analysis was performed using a nonparametric, 

unpaired Mann-Whitney U test to compare test groups to the PBS control group (ns, p >0.05; *p <0.05; **p <0.01; ***p <0.001).  
 
 
Inflammatory responses following liposome vaccination.  To explore potential mechanisms of pro-tection, we measured the 

pro-inflammatory cytokine responses (IFN-γ, IL-1, IL-6, IL-12p70, MCP-1, and TNF-α) of spleen cells from immunized mice following in 

vitro stimulation with J8 (Fig. 4). J8 was able to recall IFN-γ and IL-6 responses from spleen cells from J8-Lipo-DT immunized mice, but not 

from mice immunized with J8-DT/CTB. The other cytokines tested were not detected. IL-6 is known to be a signal for neutrophil production30 

and neutrophils are essential for IgA-mediated opsonization of GAS31. IL-6 can also augment IgA secretion32 and IFN-γ promotes IL-6 

production33. We thus immunized IL6−/−and control mice with J8-Lipo-DT and observed that although both groups produced similar levels of 

J8-specific IgA (preliminary data), the IL6−/−mice had significantly higher total streptococcal tissue bioburden (pharynx, NALT and lungs) 

post-challenge in comparison to wildtype mice (unpublished observation). The data suggest the importance of inflammatory cellular responses 

in J8 -Lipo-DT-mediated immunity and provided a likely explanation for the difference in protection against GAS in the tissues following J8-

Lipo-DT and J8-DT/CTB vaccination, both of which induced similar levels of IgA. 
 
Immunogenicity of multi-epitope vaccine.  CovR/S mutant GAS have significantly enhanced virulence due to up-regulation of various 

virulence factors, including SpyCEP. Parenteral immunization with J8-DT/alum does not protect against CovR/S mutant GAS skin infection 

but co-immunization with J8-DT and S2-DT co-administered with alum does protect12. We asked whether liposomes expressing both J8 and S2 

would induce IgA to both pep-tides and mediate mucosal protection. We constructed J8/S2-Lipo-DT (See Fig. 1) and compared its 

immunogenicity to the individual peptide liposomes (J8-Lipo-DT; S2-Lipo-DT [see Fig. 1]). We observed that the J8/S2- Lipo-DT construct 

induced comparable immune responses to both J8 and S2 as individual peptide constructs (Fig. 5A–D). However, following a challenge infection 

with GAS strain 5448AP (a CovR/S mutant), only mice immunized with the multi-epitope construct were protected in the throat and NALT 

(Fig. 5F,G). When measuring colonies in nasal secre-tions we observed that the number of organisms was small in the control mice but on two 

of the three days measured there was a significant reduction in colonies from mice that had received J8/S2-Lipo-DT immunization (Fig. 5E). 
 

Discussion 
We have produced a mucosally active subunit liposomal vaccine formulation that can co-present more than one epitope, can activate both 

humoral and cellular protective immune responses to a major bacterial pathogen, and can be stored as a powder. The immunostimulatory 

properties of liposomes were exploited to encapsulate proteins and display lipidated molecules on their surface. Vaccine design readily facilitated 

the inclusion of additional B-cell epitopes in the lipid bilayer thus enabling modular construction of a multi-epitope vaccine. Mucosal immunity 

induced by the liposome vaccine was superior to that induced by a peptide-protein conjugate administered with CTB, which correlated with the 

stimulation of an inflammatory response by spleen cells from liposome-vaccinated mice. The data showed that IL-6 was induced by the liposome 

vaccine and suggested that it was a critical cytokine as mice immunized with J8-DT/CTB produced very similar levels of IgA but had much 

lower levels of IL-6 post-antigen stimulation in vitro and were not protected. Furthermore, vaccinated IL-6−/− mice were protected significantly 

less well than vaccinated control mice in preliminary data. 

Mucosal immunization, as a means of eliciting protective immunity against infectious diseases, has attracted much interest. The vast majority 

of infections occur at, or begin from, mucosal surfaces. Therefore, a vaccine that can induce a mucosal protective immune response is highly 

desirable. However, in practice it has proven difficult to stimulate strong mucosal IgA responses by vaccination and progress in development 

of mucosal vaccines using subunit peptide antigens has been disappointing. Addition of toxic adjuvants (including enterotoxins such as CTB 

and the Labile Toxin of E. coli [LT]) and conjugation of subunit antigens to protein carriers to provide T-cell help are essential. 
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Figure 3.  J8-specific antibody response and bacterial burden after intranasal challenge with M1 GAS strain in BALB/c mice (n = 10/group). 

Mean antibody titers are represented as a bar +SEM. Bacterial burden results are represented as the mean CFU +SEM for 10 mice/group on days 1–3 

for throat swabs and nasal shedding, and day 3 for NALT. (A) Salivary IgA titer. (B) Serum IgG titer. (C) Nasal shedding. (D) Throat swabs. 

(E) Colonization of NALT. Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test to compare test groups to the 

PBS control group (ns, p >0.05; *p <0.05; **p <0.01; ***p <0.001). 
 
 

 

Previous liposomal research involved vaccine construction using cationic liposomes with peptide antigens and the use of linked ‘universal’ T-

cell epitope peptides to induce T-cell help34,35. These are useful approaches but lack the utility of the Peptide-Lipo- DT approach where 

additional B-cell peptide epitopes can be readily displayed on the liposomal surface and do not require chemical conjugation to a T-cell peptide 

epitope. It is also unknown whether or not the short universal peptide T-epitopes will induce a T-helper cell response in the majority of humans, 

whereas DT is a well -recognized, widely immunogenic carrier protein/vaccine. Liposomes reliant on universal peptide epitopes have not been 

tested for their ability to induce protective immune responses to GAS. Other liposomes without adjuvants were previously reported to deliver 

encapsulated peptides to induce a cellular immune response, but such liposomes do not induce an IgA nor an IgG response36,37. No other reported 

studies with liposomes displaying peptides of multiple specificities on the surface of a single construct have been reported, to our knowledge. 

It is possible that the lipid tails on J8 and S2 provided some adjuvant activity contributing to the immunogenicity; however, the lipidated peptide 

on its own was not immunogenic demonstrating the need for the liposome membrane. Lipopeptides do engage TLR219 and this, together with 

liposomal activation of the NLRP3 inflammasome 28 may be critical to innate immune stimulation. The topographical position of liposome-

associated antigens affects antigen processing and presentation to B and helper T- cells38. It has been demonstrated that antigens exposed on the 

liposome surface are preferentially processed and presented to B-cells whilst liposome-encapsulated antigens are more effectively processed 

and presented to T-cells by antigen 
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Figure 4.  Antigen-specific secreted chemokines and cytokines in J8-Lipo-DT and J8-DT/CTB immunized  
mice. Splenocytes were plated out and the following stimuli were added as indicated: J8 (10 μg/ml) or media alone. 72 hours post-

stimulation, supernatants were isolated and levels of secreted chemokines or cytokines were assayed using a cytometric bead array (see 

Materials and Methods). Statistical analysis was performed using a Student’s t test (ns, p >0.05; *p <0.05; **p <0.01).  
 

 
presenting cells39. As such, Peptide-Lipo-DT represents a rational subunit vaccine design, ensuring surface B-cell epitopes are exposed to and 

bind the Ig receptor of a B-cell whilst encapsulation of DT allows effective delivery, processing and presentation to T-cells. 

The liposome vaccine induces an inflammatory response that may be critical to enhanced protection. We demonstrated clearance of GAS in the 

URT tissue (throat and NALT) following challenge of liposome-vaccinated mice. There was significantly less protection in the J8-DT/CTB-

immunized mice (Fig. 3) although there was a reduction of GAS in nasal secretions. This may reflect a need for the cytokine inflammatory 

response, in par-ticular IL-6 (in response to GAS antigen stimulation), to clear the infection from the tissue 40,41 , whereas GAS in nasal secretions 

may be neutralized by IgA. IL-6 plays a critical role in bacterial immunity by stimulating bone marrow production of neutrophils30. Immunity 

to GAS depends critically on neutrophil migration to the site of infection42 , and human IgA antibodies specific to the conserved region of the 

M- protein require neutrophils to kill GAS31. Therefore, mechanisms that are fundamental to conferring immunity in humans to GAS infection 

may be induced using the liposome platform. As such, the data presented here, argue that a J8/S2-Lipo-DT vaccine will be effective in controlling 

human GAS infections of the URT. 

The use of liposomes to induce mucosal immunity has received attention from the perspective of safety. Concerns were raised after a nasal 

influenza vaccine, containing Labile Toxin of E. coli (LT) as an adjuvant, was associated with a higher incidence of Bell’s palsy (facial nerve 

paralysis)43. It was suggested that this was due to the neurotoxic effects of neuronal ganglioside-binding LT and possible reactivation of latent 

viral infections 44. In support of this, two individuals in a later study also developed a transient Bell’s palsy after administration of liposomes 

containing LT 45. It seems most unlikely that intranasal immunization per se would have deleterious safety concerns given the lack of any reports 

of Bell’s palsy in individuals receiving other intranasal vaccines not containing LT and the fact that the nose receives more infectious insults 

than any other tissue of the body. 

The vaccine approach described here could be used to induce immune responses against multiple antigens incorporating multiple peptides from 

a single pathogen or from various URT pathogens. Here we showed the utility of this multi-epitope approach by incorporating target peptides 

from two independent virulence factors of GAS. 

In conclusion, the findings reported here represent an important step toward overcoming many current obstacles in the development of vaccines 

to prevent infection at mucosal sites. We provide mechanistic insights into how a novel liposomal vaccine induces the desired humoral and 

cellular mucosal immune responses to collectively combat a major mucosal pathogen. We further demonstrate its potential for the development 

of vaccines against other pathogenic mucosal organisms that are sensitive to a mucosal IgA response and/or a cellular response. 
 
Materials and Methods 
Ethics statement.  All animal protocols used were approved by the Griffith University Animal Ethics Committee, GU Ref No: 

GLY/09/14/AEC. This study was carried out in accordance with the National Health and Medical Research Council (NHMRC) of Australia 

guidelines for the generation, breeding, care and use of genetically modified and cloned animals for scientific purposes (2007). Methods were 

chosen to minimize pain and distress to the mice and animals were observed daily by trained animal care staff. Mice were terminated using a 

CO2 inhalation chamber. 
 
J8 and S2-Lipo-DT formulation.  To promote noncovalent complexing of J8 or S2 to liposome bilayer, a hydrophobic anchor consisting 

of two palmitic acids (C16) was added to the epsilon and primary amine group of the lysine in a tripeptide spacer (consisting of Lys Ser Ser) 

present in J8 or S2 amino-terminus (S2-KSS-(C16)2 or J8-KSS-(C16)2). Net charge of peptides including the Lys Ser Ser spacer was done using 

PepCalc (http://  
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Figure 5.  J8 and S2-specific antibody response and bacterial burden after intranasal challenge with 5448AP GAS strain in BALB/c 

mice (n = 10/group). Mean antibody titer + SEM are shown. (A) J8-specific salivary IgA titer. (B) J8-specific serum IgG titer. (C) S2-

specific salivary IgA titer. (D) S2- serum IgG titer. (E) Nasal shedding. (F) Throat swabs. (G) Colonization of NALT. Statistical analysis 

was performed using a nonparametric, unpaired Mann-Whitney U test to compare test groups to the PBS control group (ns, p >0.05; *p 

<0.05; **p <0.01; ***p <0.001).  
 

 
pepcalc.com/ppc.php) and reported as +3 for J8-KSS and − 6 for S2-KSS. These constructs were manufactured by Chinapeptides Co., Ltd. 

(Shanghai, China). The expected molecular weight of the construct (J8 -KSS-(C16)2: MW 4061.97 g/mol and S2-KSS-(C16)2: MW 

3314.75 g/mol) was confirmed by ESI-MS, and the product was obtained at greater than 95% purity (by analytical RP-HPLC area under the 

curve analysis). Liposomes were prepared using the thin film hydration method46. Neutral lipids from Avanti Polar Lipids, Inc. (Alabaster, 

United States) were used at a molar ratio of 7 dipalmitoyl-sn-glycero-3-phosphocholine (DPPC): 2 Cholesterol (CHOL): 1 L-α-

phosphatidylglycerol (PG). Lipids in chloroform (CHCl3) solution were coated onto round-bottom flasks using a rotary evaporator along with 

predetermined amounts of S2-KSS-(C16)2 or J8-KSS-(C16)2. The volumes used were 0.7 ml of DPPC (10 mg/ml) in CHCl3, 0.2 ml of CHOL 

(5 mg/ml) in CHCl3, and 0.1 ml of PG (10 mg/ml) in CHCl3. The lipid thin film was then hydrated and dispersed in 1 ml of phosphate buffered 

saline (PBS) containing a predetermined amount of DT by vigorous mixing at room temperature. The resultant liposomal suspension was 

centrifuged at 16,162 g for 10 min, the supernatant removed, and the liposome pellet resuspended in an appropriate volume of PBS to be 

administered in mice. For different sized J8-Lipo-DT, prior to centrifugation, extrusion with a 0.1, 0.4 or 1 μm polycarbonate membrane was 

undertaken. To determine DT encapsulation efficiency, the supernatant was collected and the amount of unentrapped DT was determined using 

a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, Massachusetts, United States). Subtraction of supernatant DT concentration 

from starting DT concentration in PBS used for rehydration of lipids to produce liposomes allowed quantification of encapsulation efficiency. 

The average particle size (nm) of a liposome was measured 
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at 25 °C using a Nanosizer (Zetasizer Nano Series ZS, Malvern Instruments, United Kingdom) with disposable capillary cuvettes. Size was 

analyzed using a non-invasive backscatter system and measurements taken with a 173° scattering angle. Correlation times were based on 

10 seconds per run and at least five consecutive runs were made per measurement. The results are the average of triplicate independent 

measurements analysed using Dispersion Technology Software (Malvern Instruments, United Kingdom). Homogenous size distribution as 

determined by a low polydispersity index (PDI) of 0.238 was shown for J8-Lipo-DT with an average size of 1756 nm (standard deviation of 

100.3 nm). The PDI is an indication of how narrow the sample size distribution is and values greater than 0.7 indicate samples with a broad size 

distribution. For a molecule to molecule ratio of peptides to DT, amino acid analysis was reported by an independent third party contractor (The 

Australian Proteome Analysis Facility, Australia). Fluorescent liposomes for encapsulation of DT consisted of J8-KSS-(C16)2 attached to the 

fluorophore fluorescein isothiocyanate manufactured by Chinapeptides Co., Ltd. (Shanghai, China). The expected molecular weight of the 

construct (MW 4692.69 g/mol) was confirmed by ESI-MS, and the product was obtained at greater than 95% purity (by analytical RP-HPLC 

area under the curve analysis) . To determine percentage of DT associated with liposomes, DT was labelled with CF™405S succinimidyl ester 

(Sigma Aldrich, St. Louis, United States) according to the manufacturer’s recommendations. Liposomes were labeled with the phospholipid 

stain DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate) (Vybrant®, Life Technologies, CA, USA) by addition of 1 μl of 

DiI to J8-Lipo-DT in PBS, and incubated at 4 °C for 30 min, then subjected to two rounds of centrifugation at 16,162 g for 10 min. The samples 

were analyzed in a CyAn ADP analyzer (Beckman Coulter). 
 
Intra-nasal immunization of mice.  BALB/c, C57BL/6 mice (Animal Resources Centre, Western Australia, Australia) and C57BL/6 

IL-6 −/− mice (gifted by Prof. Geoffrey Hill) were anesthetized by use of a mixture of xylazine and ketamine (1:1:10 mixture of xylazine: 

ketamine: H2O). Mice were administered formulations of J8 -Lipo-DT, S2-Lipo-DT or J8/S2-Lipo-DT alone in a total volume of 20 μL PBS 

(10 μL/nare) containing 30 μg of peptide (J8-KSS-(C16)2, S2-KSS-(C16)2) and 17 μg of DT whilst control mice were administered 20 μL of 

PBS (10 μL/nare). Positive control mice received 30 μg of J8-DT or S2-DT, co-administered with 10 μg of CTB (Sigma Aldrich, St. Louis, 

United States) in a total volume of 20 μL PBS. The mice received 2 booster immunizations 21 days apart in the same method as the primary 

immunization. Other control groups received equivalent amounts of J8, DT or liposome alone as described above. 

 

Intra-muscular immunization of mice.  BALB/c mice received primary immunization and two boosts with J8-DT/alum on day 0, 21 

and 28 (according to the primary immunization schedule). All immunizations were given intra-muscularly and a total of 30 μg of J8-DT was 

administered. The J8-DT/alum and PBS/alum formulation were prepared fresh before each immunisation. J8-DT (10 mg/ml stock) and PBS 

were adsorbed on to alhydrogel (alum; Brenntag Biosector, Denmark) in a 1:1 ratio. The J8-DT/alum and PBS/alum preparations were left to 

rotate for an hour at room temperature (RT). The J8-DT/alum and PBS/alum vaccine formulations were administered (30 μg antigen in a 50 μl 

volume). Briefly, mice were anesthetized by use of a mixture of xylazine and ketamine (1:1:10 mixture of xylazine: ketamine: H2O). The haunch 

(central in the ventral face of the left leg muscle) of the mice was then sterilised with 80% ethanol (EtOH) and the muscle was then pinched up 

to form a bulge. With a needle positioned vertically, in to the bulge of muscle, 50 μl of antigen preparation was injected. Boosts were applied 

in the opposite limb to the previous immunisation. 
 
Serum, saliva and fecal sample collection.  Serum was collected on days 20, 40, and 60 after primary immunization to determine 

the level of J8-specific systemic antibodies. Blood was collected from mice via the tail artery and allowed to clot for at least 30 min at 37 °C. 

Serum was collected after centrifugation for 10 min at 1000 g and stored at −20 °C. 

Mice were administered 50 μL of a 0.1% solution of pilocarpine to induce salivation. Saliva was then collected in eppendorf tubes containing 

2 μL of 50 mmol/L phenylmethylsulfonyl fluoride (PMSF) protease inhibi-tor (Sigma Aldrich). Particulate matter was separated by 

centrifugation for 10 min at 13,000 g and samples were stored at −80°C. 

Six to 10 freshly voided fecal pellets were collected from individual mice, frozen and then lyophilized. The dry weight of fecal solids was 

determined before they were resuspended by vortexing in 5% nonfat dry milk, 50 mmol/L EDTA (Sigma Aldrich), 0.1 mg/mL soyabean trypsin 

inhibitor (Sigma Aldrich), and 2 mmol/L PMSF (20 μ L/mg of dry weight). Solid matter was separated by centrifugation for 10 min at 15,000 g. 

The supernatants were stored at −80°C. 

 

Determination of antibody titers by enzyme-linked immunosorbent assay (ELISA).  ELISA was used to measure J8-specific serum 

IgG and mucosal IgA as described elsewhere47. J8 and S2 peptides were diluted to 0.5 mg/ml in carbonate coating buffer, pH 9.6, and coated 

onto polycarbonate plates in a volume of 100 μl/well overnight at 4 °C. Unbound peptide was removed and the wells blocked with 150 μl of 5% 

skim milk PBS-Tween 20 for 2 h at 37 °C. The plates were then washed 3 times with PBS- Tween 20 buffer. Samples were serially diluted 

down the plate in 0.5% skim milk PBS-Tween 20 buffer, starting at an initial dilution of 1:100 to a final dilution of 1:12,800 for sera and 1:2 to 

1:256 for saliva and fecal samples. Each sample was diluted to a final volume of 100 μl and incubated for 1.5 h at 37 °C. The plates were washed 

5 times and peroxidase-conjugated goat anti-mouse IgG or IgA (Invivogen, San Diego, United States) were added at a dilution of 1:3000 or 

1:1000 respectively in 0.5% skim milk PBS-Tween 20 for 1.5 h at 37 °C. After washing, 100 μl of OPD substrate (Sigma Aldrich) was added 

according to the manufacturer’s instructions and incubated at room temperature for 30 min in the dark. The absorbance was measured at 450 nm 

in a Victor3 1420 multilabel counter (Perkin Elmer Life and Analytical Sciences, Shelton, United States). The titer was described as the lowest 

dilution that gave an absorbance of >3  
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standard deviations (SD) above the mean absorbance of negative control wells (containing normal mouse serum immunized with PBS). 

Statistical significance (p <0.05) was determined using an unpaired Mann-Whitney U test to compare test groups to the PBS control group (p < 

0.05 was considered significant) using GraphPad Prism 5 software (GraphPad, California, United States). 
 
Procedure for GAS challenge.  Immunized and control mice were challenged intra-nasally with a predetermined dose of the GAS strain 

M1 on day 63 after primary immunization. The GAS strain M1 had been serially passaged in mouse spleen to enhance virulence, and made 

streptomycin-resistant to enable GAS to be distinguished in throat swabs from normal murine bacterial flora48. The GAS strains 5448AP was 

obtained from the Walker lab. To determine GAS colonization, throat swabs were obtained from mice on days 1–3 after challenge. The throat 

swabs were streaked out on Columbia base agar plates containing 2% defibrinated horse blood and incubated overnight at 37 °C. Bacterial 

burden in nasal shedding was determined by pressing the nares of each mouse onto the surface of Columbia blood agar (CBA) plates ten times 

(triplicate CBA plates/mouse/day) and exhaled particles were streaked out49. On day 3 mice were culled, organ samples were homogenized in 

PBS and samples were plated in triplicate using the pour plate method. For nasal shedding and throat swabs, results are represented as the mean 

colony forming units (CFU) +standard errors of the means (SEM) for 10–15 mice/ group on days 1, 2 and 3. For organ samples, results are 

represented as the mean CFU +SEM for 10 mice/group on day 3. Differences were analysed with GraphPad Prism 5 using a nonparametric, 

unpaired Mann-Whitney U test to compare test groups to the PBS control group (p <0.05 was considered significant). 
 
