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Abstract 

Group	   A	   Streptococcus	   (GAS,	   Streptococcus	   pyogenes)	   is	   a	   Gram-‐positive	   bacterial	  

pathogen	  exhibiting	  human	  host	  exclusivity.	  GAS	  is	  responsible	  for	  a	  wide	  array	  of	  non-‐

invasive	   suppurative	   infections	   of	   the	   throat	   and	   skin,	   such	   as	   pharyngitis	   and	  

pyoderma	   respectively.	   GAS	   is	   also	   capable	   of	   causing	   severe	   invasive	   diseases	   and	  

post-‐streptococcal	   complications,	   each	   with	   high	   rates	   of	   morbidity	   and	   mortality.	  

Epidemiological	  studies	  have	  demonstrated	  a	  high	  prevalence	  of	  pyoderma	   in	   tropical	  

regions	  such	  as	  in	  northern	  Australia.	  Streptococcal	  skin	  infections	  are	  thought	  to	  be	  a	  

significant	  risk	  factor	  for	  the	  development	  of	  rheumatic	  fever	  in	  Indigenous	  Australians	  

within	  these	  tropical	  regions.	  The	  skin	  is	  also	  a	  common	  portal	  of	  entry	  for	  invasive	  GAS	  

disease.	   The	   ability	   of	   GAS	   to	   cause	   these	   invasive	   diseases	   relies	   upon	   the	   timely	  

expression	   of	   specific	   virulence	   factors	   enabling	   the	   bacteria	   to	   evade	   host	   immune	  

responses.	  Several	  important	  virulence	  factors	  are	  under	  the	  transcriptional	  control	  of	  

the	  CovR/S	  operon.	  GAS	  strains	  possessing	  a	  mutation	  within	  their	  CovR/S	  regulatory	  

system	  are	  particularly	  adept	  at	  evading	  host	  immunity	  resulting	  in	  hypervirulence	  and	  

an	  increased	  capacity	  for	  invasive	  disease.	   

	   

CovR/S	   wild-‐type	   (WT)	   and	   mutant	   (MT)	   GAS	   pairs	   were	   identified	   from	   a	   panel	   of	  

clinical	   and	   laboratory	   isolates.	   Each	   CovR/S	   MT	   assessed	   possessed	   a	   different	  

mutation	  within	  their	  CovR	  or	  CovS	  gene.	  It	  was	  observed	  that	  mice	  immunised	  with	  the	  

M	   protein-‐derived	   vaccine	   candidate	   J8-‐DT/Alum	   were	   protected	   from	   local	   and	  

systemic	   infections	   by	   the	   CovR/S	  WT	   strains;	   however,	   protection	   was	   significantly	  

compromised	   for	   all	   mice	   infected	   with	   the	   CovR/S	   MT	   strains.	   Analysis	   of	   gene	  

expression	  via	  RT-‐PCR	  revealed	  that	  each	  of	  the	  CovR/S	  MT	  isolates	  were	  up-‐regulating	  
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specific	  virulence	  factors,	  namely	  streptolysin	  O	  (SLO),	  SpyCEP,	  and	  the	  hyaluronic	  acid	  

capsule,	   that	   enhanced	   their	   immune	   evasion	   capabilities.	   The	   increased	   gene	  

expression	   by	   CovR/S	   MT	   strains	   observed	   using	   in	   vitro	   assays	   with	   increased	   red	  

blood	   cell	   lysis,	   increased	   IL-‐8	   chemokine	   degradation,	   and	   a	   greater	   production	   of	  

hyaluronic	   acid.	   The	   virulence	  of	   these	  CovR/S	  mutant	   strains	  was	   then	   tested	   in	   the	  

context	   of	   the	   redesigned	   J8-‐DT	   vaccine	   (J8-‐DT	   combined	   with	   an	   inactive	   20-‐mer	  

fragment	   from	  SpyCEP,	   ‘S2’).	  The	   J8	  CombiVax	  (comprising	   J8	  and	  S2	  with	   four	   lysine	  

residues,	  ‘K4S2’)	  afforded	  significantly	  better	  protection	  compared	  to	  J8-‐DT,	  as	  each	  of	  

the	  CovR/S	  MT	  strains	  were	  unable	  to	  cause	  a	  systemic	  infection	  in	  a	  murine	  model	  of	  

pyoderma	   in	   the	   immunised	   cohorts.	   The	   combination	   of	   two	   minimal	   epitopes	  

provided	   a	   synergistic	   effect	   through	   the	   opsonic	   J8-‐specific	   antibodies	   and	   the	   S2-‐

specific	  antibodies	  neutralizing	  SpyCEP,	  and	  thus	  preserving	  IL-‐8-‐mediated	  neutrophil	  

chemotaxis.	   

