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Ø  Gram-positive β-hemolytic bacterium found in the throat and skin 
 
Ø  An important exclusively human pathogen 
 
Ø  Mild infections to life-threatening invasive illnesses 
 

Group A Streptococcus (GAS) 

academic.pgcc.edu gizmag.com 



Ø  Gram-positive pathogen causing 700 million infections annually 

Ø  Pharyngitis (strep sore throat) 
Ø  Impetigo 
Ø  Cellulitis 

Group A Streptococcus (GAS) 

Cellulitis 

vet.uga.edu 

Impetigo 

utc.edu healthcentral.com 

Pharyngitis  



Ø  Causes 650,000 invasive infections with 25% mortality 

Ø  Bacteremia 
Ø  Toxic shock syndrome 
Ø  Necrotizing fasciitis (flesh-eating disease) 

Group A Streptococcus (GAS) 

diseaseworld.com sfghed.ucsf.edu 

Necrotizing fasciitis 



Ø  Repeated infections may trigger rheumatic heart disease 

Ø  15.6−19.6 million cases worldwide 
Ø  233,000 deaths annually 

GAS Causes Rheumatic Heart Disease 

Necrotizing fasciitis 

Prof. Bart Currie MSHR 

RHD patient heart valve 
shows thickening &  
calcification 

Rheumatic heart disease (RHD) 



GAS Mortality Worldwide 

Carapetis et al. Lancet Infect Dis (2005) 

Ø  ~700 million human infections annually, resulting in >500,000 
deaths 

GAS 

Infection-related deaths globally 



Prevention of GAS Diseases 

Ø  Prophylactic GAS treatment requires injections of penicillin 

Ø  This strategy has limited success due to unavailability of treatment 
or low levels of patient compliance 

Ø  Concerns exist over GAS 
    developing resistance to 
    penicillin  

synapticspeculations.com 



No GAS Vaccine Available 
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Highly conserved across serotypes - + - + + - ND - + ND ND - 

Ubiquitous expression + + - - + - ND - - ND ND ND 

Possible toxicity and/or proteolytic 
activity - + - - - - - + + - - + 

Systemic protection + ND + + + ND + + + + + ND 

Intranasal protection + + ND ND + + ND - ND ND ND ND 

Subcutaneous protection + ND ND ND ND - ND ND ND ND ND + 

Opsonic/Bactericidal antibodies + ND + + ND ND ND + ND + + - 

Auto-immune reactivity + ND ND ND + - ND ND ND ND ND ND 

Existing GAS Vaccine Candidates 



Identification of New Vaccine Antigens 

Ø  The aim is to map the GAS cell surface proteome to identify novel 
antigens that prevent infection and do not induce auto immunity 

Electron microscopic image of GAS 

Cell surface 
proteins 

textbookofbacteriology.net 



Criteria for Vaccine Candidate Selection 

Ø  No human homologue 

Ø  Homologues published as cell surface-associated and/or 
protective in other streptococcal species 

Ø  Previously characterized as 
    GAS virulence determinants 

business2community.com 



Cell-surface 
Extract 

TCA Precipitation & 
Sample Prep 

GAS First Dimension 
pH 4-7 

Second Dimension 

Spot Excision & 
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Proteomic Analysis of the GAS Cell Surface 



Proteomic Analysis of the GAS Cell Surface 

Cole et al. Infect Immun (2005) 
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Proteomic Analysis of the GAS Cell Surface 
        4                            pH                                7   kDa 
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ADI 
Ø  Started with ~20 candidates  

Ø  Tested candidates for 
Ø  Conservation 
Ø  Surface localization 
Ø  Protection in mice 

Ø  Two “hits” 
Ø  Arginine deiminase (ADI) 
Ø  Trigger factor (TF)  

Cole et al. Infect Immun (2005) 



Proteomic Analysis of the GAS Cell Surface 
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ADI 
Ø  Arginine deiminase (ADI) 

Ø  Arginine degradation 
 
Ø  Trigger factor (TF) 

Ø  Chaperone activity 

Ø  ADI and TF are anchorless - no 
signal sequence and no cell wall 
anchor motif 

Cole et al. Infect Immun (2005) 



Conservation of Surface Proteins: BlastP  
GAS strain	

 Serotype	

 Amino acid identity (%)	



ADI	

 TF	


M1	

 emm1	

 99	

 99 

M49 591	

 emm49	

 99	

 100	
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 99	
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 99 99	





Expression of Surface Proteins  
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Western blot of cell wall extracts 

Ø  ADI and TF are expressed in multiple GAS strains  

Henningham et al. J Mol Med (2012) 



Visualization on the GAS Cell Surface 
M protein 

PBS	
   M1	
  
P	
  =	
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Henningham et al. J Mol Med (2012) 



Immunization & Challenge 

Ø  Can the highly conserved surface proteins protect mice against 
lethal systemic challenge? 

Ø  Female BALB/c mice 4-6 weeks 
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Immunization schedule 

Henningham et al. J Mol Med (2012) 



Dose: 2 x 107 cfu/mL pM1 (emm1) 

Henningham et al. 
J Mol Med (2012) 

Protection Following Lethal IP Challenge 



Reactivity of Proteins with Human Serum 

Ø  Pooled serum from patients with rheumatic fever and rheumatic 
heart disease has reduced reactivity to ADI and TF 

Rheumatic heart  
disease serum 

Antigen Antigen 

Rheumatic fever 
serum 

Henningham et al. J Mol Med (2012) 



Conclusion & Future Directions 

Ø  ADI mutant proteins D166A and 
D277A retained structure, 
recognition by antisera and 
immunogenic epitopes, making 
them ideal for inclusion in GAS 
vaccine preparations 

used. Antiserum raised against the surface-bound M protein was
used as a positive control, while Tris-buffered saline (TBS; 0.14 M
NaCl, 2.7 mM KCl, 0.05 M Tris base, pH 7.0) sham serum was
used as a negative control. Preincubation of GAS with antisera
generated against the M1 protein (data not shown), or the wild-
type, D166A mutant, E220A mutant, D277A mutant, and C401A
mutant ADIs resulted in a significant shift in geometric mean
surface fluorescence in comparison to TBS sham serum (Fig. 2B to
D and F to G; P ! 0.05). Serum raised against H275A mutant ADI

also resulted in a shift, which was not statistically significant
(Fig. 2E; P " 0.05).