In vitro stimulation of splenocytes with antigen.  The cytometric bead array (CBA) assay and flow cytometry analysis were used 

to quantify the pro-inflammatory response produced by splenocytes after stimu-lation with the J8 peptide. Briefly, single-cell suspensions of 

spleens from J8-Lipo -DT-immunized mice free of erythrocytes were prepared in RPMI 1640 media. Splenocytes (4 × 105) in a total volume of 

0.1 ml were plated out and the following stimuli were added as indicated: LPS (Sigma Aldrich) at 2 μg/ml, J8 (10 μg/ml), or RPMI 1640 media 

alone for 72 h. Supernatants were isolated after 72 h and stored at −80 °C for CBA flow cytometric analysis. 
 
Quantification of secreted chemokines and cytokines by CBA.  Levels of accumulated inflammatory cytokines were 

quantified according to the manufacturer’s instructions. For the Mouse Inflammation Kit CBA, volumes of samples and standards were scaled 

down to 10 μl, and 2 μl of each capture bead was used. The samples were analyzed in a CyAn ADP analyzer (Beckman Coulter) and data 

analysed with FCAP array (v1.01 for Windows) software (Becton Dickinson). The data are reported as means +standard errors of the means 

(SEM), and differences were analysed with GraphPad Prism 5 software using Student’s t test. P values under 0.05 were considered significant. 
 
Spleen cell proliferation assay.  Briefly, S2 peptide and DT was administered subcutaneously at the tail base, with each mouse 

receiving 30 μg of peptide and DT emulsified in CFA. Ten days later, spleen cells were plated in quadruplicate at 4 × 105 cells/well in RPMI 

1640 complete medium containing 5 × 10−5 M β–mer-captoethanol and antigen at various concentrations. The plates were incubated for 4 days 

in a humidified 5% CO2/air environment at 37 °C. During the last 18 h of culture, cells were pulsed with 0.25 μCi of 3[H]-Thymidine 

(PerkinElmer)/well and harvested onto fiberglass mats; 3 H incorporation was measured on a PerkinElmer MicroBeta2 βcounter. Stimulation 

index (SI) was defined as counts per minute in the presence of antigen/counts per minute in the absence of antigen. 
 
Freeze-drying of liposomes.  Freshly prepared liposomes were freeze- dried in 0.4 ml of Milli- Q water (Millipore, 18.2 MΩ cm at 

25 °C) in glass vials with 10% Trehalose (w/w). The vials were frozen in dry ice, dissolved in acetone for 10 min and placed on the plate of a 

freeze-dryer with a temperature of −40 °C. At the end of the freeze-drying process the glass vials were closed with plastic cap and stored at 

4 °C. 
 
Statistics.  Statistical analysis was performed with GraphPad Prism 5 software using a nonparametric, unpaired Mann-Whitney U test 

(one-tailed) to compare test groups to the PBS control group (ns, p > 0.05; *p <0.05; **p <0.01; ***p <0.001). 
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Supplementary figure legends 

 

Fig. S1. J8 specific antibody response after intra-muscular immunization and repeat challenge 

data for bacterial burden after intra-nasal challenge with M1 GAS strain in BALB/C mice 

(n=15/group). Mean antibody titer + SEM are shown. Bacterial burden results are represented 

as the mean CFU + SEM for 15 mice/group on days 1-3 for throat swabs, nasal shedding and 

5 mice/group for NALT. A) J8-specific serum IgG titer. B) J8-specific salivary IgA titer. C) 

Nasal shedding of mice challenged with M1 GAS. D) Throat swabs from mice challenged with 

M1 GAS. E) Colonization of NALT from mice challenged with M1 GAS. F) Nasal shedding 

of mice after repeat challenge with M1 GAS. G)  Throat swabs after repeat challenge with M1 

GAS. H) Colonization of NALT after repeat challenge with M1 GAS. Statistical analysis was 

performed using a nonparametric, unpaired Mann-Whitney U test to compare test groups to the 

PBS control group (ns, p> 0.05; *, p< 0.05; **, p< 0.01; ***, p< 0.001). 
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Fig. S2. J8-specific antibody response for BALB/C mice mice post-immunization with 

different sized J8-Lipo-DT (n=5/group). Mean antibody titers are represented as a bar + SEM. 

Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test to 

compare test groups to the PBS control group (ns, p> 0.05; *, p< 0.05; **, p< 0.01; ***, p< 

0.001). 

 

 

 

 

 

 



  Chapter 4 

 

 122 

 

Fig. S3. J8-specific antibody response for individual BALB/c mice (n=5/group) immunized 

with 7 weeks post-lyophilized J8-Lipo-DT. Mean antibody titers are represented as a bar + 

SEM. A) Salivary IgA titer. B) Serum IgG titer. Statistical analysis was performed using a 

nonparametric, unpaired Mann-Whitney U test to compare test groups to the PBS control group 

(ns, p> 0.05; *, p< 0.05; **, p< 0.01; ***, p< 0.001). 
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Fig. S4. J8-specific antibody response and GAS bioburden for individual C57BL/6 wildtype 

and IL-6 KO mice post-immunization with J8-Lipo-DT (n=10/group). Mean antibody titers are 

represented as a bar + SEM. A) Salivary IgA titer. B) Combined GAS bioburden burden from 

throat swabs, NALT and lungs after intranasal challenge with M1 GAS strain in wildtype 

C57/BL6 and IL-6 KO mice immunized with J8-Lipo-DT. Results are represented as the mean 

CFU + SEM for 10 mice/group on day 2 post-challenge. Statistical analysis was performed 

using a nonparametric, unpaired Mann-Whitney U test to compare intergroup differences (ns, 

p> 0.05; *, p< 0.05; **, p< 0.01; ***, p< 0.001). 
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5.1 Abstract   

 

A majority of pathogens enter or colonise via the mucosa or skin. Mucosally active subunit 

vaccines are an unmet clinical need due to lack of licensed immunostimulants suitable for 

peptide antigens.   

 

Acute rheumatic fever (ARF) is the result of an autoimmune response to pharyngitis caused by 

infection with group A streptococcus (GAS).  Skin-associated GAS strains are also linked to 

cases of ARF and rheumatic heart disease.  GAS infections and their sequelae are responsible 

for significant morbidity and mortality worldwide.  Thus, a vaccine that can prevent GAS 

infection at the primary sites of infection is urgently needed to block the onset of potentially 

life threatening GAS-associated diseases.   

 

We previously demonstrated that intranasal administration of a biocompatible liposomal 

delivery system, incorporating GAS peptide antigens, J8 and S2, protects against upper 

respiratory tract (URT) infection with wild-type and covR/S mutant (hypervirulent) GAS 

strains.  Here we demonstrate that addition of an immunostimulatory glycolipid to the 

mucosally active liposomal vaccine significantly enhanced vaccine efficacy to protect at both 

mucosal and systemic compartments of immunity.  Protection correlated with incorporation of 

glycolipid enabling the induction of antigen-specific mucosal IgA, systemic IgG and potent 

cellular responses including IFN- and IL-2.  Interestingly, we show in pIgR-/- mice that 

secretory IgA is not necessary in vaccine-mediated protection against URT GAS infection but 

that a vaccine-specific IL-17A response is associated with protection.  This study describes the 

importance of glycolipidation in the bioengineering of liposomal vaccine delivery systems and 

provides mechanistic insights into the delivery systems’ capacity to induce protective cellular 

and humoral immune responses in mucosal and systemic compartments. 
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5.2 Introduction  

 

Streptococcus pyogenes (group A streptococcus, GAS) is a human pathogen that primarily 

infects the upper respiratory tract (URT) and the skin (1, 2).  It is responsible for a wide array 

of infections ranging from superficial infections such as streptococcal pharyngitis and 

pyoderma to invasive necrotising fasciitis.  The ‘post-streptococcal’ sequelae of rheumatic 

fever (RF)/rheumatic heart disease (RHD) and post-streptococcal glomerulonephritis are also 

of major concern.  GAS infections and their sequelae are responsible for more than 500,000 

deaths each year (1).  In 2015, there was an estimated 319 400 deaths due to RHD alone (3). 

 

Despite the burden of disease, a vaccine is not yet available, but several candidates are currently 

under development (4).  One such candidate contains a cryptic B-cell epitope from the highly 

conserved C3 region of the cell surface M-protein, J8, conjugated to the carrier protein 

diphtheria toxoid (DT) to render it immunogenic in a heterogeneous population (5-7).  

Parenteral administration of J8-DT formulated with the human compatible adjuvant, alum (J8-

DT/Alum), protected against streptococcal pyoderma and bacteraemia (7, 8).  However, this 

vaccine candidate was not protective against URT GAS infection (8). 

 

Ideally, a vaccine against GAS should be immunogenic and protective at both the primary sites 

of skin and mucosal infection.  Previous studies identified the efficacy of M-protein based 

peptide antigens in protection against intranasal GAS infection with additional 

immunostimulants (5, 9-12).  However, these vaccines have not progressed beyond pre-clinical 

development.   

 

These data provided the rationale to develop a mucosally active vaccine delivery system that 

could induce protection against URT GAS infections.  We previously described a mucosally 

active biocompatible liposomal vaccine that was able to activate both humoral and cellular 

immune responses and protect against streptococcal pharyngitis (8).  This vaccine did not 

protect against skin disease.  To enhance systemic immunogenicity we have incorporated the 

glycolipid 3D-PHAD (synthetic analogue of detoxified monophosphoryl lipid A [MPL]) into 

the liposome.  MPL is successfully utilised with suspension of liposomes in a GlaxoSmithKline 

(GSK) human applicable delivery system, AS01 (13) and has shown promising safety and 

efficacy in children and infants and is part of a licensed vaccine formulation (14-18).   
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Here we describe a vaccine delivery system consisting of liposomes encapsulating DT and 

displaying the lipidated GAS vaccine antigen, J8, along with 3D-PHAD on the liposomal 

membrane.  The vaccine referred to as ‘J8-Lipo-DT PHAD’ was designed to induce protective 

humoral and cell-mediated immune responses at both mucosal and systemic sites through dual-

route immunisation (simultaneous intranasal and subcutaneous delivery of vaccine).  These 

studies lay the foundation for the design of modular mucosal and systemically active vaccines 

against multiple pathogens. 

 

5.3 Materials and Methods  

 

5.3.1 Ethics statement and animals  

 

All animal protocols were reviewed and approved by the Griffith University Animal Ethics 

Committee in accordance with the National Health and Medical Research Council (NHMRC) 

of Australia guidelines (AEC protocol numbers: GLY/09/14, GLY/03/15 and GLY/18/16). 

Experimental protocols involving pIgR knock-out (KO) (pIgR -/-) mice were reviewed and 

approved by Office of the Gene Technology Regulator (OGTR) (NLRD approval number: 

NLRD/004/17).  PIgR -/- mice breeding pairs were sourced from QIMR Berghofer and mice 

were bred at Griffith University.  BALB/c, C57BL/6, SWISS (outbred) and B10.BR mice (4 – 

6-week-old) were sourced from the Animal Resource Centre (Perth, WA, Australia).   

 

5.3.2 J8-Lipo-DT and J8-Lipo-DT PHAD formulation 

 

To promote noncovalent complexing of peptides to liposomal bilayer, a hydrophobic anchor 

consisting of two palmitic acids (C16) was added to the epsilon and primary amine group of 

the lysine in a tripeptide spacer (consisting of K-S-S) present in peptide amino-terminus.  

Peptide sequence for (C16)2-KSS-J8: 

(C16)2KSSQAEDKVKQSREAKKQVEKALKQLEDKVQ.  Peptide was synthesized and 

purified (>95%) by Chinapeptides Co. Ltd. (Shanghai, China). 

 

Liposomal vaccines were prepared as per an established method (8).  Briefly, predetermined 

volumes of peptide (C16)2-KSS-J8 and phospholipids dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), cholesterol (CHOL) and 1 L--phosphatidylglycerol (PG) were 

coated on to a round bottom flask.  For J8-Lipo-DT PHAD, 3D-PHAD (25 μg/mouse) 
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(Avanti Polar Lipids. Inc., Alabaster, United States) was incorporated during liposome 

preparation (Figure 5.1).  The lipid thin film was then hydrated and dispersed in 3 ml of 20 

mM phosphate buffered saline (PBS) pH 6 containing 2.7 mg of Trehalose (Sigma-Aldrich, St.  

Louis, United States) and a predetermined amount of DT by continual rotation for 10 min in a 

water bath at 37C.  The resultant liposomal suspension was centrifuged, the supernatant was 

removed and the liposome pellet resuspended in 3 ml of 20 mM PBS pH 7.2-7.4 containing 

2.7 mg of Trehalose.  Freshly prepared liposomes were freeze-dried in glass vials with 10% 

trehalose.  For administration, each vial was resuspended in PBS and mice were immunised 

i.n. with a total volume of 20 μl (10 μl/nare) or s.c. with a total volume of 50 μl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Idealised schematic of J8-Lipo-DT PHAD.  T-helper cell epitope, diphtheria 

toxoid (DT), was encapsulated within neutral lipids consisting of dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), Cholesterol (CHOL) and L--phosphatidylglycerol (PG).  To 

promote noncovalent complexing of J8 to liposome bilayer, a hydrophobic anchor consisting 

of two palmitic acids (C16) was added to the epsilon and primary amine group of the lysine in 

a tripeptide spacer (consisting of Lys Ser Ser) present in J8 amino-terminus (J8-KSS-(C16)2).  

J8-KSS-(C16)2 and monophosphoryl 3-deacyl lipid A, synthetic (3D-PHAD) were inserted 

into the liposome membrane, both internally and externally.  For simplicity, J8-KSS-(C16)2 

and 3D-PHAD are displayed as being external to the liposome.   

 

Amino-acid analysis was determined by The Australian Proteome Analysis Facility (APAF) 

and used to calculate the molar ratios of J8 and DT.  Liposome associated DT and J8 content 
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for J8-Lipo-DT (without addition of 3D-PHAD) are as follows: 83.4 μg of J8 and 24.1 μg of 

DT.  For J8-Lipo-DT PHAD, liposome associated J8 was 85.7 μg and DT was 29.1 μg.   

 

The average particle size (nm) of a liposome was measured at 25C using a Nanosizer 

(Zetasizer Nano Series ZS, Malvern Instruments, United Kingdom) with disposable capillary 

cuvettes.  Size was analysed using non-invasive backscatter system and the measurements 

taken with a 173 scattering angle.  Correlation times were based on 10 seconds per run and at 

least five consecutive runs were made per measurement.  The results are the average of 

triplicate independent measurements analysed using Dispersion Technology Software 

(Malvern Instruments, United Kingdom).  Homogenous size distribution as determined by a 

low polydispersity index (PDI) of 0.08 for J8-Lipo-DT PHAD with an average size of 1987 

nm (standard deviation of 104 nm) before freeze-drying (Figure 5.2 A) and PDI of 0.16 with 

an average size of 5213 nm (standard deviation of 572.2) after freeze-drying (Figure 5.2 B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Average particle size of J8-Lipo-DT PHAD before and after freeze-drying.  The 

average particle size (nm) of a liposome was measured at 25C using a Nanosizer (Zetasizer 

Nano Series ZS, Malvern Instruments, United Kingdom).  The results are the average of 

triplicate independent measurements analysed using Dispersion Technology Software 

(Malvern Instruments, United Kingdom).  Homogenous size distribution as determined by a 

low polydispersity index (PDI), before (A) and after (B) freeze-drying.   
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5.3.3 Antigen preparation 

 

The peptide J8 (QAEDKVKQSREAKKQVEKALKQLEDKVQ) was synthesized and purified 

(>95%) by Chinapeptides Co. Ltd. (Shanghai, China). Peptides were conjugated to diphtheria 

toxoid (DT; Statens Serum Institut, Copenhagen, Denmark) via a C-terminal cysteine residue 

using 6’-maleimidocaproyl n-hydroxy succinimide, as described elsewhere (5, 19).  All 

peptides were stored in solution at -20 C. 

 

All vaccine formulations were prepared fresh before each immunisation.  

 

5.3.4 Preparation of Aluminium hydroxide (Alum) vaccines  

 

For immunisations, J8-DT (30 μg/mouse) was absorbed onto Alum (2% Alhydrogel, Brenntag, 

Biosector, Denmark) in a 1:1 ratio. Vaccine formulations were combined by rotating slowly 

for 1 hour at room temperature as previously described (5) and mice were immunised 

subcutaneously (s.c.) in a total volume of 50 μl. 

 

5.3.5 Preparation of cholera toxin B (CTB) subunit vaccines 

 

For immunisations, J8-DT (30 μg/mouse) was mixed with CTB (Sigma-Aldrich, St. Louis, 

United States) (10 μg/mouse).  Mice were immunised i.n. route in total volume of 20 μl.  

 

 

5.3.6 Intranasal (i.n.) immunisation of mice 

 

Mice were immunised intranasally (i.n.) on days 0, 21 and 42 as per an established method (8).  

Mice were immobilised and administered J8-Lipo-DT (receiving 16.68 μg of J8 and 4.82 μg 

of DT) and J8-Lipo-DT PHAD (receiving 17.14 μg of J8, 5.82 μg of DT and 25 μg of 3D-

PHAD) in a total volume of 20 μl PBS (10 μl/nare).  Control mice were administered PBS in a 

total volume of 20 μl (10 μl/nare).  Positive control mice received 30 μg of J8-DT, co-

administered with 10 μg of CTB (Sigma-Aldrich, St. Louis, United States) in a total volume of 

20 μl (10 μl/nare).   
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5.3.7 Subcutaneous (s.c.) immunisation of mice 

 

Mice were immunised subcutaneously (s.c.) at the tail base on days 0, 21 and 42 with 30 μg of 

J8-DT adjuvanted with Alum (Aluminum hydroxide; Brenntag, Biosector, Denmark) at a 1:1 

ratio 50μl/mouse and J8-Lipo-DT PHAD (receiving 17.14 μg of J8, 5.82 μg of DT and 25 μg 

of 3D-PHAD) 50μl/mouse. 

 

5.3.8 Intramuscular (i.m.) immunisation of mice 

 

Mice were immunised i.m. on days 0, 21 and 28 as per an established method (8).  Briefly, 

mice were anesthetised and the haunch (ventral face of the left leg muscle) of the mouse was 

firmly pinched to form a bulge.  The needle was inserted vertically into the bulge of muscle 

and J8-DT/Alum (50 μl), J8-Lipo-DT PHAD (50 μl) and PBS/Alum (50 μl) was injected.  

Boosts were applied in the opposite limb to the previous immunisation. 

 

5.3.9 Serum and saliva sample collection 

 

Serum was collected on days 20, 40 and 50 after primary immunisation to determine the level 

of J8-specific systemic antibodies.  Blood was collected via the vein slightly behind the 

mandible and allowed to clot overnight.  Serum was collected after centrifugation for 10 min 

at 845 xg and stored at -20C. 

 

Saliva was collected on days 7, 28 and 50 as per an established protocol (8) to determine the 

level of J8-specific salivary antibodies.  Briefly, mice were administered 0.1% pilocarpine to 

induce salivation.  Saliva was then collected in tubes containing phenylmethylsulfonyl (Sigma-

Aldrich, St.  Louis, United States), a protease inhibitor, and samples were stored at −80 °C.   

 

5.3.10 Determination of antibody titres by enzyme-linked immunosorbent assay 

(ELISA) 

 

ELISA was used to measure J8-specific serum IgG and mucosal IgA, as described elsewhere 

(8, 20).  Briefly, J8 peptide was coated onto Titertek PVC microplates (MP biomedicals, 

Alabama, USA).  Samples were assessed using 2-fold dilutions of 1:100 of serum or 1:2 

dilutions of saliva and J8-specific mouse antibodies were detected with HRP-conjugated goat 

anti-mouse IgG antibody (1:3000) (Bio-rad Laboratories, New South Wales, Austalia) or HRP-
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conjugated goat anti-mouse IgA antibody (1:100) (Invivogen, San Diego, United States).  For 

IgG isotyping, the following dilutions were used: IgG1 (1:4000), IgG2a (1:2000), IgG2b 

(1:2000) and IgG3 (1:2000) (Thermo Fisher Scientific).  SIGMAFAST OPD substrate (Sigma-

Aldrich, St. Louis, USA) was added according to manufacturer’s instructions and incubated at 

room temperature for 20 min for serum samples and 30 min for saliva samples (protected from 

the light).  The absorbance was measured at 450nm in a Tecan Infinite M200 Pro plate reader 

(Tecan Group Ltd., Switzerland).  The end-point titre was defined as the highest dilution that 

gave an absorbance of >3 standard deviations above the mean absorbance of negative control 

wells (containing pooled-sera/saliva, at the same dilution, from mice immunised with PBS).   

   

5.3.11 Upper respiratory tract (URT) GAS infection of mice 

 

After a primary immunisation and two boosts, vaccinated and control mice were infected with 

GAS as previously described (8).  Briefly, mice were administered 200 μg/ml of streptomycin 

water 24 hours prior to infection and for the continual of the study.  Mice were anaesthetized 

via an intraperitoneal (i.p.) injection of 100 μl ketamine:xylazil: H2O (1:1:10). Once 

immobilized, GAS strain pM1.200 (M1, emm 1; pharyngeal isolate obtained from a patient 

with scarlet fever (21)) at a concentration of 5x108 cfu/ml (5x106 cfu/10 μl) was intransally 

administered at 5 μl/nare.  Mice were monitored daily for signs of illness as per the score sheet 

approved by Griffith University Animal Ethics Committee (Appendix III).  