	   

Further	  investigation	  into	  the	  altered	  virulence	  profile	  of	  CovR/S	  mutants	  underscored	  

SLO	  as	  an	  essential	  virulence	  factor	  for	  the	  pathogenesis	  of	  these	  hypervirulent	  strains.	  

Utilising	  the	  CovR/S	  mutant	  5448	  (5448	  MT)	  as	  a	  representative	  M1T1	  GAS	  isolate,	  we	  

generated	   several	   additional	   CovR/S	   mutants	   lacking	   SLO	   (ΔSLO) to	   investigate	   the	  

contribution	   of	   this	   toxin	   to	   GAS	   virulence.	   The	   up-‐regulation	   of	   SLO	   by	   5448	   MT	  

resulted	   in	   increased	   SLO-‐mediated	   hemolysis,	   decreased	   dendritic	   cell	   (DC)	   viability	  

post-‐infection,	   and	   an	   increased	   production	   of	   pro-‐inflammatory	   cytokines	   TNF	   and	  

MCP-‐1	   under	   in	   vitro	   conditions.	   Further	   to	   this,	   it	  was	   observed	   that	  when	   SLO	  was	  

absent	   from	   the	   isolate,	   the	   viability	   of	   infected	   DCs	   improved	   whilst	   inflammatory	  

cytokine	  production	  decreased.	  This	  was	  despite	  the	  observation	  that	  infecting	  isolates	  

still	   exhibited	   the	   characteristic	   CovR/S	   mutant	   virulence	   factor	   up-‐regulation	   of	  
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SpyCEP	   and	   the	   hyaluronic	   acid	   capsule.	  Moreover,	   histological	   analyses	   showed	   that	  

DC	  presence	  was	  restored	  in	  murine	  skin	  post-‐infection	  with	  5448	  MT	  if	  SLO	  was	  absent	  

from	   the	   strain.	   The	   presence	   of	   SLO	   correlated	   with	   systemic	   infection	   and	   severe	  

pathology	   at	   the	   site	   of	   infection	   in	   a	   murine	   model	   of	   pyoderma.	   Conversely,	   the	  

absence	  of	  SLO	  significantly	  attenuated	  the	  virulence	  of	  5448	  MT	   in	  vivo.	   J8	  CombiVax	  

immunisation	   was	   effective	   against	   all	   CovR/S	   mutant	   infections	   and	   provided	  

significant	  systemic	  protection.	   

	   

Neutrophils	  have	  been	  shown	  to	  be	  critical	  in	  controlling	  GAS	  infection,	  and	  also	  for	  the	  

protective	  efficacy	  of	  J8	  CombiVax.	  Therefore,	  we	  sought	  to	  investigate	  the	  main	  cellular	  

source	   of	   CXCL2,	   the	   primary	   murine	   neutrophil	   chemoattractant	   (a	   homologue	   of	  

human	   IL-‐8)	   and	   target	   of	   SpyCEP-‐mediated	   proteolysis.	   We	   used	   a	   clinical	   isolate	  

(NS88.2	  MT)	  sourced	  from	  the	  Northern	  Territory	  of	  Australia	  that	  possessed	  a	  natural	  

CovS	  mutation,	  in	  parallel	  with	  the	  genetically	  repaired	  isogenic	  CovR/S	  wild-‐type	  strain	  

(NS88.2	   Rep).	   Following	   cutaneous	   infection	   in	   a	   murine	   model,	   we	   observed	  

hypervirulence	  of	   the	  NS88.2	  MT	   strain	   and	  differential	   interactions	  with	  neutrophils	  

between	  the	  NS88.2	  MT	  and	  NS88.2	  Rep	  strains.	  The	  NS88.2	  Rep	  strain	  was	  observed	  

via	   immunofluorescence	   analysis	   interacting	  with	   neutrophils	   in	   skin	   sections	   in	   vivo	  

and	  also	  being	  killed	  by	  human	  neutrophils	  in	  vitro.	  Conversely,	  NS88.2	  MT	  appeared	  to	  

inhibit	  neutrophil	  ingress	  in	  vivo	  and	  proliferated	  in	  the	  presence	  of	  human	  neutrophils	  

in	   vitro.	   RT-‐PCR	   revealed	   that	   NS88.2	   MT	   significantly	   up-‐regulated	   its	   SpyCEP	  

expression	  compared	  to	  NS88.2	  Rep	  providing	  a	  likely	  causative	  factor	  for	  the	  observed	  

differential	  neutrophil	  interactions.	  	   
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To	   specifically	   target	   the	   up-‐regulated	   expression	   of	   SpyCEP,	   mice	   were	   immunised	  

with	  K4S2-‐DT/Alum.	  Whilst	  there	  was	  no	  significant	  protection	  against	  NS88.2	  Rep	  or	  