Mapping of linear B-cell epitopes of ADI. To conduct a pre-
liminary characterization of the discrete B-cell epitopes within
ADI, an overlapping peptide array membrane containing 15-mer
peptides spanning the complete sequence of ADI was synthesized.
Each consecutive peptide was shifted by three residues toward the
C terminus of the protein. The membrane was probed with pooled
antisera (n # 5) generated against wild-type ADI, stripped, and

FIG 1 Enzymatic and structural comparisons of wild-type and mutant ADIs. (A) Model of the GAS ADI crystal structure illustrating the pseudo-5-fold axis of
the catalytic domain in green, blue, pink, cyan, and red, respectively, with the helical orthogonal bundle in orange and the remaining structural elements in gray.
(B) ADI active-site residues targeted for site-directed mutagenesis. (C) Topology diagram of GAS ADI, colored as in panel A. (D) Colorimetric assay for the
determination of citrulline. Triplicate data from two independent replicate experiments are presented. Error bars indicate the standard deviations. Wild-type
ADI produced a significantly greater amount of citrulline than each mutant ADI, as determined by one-way ANOVA (P ! 0.05; indicated by an asterisk). (E)
Tryptophan emission fluorescence spectra of wild-type ADI and mutant proteins. Wild-type ADI and the D166A, E220A, H275A, and D277A mutant ADIs
exhibited nearly identical emission maxima (347 to 349 nm), whereas that of C401A mutant ADI was red shifted to 330 nm, which is indicative of significantly
altered tertiary and/or quaternary structure. (F) UV CD spectra (200 to 260 nm) comparing the secondary structures of mutant ADIs to that of wild-type ADI.
(G) ESI-MS spectra of wild-type and mutant ADIs. Wild-type ADI and the D166A, E220A, H275A, and D277A mutant ADIs exist as a monomer-dimer mixture,
while C401A exists exclusively in a tetrameric form.

Inactivation of ADI for Use as a GAS Vaccine Candidate

July/August 2013 Volume 4 Issue 4 e00509-13 ® mbio.asm.org 3
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ADI crystal structure 

Ø  ADI and TF protect mice against systemic GAS infection 

Ø  Enhance safety of ADI and TF via abrogation of enzyme activity 

Henningham et al. mBio (2013) 



GAS cell wall structure 

Ø  Polymer of rhamnose and N-acetylglucosamine (GlcNAc)   

Group A Carbohydrate (GAC) 

textbookofbacteriology.net 



Ø  Polymer of rhamnose and N-acetylglucosamine (GlcNAc) 
 
Ø  50% of the cell wall  
Ø  Covalently linked to cell wall 
Ø  Highly conserved among GAS 

  

Group A Carbohydrate (GAC) 

Group A carbohydrate structure 

Fung et al. Infect Immun (1982) 



Ø  Rapid test kits based on latex agglutination 
 

 

 
 
Ø  Antibodies against the GlcNAc side chain may trigger RHD, 

hampering vaccine development 

Group A Carbohydrate (GAC) 

Agglutinating antibodies 
recognize the GlcNAc 
side chain 



Identification of GAC Biosynthesis Genes 
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Ø  Putative 12-gene GAC biosynthesis locus (gacA-L) 

Ø  gacI, gacJ and gacK mutants lack GlcNAc side chain  



Glycoanalysis of ΔgacI GAC 

Ø  GacI is essential for the GlcNAc side chain of GAC 

Glycoanalysis 
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GlcNAc Enhances Innate Immune Resistance 

Ø  GlcNAc side chain promotes blood growth & neutrophil resistance 
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Ø  GlcNAc side chain promotes survival in a mouse infection model 

GlcNAc Enhances Virulence 

Mouse IP challenge !
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Ø  Anti-ΔGAC antibodies promote blood and neutrophil clearance 

Anti-ΔGAC Antibodies Promote GAS Killing 

IgG binding to GAS from anti-ΔGAC IgG!b!a!
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Ø  Passive immunization with anti-ΔGAC antibodies protects mice 

Ø  Absence of GlcNAc may alleviate potential RHD safety concerns 

Anti-ΔGAC Antibodies Protect Mice 

IgG binding to GAS from anti-ΔGAC IgG!b!a!
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Ø  GAC is encoded by a conserved 12-gene locus (gacA-L) 

Ø  GacI is essential for the GlcNAc side chain of GAC 

Ø  The GlcNAc side chain is a virulence factor 

Ø  GlcNAc-deficient GAC warrants further investigation as a vaccine  

Conclusions 



Future Work 

Ø  Complete non-human primate efficacy and safety testing prior to 
human clinical trials 

Ø  Immunize macaque monkeys with cocktail of ADI + ΔGAC 

www.noveprimgroup.com 

Ø  Monitor immune response 
Ø  Investigate antiserum cross-reactivity with human heart tissue 
Ø  Pharyngeal challenge with GAS 
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