 

5.3.12 Murine model for superficial skin infection 

 

Mice were challenged via the skin with 1x108 cfu/ml of GAS strain pNS1 (emm 100) and 

p88/30 (emm 97), as described elsewhere (7).  Briefly, mice were anaesthetized with a mixture 

of ketamine:xylazil mixture as above. The fur from the nape of the neck of mice was removed 

using clippers and a shaver, and the skin was wiped clean with an ethanol swab. Mechanical 

scarification of the skin was performed using a metal file. Following skin abrasion, the mice 

were infected with GAS. An inoculum (20 μl) of GAS containing 1x106 cfu counts was 

topically applied. Once the inoculum had completely absorbed on the skin, a temporary cover 

was applied on the wounded site and mice were housed in individual cages. Mice were 

monitored daily for infected lesions, as well as signs of illness as per the score sheet approved 

by Griffith University Animal Ethics Committee (Appendix III). 
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5.3.13 Organ collection and CFU determination 

 

Following intranasal infection, throat swabs (TS) and nasal shedding (NS) were collected on 

days 1–3 post-infection as described elsewhere (8). For throat swabs, swab applicators (Copan 

Diagnostics, California, USA) were placed in sterile PBS to dampen, mice were then 

immobilised and throats were swabbed. Swab applicator was then suspended in PBS, serially 

diluted and dot-plated (20 μl) in duplicate on (Columbia blood agar) (CBA) plates containing 

5% defibrinated horse-blood. Bacterial burden in nasal sheddings were determined by pressing 

the nares of each mouse onto CBA plates containing 5% defibrinated horse-blood and exhaled 

particles were streaked out (22). On day 3 post-infection mice were sacrificed and blood 

(diluted 1:6 in PBS+10mM EDTA), spleen, lungs and nasal associated lymphoid tissue 

(NALT) were removed, mechanically homogenized using the Bullet Blender Homogeniser 

(Next Advance, USA), serially diluted and dot-plated (20 μl) in duplicate on CBA plates 

containing 5% defibrinated horse-blood.  

 

Following skin infection, mice were sacrificed on days 3 and 6. Blood samples were collected 

via cardiac puncture (diluted 1:6 in PBS+10mM EDTA), spleens were removed and skin 

biopsy samples (measuring 2–3 mm3) from the infected lesion at the nape of the neck were 

obtained. The skin and spleen samples were mechanically homogenized using the Bullet 

Blender Homogeniser (Next Advance, USA), serially diluted and dot-plated (20 μl) in 

duplicate as above.  

 

For bacterial enumeration, all plates were incubated at 37 °C overnight and then individual 

haemolytic streptococcal colonies were counted.  

 

5.3.14 In-vitro stimulation of splenocytes 

 

Single-cell suspensions of spleens from immunised mice free of erythrocytes were prepared in 

RPMI 1640 media.  Splenocytes 4x105 cells in a total volume of 0.1ml were plated out on 96-

well round bottom plates and the following stimuli were added: lipopolysaccharide (LPS; 

Sigma-Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), Concanavalin A 

(ConA; Sigma-Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), J8 peptide 

(500 μg/ml), diphtheria toxoid (DT; 500 μg/ml), J8-DT (500 μg/ml) and media alone for 72 
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hours in 5% CO2 at 37 °C.  Supernatants were isolated after 72 hours and stored at −80 °C for 

cytometric bead array analysis.   

5.3.15 Quantification of secreted cytokines by CBA 

 

Mouse Th1/Th2/Th17 cytokine kit (Becton Dickson, USA) was used according to 

manufacturers’ instructions, except that volumes of samples and standards were scaled down 

as previously reported (8, 23).   This kit was used to measure Interleukin-2 (IL-2), Interleukin-

4 (IL-4), Interleukin-6 (IL-6), Interferon-gamma (IFN- γ), Tumor Necrosis Factor (TNF), 

Interleukin-17A (IL-17A), and Interleukin-10 (IL-10) protein levels in a single sample.  

Samples were run on a BD LSRFortessa cytometer and data analyzed with FCAP Array (v 3.0 

for windows) software. 

 

5.3.16 Cell-depletion studies 

 

Macrophages were depleted with Clodronate Liposomes (ClLipi; ClodLipBV, Haarlem, The 

Netherlands).  Subcutaneous ClLip administration was used for depletion of systemic 

macrophages, whereas intranasal ClLip administration was used for depletion of macrophages 

in the URT.  The dose and time-course for ClLip administration were optimized using 

histological analysis of various organs (NALT, lungs, spleen and lungs).  Mice were treated 

with 100 μl (0.5 mg/mouse) of ClLip i.p. and 50 μl (0.25 mg/mouse) of ClLip (5 mg/ml) i.n. 

on days -3, -2 and -1 before infection (day 0) to achieve >90% depletion of macrophages in all 

tissues tested.   

 

5.3.17 Histological examinations 

 

To determine macrophage depletion, NALT, lung, spleen and liver biopsy samples were 

collected from ClLip-treated mice.  Samples were immediately fixed in buffered formalin and 

embedded in paraffin for F4/80 staining.  Samples were processed by the QIMR Berghofer 

histology facility.  Sections were scanned and read at high magnification using ImageScope 

software (Leica Biosystems, Victoria, Australia).  Positive cells were counted in five areas of 

scanned slides and expressed at the average number of positive cells/high-powered field using 

ImageJ (National Institutes of Health, Bethesda, USA). 
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5.3.18 Statistics  

 

Statistical analysis was performed with GraphPad Prism 6 software using a nonparametric, 

unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS control group 

(ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001) and two-tailed t test, corrected for 

multiple comparisons using the Tukey’s comparison test (ns; *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001).  Percent reduction was calculated in comparison to total mean of naïve/PBS 

control.  

 

5.4. Results  

 

5.4.1 Intranasal immunisation with J8-Lipo-DT does not protect against superficial skin 

infection with GAS 

 

Parenteral immunisation with J8-DT/Alum induces systemic IgG and protects mice against 

streptococcal pyoderma and bacteraemia (7).  Likewise, i.n. administration of J8-Lipo-DT 

elicits peptide-specific IgA and protects against i.n. GAS infection (8).  To assess the protective 

efficacy of J8-specific antibody response and protection following i.n. immunisation with J8-

Lipo-DT, naïve BALB/c mice were immunised i.n. with J8-Lipo-DT and control groups were 

immunised with PBS, J8-DT/CTB (i.n.) and J8-DT/Alum (s.c.).  Following one primary and 

two boost immunisations, we observed that mice vaccinated with J8-DT/Alum and J8-DT/CTB 

had high serum IgG titres (105-106) and J8-Lipo-DT immunised mice had moderate serum IgG 

titres (102-103) (Figure 5.3 A).  The mice were then challenged via the skin with p88/30 GAS 

(a clinical skin isolate).  On days 3 and 6 post-infection, mice were euthanised, and total GAS 

bacterial burdens in excised skin, spleen and blood were determined by dot-plating.  Mice 

immunised i.n. with J8-Lipo-DT had limited, non-significant, reduction in GAS colonies 

compared to PBS immunised mice in skin, spleen and blood on days 3 and 6 (Figure 5.3 B-D).  

The skin biopsies taken on day 6 highlighted that mice immunised with J8-Lipo-DT has 

significantly higher bacterial burden in comparison to PBS control (Figure 5.3 B). Mice 

immunised with J8-DT/Alum were able to reduce bacterial burden at the site of infection (skin) 

significantly more than the PBS control group (Figure 5.3 B).  In skin, J8-DT/Alum vaccinated 

mice had 90% and >99% reduction in bacterial burden in comparison to PBS control on days 

3 and 6 respectively; and J8-DT/CTB immunised mice had 50% and >99% reduction in 

bacterial burden in comparison to PBS control on days 3 and 6 respectively.  J8-DT/Alum 

immunised mice were also protected against systemic infection (spleen and blood) with 
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complete GAS clearance in by day 6 (Figure 5.3 C-D); correlating with 100% reduction in 

bacterial burden in comparison to PBS on day 6.  These data provided the impetus to develop 

a vaccine that could induce peptide-specific salivary IgA and serum IgG and protect against 

both URT and systemic GAS infections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Immunogenicity and protective efficacy of J8-based vaccines utilising various 

routes of immunisation.  BALB/c mice (n=10/group; female, 4-6 weeks old) were immunised 
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i.n. with J8-DT/CTB and J8-Lipo-DT and s.c. with J8-DT/Alum on days 0, 21 and 42.  One 

week post last boost serum samples were collected and J8-specific IgG antibody responses 

were measured by ELISA and are represented as mean + SEM (A).  (B-D) Protection following 

skin infection.  Two weeks after last boost mice were infected via the skin route of infection 

with p88/30.  On days 3 and 6 post-infection, five mice/group were sacrificed and samples 

were collected to determine GAS bacterial burden in (B) skin, (C) spleen and (D) blood.  Data 

are represented as log transformed mean CFU + SEM for five mice/group/time point.  

Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test 

(one-tailed) to compare test groups to the PBS control group (ns; *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001).  Percent reduction was calculated in comparison to total mean 

of naïve/PBS control.  

 

5.4.2 Parenteral vaccination with J8-Lipo-DT does not induce systemic immunity  

 

To explore the effect of the immunisation route on the peptide-specific antibody response, 

naïve B10.BR mice were immunised s.c. with J8-Lipo-DT.  One-week post second-boost (day 

50) J8-specific serum IgG levels were measured.  Mice immunised s.c. had only modest serum 

IgG titres (~103) (Figure 5.4) that were comparable to when the vaccine was delivered i.n. and 

did not protect against skin infection (Figure 5.3 A-D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Immunogenicity following s.c. immunisation with J8-Lipo-DT. B10.BR mice 

(n=5/group; female, 4-6 weeks old) were immunised s.c. with J8-Lipo-DT on days 0, 21 and 

42.  One week post last boost serum samples were collected and J8-specific IgG antibody 
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responses were measured by ELISA and are represented as mean + SEM.  Statistical analysis 

was performed using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare 

test groups to the PBS control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  

 

5.4.3 Dual route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.)  

 

The vaccine delivery system and route of vaccination are critical for the development of a site-

specific antibody response that may correlate with site-specific protection (7, 8).  To assess the 

role of dual route immunisation on site-specific antibody responses, naïve BALB/c mice were 

co-immunised via the mucosal route with J8-Lipo-DT and systemic route with J8-DT/Alum. 

Mice were immunised on days 0, 21 and 42 and one week post-second boost (day 50) serum 

and saliva samples were collected and J8-specific serum IgG and salivary IgA titres were 

analysed.  Unexpectedly, our data demonstrated that co-administration of J8-Lipo-DT (i.n.) + 

J8-DT/Alum (s.c.) reduced the immunogenicity of J8-Lipo-DT at the mucosal site.  Mice co-

immunised with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) had an average J8-specific salivary IgA 

titre of 8, with 7 out of 15 mice not responding to the vaccine (Figure 5.5 A).  In previous 

studies i.n. administration of J8-Lipo-DT elicited J8-specific salivary IgA titres of 64-128 with 

zero non-responders (8).  However, co-administration of J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) 

did not affect the systemic immunogenicity of J8-DT/Alum.  J8-specific serum IgG titres were 

high at 105-106 (Figure 5.5 B). 

 

5.4.4 Dual route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) elicited 

protection against superficial skin infection but not upper respiratory tract infection 

 

To assess the role of dual route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) in 

protection against GAS infection at two different sites, two cohorts of naïve BALB/c mice were 

co-immunised with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) or PBS (control group) as 

previously described.  The first cohort of mice was challenged i.n. with M1 GAS and bacterial 

load in nasal shedding (NS) and throat swabs (TS) were assessed for 3 consecutive days.  On 

day 3 post-infection all mice were euthanised and bacterial burden in Nasal Associated 

Lymphoid Tissue (NALT; a murine functional homologue of human tonsils), lungs and spleen 

were enumerated.  By day 3, there was only 50% and 40% survival of mice in the PBS and 

immunised groups respectively (Figure 5.5 C).  There was no reduction in GAS colonies from 

J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) immunised mice in comparison to the PBS cohort in 
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nasal shedding (NS), NALT, lungs and spleen (Fig. 5.5 D-E).  These data raised the possibility 

that the lack of salivary IgA following J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) vaccination may 

be contributing to the compromised protection in the URT.  

 

The second cohort of mice was challenged systemically via the skin scarification method with 

GAS strain pNS1.  On days 3 and 6, 5 mice/group were euthanised and skin and blood samples 

were collected to assess bacterial load.  In skin, immunised mice had 45% reduction in bacterial 

burden in comparison to PBS on day 3 and significant reduction (80% reduction) in bacterial 

load in comparison to PBS on day 6 (Figure 5.5 F).  Moreover, immunised mice had completely 

cleared the systemic infection (blood) by day 3 (Figure 5.5 G).   
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Figure 5.5: Immunogenicity and protective efficacy following dual route immunisation with 

J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.).  BALB/c mice (n=15/group; female, 4-6 weeks old) 

were immunised i.n. with J8-Lipo-DT and s.c. with J8-DT/Alum on days 0, 21 and 42.  One 

week post last boost serum and saliva samples were collected and J8-specific salivary IgA (A) 

and J8-specific serum IgG (B) antibody responses were measured by ELISA and are 

represented as mean + SEM.  (C-E) Protection following URT infection.  Two weeks after 

last boost, the mice were infected via the URT with M1 GAS.  On days 1, 2 and 3 post-infection 

mice were monitored for signs of distress/illness as per the approved score sheet (Appendix 
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III) and mice that showed significant signs of distress/illness were culled; (C) survival analysis 

post-infection.  On days 1-3 nasal shedding (NS) and throat swabs (TS) were collected and 

cumulative CFUs from all three days were combined and represented as the log transformed 

mean + SEM for NS and the log transformed mean cfu/ml + SEM for TS (D).  On day 3 post-

infection all surviving mice were euthanised and NALT, lungs and spleen samples were 

collected to determine GAS bacterial burden, data represented as the log transformed  mean 

cfu/ml + SEM (E).  (F-G) Protection following skin infection.  Concurrently, a second cohort 

of female BALB/c mice (n=10/group; female, 4-6 weeks old) were immunised i.n. with J8-Lipo-

DT and s.c. with J8-DT/Alum on days 0, 21 and 42.  Two weeks after last boost, the mice were 

infected via the skin scarification method with GAS strain pNS1.  On days 3 and 6 post-

infection, five mice/group were sacrificed and samples were collected to determine GAS 

bacterial burden in (F) skin and (G) blood.  Data are represented as the log transformed mean 

+ SEM for five mice/group/time point.  Statistical analysis was performed using a 

nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS 

control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  Percent reduction was 

calculated in comparison to total mean of naïve/PBS control.  

 

5.4.5 J8-Lipo-DT with the addition of a glycolipid (3D-PHAD) was immunogenic and 

protective in the upper respiratory tract of BALB/c and SWISS (outbred) mice 

 

A glycolipid was incorporated into the current mucosal vaccine, J8-Lipo-DT, to increase its 

systemic efficacy.  LPS is a constituent of the outer membrane of Gram-negative bacteria.  The 

biologically active portion of LPS, lipid A, possesses strong immunostimulatory properties that 

enhance the function of minimally immunogenic antigens (16).  Detoxified monophosphoryl 

lipid A (MPL) is a potent vaccine adjuvant derived from Salmonella minnesota Re595 LPS 

(24).  MPL is a TLR4 agonist and a component in a number GSK Biologicals vaccines currently 

in clinical testing, including human papilloma virus, herpes simplex virus, malaria and 

tuberculosis (24).  To evaluate the immunogenicity and protection of J8-Lipo-DT with addition 

of glycolipid 3D-PHAD (a synthetic MPL analogue) cohorts of naïve BALB/c and SWISS 

(outbred) mice were immunised i.n. as described above.  Intranasal immunisation with J8-Lipo-

DT PHAD elicited mean J8-specific salivary IgA titres of 854 in BALB/c and 270 in SWISS 

mice.  In SWISS mice, 4 out of 10 mice did not elicit high J8-specific salivary IgA titres (titres 

between 0 – 4) (Figure 5.6 A).   For J8-specific serum IgG, BALB/c and SWISS mice had titres 

of 102-104 (Figure 5.6 B).   

 

Following i.n. immunisation with J8-Lipo-DT PHAD, mice were challenged via the URT with 

M1 GAS and bacterial burden on pharyngeal surfaces and organs were assessed.  BALB/c mice 
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vaccinated with J8-Lipo-DT PHAD showed significant reduction in nasal shedding (NS) (93% 

reduction) and throat swabs (TS) (94% reduction) in comparison to PBS (Figure 5.6 C).  

Similarly, bacterial burden was significantly reduced in NALT (93% reduction) and lungs 

(91% reduction) in comparison to PBS (Figure 5.6 D).  For SWISS mice, there was 55% 

reduction in bacterial nasal shedding (NS) and 70% reduction in bacterial burden in throat 

swabs (TS) in comparison to PBS control (Figure 5.6 E).  In organs, there was significant 

reduction in bacterial load in NALT (>99% reduction) and 99% reduction in bacterial burden 

in lungs when compared to PBS control (Figure 5.6 F). 
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Figure 5.6 Immunogenicity and protective efficacy of J8-Lipo-DT PHAD in BALB/c and 

SWISS (outbred) mice.  BALB/c mice (n=15/group; female, 4-6 weeks old) SWISS (outbred) 

mice (n=10/group; female, 4-6 weeks old) were immunised i.n. with J8-Lipo-DT PHAD on 

days 0, 21 and 42.  One week post last boost serum and saliva samples were collected and J8-

specific salivary IgA (A) and J8-specific serum IgG (B) antibody responses were measured by 

ELISA and are represented as mean + SEM.  (C-D) Protection following URT infection in 

BALB/c mice.  Two weeks after last boost, the mice were infected via the URT with M1 GAS.  

On days 1-3 nasal shedding (NS) and throat swabs (TS) were collected and cumulative CFUs 

from all three days were combined and represented as log transformed mean + SEM for NS 

and log transformed mean cfu/ml + SEM for TS (C).  On day 3 post-infection all surviving 

mice were euthanised and NALT, lungs and spleen samples were collected to determine GAS 

bacterial burden, data represented as the log transformed mean cfu/ml + SEM (D).  (E-F) 

Protection following URT infection in SWISS mice.  Similarly, two weeks after last boost the 

mice were infected via the URT with M1 GAS and samples were collected for bacterial burden 

analysis as outlined above.  Nasal shedding (NS) and throat swabs (TS) (cumulative) (E) and 

bacterial burden on day 3 post-infection in organs (F).  Statistical analysis was performed 

using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare test groups to 

the PBS control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  Percent 

reduction was calculated in comparison to total mean of naïve/PBS control.  

 

5.4.6 Immunogenicity and protective efficacy following parenteral immunisation with J8-

Lipo-DT PHAD 

 

To determine whether parenteral immunisation with J8-Lipo-DT PHAD would improve 

systemic efficacy, BALB/c mice were immunised s.c. and J8-speific serum IgG titres were 

assessed.  Mice immunised with J8-Lipo-DT PHAD induced titres of approximately 105 

(Figure 5.7 A).  J8-DT/Alum (positive control) immunised mice had titres of 105-107 (Figure 

5.7 A).  Following immunisation, mice were challenged via the skin and bacterial burden was 

assessed in blood.  Mice immunised with J8-DT/Aum had cleared systemic (blood) infection 

by day 3 and 6 (Figure 5.7 B).  However, parenteral vaccination with J8-Lipo-DT PHAD did 

not confer protection; J8-Lipo-DT PHAD immunised mice had comparable bacterial load in 

comparison to PBS/Alum immunised mice (Figure 5.7 B). 
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Figure 5.7 Immunogenicity and protective efficacy following parenteral immunisation with 

J8-Lipo-DT PHAD.  BALB/c mice (n=10/group; female, 4-6 weeks old) were immunised 

intramuscularly (i.m.). with J8-Lipo-DT PHAD.  One week post last boost serum samples were 

collected and J8-specific serum IgG (A) antibody responses were measured by ELISA and are 

represented as mean + SEM.  Saliva samples were also collected and J8-specific salivary IgA 

titres were measured, there was no response from all vaccines tested (data not shown).  (A) 

Protection following skin infection.  Two weeks after last boost, the mice were infected via the 

skin scarification method with GAS strain pNS1.  On days 3 and 6 post-infection, five 

mice/group were sacrificed and samples were collected to determine GAS bacterial burden in 

(B) blood.  Data are represented as the log transformed mean + SEM for five mice/group/time 

point.  Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U 

test (one-tailed) to compare test groups to the PBS control group (ns; *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001).  

 

5.4.7 Dual route immunisation with J8-Lipo-DT PHAD (i.n.+s.c.) is immunogenic and 

protective in the upper respiratory tract system.    

 

Next, the immunogenicity and protective efficacy following dual-route immunisation with J8-

LIpo-DT PHAD was assessed.   BALB/c mice were immunised with: (i) J8-Lipo-DT (i.n.); (ii) 
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J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.); (iii) J8-Lipo-DT PHAD (i.n.); or (iv) J8-Lipo-DT 

PHAD (i.n.+s.c.).  Mice were given one primary and two boost immunisations, as previously 

described, and serum and saliva samples were collected post-second boost (day 50).  Single 

route immunisation with J8-Lipo-DT and J8-Lipo-DT PHAD induced J8-specific salivary IgA 

and serum IgG titres comparable to previous experiments (Figure 5.8 A-B).  Dual-route 

immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) also induced comparable titres to 

previous experiments, where the J8-specific salivary IgA response was reduced when J8-Lipo-

DT was combined with J8-DT/Alum; however, the J8-specific serum IgG titre remained high 

at 104-106 (Figure 5.8 A-B).  Mice immunised with J8-Lipo-DT PHAD via i.n. and s.c. routes, 

exhibited J8-specific salivary IgA titres of 64-128, comparable with single-route immunisation 

of J8-Lipo-DT and J8-Lipo-DT PHAD (Figure 5.8 A).  Additionally, the same mice also 

developed a J8-specific-serum IgG response of 104-106 (Figure 5.8 B), comparable to the 

systemically protective IgG titres induced by J8-DT/Alum vaccination (Figure 5.3 A-D).  