MT	  infection	  with	  K4S2	  alone,	  spleen	  samples	  of	   immunised	  mice	  showed	  evidence	  of	  

germinal	   centre	   formation	   post-‐infection,	   particularly	   in	   the	   context	   of	   NS88.2	   MT,	  

which	   was	   consistent	   with	   immunological	   boosting	   of	   K4S2-‐specific	   B	   cells	   by	   MT	  

infection.	  Investigation	  into	  the	  cellular	  response	  of	  infection	  using	  intracellular	  staining	  

(ICS)	   revealed	   that	  neutrophils	  were	   the	  primary	  source	  of	  CXCL2	   in	   the	  skin.	  This	   in	  

turn,	   enabled	   further	   recruitment	   of	   neutrophils	   to	   the	   site	   of	   the	   infection.	   This	  was	  

highlighted	   by	   the	   significant	   increase	   in	   neutrophil	   abundance	   in	   K4S2-‐immunised	  

cohorts	   compared	   to	   the	   non-‐immunised	   cohorts,	   suggesting	   that	   protection	   against	  

SpyCEP-‐mediated	  cleavage	  through	  K4S2	  antibodies	  in	  vivo	  contributes	  to	  the	  adaptive	  

immune	   response	   against	   GAS	   skin	   infections.	   ICS	   also	   revealed	   that	   CXCL2+ve	  

neutrophils	  were	  more	  abundant	  in	  the	  skin	  of	  CovR/S	  WT-‐infected	  mice	  compared	  to	  

the	   skin	   of	   mice	   infected	   with	   the	   CovR/S	   MT	   NS88.2.	   Similarly,	   significantly	   higher	  

levels	   of	   CXCL2	  protein	  were	   found	   in	   the	   skin	   of	  mice	   infected	  with	   the	   CovR/S	  WT	  

compared	   to	   those	   infected	   with	   the	   CovR/S	   MT	   by	   day	   3	   post-‐infection.	   The	  

degradation	  of	  CXCL2	  in	  vitro	  by	  NS88.2	  Rep	  or	  NS88.2	  MT	  supernatant	  was	  effectively	  

inhibited	  by	  the	  addition	  of	  K4S2	  anti-‐sera.	   

	   

Overall,	   the	   studies	   within	   this	   thesis	   highlight	   the	   hypervirulent	   nature	   of	   CovR/S	  

mutant	   GAS	   and	   some	   of	   the	   mechanisms	   by	   which	   each	   strain	   can	   evade	   the	   host	  

immune	  system.	  Gaining	  a	  greater	  understanding	  of	  host-‐pathogen	  interactions	  during	  

GAS	  infections	  has	  enabled	  improved	  vaccine	  design	  strategies,	  such	  as	  the	  generation	  

of	  vaccine	  candidate	  J8	  CombiVax	  from	  J8-‐DT/Alum.	  J8,	  being	  a	  highly	  conserved	  cryptic	  
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epitope,	   in	  synergy	  with	  a	  20-‐mer	  epitope	   from	  SpyCEP,	  provides	  protective	  coverage	  

against	  GAS	  by	  neutralizing	  two	  of	  their	  most	  important	  virulence	  factors.	   
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LTA	 	 	 Lipoteichoic	acid	
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m	(prefix)	 	 Milli	
M	 	 	 Molar	
MFI	 	 	 Mean	fluorescence	intensity	
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PBS	 	 	 Phosphate	buffered	saline	
PBST	 	 	 Phosphate	buffered	saline	with	Tween-20	
PCR	 	 	 Polymerase	chain	reaction	
PE	 	 	 Phycoerythrin	
PFA	 	 	 Para-formaldehyde	
PMN	 	 	 Polymorphonuclear	leukocyte	
RBC	 	 	 Red	blood	cell	
RF	 	 	 Rheumatic	fever	
RHD	 	 	 Rheumatic	heart	disease	
RNA	 	 	 Ribonucleic	acid	
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s	 	 	 Seconds	
SC	 	 	 Subcutaneous	
SCID	 	 	 Severe	combined	immune	deficiency	
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SDS	 	 	 Sodium	dodecyl	sulphate	
SEM	 	 	 Standard	error	of	the	mean	
SLO	 	 	 Streptolysin	O	
SLS	 	 	 Streptolysin	S	
SNP	 	 	 Single	nucleotide	polymorphism	
Spe	 	 	 Streptococcal	pyrogenic	exotoxin	
SpyCEP	 	 Streptococcus	pyogenes	cell	envelope	protease	
SRBC	 	 	 Sheep	red	blood	cell	
STSS	 	 	 Streptococcal	toxic	shock	syndrome	
THBN	 	 	 Todd	Hewitt	broth	with	1%	neopeptone	
THYN	 	 	 Todd	Hewitt	broth	with	1%	yeast	and	1%	neopeptone	
THY	 	 	 Todd	Hewitt	broth	with	1%	yeast	
V	 	 	 Volts	
v/v	 	 	 Volume	per	volume	
w/v	 	 	 Weight	per	volume	
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Chapter	1. Introduction	