 

To assess protection in the URT, mice were challenged i.n. with M1 GAS and protection was 

assessed as above.  As expected, mice immunised with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) 

did not significantly clear GAS from pharyngeal surfaces and in organs when compared to PBS 

mice (Figure 5.8 C-D).  Single route immunisation with J8-Lipo-DT led to significant 

protection on pharyngeal surfaces (~80% reduction) and in organs (>99% reduction) in 

comparison to PBS cohort (Figure 5.8 C-D).  Similarly, mice immunised via the i.n. route with 

J8-Lipo-DT PHAD had significantly reduced bacterial burden in throat swabs, NALT and 

lungs in comparison to PBS (Figure 5.8 C-D).  Importantly, mice immunised i.n. and s.c. with 

J8-Lipo-DT PHAD also displayed a significant reduction in GAS colonies in throat swabs (TS) 

and organs in comparison to PBS (Figure 5.8 C-D).  In NALT, lungs and spleen this correlated 

to >95% reduction in bacterial burden in comparison to PBS (Figure 5.8 D).  
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Figure 5.8 Immunogenicity and protective efficacy of dual route immunisation with J8-

Lipo-DT PHAD (i.n.+s.c.) against URT infection.  BALB/c mice (n=15/group; female, 4-6 

weeks old) were immunised via single route immunisation with J8-Lipo-DT (i.n.) or J8-Lipo-

DT PHAD (i.n.) and via dual route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) 

or J8-Lipo-DT PHAD (i.n.+s.c.) on days 0, 21 and 42.  One week post last boost serum and 

saliva samples were collected and J8-specific salivary IgA (A) and J8-specific serum IgG (B) 

antibody responses were measured by ELISA and are represented as mean + SEM.  (C-D) 

Protection following URT infection.  Two weeks after last boost, the mice were infected via 

the URT with M1 GAS.  On days 1-3 nasal shedding (NS) and throat swabs (TS) were collected 

and cumulative CFUs from all three days were combined and represented as log transformed 

mean + SEM for NS and log transformed mean cfu/ml + SEM for TS (C).  On day 3 post-

infection all surviving mice were euthanised and NALT, lungs and spleen samples were 
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collected to determine GAS bacterial burden.  Data represented as the log transformed mean 

cfu/ml + SEM (D).  Statistical analysis was performed using a nonparametric, unpaired Mann-

Whitney U test (one-tailed) to compare test groups to the PBS control group (ns; *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001).  Percent reduction was calculated in comparison to 

total mean of naïve/PBS control.  

 

5.4.8 Dual route immunisation with J8-Lipo-DT PHAD (i.n.+s.c.) is immunogenic and 

protective against systemic GAS infection    

 

To determine whether a single vaccine formulation delivered via two routes could also protect 

against systemic GAS infection, mice were immunised with J8-Lipo-DT PHAD (i.n.+s.c.) or 

J8-DT/Alum (s.c.) (positive control).  Mice immunised with J8-Lipo-DT PHAD (i.n.+s.c.) 

induced J8-specific salivary IgA titres of 256-512, whereas no J8-specific salivary IgA 

responses were detected in mice immunised with J8-DT/Alum (s.c.) (Figure 5.9 A).  J8-specific 

serum IgG levels were comparable between the two vaccines with titres of 105-106 (Figure 5.9 

B).  Protection was assessed on days 3 and 6 post GAS skin infection.  In skin, mice immunised 

with J8-Lipo-DT PHAD (i.n.+s.c.) had 60% and 75% reduction in bacterial burden on days 3 

and 6 respectively when compared to PBS; and mice immunised with J8-DT/Alum had a 

significant reduction (68% reduction) in bacterial burden and 70% reduction in bacterial burden 

on days 3 and 6 respectively when compared to PBS  (Figure 5.9 C).  In spleen and blood, mice 

vaccinated with J8-Lipo-DT PHAD (i.n.+s.c.) and J8-DT/Alum had completely cleared GAS 

by day 6 (Figure 5.9 D-E).  Thus, confirming that dual-route immunisation with J8-Lipo-DT 

PHAD can protect against GAS pharyngitis, pyoderma and bacteraemia. 
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Figure 5.9 Immunogenicity and protective efficacy of dual route immunisation with J8-

Lipo-DT PHAD (i.n.+s.c.) against skin infection.  Concurrently, a second cohort of mice 

female BALB/c mice (n=20/group; female, 4-6 weeks old) were immunised via single route 

with J8-DT/Alum (positive control) and via dual route with J8-Lipo-DT PHAD (i.n.+s.c.) on 

days 0, 21 and 42.  One week post last boost serum and saliva samples were collected and J8-

specific salivary IgA (A) and J8-specific serum IgG (B) antibody responses were measured by 

ELISA and are represented as mean + SEM.  (C-E) Protection following skin infection.  Two 

weeks after last boost, the mice were infected via the skin scarification method with GAS strain 

pNS1.  On days 3 and 6 post-infection, ten mice/group were sacrificed and samples were 

collected to determine GAS bacterial burden in (C) skin, (D) spleen and (E) blood.  Data are 

represented as the log transformed mean + SEM for ten mice/group/time point. Statistical 

analysis was performed using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to 

compare test groups to the PBS control group (ns; *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001).  Percent reduction was calculated in comparison to total mean of naïve/PBS 

control.  
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5.4.9 Antibody isotyping for liposomal-based vaccines  

 

BALB/c mice were immunised as previously described and one week post-last immunisation 

(day 50) serum was collected for antibody isotyping.  Vaccination with liposomal analogues 

produced J8-specific IgG titres, predominantly of the IgG1 isotype (Figure 5.10).  Mice 

vaccinated with J8-Lipo-DT PHAD (i.n.) and J8-Lipo-DT PHAD (i.n.+s.c.) also induced 

IgG2b (Figure 5.10).  Interestingly, mice vaccinated with J8-Lipo-DT PHAD (i.n.+s.c.) 

induced IgG3 (Figure 5.10).  IgG3 was lower levels following vaccination with other liposomal 

analogues, suggesting that induction of IgG3 may influence the dual-route protection provided 

by J8-Lipo-DT PHAD (i.n.+s.c.) immunisation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Antibody isotyping for liposomal based vaccines.  BALB/c mice (n=10/group; 

female, 4-6 weeks old) were immunised i.n. with J8-Lipo-DT and J8-lipo-DT PHAD, and 

i.n.+s.c. with J8-Lipo-DT PHAD.  One week post last boost serum samples were collected 

and J8-specific serum IgG1, IgG2a, IgG2b and IgG3 antibody responses were measured by 

ELISA and are represented as mean + SEM.  Statistical analysis was performed using a 

nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare test groups to the 

PBS control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  
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5.4.10 Role of cytokines in J8-Lipo-DT PHAD-mediated immunity 

 

To explore potential mechanisms of protection, we measured Th1, Th2 and Th17 cytokine 

responses (IL-2, IL-4, IL-6, IFN- γ, TNF, IL-17A and IL-10) of spleen cells from immunised 

mice following in-vitro stimulation with J8.  J8 was able to recall significant IFN- γ, IL-2, IL-

10 and IL-6 responses from spleen cells of immunised mice.  The other cytokines were found 

at comparable levels in PBS-immunised mice.  IFN- γ was elevated in mice immunised with 

J8-Lipo-DT (i.n.), J8-Lipo-DT PHAD (i.n.) or J8-Lipo-DT PHAD (i.n.+s.c.), with the latter 

two groups having significantly higher levels than PBS immunised mice (Figure 5.11 A).  IL-

2 was significantly elevated in mice immunised with J8-Lipo-DT PHAD (i.n.+s.c.) (Figure 

5.11 B) and all other vaccination groups had levels comparable to PBS.  IL-10 is involved in 

the regulation of inflammatory and autoimmune pathologies (25).  IL-10 was prominent in 

mice immunised via the i.n. route only - J8-Lipo-DT (i.n.) or J8-Lipo-DT PHAD (i.n.) (Figure 

5.11 C).  Dual-route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) or J8-Lipo-DT 

PHAD (i.n.) did not give rise to an IL-10 response.  As previously highlighted, vaccination 

with J8-Lipo-DT led to J8-specific IL-6 and IFN- γ responses (8).  Intranasal immunisation 

with J8-Lipo-DT and J8-Lipo-DT PHAD induced an IL-6 response (Figure 5.11 D).  However, 

when mice received J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) both IL-6 and mucosal IgA were 

ablated consistent with a role for IL-6 in the upregulation of IgA (26). 
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Figure 5.11 Cytokine profile in mice immunised via various routes with J8-based vaccine.   

BALB/c mice (n=3-5/group; female, 4-6 weeks old) were immunised via single route 

immunisation with J8-Lipo-DT (i.n.), J8-Lipo-DT PHAD (i.n.) and J8-DT/Alum (s.c.) and via 
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dual route immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) and J8-Lipo-DT PHAD 

(i.n.+s.c.) on days 0, 21 and 42.  Two weeks after last boost, mice were euthanized and spleens 

excised.  Single-cell suspensions of splenocytes from immunised and PBS control mice were 

seeded at a concentration of 4x105 cells/well.  The cells were stimulated ex-vivo either with J8 

(50 μg/well) or media alone.  At 72 hours post-stimulation, supernatants were isolated and 

concentrations of various cytokines were assayed using a cytometric bead array.  (A) IFN-γ, 

(B) IL-2, (C) IL-10 and (D) IL-6 were assayed using cytometric bead array as per 

manufacturer’s instructions.  Cytokine quantifications were calculated using FCAP Array 

software version 3.0 (Becton Dickinson).  Data are representative of two independent 

experiments (mean + SEM).  Statistical analysis was performed using two-tailed t test, 

corrected for multiple comparisons using the Tukey’s comparison test (ns; *p>0.05; 

**p<0.01; ***p<0.001; ****p<0.0001). 

 

5.4.11 Role of macrophages in J8-Lipo-DT PHAD-mediated immunity 

 

Antigen-presenting cells (APCs) including macrophages are known to contribute to protection 

against GAS (7, 27-30).  We have previously demonstrated that skin-resident macrophages 

contribute to the control of GAS at the local site of infection, whereas systemic macrophages 

contribute to the control of systemic infection (7).  

 

The role of macrophages were tested in J8-Lipo-DT PHAD mediated immunity.  Macrophages 

were depleted post-vaccination and prior to challenge using Clodronate Liposomes (ClLip).  

ClLip was delivered i.n. and i.p., leading to URT and systemic macrophages depletion, control 

mice were administed PBS/Liposomes via the same routes and volumes (Figure 5.12 A).  At 

72 h post-depletion (day of challenge), there was above 80% reduction in macrophages in 

organs; in NALT macrophages were reduced by 86% in comparison to control (Figure 5.12 B-

C); in lungs macrophages were reduced by 87% in comparison to control (Figure 5.12 D-E); 

and in liver macrophages were reduced by 97% in comparison to control (Figure 5.12 F-G). At 

120 h post-depletion (day of organ collection), there was above 70% reduction in macrophages 

in organs; in NALT macrophages remained reduced by 73% in comparison to control (Figure 

5.12 B-C); in lungs macrophages remained reduced by 70% in comparison to control (Figure 

5.12 D-E); and in liver macrophages remained reduced by 90% in comparison to control 

(Figure 5.12 F-G). 
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Figure 5.12 Optimising dose and time course of Clodronate liposome delivery for 

macrophage depletion.  BALB/c mice (n=5/group; female, 11-12 weeks old) were treated with 

100μl (0.5 mg/mouse) of ClLip intraperitoneally (i.p.) and 50μl (0.25 mg/mouse) of ClLip (5 

mg/ml) intranasally (i.n.) on days -3, -2 and -1 before infection (day 0) to achieve >70% 

depletion of macrophages in tissues (A).  To determine macrophage depletion, NALT (B-C), 

lungs (D-E) and liver (F-G) biopsy samples were collected for histopathological analysis.  

Sections were scanned and read at high magnification using ImageScope software.  Positive 

cells were counted in five high-powered fields and expressed as the average number of positive 

cells/high-powered field.  (Bi) A F4/80 stained NALT section from a mouse treated with 

PBS/Liposomes (control), at 20x magnification.  (Bii) A F4/80 stained NALT section from a 

mouse treated with ClLip, at 72-hour time-point (day of URT-infection and one day post last 

treatment with ClLip) (20x magnification).  (Biii) A F4/80 stained NALT section from a mouse 

treated with ClLip, at 120-hour time-point (day of organ collection for bio-burden 

enumeration) (20x magnification).  (C) Mean number of macrophages (F4/80+) in five high 

powered fields, represented as percent reduction in comparison to PBS control.  At 72-hour 

time-point administration of ClLip achieved 86% reduction in macrophages in comparison to 

PBS control and at 120-hour time-point depletion was at 73% in in comparison to PBS control.  

(Di) A F4/80 stained lung section from a mouse treated with PBS/Liposomes (control), at 20x 

magnification.  (Dii) A F4/80 stained lung section from a mouse treated with ClLip, at 72-hour 

time-point (day of URT-infection and one day post last treatment with ClLip) (20x 

magnification).  (Diii) A F4/80 stained lung section from a mouse treated with ClLip, at 120-

hour time-point (day of organ collection for bio-burden enumeration) (20x magnification).  (E) 

Mean number of macrophages (F4/80+) in five high powered fields, represented as percent 

reduction in comparison to PBS control.  At 72-hour time-point administration of ClLip 

achieved 86% reduction in macrophages in comparison to PBS control and at 120-hour time-

point depletion was at 70% in in comparison to PBS control.  (Fi) A F4/80 stained liver section 

from a mouse treated with PBS/Liposomes (control), at 20x magnification.  (Fii) A F4/80 

stained liver section from a mouse treated with ClLip, at 72-hour time-point (day of URT-

infection and one day post last treatment with ClLip) (20x magnification).  (Fiii) A F4/80 

stained liver section from a mouse treated with ClLip, at 120-hour time-point (day of organ 

collection for bio-burden enumeration) (20x magnification).  (G) Mean number of 

macrophages (F4/80+) in five high powered fields, represented as percent reduction in 

comparison to PBS control.  At 72-hour time-point administration of ClLip achieved 97% 

reduction in macrophages in comparison to PBS control and at 120-hour time-point depletion 

was at 90% in in comparison to PBS control.   

 

 

Following i.n. immunisation with J8-Lipo-DT PHAD (pre-macrophage depletion) mice had 

J8-specific salivary IgA and J8-specific serum IgG levels similar to those previously observed 

(Figure 5.13 A-B). Immunised+depleted mice and PBS+depleted mice showed 50% survival 

following URT infection with M1 GAS (Figure 5.13 C).  This was in comparison to 100% and 

80% survival in immunised+non-depleted and PBS+non-depleted mice respectively (Figure 
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5.13 C).  Immunised+non-depleted mice had significantly reduced GAS colonies on 

pharyngeal surfaces and organs when compared to immunised+depleted mice (Figure 5.13 D-

E).  In organs, immunised+non-depleted mice had above 90% reduction in bacterial burden 

when compared to PBS+non-depleted cohorts.  Overall, depletion of macrophages in 

immunised mice resulted in infection severity comparable to PBS immunised mice.  These data 

demonstrate that macrophages contribute significantly to the control of J8-Lipo-DT PHAD-

mediated protection against URT infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 J8-Lipo-DT mediated protection following macrophage depletion.  BALB/c mice 

(n=10/group; female, 4-6 weeks old) were immunised i.n. with J8-Lipo-DT PHAD.  One week 

post last boost serum and saliva samples were collected and J8-specific salivary IgA (A) and 

J8-specific serum IgG (B) antibody responses were measured by ELISA and are represented 

as mean + SEM.  Two weeks after last boost mice were administered ClLip i.p. and i.n. with 

an optimised dose of ClLip (i.p.: 0.5 mg/mouse, i.n.: 0.25 mg/mouse) on days -3, -2 and -1 
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before infection (day 0) to achieve >90% depletion of macrophages in all tissues tested.  (C-

E) Protection following URT infection.  Mice were infected via the URT with M1 GAS.  On 

days 1 and 2 post-infection mice were monitored for signs of distress/illness as per the 

approved score sheet (Appendix III) and mice that showed significant signs of distress/illness 

were culled (C) survival analysis post-infection.  On days 1-2 nasal shedding (NS) and throat 

swabs (TS) were collected and cumulative CFUs from two days were combined and 

represented as log transformed mean + SEM for NS and log transformed mean cfu/ml + SEM 

for TS (D).  On day 2 post-infection all surviving mice were euthanised and NALT, lungs and 

spleen samples were collected to determine GAS bacterial burden, data represented as the log 

transformed mean cfu/ml + SEM (E).  Statistical analysis was performed using a 

nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS 

control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).  Percent reduction was 

calculated in comparison to total mean of naïve/PBS control.  

 

5.4.12 Role of secretory IgA in J8-Lipo-DT PHAD-mediated immunity 

 

It has been reported that secretory IgA (SIgA) is associated with protection against URT GAS 

infection (9, 12, 21, 31).  Polymeric IgA (pIgA) is synthesised by plasma cells in the mucosal 

lamina propria and exported by the polymeric Ig receptor (pIgR).  Polymeric IgA is released 

into mucosal secretions as SIgA - a complex of dimeric IgA with a bound secretory component 

(SC; the extracellular component of pIgR) (32).  Most IgG in saliva is derived from serum, 

although some is locally produced.  Monomeric IgA and IgG enter the oral cavity by crevicular 

fluid (33).  To explore the role of SIgA in J8-Lipo-DT PHAD mediated mucosal immunity 

pIgR -/- mice and C57BL/6 (wild-type) mice were immunised i.n. with J8-Lipo-DT PHAD and 

J8-specific salivary IgA and IgG and J8-specific serum IgA and IgG levels were determined.  

J8-specific IgA and IgG were not detected in the saliva of vaccinated pIgR -/- mice (Figure 

5.14 A).  Vaccinated C57BL/6 mice had mean J8-specific salivary IgA titres of 172 (Figure 

5.14 A), comparable to our previous data involving i.n. immunisation with J8-Lipo-DT PHAD.  

C57BL/6 vaccinated mice had mean J8-specific salivary IgG titres of 80 (Figure 5.14 A).  

Vaccinated pIgR -/- mice had significantly higher J8-specific serum IgA levels in comparison 

to vaccinated C57BL/6 mice (Figure 5.14 B).  J8-specific serum IgG levels in pIgR -/- and 

C57BL/6 mice were comparable ~104 – 105 (Figure 5.14 B).  

 

To assess protection in the URT, mice were challenged i.n. and samples were collected to 

determine the degree of bacterial burden on mucosal surfaces and in organs.  In nasal shedding 

(NS) and throat swabs (TS), vaccinated pIgR -/- mice had significantly less bacterial burden 

when compared to pIgR -/- control mice (pIgR -/- mice administered with PBS) (Figure 5.14 
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C) However, there was no significant difference in bacterial load in nasal secretions and throat 

swabs of vaccinated pIgR -/- and C57BL/6 mice (Figure 5.14 C).  On day 3 post-challenge, 

mice were euthanised and NALT, lungs, spleen and blood samples were collected for GAS 

bioburden analysis.  In NALT, lungs and spleen, vaccinated pIgR -/- mice had significantly 

lower bacterial burden when compared to pIgR -/- control mice (Figure 5.14 D).  Similar to 

bacterial load on the pharyngeal surface, there was no significant difference in bacterial burden 

in organs of vaccinated pIgR -/- and C57BL/6 mice (Figure 5.14 D).  In blood, there was no 

significant difference between the groups.  The data show that SIgA is not critical to J8-Lipo-

DT-mediated immunity.  The vaccinated pIgR -/- mice were still able to control infection, 

suggesting an important role for other immune parameters in in J8-Lipo-DT PHAD-mediated 

immunity.  
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Figure 5.14 Role of secretory IgA in J8-Lipo-DT PHAD mediated protection.  PIgR -/- and 

C57BL/6 (control) mice (n=10/group; male and female, 4-6 weeks old) were immunised i.n. 

with J8-Lipo-DT PHAD.  One week post last boost serum and saliva samples were collected 

and J8-specific salivary IgA and IgG (A) and J8-specific serum IgA and IgG (B) antibody 

responses were measured by ELISA and are represented as mean + SEM.  (C-D) Protection 

following URT infection.  Two weeks after last boost, the mice were infected via the URT with 

M1 GAS.  On days 1-3 nasal shedding (NS) and throat swabs (TS) were collected and 

cumulative CFUs from all three days were combined and represented as log transformed mean 

+ SEM for NS and log transformed mean cfu/ml + SEM for TS (C).  On day 3 post-infection 

all surviving mice were euthanised and NALT, lungs and spleen samples were collected to 

determine GAS bacterial burden, data represented as the log transformed mean cfu/ml + SEM 

(D).  Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test 

(one-tailed) to compare test groups to the PBS control group (ns; *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001).  Percent reduction was calculated in comparison to total mean 

of naïve/PBS control.  

 

5.4.13 Cytokine expression in pIgR-/- mice vaccinated intranasally with J8-Lipo-DT 

PHAD. 

 

To explore the potential mechanism of cytokines in J8-Lipo-DT PHAD mediated immunity in 

the absence of SIgA; pIgR-/- and C57BL/6 mice were immunised i.n. with J8-Lipo-DT PHAD 

and Th1, Th2 and Th17 cytokine responses were measured in spleen supernatants.  J8-DT was 

able to recall a IL-2, IFN- γ, IL-17A responses from spleen cells from immunised mice (Figure 

5.15 A-C).  J8 has been found to be genetically restricted and non-immunogenic in some mice 

populations (34).  We have demonstrated J8-specific stimulation of splenocytes in BALB/c 

mice (H-2d) (Figure 5.11), however, J8 stimulation of C57BL/6 (H-2b) splenocytes did not 

elicit a cytokine response.  To overcome the genetic restriction, J8 conjugated to T-helper cell 

epitope (DT) enabled the immune response to J8.  IL-2 was significantly high in J8-DT 

stimulated supernatants of vaccinated pIgR-/- and C57BL/6 mice when compared to 

corresponding PBS controls (Figure 5.15 A).  IFN- γ was significantly higher in supernatants 

of vaccinated C57BL/6 mice when compared to vaccinated pIgR-/- mice (Figure 5.15 B).  In 

vaccinated C57BL/6 mice, IL-2 and IFN- γ were significantly high in J8-DT stimulated 

supernatants in comparison to DT stimulated supernatants (Figure 5.15 A-B).  It is noteworthy 

that IL-17A was significantly higher in vaccinated pIgR-/- mice in comparison to vaccinated 

C57BL/6 mice (Figure 5.15 C).  In vaccinated pIgR-/- and C57BL/6 mice, IL-17A was 

significantly high in J8-DT stimulated supernatants in comparison to DT stimulated 
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supernatants, confirming that cytokine stimulation is due to J8-DT and not DT alone.  IL-17A 

was not observed in prior assays (Figure 5.11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Cytokine expression in pIgR-/- mice vaccinated intranasally with J8-Lipo-DT 

PHAD.  Mice (n=3-5/group; male/female, 4-6 weeks old) were immunised i.n. with J8-Lipo-

DT PHAD and PBS on days 0, 21 and 42.  Two weeks after last boost, mice were euthanized 

and spleens excised.  Single-cell suspensions of splenocytes from immunised and PBS control 

mice were seeded at a concentration of 4x105 cells/well.  The cells were stimulated ex-vivo 

either with J8-DT (50 μg/well), DT (50 μg/well) or media alone.  At 72 hours post-stimulation, 

supernatants were isolated and concentrations of various cytokines were assayed using a 
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cytometric bead array.  (A) IL-2, (B) IFN-γ, (C) IL-17A were assayed using cytometric bead 

array as per manufacturer’s instructions.  Cytokine quantifications were calculated using 

FCAP Array software version 3.0 (Becton Dickinson).  Data are representative of two 

independent experiments (mean + SEM).  Statistical analysis was performed using two-tailed 

t test, corrected for multiple comparisons using the Tukey’s comparison test (ns; *p>0.05; 

**p<0.01; ***p<0.001; ****p<0.0001). 

 

5.5 Discussion  

 

Here, we show that addition of an immunostimulatory glycolipid to the mucosally active 

liposomal vaccine (8) significantly enhanced vaccine efficacy to protect against pyoderma, 

bacteraemia and pharyngitis.  We demonstrate the potential contribution of Th1 immune 

responses in site-specific protection following vaccination; and with the use of pIgR -/- mice 

we show that SIgA does not correlate with URT protection and that protection may be mediated 

through serum IgA and cytokines IFN- γ and IL-17A.  

 

We have previously defined two vaccine candidates, J8-DT/Alum and J8-Lipo-DT, that are 

protective against streptococcal pyoderma (7) (skin infection) and pharyngitis (8) (URT 

infection), respectively.  Although parenteral vaccination with J8-DT/Alum led to profound 

protective efficacy against GAS pyoderma and bacteremia (7), it was ineffective against URT 

infection (8).  Correspondingly, i.n. vaccination with J8-Lipo-DT was efficacious against URT 

infection, with reduced capability to protect against skin infection.  Therefore, to develop a 

vaccine that is protective following GAS pharyngitis and pyoderma, dual-route immunisation 

with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.) was evaluated.  Dual-route immunisation 

diminished the J8-specific salivary IgA response which coincided with the lack of protection 

following URT GAS infection.  J8-specific serum IgG titres remained high, correlating with 

protection post-skin-infection.  The ‘skewed’ antibody response may be explained though the 

cytokine profile of J8-DT/Alum (s.c.).  J8-DT/Alum delivered alone or in combination with 

J8-Lipo-DT abrogated both IFN- γ and IL-2 responses.  SIgA is augmented through Th1 

cytokines (IL-2 and IFN- γ), as shown with studies on intracellular pathogens such 

as Salmonella (35).  Aluminium salts induce Th2 differentiation and humoral immunity (36, 

37).  The strong Th2 bias of Alum and the failure to recall an IL-2 and IFN- γ response may 

explain the inability of the adjuvant to induce mucosal immunity.   
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To circumvent the lack of systemic immunogenicity and protection a synthetic MPL analogue, 

3D-PHAD, was formulated with J8-Lipo-DT.  Dual-route delivery (i.n. and s.c.) of J8-Lipo-

DT PHAD improved systemic vaccine efficacy by eliciting potent J8-specific serum IgG 

responses and systemic protection comparable to lead vaccine candidate J8-DT/Alum, while 

also maintaining the potent mucosal efficacy of J8-Lipo-DT.  Development of high-affinity 

antibodies and longevity of antibody producing B-cells requires differential and survival 

signals from T-cells (38).  To further understand the role of J8-mediated protection, we 

assessed the role of vaccination in the induction of a T-helper cell immune response.  We 

observed that dual route immunisation with J8-Lipo-DT PHAD upregulated IL-2 above all 

other vaccine/vaccine combinations tested and single/dual-route immunisation with J8-Lipo-

DT PHAD facilitated an IFN- γ response above naïve control or J8-DT/Alum.  MPL has been 

shown to induce pro-inflammatory cytokines from macrophages (39) and IFN- γ and IL-2 from 

lymphocytes (40).  IL-2 and IFN- γ act synergistically to upregulate macrophage intracellular 

killing activity (41, 42).  Furthermore, liposomes have been shown to target the mononuclear 

phagocyte system (MPS), particularly macrophages (43), thus, highlighting the potential 

importance of macrophages in vaccine-mediated killing of GAS.  To test whether J8-Lipo-DT 

PHAD-mediated protection is macrophage dependent, we depleted systemic and URT 

macrophages in BALB/c mice.  The absence of macrophages led to ~50% mortality in PBS 

and J8-Lipo-DT PHAD immunised mice following URT infection.  Vaccinated mice that did 

not undergo macrophage depletion had 100% survival which correlated with a significant 

reduction in GAS colonies in nasal shedding (NS), throat swabs (TS) and organs (NALT, 

spleen and lungs).  The results support the hypothesis that increased IL-2 and IFN- γ following 

vaccination with J8-Lipo-DT PHAD promote killing of GAS via macrophages.  Previous 

findings have highlighted the importance of IFN- γ at the GAS infection site.  Administration 

of recombinant IL-12 (rIL-12) induced the expression of IFN- γ which correlated with 

protection against lethal GAS infection (44).  Neutralisation of IFN- γ increased the 

susceptibility to GAS infection (44).  Furthermore, GAS killing by innate immune cells has 

been associated with myeloid differentiation factor 88 (MyD88) signalling and downstream 

pro-inflammatory cytokines such as tumour necrosis factor (TNF) inducing macrophage 

recruitment to the infection-site and prevention of GAS invasion (45-47).  Potentially, J8-Lipo-

DT PHAD vaccination may elicit uptake of antigen via pattern recognition receptors (PRRs) 

(Toll-like receptors [TLR]) on the surface of macrophages/dendritic-cells leading to the 

activation of the MyD88 pathway.  Downstream activation of TNF and IL-12 (48) may promote 



  Chapter 5 

 

164 

 

natural-killer secretion of IFN- γ leading to the rapid recruitment of macrophages to the infected 

tissue and enhanced GAS killing.   

 

Our data show the potential role of macrophages in the prevention of URT GAS infection in 

vaccinated mice.  In the literature, the contribution of macrophages and neutrophils in GAS 

infection has been contradictory.  Polymorphonuclear leukocytes (PMNs) are central in J8-DT-

mediated immunity against GAS pyoderma (7). However, the role of neutrophils and 

macrophages in mucosal GAS infection has not been clearly defined.  Mucosal GAS infection 

led to an influx of neutrophils into NALT by 24 hours which diminished significantly by 48 

hours (49).  The number of bacteria recovered from NALT at 24 and 48 hours was comparable, 

suggesting that an influx of neutrophils had little impact on persistence of GAS in NALT (49).  

In addition, the number of macrophages in GAS infected NALT were not statistically different 

from sham infected controls (49).  Future work investigating the role of neutrophils in J8-Lipo-

DT PHAD mediated protection would enable a more thorough understanding of effector 

mechanisms involved in vaccine mediated immunity.  Such investigations may include 

utilising B-cell deficient MT mice to address whether GAS killing by accessory immune cells 

is dependent/independent on antibody opsonisation.   

 

To further define the mechanism of J8-Lipo-DT PHAD mediated systemic protection we 

assessed the expression of IgG isotypes following vaccination with liposomal analogues.  We 

demonstrated an increased IgG2b and IgG3 response in mice vaccinated with J8-Lipo-DT 

PHAD.  IgG2a and IgG2b are implicated in the activation of dendritic cells, promoting 

enhanced phagocytosis and release of inflammatory mediators (50) and in humans IFN-γ and 

IgG3 have been correlated with reduced GAS infection (51, 52).  A comparable vaccine 

candidate, J8-DT/CAF01 (CAF01: a Th1/Th17 promoting liposomal delivery system (53)) 

when utilized via dual-route immunisation, induced a similar IgG isotype pattern and also 

protected against GAS pharyngitis and pyoderma (please refer to chapter 6).   

 

Multiple intranasal GAS vaccine candidates have demonstrated an association of antigen-

specific salivary IgA with URT protection (8, 9, 12, 21, 31).  Early studies showed that 

passively acquired M-protein-specific SIgA protected mice against intranasal GAS infection 

(54).  Additionally, p145 (parent peptide of J8i) specific salivary IgA was shown to opsonize 

GAS in the presence of complement and PMNs (in-vitro) (55).  The role of SIgA in J8-Lipo-
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DT PHAD-mediated protection was assessed using pIgR-/- mice (56, 57).  We observed that 

vaccinated pIgR-/- and C57BL/6 mice exhibited comparable bacterial loads on pharyngeal 

surfaces and in organs, suggesting that SIgA is not indispensable for the prevention of URT 

GAS infection.  The importance of SIgA in vaccine mediated mucosal immunity for some 

bacterial and viral mucosal pathogens has been disputed.  These include influenza virus (58), 

rotavirus (59), Shigella flexneri (60) and Helicobacter pylori (61).  In the current study, 

vaccinated pIgR-/- mice showed elevated levels of serum IgA which could also possibly 

contribute to protection at the tissue sites of infection.  Serum IgA has also been shown to reach 

external secretions by passive paracellular diffusion (62) and trigger effector functions (63) 

that have the potential to destroy pathogens at the mucosal surface. 

 

To elucidate the potential mechanism of protection in the absence of SIgA, the role of cytokines 

in J8-Lipo-DT PHAD vaccination was assessed in pIgR -/- and C57BL/6 mice.   IL-17A has 

been shown to play a pivotal role in GAS pathogenesis in the URT.  IL-17A is activated in 

response to bacterial infection and is responsible for recruiting macrophages and neutrophils 

to the site of infection (64).  Recurrent URT infection with GAS has been associated with the 

upregulation of IL-17A in a TGF-1 and IL-6 dependent manner (65).  Following repeated i.n. 

inoculation of GAS in wild-type and IL-17A-/- mice, it was found that wild-type mice cleared 

GAS more rapidly than IL-17A-/- mice.  Purified CD4+ T-cells from wild-type mice exhibited 

equal numbers of IL-17A+ and IFN –γ+ cells, whereas CD4+ T-cells from IL-17A-/- mice 

contained only IFN –γ+ cells.  Consequently, mice that received IL-17A+ cells significantly 

cleared GAS from NALT compared to those that received IFN –γ+ cells from IL-17A-/- mice 

(65).   

 

We show an inverse relationship between IFN- γ and IL-17A in maintaining SIgA in the saliva.  

Vaccinated C57BL/6 mice, which had high J8-specific salivary IgA, exhibited significantly 

higher levels of IFN- γ when compared to vaccinated pIgR-/- mice.  On the other hand, IL-17A 

was significantly higher in vaccinated pIgR-/- mice when compared to vaccinated C57BL/6 

mice.  IFN- γ was found to inhibit the development of IL-17 producing cells in response to 

mycobacterial infection, suggesting that increased production of IFN –γ producing cells by 

pathogens and/or immunisation may dampen the assembly of IL-17 producing cells and limit 

IL-17 mediated protection (66).  Without being bound by speculation, it is likely that in the 
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absence of mucosal IgA, IL-17A is responsible for combating infection possibly in a 

macrophage/neutrophil dependent manner.  

 

5.6 Conclusions  

 

In conclusion, the findings reported here demonstrate that dual route immunisation with J8-

Lipo-DT PHAD can protect against GAS pharyngitis and pyoderma.  We provide mechanistic 

insights into how inclusion of a glycolipid can potentiate desired humoral and cellular mucosal 

and systemic immune responses to combat GAS infection.  We show that in the absence of 

SIgA, IL-17A may contribute to J8-Lipo-DT PHAD mediated protection.  Taken together, 

these results highlight the critical role of dual route immunisation in overcoming the niche-

specific drawbacks of GAS vaccines and demonstrate a way forward for the design of 

liposomal vaccine delivery systems.  
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Prime-pull immunisation with Th1/Th17 promoting adjuvant protects 

against wild-type and hypervirulent group A streptococcal infections of the 

upper respiratory tract and skin  
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6.1 Abstract  

 

GAS is responsible for a wide-array of diseases, with the upper respiratory tract (URT) and 

skin being the primary site of infection.  In some cases, streptococcal pharyngitis and pyoderma 

can lead to invasive diseases and the ‘post-streptococcal’ sequelae of rheumatic fever 

(RF)/rheumatic heart disease (RHD) and post-streptococcal glomerulonephritis are of great 

concern.  A vaccine that is effective at the primary site of infection is required to halt the serious 

progression of GAS infections.  GAS vaccine research so far has focused on inducing 

protective immune responses at a single infection site, either systemic or mucosal.  We 

demonstrate that subcutaneous priming with J8-DT formulated with CAF01 (Th1/Th17 

inducing adjuvant), followed by upper respiratory tract (URT) boosting promotes high and 

sustained IgA levels in the airway mucosa and IgG levels in the serum.  The same vaccine also 

leads to the establishment of Th1/Th2/Th17 immunity and protection against skin and URT 

GAS infection.  Addition of K4S2-DT, a minimal epitope from IL-8 protease SpyCEP, to J8-

DT/CAF01 vaccine led to protection against skin and URT GAS infections with hypervirulent 

covR/S mutant GAS.  The data strongly suggests a way forward for the development of dual-

component vaccines capable of inducing protective immune responses at local sites of 

infection.     
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6.2 Introduction  

 

Streptococcus pyogenes (group A streptococcus, GAS) is a human pathogen that primarily 

infects the skin and upper respiratory tract (URT).  GAS is responsible for non-invasive 

diseases such as streptococcal pharyngitis and pyoderma (1).  However, these infections can 

lead to invasive diseases such as invasive necrotising fasciitis and repeated episodes of GAS 

can lead to the ‘post-streptococcal’ sequelae of rheumatic fever (RF)/rheumatic heart disease 

(RHD) and post-streptococcal glomerulonephritis.  In order to cause a wide spectrum of 

disease, GAS must overcome the diverse physical and immunological barriers encountered in 

the human body.  A number of virulence factors have been implicated in GAS pathogenesis.  

These determinants of virulence can be utilised to develop conserved epitope vaccines that 

have the potential to be highly immunogenic and able to induce strain-transcending immunity. 

 

J8, a conserved epitope from the C3-repeat region of the M-protein, was conjugated to the 

carrier protein diphtheria toxoid (DT) to render it immunogenic in an outbred population (2).  

J8-DT is poorly immunogenic when administered alone; adjuvants are therefore needed in the 

vaccine formulation to promote an adequate immune response.  The vaccine delivery route is 

also critical in the design of an optimal vaccine.  Mucosal and systemic compartments of 

immunity require local priming to potentiate an immune response (3).  J8-DT/Alum delivered 

subcutaneously (s.c.) protects mice against streptococcal pyoderma and bacteraemia (2).  

Systemic protection with J8-DT/Alum was found to be mediated by J8-specific systemic IgG 

(2, 4, 5).  However, protection against URT infection was associated with an IgA response (6, 

7).  J8-DT/Alum delivered intramuscularly initiated a systemic IgG response and no J8-specific 

salivary IgA response (8).  Lack of mucosal mucosal immunity hampered protection of mice 

against URT GAS infection (8).  Adjuvants such as cholera toxin subunit B (CTB), when 

delivered intranasally (i.n.), are able to promote a strong systemic-IgG and mucosal-IgA 

response and when combined with J8-DT has been shown to protect against URT GAS 

infection (9).  However, CTB is not a suitable adjuvant for human studies, therefore, new 

approaches to vaccine delivery are required. 

 

An alternate approach to vaccination is co-administration of a vaccine at the two main sites of 

immunity (mucosal and systemic).  We have previously found that J8-DT/Alum sufficiently 

protects against systemic infection (2) and that J8-Lipo-DT (liposomes composed of neutral 

lipids encapsulating DT and displaying lipidated J8 on their surface) is effective against URT 
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GAS infection (8).  In an attempt to promote both a systemic and mucosal immune response 

both vaccines were delivered at the same time-point, J8-DT/Alum delivered s.c and J8-Lipo-

DT delivered i.n.  Unfortunately, the combination of adjuvants favoured a J8-specific systemic 

IgG response with very low J8-specific salivary IgA (please refer to chapter 5).  The induction 

of systemic IgG protected mice against GAS pyoderma and bacteraemia; however, there was 

no protection against URT GAS infection (please refer to chapter 5).  These data provided the 

incentive to combine J8-DT with a human compatible adjuvant that had the capability of 

inducing a strong systemic and mucosal immune response. 

 

CAF01 is a two component liposomal adjuvant system composed of a cationic liposomes 

formed of N,N´-dimethyl-N,N´-dioctadecylammonium (DDA) stabilised with the synthetic 

mycobacterial immunomodulator α,α´-trehalose 6,6´-dibehenate (TDB) which is a synthetic 

variant of cord factor located in the mycobacterial cell wall (10, 11).  CAF01 can induce a vast 

immunological response targeted at inducing an IgG as well as a Th1/Th17 T-cell response 

(12).  In addition to a strong systemic response a “prime-pull” (13) and/or “simultaneous 

subcutaneous and intranasal administration” (14) vaccination strategy with CAF01 promoted 

the stimulation of a local mucosal IgA response.  CAF01 has been involved in five phase I 

human clinical trials with four different antigens including a lead TB vaccine candidate 

(Clinical trial no. NCT00922363) and a HIV-1 Peptide cocktail (Clinical trial no. 

NCT01141205) (11). 

 

While J8-DT is a highly efficacious vaccine that protects against multiple GAS strains of 

various emm types, its efficacy against covR/S mutant hypervirulent strains is compromised (2, 

4).  The two-component sensor/responder gene regulatory systems (cluster of virulence 

intracellular responder /extracellular system [covR/S]), is one of ~13 such regulators 

extensively studied in GAS (15).  A major virulence factor that is upregulated due to a mutation 

in the covR and covS locus and is associated with lethal invasive isolates is S. pyogenes cell 

envelope proteinase (SpyCEP), a CXC chemokine protease (16).  SpyCEP is a cell wall 

anchored serine protease that can also be released as a soluble enzyme.  SpyCEP can cleave 

human interleukin-8 (IL-8) and KC and MIP-2 in mice, thereby disrupting neutrophil 

chemotaxis to the site of infection and assisting GAS to become systemic (16).  Invasive blood 

isolates have been shown to have increased SpyCEP activity, compared to non-invasive isolates 

(17).  A 20 amino-acid epitope from SpyCEP, S2, was identified that could completely protect 

IL-8 from SpyCEP mediated proteolysis (4).  Inclusion of S2 with the J8-DT vaccine (J8-
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DT+S2-DT) protected mice against covR/S mutant GAS skin infection (4) and i.n vaccination 

with J8/S2-Lipo-DT reduced covR/S mutant GAS colonisation of Nasal Associated Lymphoid 

Tissue (NALT) (8).  Recently a more soluble derivative of S2 (K4S2; S2 with four Lysine 

residues) in combination with J8-DT has demonstrated comparable efficacy (18).    

 

In this study, we assessed the immunogenicity and protective efficacy of prime-pull 

immunisation with J8-DT/CAF01.  J8-DT/CAF01 mediated protection was assessed against 

GAS skin infection and URT infection.  Additionally, longevity of immune responses and 

Th1/Th2 and Th17 stimulation was determined following vaccination.  Furthermore, we tested 

whether prime-pull with J8-DT+K4S2-DT/CAF01 could potentiate a mucosal and systemic 

immune response and protect mice against hypervirulent covR/S mutant GAS strains.   

 

6.3 Materials and Methods  

 

6.3.1 Ethics statement and animals  

 

All animal protocols were reviewed and approved by the Griffith University Animal Ethics 

Committee in accordance with the National Health and Medical Research Council of Australia 

guidelines (AEC protocol number: GLY/09/14, GLY/03/15). 

 

6.3.2 Peptide synthesis and antigen preparation  

 

The peptides J8 (QAEDKVKQSREAKKQVEKALKQLEDKVQ) and K4S2 

(KKKKNSDNIKENQFEDFDEDWENF) were synthesized and purified (>95%) by 

Chinapeptides Co. Ltd. (Shanghai, China). Peptides were conjugated to diphtheria toxoid (DT; 

Statens Serum Institut, Copenhagen, Denmark) via a C-terminal cysteine residue using 6’-

maleimidocaproyl n-hydroxy succinimide, as described elsewhere (19, 20).   All peptides were 

stored in solution at -20 C. 

 

All vaccine formulations were prepared fresh before each immunisation.   
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6.3.3 Preparation of CAF01 vaccines 

 

CAF01 was sourced under a Material Transfer Agreement (MTA) from Statens Serum Institut 

(SSI), Copenhagen, Denmark. 

 

For immunisations, liposomes of dimethyldioctadecylammonium (DDA) and trehalose 6,60 -

dibehenate (TDB) (CAF01; Statens Serum Institut, Copenhagen, Denmark) was used as an 

adjuvant (21).  CAF01 was mixed at a 1:1 ratio with J8-DT (30 μg/mouse) and J8-DT (30 

μg/mouse) + K4S2-DT (30 μg/mouse) by vortexing every 10 mins for half an hour and mice 

were immunised s.c. in a total volume of 200 μl and intranasally (i.n.) in a total volume of 30 

μl (15 μl/nare).   

 

6.3.4 Preparation of CTB vaccines 

 

For immunisations, J8-DT (30 μg/mouse) was mixed with CTB (Sigma-Aldrich, St. Louis, 

United States) (10 μg/mouse).   Mice were immunised i.n. route in total volume of 20 μl (10 

μl/nare).  

 

6.3.5 Intranasal (i.n.) immunisation of mice 

 

Mice were immunised i.n. on days 0, 21 and 42 as per an established method (9).   Mice were 

immobilised and administered J8-DT/CAF01 (15 μl/nare) or J8-DT+K4S2-DT/CAF01 (15 

μl/nare).  Control mice were administered PBS in a total volume of 30 μl (15 μl/nare).  Positive 

control mice received J8-DT/CTB (10 μl/nare).  Vaccines were administered using a p20 

pipette and sterile filter tips (Interpath, Victoria, Australia).  

 

6.3.6 Subcutaneous (s.c.) immunisation of mice 

 

Mice were immunised s.c. at the tail base on days 0, 21 and 42 with J8-DT/CAF01 (200 μl) or 

J8-DT+K4S2-DT/CAF01 (200 μl).  Control mice were administered PBS in a total volume of 

200 μl. 
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6.3.7 Dual-route immunisation of mice  

 

For all vaccine formulations, three vaccinations were administered all 3-weeks apart.  For J8-

DT/CAF01 three immunisation regimens were utilized all involving dual-route immunisation, 

(a) s.c -> s.c -> i.n, (b) s.c -> s.c+i.n -> s.c+i.n and (c) s.c+i.n -> s.c+i.n -> s.c+i.n.  For J8-

DT+K4S2-DT/CAF01 immunisation regimen c was implemented.  Single-route immunisation 

was applied to the positive control group J8-DT/CTB (i.n immunisation only).   

 

6.3.8 Serum and saliva sample collection 

 

Serum was collected on days 20, 40 and 50 after primary immunisation to determine the level 

of peptide-specific systemic antibodies.  Blood was collected via the vein slightly behind the 

mandible and allowed to clot overnight.  Serum was collected after centrifugation for 10 min 

at 845 xg and stored at -20C. 

 

Saliva was collected on days 7, 28 and 50 as per an established protocol (9) to determine the 

level of peptide-specific salivary antibodies.  Briefly, mice were administered 0.1% pilocarpine 

to induce salivation.  Saliva was then collected in tubes containing phenylmethylsulfonyl 

(Sigma-Aldrich St.  Louis, United States), a protease inhibitor, and samples were stored at −80 

°C.   

 

6.3.9 Determination of antibody titres by enzyme-linked immunosorbent assay (ELISA) 

 

ELISA was used to measure J8, S2 and K4S2-specific serum IgG and mucosal IgA, as 

described elsewhere (9, 22).  Briefly, peptide was coated onto Titertek PVC microplates (MP 

biomedicals, Alabama, USA).  Samples were assessed using 2-fold dilutions of 1:100 of serum 

or 1:2 dilutions of saliva and peptide-specific mouse antibodies were detected with HRP-

conjugated goat anti-mouse IgG antibody (1:3000) (Bio-rad Laboratories, New South Wales, 

Austalia) or HRP-conjugated goat anti-mouse IgA antibody (1:100) (Invivogen, San Diego, 

United States).  For IgG isotyping, the following dilutions were used: IgG1 (1:4000), IgG2a 

(1:2000), IgG2b (1:2000) and IgG3 (1:2000).  SIGMAFAST OPD substrate (Sigma-Aldrich, 

St. Louis, United States) was added according to manufacturer’s instructions and incubated at 

room temperature for 20 min for serum samples and 30 min for saliva samples (protected from 

the light).  The absorbance was measured at 450nm in a Tecan Infinite M200 Pro plate reader 
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(Tecan Group Ltd., Switzerland).  The end-point titre was defined as the highest dilution that 

gave an absorbance of >3 standard deviations above the mean absorbance of negative control 

wells (containing pooled-sera/saliva, at the same dilution, from mice immunised with PBS).    

 

6.3.10 Upper respiratory tract (URT) GAS infection of mice 

 

After a primary immunisation and two boosts, vaccinated and control mice were infected with 

GAS as previously described (9).  Briefly, mice were administered 200 μg/ml of streptomycin 

water 24 hours prior to infection and for the entire of the study.  Mice were anaesthetized via 

an intraperitoneal (i.p.) injection of 100 μl ketamine:xylazil: H2O (1:1:10).  Once immobilized, 

GAS strains pM1.200 or 5448AP at a concentration of 5x108 cfu/ml (5x106 cfu/10 μl) were 

intransally administered at 5 μl/nare.  Mice were monitored daily for signs of illness as per the 

score sheet approved by Griffith University Animal Ethics Committee (Appendix III).  

 

6.3.11 Murine model for superficial skin infection 

 

Mice were challenged via the skin with 1x108 cfu/ml of GAS strain pNS1 or 5448AP as 

described elsewhere (3).  Briefly, mice were anaesthetized with a mixture of ketamine:xylazil 

mixture as above.  The fur from the nape of the neck of mice was removed using clippers and 

a shaver, and the skin was wiped clean with an ethanol swab.  Mechanical scarification of the 

skin was performed using a metal file.  Following skin abrasion, the mice were infected with 

GAS.  An inoculum (20 μl) of GAS containing 1x106 cfu counts was topically applied.  Once 

the inoculum had completely absorbed on the skin, a temporary cover was applied on the 

wounded site and mice were housed in individual cages.  Mice were monitored daily for 

infected lesions, as well as signs of illness as per the score sheet approved by Griffith University 

Animal Ethics Committee (Appendix III). 

 

6.3.12 Organ collection and CFU determination 

 

Following intranasal infection, throat swabs (TS) and nasal shedding (NS) were collected on 

days 1–3 post-infection as described elsewhere (9).  For throat swabs, swab applicators (Copan 

Diagnostics, California, USA) were placed in sterile PBS to dampen, mice were then 

immobilised and throats were swabbed.  Swab applicator was then suspended in PBS, serially 

diluted and dot-plated (20 μl) in duplicate on CBA plates containing 5% defibrinated horse-
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blood.  Bacterial burden in nasal sheddings were determined by pressing the nares of each 

mouse onto CBA plates containing 5% defibrinated horse-blood and exhaled particles were 

streaked out (23).  On day 3 post-infection mice were sacrificed and blood (diluted 1:6 in 

PBS+10mM EDTA), spleen, lungs and nasal associated lymphoid tissue (NALT) were 

removed, mechanically homogenized using the Bullet Blender Homogeniser (Next Advance, 

USA), serially diluted and dot-plated (20 μl) in duplicate on CBA plates containing 5% 

defibrinated horse-blood.   

 

Following skin infection, mice were sacrificed on days 3 and 6.  Blood samples were collected 

via cardiac puncture (diluted 1:6 in PBS+10mM EDTA), spleens were removed and skin 

biopsy samples (measuring 2–3 mm3) from the infected lesion at the nape of the neck were 

obtained.  The skin and spleen samples were mechanically homogenized using the Bullet 

Blender Homogeniser (Next Advance, USA), serially diluted and dot-plated (20 μl) in 

duplicate as above.   

 

For bacterial enumeration, all plates were incubated at 37 °C overnight and then individual 

haemolytic streptococcal colonies were counted.   

 

6.3.13 In-vitro stimulation of splenocytes 

 

Single-cell suspensions of spleens from immunised mice free of erythrocytes were prepared in 

RPMI 1640 media.  Splenocytes 4x105 cells in a total volume of 0.1ml were plated out on 96-

well round bottom plates and the following stimuli were added: lipopolysaccharide (LPS; 

Sigma-Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), Concanavalin A 

(ConA; Sigma-Aldrich, St. Louis, United States) at 10μg/ml (not shown in figure), J8 peptide 

(500 μg/ml), J8-DT (500 μg/ml) and media alone for 72 hours in 5% CO2 at 37 °C.  

Supernatants were isolated after 72 hours and stored at −80 °C for cytometric bead array 

analysis.   

 

6.3.14 Quantification of secreted cytokines by cytometric bead array  

 

Mouse Th1/Th2/Th17 cytokine kit (Becton Dickson, USA) was used according to 

manufacturers’ instructions, except that volumes of samples and standards were scaled down 

as previously reported (9, 24).   This kit was used to measure Interleukin-2 (IL-2), Interleukin-
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4 (IL-4), Interleukin-6 (IL-6), Interferon-gamma (IFN- γ), Tumor Necrosis Factor (TNF), 

Interleukin-17A (IL-17A), and Interleukin-10 (IL-10) protein levels in a single sample.  

Samples were run on a BD LSRFortessa cytometer and data analyzed with FCAP Array (v 3.0 

for windows) software. 

 

6.3.15 Statistics  

 

Statistical analysis was performed with GraphPad Prism 6 software using a nonparametric, 

unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS control group 

(ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001) and two-tailed t test, corrected for 

multiple comparisons using the Tukey’s comparison test (ns; *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001).  Percent reduction was calculated in comparison to total mean of naïve/PBS 

control.  

 

6.4 Results  

 

6.4.1 Prime-pull immunisation with J8-DT/CAF01 induced high mucosal and systemic 

antibody responses and protected against upper respiratory tract and skin infection  

 

Vaccine delivery system and route of vaccination are critical for the development of a site-

specific immune response that may correlate with site-specific protection (2, 8).  The site-

specific efficacy of a vaccine may impose huge limitations for the pathogens that infect at 

multiple sites such as GAS.  To induce both systemic and mucosal humoral immunity, we 

utilised a ‘prime-pull’ strategy for vaccination.  Naïve BALB/c mice were immunised in 

accordance to immunisation regimen a on days 0, 21 and 42 (Figure 6.1 A).  Following each 

immunisation saliva and serum samples were collected to assess J8-specific antibody 

responses.  Saliva samples were collected on days 7, 28 and 50 and serum samples were 

collected on days 20, 41 and 50.  J8-specific salivary IgA and serum IgG levels were 

significantly boosted following each immunisation (Figure 6.1 B-C).  On day 50 (one-week 

post-last immunisation) J8-specific salivary IgA titres were in the range of 32-256 (Figure 6.1 

B) and J8-specific serum IgG titres were in the range of 105-107 (Figure 6.1 C).   

 

Antibody isotyping revealed that J8-DT/CAF01 immunised mice (immunisation regimen a) 

displayed a combination of Th1 and Th2 responses.  There were significantly higher levels of 
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J8-specific IgG1(Th2-mediated) when compared to all other IgG isotypes (Figure 6.1 D).  A 

Th1 immune response is associated with the induction of IgG2a, IgG2b and IgG3 antibodies 

(24).  The levels of J8-Specific IgG2b were significantly higher than J8-specific IgG2a and 

IgG3 and J8-specific IgG3 was significantly higher than J8-specific IgG2a (Figure 6.1 D).   
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Figure 6.1 Immunogenicity of J8-DT/CAF01.  BALB/c mice (n=10/group; female, 4-6 weeks 

old) were immunised in accordance to immunisation regimen a (A) with J8-DT/CAF01 on days 

0, 21 and 42.  On days 7, 28 and 50 saliva samples were collected and on days 20, 41 and 50 

serum samples were collected and J8-specific salivary IgA and J8-specific serum IgG antibody 

responses were measured by ELISA.  Antibody titres are represented as mean + SEM.  (B) J8-

specific salivary IgA titre and (C) J8-specific serum IgG titre.  (D) Antibody isotyping for J8-

DT/CAF01.  BALB/c mice (n=10/group; female, 4-6 weeks old) were immunised in accordance 
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with immunisation regiment a with J8-DT/CAF01.  One week post last boost serum samples 

were collected and J8-specific serum IgG1, IgG2a, IgG2b and IgG3 antibody responses were 

measured by ELISA and are represented as mean + SEM.  Statistical analysis was performed 

using a nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare between 

groups (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

 

To assess protection, vaccinated and control mice were challenged i.n. with M1 GAS 

(pharyngeal isolate obtained from a patient with scarlet fever (6)) and bacterial burden on 

pharyngeal surfaces and organs were assessed.  In nasal shedding (NS) and throat swabs (TS), 

bacterial load in mice immunised with J8-DT/CAF01 and PBS/CAF01 were comparable 

(Figure 6.2 A).  In Nasal Associated Lymphoid Tissue (NALT; a murine functional homologue 

of human tonsils) and lungs there was 68% and 73% reduction in bacterial burden respectively 

in comparison to PBS/CAF01 control (Figure 6.2 B).  Despite the decrease in GAS bioburden, 

significance was not reached, thus warranting further measures to improve protection outcome.   

 

Next, the efficacy of prime-pull immunisation in protection against skin infection was assessed.  

Mice were challenged via the skin scarification method with GAS strain pNS1.  On days 3 and 

6 post-infection mice were euthanized and skin, spleen and blood samples were collected for 

bacterial enumeration.  At the skin site of infection, immunised mice resulted in an average of 

34% and 57% reduction in bacterial load on days 3 and 6 respectively in comparison to 

PBS/CAF01 control (Figure 6.2 C).  In blood, immunised mice had completely cleared 

infection by day 3 (Figure 6.2 D) and in spleen, bacterial burden in immunised mice was 

significantly lower than the control cohort (Figure 6.2 E).   
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Figure 6.2 Protective efficacy of J8-DT/CAF01 following URT infection.  Two weeks after 

last boost (immunisation regimen a), the mice were infected via the URT with M1 GAS.  On 

days 1-3 nasal shedding (NS) and throat swabs (TS) were collected and cumulative CFUs from 

all three days were combined and represented as log transformed mean + SEM for NS and log 

transformed mean cfu/ml + SEM for TS (A).  On day 3 post-infection all surviving mice were 

euthanised and NALT and lungs were collected to determine GAS bacterial burden (B), data 

represented as the log transformed mean cfu/ml + SEM.  (C-E) Protection following skin 

infection.  Two weeks after last boost, the mice were infected via the skin scarification method 

with GAS strain pNS1.  On days 3 and 6 post-infection, five mice/group were sacrificed and 

samples were collected to determine GAS bacterial burden in (C) skin, (D) blood and (E) 

spleen.  Data are represented as the log transformed mean + SEM for ten mice/group/time 

point.  Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U 

test to compare test groups to the PBS control group (ns; *p>0.05; **p<0.01; ***p<0.001; 

****p<0.0001).  Percent reduction was calculated in comparison to total mean of PBS/CAF01 

control.     
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6.4.2 J8-DT/CAF01 immunised mice have a memory response to J8-DT 

 

To determine if prime-pull immunisation strategy with J8-DT/CAF01 generated memory B-

cells (MBCs) that were specific for the vaccine, mice were immunised with J8-DT/CAF01 in 

accordance to immunisation regimen a and J8-specific antibody responses were followed for 

20-weeks.  To recall memory responses, vaccinated and control (PBS immunised) mice were 

boosted on week 23 (post-last boost with vaccine) with a small dose (10 g) of J8-DT.  A 

significant increase was observed for J8-specific salivary IgA titres in J8-DT/CAF01 

immunised mice by day 7 post-boost.  These titres persisted for up to three months with an 

upward trend (Figure 6.3 A).  There was also a significant increase in J8-specific serum IgG 

titres in J8-DT/CAF01 immunised mice in comparison to PBS control mice and these titers 

also persisted for at least three months (Figure 6.3 B).  The control cohort did not show an 

increase in antibody levels following J8-DT-boost; thus, confirming that the rapid rise in 

antibody levels in J8-DT/CAF01 immunised mice was due to the activation of J8-specific 

MBCs and that it was not a primary immune response.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 J8-specific memory following immunisation with J8-DT/CAF01.  BALB/c mice 

(n=3-5/group; female, 4-6 weeks old) were immunised in accordance to immunisation regimen 

a with J8-DT/CAF01 and positive control mice were immunised with J8-DT/CTB (i.n. 

administration only) on days 0, 21 and 42.  (A) J8-specific salivary IgA and (B) J8-specific 

serum IgG titres were followed for 20 weeks post-last vaccine boost.  J8-DT/CAF01, J8-
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DT/CTB and PBS immunised (control) mice were boosted with 10g of J8-DT intranasally.  

The boost in J8-specific memory was monitored for up to three months post Ag-boost.  

Statistical analysis was performed using a nonparametric, unpaired Mann-Whitney U test 

(one-tailed) to compare test groups to the PBS control group (ns; *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001). 

 

6.4.3 Booster immunisation with J8-DT/CAF01 via dual route (s.c.+i.n.)  improved 

protection against upper respiratory tract GAS infection 

 

A modified prime-pull immunisation strategy was employed to assess J8-DT/CAF01-mediated 

protection in the URT.  Following primary s.c. immunisation with J8-DT/CAF01, mice were 

boosted with the same vaccine s.c. and i.n. simultaneously on day 21 (boost 1) and day 42 

(boost 2) (Figure 6.4 A; immunisation regimen b).  Additional control cohorts, J8-DT/CTB and 

DT/CAF01, were also included.  Mice administered J8-DT/CAF01 and DT/CAF01 were 

immunised in accordance to immunisation regimen b; the positive control group J8-DT/CTB 

was immunised via i.n. route only.  Cholera toxin B subunit (CTB) although incompatible with 

human use, is a gold-standard adjuvant for mucosal vaccines.  Following immunisation with 

J8-DT/CAF01, J8-specific salivary IgA and J8-specific serum IgG levels were significantly 

boosted after each immunisation and the titres were comparable to that induced by J8-DT/CTB 

(Figure 6.4 B-C).  Furthermore, J8-specific salivary IgA and serum IgG titres were comparable 

to the titres induced by immunisation regimen a (Figure 6.1 B-C).  DT/CAF01 vaccination 

elicited strong DT-specific salivary IgA and DT-specific serum IgG titres that were also 

boosted following each immunisation (Figure 6.4 D-E). 

 

To assess whether immunisation regime b conferred improved protection against URT GAS 

infection, vaccinated mice were challenged i.n. with M1 GAS and bacterial loads on 

pharyngeal surfaces and organs were assessed.  In throat swabs (TS), NALT and lungs, J8-

DT/CAF01 immunised mice had significantly reduced bacterial burden in comparison to 

control (PBS immunised) cohort (Figure 6.4 F-G).  The significant reduction in GAS burden 

was comparable to that induced by J8-DT/CTB immunisation (Figure 6.4 F-G).  DT/CAF01 

immunisation led to a significant decrease in GAS burden in throat swabs in comparison to 

PBS (Figure 6.4 F); however, in nasal shedding (NS), NALT and lungs bacterial burden was 

comparable to control cohort (not significant), confirming that J8 is required to confer 

protection against GAS. 
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Figure 6.4 Immunogenicity and protective efficacy of J8-DT/CAF01.  BALB/c mice 

(n=15/group; female, 4-6 weeks old) were immunised in accordance to immunisation regimen 

b (A) with J8-DT/CAF01 and DT/CAF01.  J8-DT/CTB (positive control) was delivered i.n.  On 

days 7, 28 and 50 (post first, second and third vaccination respectively) saliva samples were 

collected and on days 20, 41 and 50 (post first, second and third vaccination respectively) 

serum samples were collected and J8 and DT-specific salivary IgA and J8 and DT-specific 

serum IgG antibody responses were measured by ELISA.  Antibody titres are represented as 

mean + SEM.  (B) J8-specific salivary IgA titre, (C) J8-specific serum IgG titre, (D) DT-

specific salivary IgA titre and (E) DT-specific serum IgG titre.  (F-G) Protection following 

URT infection.  Two weeks after last boost, the mice were infected via the URT with M1 GAS.   

On days 1-3 nasal shedding (NS) and throat swabs(TS)  were collected and cumulative CFUs 

from all three days were combined and represented as log transformed mean + SEM for NS 

and log transformed mean cfu/ml + SEM for TS (F).  On day 3 post-infection all surviving mice 

were euthanised and NALT and lungs were collected to determine GAS bacterial burden (G), 

data represented as the log transformed mean cfu/ml + SEM.  Statistical analysis was 

performed using a nonparametric, unpaired Mann-Whitney U test to compare test groups to 

the PBS control group (ns; *p>0.05; **p<0.01; ***p<0.001; ****p<0.0001).  Percent 

reduction was calculated in comparison to total mean of PBS/CAF01 control.  

 

CAF01 is a strong Th1/Th17 promoting adjuvant (25), thus raising the question as to whether 

T-helper cell function provided by DT is required for the development of J8-specific humoral 

immune responses.  Mice were immunised with J8-DT with and without CAF01 (J8-DT or J8-

DT/CAF01 respectively), or with unconjugated J8 with CAF01 (J8/CAF01) in accordance with 

immunisation regimen b.  J8-DT/CAF01 immunisation induced J8-specific salivary IgA and 

serum IgG responses (Figure 6.5 A-B) which were comparable to previous observations 

(Figure 6.4 B-C).  However, immunisation with J8/CAF01 (without DT) induced only low to 

moderate salivary IgA responses by day 50 (average titre of 5).  The observation that more than 

60% of mice in this cohort were non-responders by day 50, suggested that DT-helper epitope 

function was required for the immunogenicity of the vaccine (Figure 6.5 A).  In the absence of 

CAF01, J8-DT immunisation induced minimal levels of J8-specific IgA (titres of 2) and the 

J8-specific serum IgG titres for both J8-DT and J8/CAF01 cohorts remained at 101-103 

throughout the course of the vaccination (Figure 6.5 B).  Following URT-infection with M1 

GAS, J8-DT/CAF01 immunised mice had significantly reduced bacterial burden in nasal 

shedding, NALT and lungs in comparison to control cohort (Figure 6.5 C-D).  J8-DT and 

J8/CAF01 immunised mice did not significantly reduce infection on pharyngeal surfaces (nasal 

shedding and throat swabs) or in organs (NALT and lungs) (Figure 6.5 C-D). 
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Figure 6.5 Immunogenicity and protective efficacy of J8-DT/CAF01.  BALB/c mice 

(n=15/group; female, 4-6 weeks old) were immunised in accordance to immunisation regimen 

b with J8-DT/CAF01, J8/CAF01 and J8-DT on days 0, 21 and 42.  On days 7, 28 and 50 

samples were collected and on days 20, 41 and 50 serum samples were collected and J8-

specific salivary IgA and J8-specific serum IgG antibody responses were measured by ELISA.  

Antibody titres are represented as mean + SEM.  (A) J8-specific salivary IgA titre and (B) J8-

specific serum IgG titre.  (C-D) Protection following URT infection.  Two weeks after last 

boost, the mice were infected via the URT with M1 GAS.  On days 1-3 nasal shedding (NS) and 

throat swabs (TS) were collected and cumulative CFUs from all three days were combined and 

represented as log transformed mean + SEM for NS and log transformed mean cfu/ml + SEM 

for TS (C).  On day 3 post-infection all surviving mice were euthanised and NALT and lungs 

were collected to determine GAS bacterial burden (D), data represented as the log transformed 

mean cfu/ml + SEM.  Statistical analysis was performed using a nonparametric, unpaired 

Mann-Whitney U test to compare test groups to the PBS control group (ns; *p>0.05; 
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**p<0.01; ***p<0.001; ****p<0.0001).  Percent reduction was calculated in comparison to 

total mean of PBS/CAF01 control.    

 

6.4.4 Inclusion of K4S2-DT into J8-DT/CAF01 vaccine protects against hypervirulent 

covR/S mutant GAS 

 

Previous studies involving three s.c. vaccinations with J8-DT+S2-DT/Alum (4) or three i.n. 

vaccinations with J8/S2-Lipo-DT (8) protected mice against hypervirulent covR/S mutant skin 

and URT infections respectively.  In the current study, mice were immunised with J8-

DT+K4S2-DT/CAF01 both s.c and i.n on days 0, 21 and 42 (Figure 6.6 A; immunisation 

regimen c).  This immunisation regimen was implemented to be consistent with previous 

studies where three doses of s.c. vaccine protected against skin infection (4) and three doses of 

i.n. vaccine protected against URT infection (8).  This immunisation regimen induced mean 

J8-specific salivary IgA titres of 56 and mean K4S2-specific salivary IgA titres of 16 (Figure 

6.6 B).  J8 and K4S2-specific IgG titres were in the range of 105 – 107 (Figure 6.6 C).  The 

protective efficacy of the combination vaccine was tested against infection with covR/S mutant 

GAS strain 5448AP in the URT.  Mice were significantly protected in comparison to PBS 

control in nasal shedding (NS), throat swabs (TS) and NALT (Figure 6.6 D-E) and bacterial 

burden was reduced by 71% in comparison to PBS in the lungs and by 86% in the spleen.   

 

The protective efficacy of the combination vaccine was also tested against skin infection with 

covR/S mutant GAS strain 5448AP.  On days 3 and 6, 5 mice/group were eutahnised and skin, 

blood and spleen samples were collected for bacterial enumeration.  Immunised mice resulted 

in an average 83% and 87% reduction in skin bioburden in comparison to PBS control on days 

3 and 6 respectively (Figure 6.6 F).  In blood, immunised mice had completely cleared infection 

by day 3 (Figure 6.6 G).  In spleen, bacterial burden in immunised mice was significantly lower 

than the control cohort on day 3 (Figure 6.1 H).  The spleen plays a vital role in bacterial 

clearance (26), thus possibly explaining the presence of GAS in spleens of immunised mice on 

day 6 (Figure 6.6 H).   
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Figure 6.6 Immunogenicity and protective efficacy of J8-DT+K4S2-DT/CAF01.  BALB/c 

mice (n=15/group; female, 4-6 weeks old) were immunised in accordance to immunisation 

regimen c (A) with J8-DT+K4S2-DT/CAF01 on days 0, 21 and 42.  On day 50 saliva and serum 

samples were collected and J8 and K4S2-specific salivary IgA and J8 and K4S2-specific serum 

IgG antibody responses were measured by ELISA.  Antibody titres are represented as mean + 

SEM.  (B) Ag-specific salivary IgA titre and (C) Ag-specific serum IgG titre.  (D-E) Protection 

following URT infection.  Two weeks after last boost, the mice were infected via the URT with 

M1 GAS.  On days 1-3 nasal shedding (NS) and throat swabs (TS) were collected and 

cumulative CFUs from all three days were combined and represented as log transformed mean 

+ SEM for NS and log transformed mean cfu/ml + SEM for TS (D).  On day 3 post-infection 

all surviving mice were euthanised and NALT, lung and spleen samples were collected to 

determine GAS bacterial burden (E), data represented as the log transformed mean cfu/ml + 

SEM.  (F-H) Protection following skin infection.  Two weeks after last boost, the mice were 

infected via the skin scarification method with GAS strain pNS1.   On days 3 and 6 post-

infection, five mice/group were sacrificed and samples were collected to determine GAS 

bacterial burden in (F) skin, (G) blood and (H) spleen.  Data are represented as the log 

transformed mean + SEM for ten mice/group/time point.  Statistical analysis was performed 

using a nonparametric, unpaired Mann-Whitney U test to compare test groups to the PBS 

control group (ns; *p>0.05; **p<0.01; ***p<0.001; ****p<0.0001).  Percent reduction was 

calculated in comparison to total mean of PBS/CAF01 control.   

 

6.4.5 Role of cytokines in J8-DT/CAF01-mediated immunity 

 

CAF01 induces distinct Th1 and Th17 subsets (12, 25); hence, the potential role of these cell-

subsets in J8-DT/CAF01-mediated immunity was assessed (Figure 6.7).  Splenocytes from 

immunised mice were used to measure Th1, Th2 and Th17 cytokine responses (IL-2, IL-4, IL-

6, IFN- γ, TNF, IL-17A and IL-10) following in-vitro stimulation with J8-DT.  T-cell function 

could not be assessed in NALT due to the difficulty in procuring adequate numbers of cells; 

the T-cell population in this tissue rapidly undergo apoptosis when cultivated ex-vivo (27).  J8-

DT was able to recall TNF, IL-2, IL-4, IL-6 and IL-17A responses from spleen cells from 

immunised mice but not from control mice (Figure 6.7 A-E), thus, suggesting that these 

cytokines may play a role in J8-DT/CAF01-mediated immunity.   
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Figure 6.7 Vaccine-specific secreted cytokines in immunised mice.  BALB/c mice 

(n=3/group; female, 4-6 weeks old) were immunised with J8-DT/CAF01 on days 0, 21 and 42 

in accordance with immunisation regimen c.  Two weeks after last boost, mice were euthanized 

and spleens excised.  Single-cell suspensions of spleens from immunized mice free of 

erythrocytes were plated out and were stimulated with either J8-DT (10μg/ml) or media alone.  

Seventy-two hours post-stimulation, supernatants were isolated and levels of secreted 

cytokines were assayed using a cytometric bead array.  Concentrations of (A) TNF, (B) IL-2, 

(C) IL-4, (D) IL-6 and (E) IL-17A are shown following stimulation with J8-DT or media alone.  

Data are representative of two independent experiments (mean + SEM).  Statistical analysis 

was performed two-tailed t test, corrected for multiple comparisons using the Tukey’s 

comparison test (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

 

6.5 Discussion  

 

GAS infections and their sequelae are responsible for an estimated 18 million cases of serious 

disease with >700 million new primary cases and 500,000 deaths per year (1).  GAS infection 

always commences at the skin or throat and infection at either site can lead to very high rates 

of serious streptococcal-associated pathology including rheumatic heart disease (RHD), 

glomerulonephritis and invasive GAS disease.  Current approaches to vaccination are unable 

to fulfil the need for a single vaccine to protect at both the primary sites of GAS infection.  This 

is primarily due to the lack of potent adjuvants that are effective at different anatomical sites.  

CAF01 is composed of cationic liposome, DDA, and immunomodulator, TDB, that work in 

synergy to target vaccine antigens to antigen presenting cells (APCs) and to induce 

proinflammatory cytokine responses respectively (28).  In comparison to a panel of 

commercially available adjuvants (Aluminium, monophosphoryl lipid A, CFA/IFA, 

Montanide) CAF01 was demonstrated to induce strong antigen specific cell-mediated- and 

humoral responses (28).  In light of these data, the adjuvanting activity of CAF01 was assessed 

with GAS vaccine antigens J8-DT and K4S2-DT.  Immunogenicity and protection studies 

revealed that J8-DT/CAF01 immunisation was capable of inducing Th1/Th2/Th17 responses 

and strong antibody responses that were able to elicit significant protective immunity against 

URT and skin challenge.  

 

Site-specific vaccine efficacy was identified in an early clinical trial where i.n. vaccination was 

more efficacious at preventing GAS colonisation of the oropharynx than parenteral vaccination 

(29).  Additionally, recent studies with CAF01 have shown that parenteral immunisation with 

heat-killed GAS (HGAS) adjuvanted to CAF01 did not mount a Th17/IgA response in the lungs 
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and failed to induce protective mucosal immunity (20).  Moreover, it has been established by 

our lab (8) and labs of collaborators (13, 20) that systemic vaccination alone is insufficient for 

i.n. protection.  To overcome this, a prime-pull vaccination strategy that has been shown to 

elicit mucosal and systemic immunity (13) was investigated.  Prime-pull immunisation with 

J8-DT/CAF01 elicited strong J8-specific serum IgG and J8-specific salivary-IgA titres.  Mice 

were protected following URT and skin infection.  However, the levels of protection achieved 

were not optimal and it was envisaged that there was room for improvement.  

 

To assess if local priming of an immune response will result in the development of long-lived 

MBCs that would be reactivated upon re-exposure to antigen (Ag),  J8-DT/CAF01 immunised 

and rested (for ~23 weeks) mice were boosted i.n. with J8-DT.  Following Ag (J8-DT) 

stimulation, it was observed that as early as day 4 and 7, there was a significant increase in J8-

specific serum IgG and salivary IgA titres respectively.  These titres remained boosted for up 

to three months.  PBS mice that also received J8-DT stimulation did not develop an antibody 

response; thus, confirming that the rise in J8-specific IgA and IgG titers in J8-DT/CAF01 

immunised cohort was due to activation of MBCs and that it was not a primary immune 

response.  Future studies investigating MBC activation following exposure to GAS are critical.  

The protective nature of resultant immunity will signify the utility of the prime-pull 

immunisation strategy (5). 

 

Dual-route immunisation with J8-DT/CAF01 induced high J8-specific IgG1 titres.  There was 

also induction of IgG2a, IgG2b and IgG3 antibodies.  In comparison to J8-DT/Alum (Th2 

dominated) (5), the isotype profile induced by J8-DT/CAF01 was quite distinct where both 

Th1 and Th2 responses were induced.  J8-DT/Alum formulation has been shown to protect 

mice against GAS skin infection, with levels of systemic IgG correlating to protection (2, 5).  

However, these antibodies do not protect at mucosal surfaces (8).  J8-DT/CAF01 induced 

higher levels of all IgG subclasses tested and was protective against both skin and pharyngeal 

GAS infections.  A similar IgG isotype profile has been reported for model antigens of 

Mycobacterium tuberculosis (Ag85B-ESAT6), Malaria (MSP1-19) and Chlamydia 

trachomatis (MOMP) adjuvanted to CAF01 (28).  GAS exposure in humans leads to the 

induction of IgG subclasses 1 and 3; and elevated Th1/IgG3 responses in adults correlated with 

reduced GAS infection when compared to children (30).  IgG2 has also been shown to mediate 

Th1 activation in studies with Chlamydia (31).  Moreover, IgG2a and IgG2b subclasses bind 
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and activate dendritic cells for enhanced phagocytosis and release of inflammatory mediators 

(28).    

 

To further enhance the immunogenicity and protective efficacy of J8-DT/CAF01, a modified 

immunisation regimen was implemented where mice were primed s.c. and boosted twice via 

s.c. and i.n. routes simultaneously.  J8-specific salivary IgA and J8-specific serum IgG levels 

did not increase in response to the additional vaccine-boosts, however, protection was 

improved following URT GAS infection.  Furthermore, J8 alone adjuvanted to CAF01 was 

insufficient at initiating a protective immune response, thereby, confirming the requirement of 

DT as a T-helper cell epitope in the vaccine.  The improved protection could be due to T-

cell/cytokine responses.  In a recent study, parenteral immunisation with HGAS/CAF01 

(HGAS; heat-killed GAS) induced comparable systemic IgG levels to mice that received non-

adjuvanted HGAS, however, HGAS/CAF01 showed elevated levels of IFN-γ and IL-17 which 

led to increased survival in vaccinated mice (20).  Thus, elucidating that protection may be 

improved over what is offered solely by antibody responses by using a strong Th1/Th17 

inducing adjuvant such as CAF01.  The role of J8-DT/CAF01 vaccination in the induction of 

a T-helper cell immune response was assessed following in-vitro stimulation of immunised 

splenocytes with J8-DT.  J8-DT was able to recall TNF, IL-17, IL-2, IL-4 and IL-6 responses. 

 

Th17 has been implicated in protection against i.n. GAS infection (32-34) and recent studies 

have shown a correlation between local priming of Th17/IgA in protection against i.n. infection 

with GAS (20).  IL-17, a Th17 cytokine, was elevated in splenocytes of mice immunised with 

J8-DT/CAF01.  The increased expression of IL-17 correlates with the protection observed 

following i.n. GAS infection.  Additionally, administration of IL-17 has been shown to induce 

polymeric Ig receptor (pIgR) thereby promoting the transport of secretory IgA to the apical 

surface of epithelial cells (35).  IL-17 has also been implicated in the recruitment of neutrophils 

to the site of infection (36) and neutrophils have been shown to play a crucial role in GAS 

clearance (2).  IL-6 expression was also increased following prime-pull immunisation with J8-

DT/CAF01.  The differentiation of Th17 cells in-vitro has been shown to depend on IL-6 and 

TGF-β (37).  Additionally, IL-6 deficient mice failed to develop a Th17 response and to clear 

GAS from NALT (32).  J8-DT stimulation of vaccinated splenocytes was also able to recall an 

IL-4 response which may be responsible for the protective systemic and mucosal antibody 

response.  IL-4 works to initiate the proliferation and clonal expansion of B cells that precede 

their differentiation into antibody secreting plasma cells (38).  In the current study, cytokine 



  Chapter 6 

 

198 

 

expression was assessed following immunisation regimen c.  Future studies involving the 

assessment of cytokines following immunisation regimens a and b need to be implemented to 

confirm the role of these cell-subsets in protection.  Likewise studies involving the use of IL-

17 knock out (IL-17 -/-) mice following vaccination would elucidate the role of IL-17 in 

CAF01-mediated immunity.  

 

In addition to longevity of MBC responses, it is critical for a vaccine to induce long-lived 

protection through the induction of central memory T (TCM) cells.  Three years post-vaccination 

PBMCs from subjects immunised with a CAF01-adjuvanted subunit Tuberculosis vaccine 

(HI:CAF01) showed significant numbers of antigen-specific CD4+ T-cells secreting IL-2 and 

TNF-α, consistent with a central memory differentiation state, ready to become effector T-cells 

if required (10, 32).  In the current study, both IL-2 and TNF were expressed in J8-DT/CAF01 

immunised splenocytes stimulated with Ag.  These responses may be associated with induction 

of TCM cells, however, further studies investigating protective memory responses need to be 

conducted to confirm this observation.   

 

Any GAS strain can give rise to invasive disease (39, 40).  Hypervirulent covR/S mutant GAS 

strains present a challenge to subunit vaccine development because many of the upregulated 

virulence factors manipulate immune function and confer advantage to the organism (41, 42).   

Although J8-DT vaccine efficacy against covR/S mutants was greatly impaired, it could be 

restored completely by co-vaccination with 20aa epitope from SpyCEP, S2 (4).  It was 

encouraging to find that inclusion of K4S2-DT into the J8-DT/CAF01 vaccine protected 

against skin and URT infections by hypervirulent covR/S mutant strain.   

 

6.6 Conclusions  

 

Taken together, this study marks a significant advance towards the development of a GAS 

vaccine that can induce both local and systemic protective immunity.  We show that a well 

characterised GAS vaccine antigen, J8-DT, adjuvanted with a human compatible delivery 

system, CAF01, induced protective mucosal IgA and systemic IgG responses.  J8-DT/CAF01 

immunisation also elicited TNF, IL-17, IL-2, IL-4 and IL-6 cytokine responses and MBCs 

responses specific for the vaccine.  Furthermore, addition of K4S2-DT, a minimal epitope from 

IL-8 protease SpyCEP, to J8-DT/CAF01 prevented mucosal and systemic infection with 

hypervirulent covR/S mutant GAS.    
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7.1 Conclusions and future directions 

 

GAS infections and their sequelae are an important cause of morbidity and mortality world-

wide (1).  The global mortality estimates for GAS-associated diseases exceeds 500 000 deaths 

per year (1).  GAS colonises the epithelial surfaces of the URT and skin, from where it can 

progress to invasive and immune-mediated diseases.  To cause a wide spectrum of disease, 

GAS must overcome the diverse physical and immunological barriers encountered in the 

human body.  GAS possess a large number of virulence factors that play a critical role in 

immune evasion.  These include molecules that inhibit phagocytosis, inhibit complement 

activation, degrade immunoglobulin and facilitate adherence to and invasion of human tissues 

(2).  The M-protein is the major surface-associated virulence factor of GAS and contributes 

significantly to the pathogenesis of the organism.  It is involved in adherence, internalisation 

and immune-evasion (3-18) and consequently, has been a major target for GAS vaccine 

development.   

 

Vaccine development has not come without challenges.  The streptococcal M-protein shares 

an -helical coiled-coil structure and antigenic cross-reactivity with cardiac myosin.  The 

pathophysiology of ARF and RHD is driven by molecular mimicry between GAS M-protein 

and carbohydrate (N-acetyl-beta-D-glucosamine) and human-tissue (19).  This is a significant 

hindrance to GAS vaccine development where it is critical that a vaccine does not induce auto-

reactive B- and T-cell responses.  Another major hindrance to vaccine development is the vast 

sequence diversity of the M-protein.  GAS exposure leads to the development of antibodies 

specific to the immunodominant amino-terminal epitopes of the M-protein and thus only 

provides strain-specific protection (20).  To overcome these obstacles, a minimal conserved B-

cell epitope (J8) was identified (21).  To render the J8 peptide immunogenic in an outbred 

population, J8 was conjugated to the carrier protein, diphtheria toxoid (DT) (22).  While J8-

DT is a highly efficacious vaccine that protects against streptococcal pyoderma and 

bacteraemia, its efficacy against hyper-virulent covR/S mutant strains is compromised (23).  A 

mutation in covR/S up regulates a number of virulence factors including SpyCEP, which can 

be expressed 40-100 fold higher (24).  SpyCEP is a cell wall anchored serine protease that can 

also be released as a soluble enzyme.  SpyCEP can cleave human IL-8 and KC and MIP-2 in 

mice, thereby disrupting neutrophil chemotaxis to the site of infection and assisting GAS to 

become systemic (24).  To improve J8-DT mediated protection, a highly conserved 20-mer 
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epitope (S2) from SpyCEP was identified (25).  Mice vaccinated with the combination vaccine 

(J8-DT+ S2-DT) and challenged via the skin route with covR/S mutant organisms had 

significantly reduced bacterial burden in skin and blood (25).   

 

J8-DT (23) and J8-DT+S2-DT (25) were assessed as parenteral vaccine candidates and 

aluminium hydroxide (Alum) was used as an adjuvant.  In both studies, protective efficacy was 

demonstrated against streptococcal pyoderma and bacteraemia.  We showed that J8-DT/Alum 

was unable to promote a peptide-specific salivary IgA response and failed to provide protective 

immunity in mice following URT (26).  These data provided the impetus to develop a mucosal 

vaccine platform that could induce peptide-specific salivary IgA and protection of the URT 

compartments.  It was based on previous observations where passively acquired human M-

protein-specific IgA can protected mice from URT GAS infection (27) and intranasal 

immunisation with J8 and or the J8 related peptide, J14, induced salivary IgA responses that 

coincided with URT protection (28-31).   

 

Although some mucosal delivery systems are highly effective at providing mucosal immunity 

and protection in murine models, there are no mucosal adjuvants licensed for human use (32).  

Liposomes in combination with lipidated peptides were used to develop a mucosally active, 

human compatible vaccine (26).  Conventionally, J8 conjugated to DT (J8-DT) or S2 

conjugated to DT (S2-DT) have been shown to promote peptide-specific immunity and 

protection (23, 25, 30, 31).  We took a novel approach by encapsulating DT within the liposome 

and displaying lipidated J8 and/ lipidated S2 on its surface.  Vaccine formulations, J8-Lipo-DT 

and S2-Lipo-DT induced a peptide-specific salivary IgA response that was dependent on the 

presence of the liposomal membrane (26).  Immunogenicity of the J8-Lipo-DT vaccine was 

maintained following freeze-drying and the self-assembling microparticulate sized J8-Lipo-

DT (1756 nm) induced remarkably high peptide-specific salivary IgA response in comparison 

to different sized liposomes, lipidated J8, J8-DT, Liposomes alone, Lipo-DT and PBS (control) 

vaccine combinations (26).  

 

Protective efficacy of liposomal vaccine candidates was assessed using a murine model for 

URT GAS infection.  Intranasal vaccination with J8-Lipo-DT led to significantly reduced 

bacterial burden on pharyngeal surfaces and NALT in comparison to PBS controls (26).  

Interestingly, J8-Lipo-DT-immunised mice demonstrated significantly better protection than 

mice immunised with J8-DT/CTB (26).  Both vaccines induced comparable peptide-specific 
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salivary IgA levels, thus, implying that IgA may not be the only contributor to URT-protection.  

To identify a correlate for protection, inflammatory cytokine responses were assessed in 

splenocytes of vaccinated mice.  J8 was able to recall an IFN-γ and IL-6 response from 

splenocytes of J8-Lipo-DT immunized mice, but not from mice immunized with J8-DT/CTB.  

IL-6 is known to be a signal for neutrophil activation (33) and neutrophils are essential for IgA-

mediated opsonophagocytic killing of GAS (34).  IL-6 can also augment IgA secretion (35) 

and IFN-γ promotes IL-6 production (36).  We thus immunised IL-6 knock-out (IL6-/-) and 

wild-type mice with J8-Lipo-DT.  We found that lack of IL-6 correlated with lack of protection 

in the IL-6-/- mice (26).  These data thus suggested that the difference in protective efficacy of 

J8-Lipo-DT and J8-DT/CTB vaccination is due to cellular responses and that salivary IgA may 

be a surrogate marker for URT protection.  Future work investigating the role of innate and 

adaptive immune responses in J8-Lipo-DT mediated immunity would benefit future vaccine 

design and development.  Such investigations may include investigating the role of 

mononuclear phagocytes and PMNs by selectively depleting these cell populations with 

Clodronate Liposomes (37) or specific antibodies (1A8) (23) respectively.  Additionally, 

genetically modified mouse-models such as CD11c.DOG mice (38, 39) can be utilised to study 

the role of dendritic cells in vaccine mediated immunity.  The role of T-helper cells in vaccine-

mediated protection can be extended by assessing the contribution of Th17 cytokines.  IL-6 

and TGF-1 have been shown to augment IL-17 activity in the NALT (40, 41) and IL-17 has 

been shown to play a critical role in protection against GAS pharyngitis (41).  IL-17A-/- mice 

can be employed to assess the contribution of Th17 cells in vaccine-mediated immunity against 

GAS.  

 

We also wanted to assess whether incorporation of S2 on to the liposomal membrane could 

elicit protection against URT infection with covR/S mutant GAS.  The multi-epitope vaccine, 

J8/S2-Lipo-DT, induced J8 and S2-specific salivary IgA and serum IgG and protection was 

evident in throat swabs and NALT on day 3 post-infection (26).  In accordance with previous 

findings, synergistic action of both antigens was required to confer protection, where anti-S2 

antibodies prevent IL-8 degradation and   preserve neutrophil recruitment to the site of 

infection; and anti-J8 antibodies lead to the opsonophagocytosis of GAS (25). 

 

Ideally, a vaccine against GAS should be immunogenic and protective at the two primary sites 

of infection which include the skin and mucosa.  To achieve such an outcome, vaccine delivery 
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systems and immunisation strategies that induce both systemic and mucosal immunity need to 

be implemented.  It was demonstrated that intranasal vaccination with J8-Lipo-DT was 

ineffective at inducing a high J8-specific serum IgG response.  The lack of systemic immunity 

correlated with reduced efficacy following skin-challenge.  Furthermore, parenteral delivery 

of J8-Lipo-DT did not improve peptide-specific serum IgG levels.  To circumvent the lack of 

immunogenicity and protection, a dual-route immunisation regimen was employed where mice 

were vaccinated intranasally with J8-Lipo-DT and parentally with J8-DT/Alum.  Dual-route 

immunisation diminished the J8-specific salivary IgA response which coincided with the lack 

of protection following URT GAS infection.  J8-specific serum IgG titres remained high, 

correlating with protection post-skin-infection.  The strong Th2 bias of Alum and the failure of 

the vaccine to recall an IL-2 and IFN- γ response may explain the inability of the vaccine to 

induce mucosal immunity.  However, further studies looking into the role of cytokines 

following immunisation with J8-Lipo-DT (i.n.) + J8-DT/Alum (s.c.), J8-Lipo-DT (i.n.) + 

PBS/Alum (s.c.) are required to investigate the mechanisms that abolish the mucosal immune 

response.  

 

To promote mucosal and systemic immunogenicity and protection, a synthetic MPL analogue, 

3D-PHAD, was formulated with J8-Lipo-DT.  Intranasal immunisation with J8-Lipo-DT 

PHAD induced high J8-speicific salivary IgA titres in BALB/c and SWISS (outbred) mice.  

Dual-route immunisation with J8-Lipo-DT PHAD improved systemic vaccine efficacy by 

eliciting potent J8-specific serum IgG responses and systemic protection comparable to the 

lead vaccine candidate, J8-DT/Alum, while also maintaining the potent mucosal efficacy of J8-

Lipo-DT.  Intriguingly, J8-Lipo-DT PHAD induced higher J8-specific salivary IgA compared 

to J8-Lipo-DT; however, protection was comparable following URT-infection.  This 

strengthened the notion that salivary IgA may only be a surrogate marker for URT protection 

(26).  Therefore, to further understand the mechanism of J8-mediated protection, the role of 

vaccination in the induction of Th1, Th2 and Th17 immune responses was investigated.  Dual 

route immunisation with J8-Lipo-DT PHAD induced Th1 cytokines IL-2 and IFN- γ.  The 

demonstrated ability of IL-2 and IFN- γ in the activation and upregulation of macrophage 

intracellular killing (42, 43), led us to examine the role of macrophages in J8-Lipo-DT PHAD 

URT protection.  Following vaccination with J8-Lipo-DT PHAD, Clodronate Liposomes were 

utilised to deplete URT and systemic macrophages.  Immunised+non-depleted mice had 100% 

survival in comparison to 50% survival in the immunised+depleted cohort.  Additionally, 

immunised+non-depleted mice had significantly reduced GAS colonies on pharyngeal surfaces 
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and organs when compared to immunised+depleted mice, thus indicating that macrophages are 

important in J8-Lipo-DT PHAD-mediated GAS killing.  These findings are important as in the 

literature the contribution of macrophages and neutrophils in GAS infection have been 

contradictory (23, 44).  Future work investigating the role of neutrophils in J8-Lipo-DT PHAD 

mediated protection would enable a more thorough understanding of effector mechanisms 

involved in vaccine mediated immunity.   

 

The contribution of salivary IgA in URT protection was assessed using polymeric 

immunoglobulin receptor knock-out (pIgR-/-) and wild-type (C57BL/6) mice.  Vaccinated 

pIgR-/- and C57BL/6 mice exhibited comparable bacterial loads on pharyngeal surfaces and in 

organs, suggesting that secretory IgA (SIgA) is not indispensable for the prevention of URT 

GAS infection.  SIgA is the first line of defense against invading mucosal pathogen.  SIgA 

forms an immunological barrier and prevents foreign matter from impinging the mucosal 

epithelium, thus leading to the removal of foreign matter by peristaltic and mucociliary 

activities (45).  However, the formation of IgA + antigen complexes may also lead to retro-

transport through microfold (M)-cells and access to the systemic circulation such as the spleen 

liver or kidney (45, 46).  Retro-transport of IgA + antigen complexes were shown to induce the 

migration and activation of DCs and the down-regulation of local pro-inflammatory cytokines 

responses (45, 47).  Therefore, to explore the potential mechanism of cytokines in J8-Lipo-DT 

PHAD mediated immunity in the absence of SIgA, pIgR-/- and C57BL/6 mice were immunised 

intranasally with J8-Lipo-DT PHAD and Th1, Th2 and Th17 cytokine responses were 

measured in spleen supernatants.  It was found that in the absence of mucosal IgA, IL-17A may 

be responsible for combating infection possibly in a macrophage/neutrophil dependent manner.  

Differentiation of Th17 cells is mediated by pro-inflammatory cytokine signalling.  Therefore, 

the down-regulation of local pro-inflammatory responses by IgA + antigen complexes may 

also contribute to the disease pathology of GAS; whereby Th17 cell differentiation and 

subsequent IL-17A secretion is impeded as a result of IgA activity.   

 

The mechanisms by which J8-Lipo-DT PHAD contributes to protection warrants a much 

greater understanding of the host-immune response to the vaccine.  Future work investigating 

the role of antibody-mediated immunity and the importance of CD4+ T-helper cells in J8-Lipo-

DT PHAD protection would be valuable.  The contribution of systemic and mucosal antibodies 

in protection can be assessed using B-cell deficient MT mice (48).  This will determine 
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whether accessory cells such as macrophages require antibody opsonisation to mediate GAS 

killing.  CD4+ T-cells have been shown to be essential in J8-DT-mediated immunity and 

protection (49).  The contribution of CD4+ T-cells in J8-Lipo-DT PHAD-mediated immunity 

can be assessed through the depletion of this cell subset by anti-CD4 antibodies (49).  

Additionally, for a vaccine to provide long-term immunity, it must be able to induce a long-

last memory B-cell (MBC) response.  Preliminary studies assessed the role of memory 

following J8-Lipo-DT immunisation (please refer to Appendix I).  Mice were immunised 

intranasally with J8-Lipo-DT and antibody levels were monitored monthly.  Peptide-specific 

salivary IgA was maintained for 16-weeks post-last boost.  Following intranasal boost with Ag 

(10 g of J8-DT), there was a significant increase in J8-specific salivary IgA by day 7, these 

titres remained boosted for up to three months.  PBS mice that received J8-DT stimulation did 

not develop an antibody response, thus, confirming that the rise in J8-specific IgA titers was 

due to activation of MBCs and that it was not a primary immune response.  Similar studies 

need to be conducted for J8-Lipo-DT PHAD (i.n.) and J8-Lipo-DT PHAD (i.n.+s.c.) vaccine 

candidates, with the inclusion of a whole-organism boost to determine whether memory is 

activated following infection with GAS.  

 

An adjuvant/delivery system can shape the host-immune response to an antigen towards the 

desired outcome.  To expand our research to other liposomal delivery systems, CAF01 was 

utilised.  CAF01 is composed of cationic liposomes formed of DDA and stabilised with the 

synthetic mycobacterial immunomodulatory TDB (50, 51).  Prime-pull immunisation with 

CAF01 was shown to elicit a strong systemic IgG response and a local mucosal IgA response 

(52-54).  Unlike J8-Lipo-DT, antigen absorption to CAF01 occurs via electrostatic and 

hydrophobic interactions.  Prime-pull immunisation with J8-DT/CAF01 led to protection 

following URT and skin infection.  Protection was improved against URT infection when the 

immunisation regimen was modified to include simultaneous s.c. and i.n. immunisations.  

Furthermore, inclusion of K4S2-DT (K4S2: a more soluble derivative of S2 (55)) into the J8-

DT/CAF01 vaccine protected against hypervirulent covR/S mutant skin and URT infections. 

 

The role of MBCs was assessed following J8-DT/CAF01 immunisation.  Comparable to J8-

Lipo-DT immunisation, antibody levels were maintained for up to 16-weeks following prime-

pull immunisation with J8-DT/CAF01 and there was a significant increase in J8-specific 

salivary IgA and serum IgG following boost with J8-DT.  The rise in antibody titres was due 
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to the activation of a MBC response, as PBS mice boosted with antigen did not develop an 

antibody response.  As aforementioned, further studies investigating the role of MBCs 

following exposure to GAS are required to thoroughly assess the applicability of J8-DT/CAF01 

as a vaccine candidate.  

 

CAF01 is a strong Th1/Th17 stimulating adjuvant.  Following modification of the 

immunisation regimen (inclusion of simultaneous s.c. and i.n. immunisatins in boost 1 and 

boost 2), mice vaccinated with J8-DT/CAF01 had improved protection against URT GAS 

infection, despite no change in J8-specific salivary IgA and J8-specific serum IgG levels.  Thus 

suggesting that cellular responses may also be contributing to protection.  J8-DT stimulation 

of vaccinated splenocytes was able to recall an IL-6 and IL-17A response.  The differentiation 

of Th17 cells in-vitro has been shown to depend on IL-6 and TGF-β (56) where IL-6 deficient 

mice failed to develop a Th17 response and to clear GAS from NALT (57).  IL-17 has also 

been implicated in the recruitment of neutrophils to the site of infection (58) and neutrophils 

have been shown to play a crucial role in GAS clearance (23).  The cytokine responses 

following all immunisation regimens need to be assessed to give a clearer insight into the 

contribution of Th1/Th2/Th17 cells in J8-DT/CAF01-mediated immunity.  As previously 

mentioned, IL-17A-/- mice can also be used to assess the contribution of Th17 cells in vaccine-

mediated immunity against GAS.  

 

To further define the mechanism of vaccine-mediated immunity the expression of IgG isotypes 

following vaccination with liposomal analogues was assessed.  J8-DT/CAF01 and J8-Lipo-DT 

PHAD (i.n.+s.c.) induced a comparable IgG isotype response, with high J8-specific IgG1 titres, 

and modest induction of J8-specific IgG2b and IgG3 titres.  The combined IgG response may 

be implicated in the ability of both vaccines to induce protection at both systemic and mucosal 

sites of immunity; thus, providing important insight into the potential role of serum IgG 

isotypes in governing site-specific protection.  

 

The data within this thesis signify the immense importance of a vaccine delivery system to 

induce desired protective responses.  It also highlights that the use of suitable mouse models in 

the design and evaluation of vaccines is critical.  As humans are the only known reservoir for 

GAS, mouse models alone may pose limitations to vaccine design and development.  The end 

goal is to develop a better understanding of human immunity to GAS.  Therefore, in 

conjunction with mouse models, use of non-human primate (NHP) models (59, 60) models and 
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humanised mouse models (such as HLA transgenic mice (61)) would be advantageous.  Due 

to their biological closeness to humans, these systems will allow assessment of 

pathophysiology of GAS infection and vaccine efficacy in a more human context. 

 

Overall, liposomal-based delivery systems were shown to be the ideal platforms for the 

delivery of peptide-based antigens.  For J8-Lipo-DT, the addition of PHAD promoted a 

mucosal and systemic protective immune response.  It was found that salivary IgA is more of 

a surrogate marker for URT protection and the cytokines, IFN- γ and IL-17A, have a more 

important role in vaccine-mediated protection.  For J8-DT/CAF01, the significance of the 

immunisation regimen in promoting protection was observed.  The common denominator for 

both vaccine formulations was the contribution of Th1/Th17 cells in protection.  Together, 

these data highlight a significant advance towards the development of GAS vaccines that can 

protect against streptococcal pharyngitis, pyoderma and bacteraemia.     
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Appendix 1 J8-specific memory following intranasal immunisation with J8-Lipo-DT.  

BALB/c mice (n=5/group; female, 4-6 weeks old) were immunised intransally with J8-Lipo-

DT on days 0, 21 and 42.   (A) J8-specific salivary IgA and (B) J8-specific serum IgG titres 

were followed for 20 weeks post-last vaccine boost.  J8-Lipo-DT and PBS immunised (control) 

mice were boosted with 10g of J8-DT intranasally.  The boost in J8-specific memory was 

monitored for up to three months post Ag-boost.  Statistical analysis was performed using a 

nonparametric, unpaired Mann-Whitney U test (one-tailed) to compare test groups to the PBS 

control group (ns; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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Appendix II 

 

Chemicals, reagents and kits 

 

3D-PHAD, Avanti Polar Lipids. Inc., Alabaster, United States 

Acetone, AjaxFine Chem, Sydney, Australia  

Aluminium hydroxide (2% Alhydrogel), Brenntag, Biosector, Denmark 

Bovine Serum Albumin, Sigma-Aldrich, St. Louis, MO, USA 

Chloroform, AjaxFine Chem, Sydney, Australia  

cholesterol (CHOL), Avanti Polar Lipids. Inc., Alabaster, United States 

Clodronate Liposomes, ClodLipBV, Haarlem, The Netherlands 

Columbia blood agar (CBA), Oxoid Limited, Australia 

Concanavalin A (Con A), Sigma-Aldrich, St Louis, MO, USA 

Dimethyldioctadecylammonium and trehalose 6,60 -dibehenate (CAF01), Statens Serum 

Institut, Copenhagen, Denmark 

Dimethyl Sulfoxide (DMSO), Sigma-Aldrich, St. Louis, MO, USA 

Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), Avanti Polar Lipids Inc., Alabaster, 

United States 

Diphtheria toxoid (DT), Statens Serum Institut, Copenhagen, Denmark 

Ethanol, Merck Millipore, Victoria, Austtralia  

Foetal Bovine Serum (FBS), Bovogen, East Keilor, Victoria, Australia  

HRP-conjugated goat anti-mouse IgA antibody, Invivogen, San Diego, United States 

HRP-conjugated goat anti-mouse IgG antibody, Bio-rad Laboratories, New South Wales, 

Austalia 

HRP-conjugated goat anti-mouse IgG1 antibody, Thermo Scientific by Life technologies, 

Carlsbad, CA, USA 

HRP-conjugated goat anti-mouse IgG2a antibody, Thermo Scientific by Life technologies, 

Carlsbad, CA, USA 

HRP-conjugated goat anti-mouse IgG2b antibody, Thermo Scientific by Life technologies, 

Carlsbad, CA, USA 

HRP-conjugated goat anti-mouse IgG3 antibody, Thermo Scientific by Life technologies, 

Carlsbad, CA, USA 

Ketavet 100 (ketamine), Delta Veterinary Laboratoris, New South Wales, Australia   
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6’-maleimidocaproyl n-hydroxy succinimide ester (EMCS), Sigma-Aldrich, Australia 

2-Mercaptoenthal, Gibco by Life technologies, Grand Island, NY, USA 

Methanol, Merck Millipore, Victoria, Austtralia  

Mouse Th1/Th2/Th17 Cytometric Bead Assay Kit, BD Biosciences, Franklin Lakes, NJ, USA 

Neopeptone, BD Difco, Australia 

N,N-Dimethylformamide (DMF), Sigma-Aldrich, Australia 

Phosphate buffered saline (PBS), Gibco by Life technologies, Grand Island, NY, USA 

Pierce BCA Protein Assay Kit, Thermo Scientific by Life technologies, Carlsbad, CA, USA 

Penicillin Streptomycin, Gibco by Life technologies, Grand Island, NY, USA 

1 L--phosphatidylglycerol (PG), Avanti Polar Lipids. Inc., Alabaster, United States 

RPMI 1640 Medium, Gibco by Life technologies, Grand Island, NY, USA 

SIGMAFAST OPD substrate, Sigma-Aldrich, St. Louis, MO, USA 

Streptomycin, Sigma-Aldrich, Australia 

Todd Hewitt broth (THB), BD Difco, Australia 

Tween 20, Merck KGaA, Darmstadt, Germany 

Tween 80, Merck KGaA, Darmstadt, Germany 

Trypan Blue Stain, Gibco by Life technologies, Grand Island, NY, USA 

UltraPure 0.5 M EDTA, Gibco by Life technologies, Grand Island, NY, USA 

Xylazil-20, Troy Laboratories, New South Wales, Australia 

 

Disposable products 

 

20 l Aerosol Barrier Tips, Interpath, Victoria, Australia 

200 l Aerosol Barrier Tips, Interpath, Victoria, Australia 

1000 l Aerosol Barrier Tips, Interpath, Victoria, Australia 

3 ml EDTA Collection Tubes, BD Biosciences, Franklin Lakes, NJ, USA 

1.5 ml Eppendorf safe-lock tubes, Eppendorf, New South Wales, Australia  

HemoCue Cuvettes 201+, Hemocue, Ängelholm, Sweden 

3 ml Lithium-Heparin Collection Tubes, BD Biosciences, Franklin Lakes, NJ, USA 

26 G needle, Terumo, Elkton, MD, USA 

5 ml Serological Pipettes, Sarstedt, Nümbrecht, Germany 

10 ml Serological Pipettes, Sarstedt, Nümbrecht, Germany 

25 ml Serological Pipettes, Sarstedt, Nümbrecht, Germany 
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0.5 ml (27 G x 13 mm) Syringe, Terumo, Elkton, MD, USA 

1 ml Syringe, BD Biosciences, Franklin Lakes, NJ, USA 

5 ml Syringe, BD Biosciences, Franklin Lakes, NJ, USA 

10 ml Syringe, BD Biosciences, Franklin Lakes, NJ, USA 

Titertek PVC microplates, MP biomedicals, Alabama, USA  

15 ml Tubes, Sarstedt, Nümbrecht, Germany 

50 ml Tubes, Sarstedt, Nümbrecht, Germany 

U-bottom 96 well plates, BD Falcon, BD Biosciences, Franklin Lakes, NJ, USA 

V-bottom 96 well plates, BD Falcon, BD Biosciences, Franklin Lakes, NJ, USA 
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Appendix III 

 

Challenge Score Card 

Challenge of mice with group A streptococcal (GAS) is a necessary component of GAS 

pathogenesis and vaccine studies.  For most of the challenge models used in our laboratory, 

death is not used as an end point. Low doses (optimized previously) of GAS are utilized for 

infection and assessment of bio-burden in various organs and tissues is used as readout of 

infection/vaccination. Prior to death, mice may show a number of clinical signs of systemic 

infection.  These include i) ruffled fur, ii) hunched posture, iii) slowed or no movement 

(including lack of response to physical stimulus, iv) swollen limbs and v) infected lesions on 

the skin.  These symptoms may be classified into two groups. 

Category A: 

Ruffled fur 

Hunched posture 

Moderately slowed movement  

Swollen limb or limbs 

Infected lesions on the skin 

 

Mice that have these symptoms do not appear to be distressed. They are active, aware of their 

surroundings and interact with other mice.  Several category A symptoms may occur together.  

Mice with these symptoms often recover from the infection naturally, but may also progress to 

a more severe infection. Infected lesions are rare, and occur at different frequencies depending 

on the GAS strain being used. Where possible, GAS strains that do not induce lesions are used.  

Lesions (unless large) do not appear to distress mice. 

  

Category B: 

Significantly slowed movement 

Lack of response to external stimuli 

Laboured breathing 

Shivering 

 

Mice with these characteristics are in significant amounts of distress and will be culled 

immediately.  
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The rational for euthanasing of mice based on this system will be 

1. Any mouse showing three Category A symptoms on two consecutive days will be 

euthanased. 

2. Any mouse showing two Category A symptoms on four consecutive days will be 

euthanased. 

3. Any mice showing Category B symptoms willed euthanased.   

 

A scorecard based on these categories has the added advantage that it is viable for mice infected 

intraperitoneally, intranasally or by other routes (eg skin infection). 

 

 

Challenge Score Card 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Procedure: Bacterial Challenge 

CHALLENGE SCORE CARD 
Experiment:           Date challenged: 

Experimental Group:         Mouse Strain: 

Bacterial Strain:           Challenge Route:                                           

 Day 1 Day 2 Day 3 Day Day Day Day Day Day Day 

am pm am pm am pm 4 5 6 7 8 9 10 

Category A              

Ruffled fur              

Hunched posture              

Moderately slowed 
movement 

             

Swollen limbs              

Infected lesions on the 
skin 

             

Category B              

Significantly slowed 
movement 

             

Lack of response to 
external stimuli 

             

Labored breathing              

Shivering              

Euthanased              

 

Comments: 
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