	

1.1 Overview	
	

Streptococcus	 pyogenes	 (group	 A	 Streptococcus,	 GAS)	 is	 the	 causative	 agent	 of	

several	 non-invasive	 infections	 of	 the	 throat	 and	 skin,	 such	 as	 pharyngitis	 and	

impetigo	respectively.	This	bacterium	is	also	capable	of	causing	severe	invasive	

diseases	with	high	rates	of	morbidity	and	mortality,	as	well	as	giving	rise	to	post-	

infection	 non-suppurative	 complications	 such	 as	 rheumatic	 fever,	 rheumatic	

heart	disease,	and	acute	post-streptococcal	glomerulonephritis	(Carapetis	et	al.,	

2005).	 The	 ability	 of	 GAS	 to	 cause	 these	 diseases	 is	 due	 to	 the	 wide	 array	 of	

virulence	 factors	 that	 are	 differentially	 regulated	 in	 response	 to	 various	

environmental	stimuli	and	infection	niches	together	with	immunological	factors.	

One	 such	 determining	 factor	 of	 GAS	 virulence	 is	 the	 functional	 capacity	 of	 the	

CovR/S	 regulatory	 system.	 This	 two-component	 negative	 transduction	 system	

exerts	 control	 over	 approximately	 15%	of	 the	 streptococcal	 genome,	 including	

many	 virulence	 factors	 (Graham	 et	 al.,	 2002,	 Sumby	 et	 al.,	 2006).	 GAS	 isolates	

with	a	genetic	mutation	within	CovR/S	have	been	shown	to	be	hypervirulent	in	

vivo	 due	 to	 the	 de-repression	 of	 several	 important	 virulence	 factors	 such	 as	

SpyCEP,	SLO,	and	the	hyaluronic	acid	capsule	(Engleberg	et	al.,	2001,	Treviño	et	

al.,	2009,	Hollands	et	al.,	2010).		

	

The	 globally	 disseminated	 M1T1	 clone	 is	 frequently	 isolated	 from	 invasive	

diseases	 with	 mutations	 commonly	 identified	 within	 its	 CovR/S	 regulatory	

system	(Walker	et	 al.,	 2007).	CovR/S	mutants	are	adept	at	 subverting	 the	host	
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immune	 system	 through	 various	 evasion	 and	 cellular	 killing	mechanisms,	 and	

the	timely	expression	of	particular	virulence	factors	plays	a	major	role	 in	these	

processes.	In	addition	to	the	ability	of	GAS	to	acquire	additional	virulence	factors	

via	 horizontal	 gene	 transfer,	 several	 major	 virulence	 factors,	 such	 as	 the	 M	

protein,	 are	 under	 strong	 diversifying	 selection	 pressure	making	 the	 nature	 of	

host-pathogen	interactions	even	more	complicated	(Fischetti,	2016).	It	is	due	to	

these	complexities	and	the	extensive	serotypic	diversity	of	the	M	protein	that	an	

effective	streptococcal	vaccine	is	not	yet	commercially	available.		

	

In	 this	 chapter,	 a	 review	 is	 presented	 of	 the	 literature	 relevant	 to	 the	

classification	 of	 GAS,	 its	 epidemiology	 and	 disease	 spectrum,	 virulence	 factors	

controlled	by	the	CovR/S	regulatory	system,	tissue	tropisms,	cellular	populations	

important	for	host	immunity,	and	GAS	vaccine	development.		

	

1.2 Classification	

	

The	 genus	 Streptococcus	 is	 a	 large	 and	 diverse	 bacterial	 family	 comprised	 of	

Gram-positive	 cocci,	 catalase-negative,	 facultative	 anaerobes	 with	 numerous	

pathogenic	 and	 commensal	 members.	 Streptococcal	 species	 were	 traditionally	

differentiated	 by	 their	 haemolytic	 abilities	 but	 were	 later	 expanded	 to	

classification	based	upon	variations	 in	cell	surface	carbohydrates	and	virulence	

factors.		
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1.2.1	 Lancefield	classification	

The	 Lancefield	 classification	 system	 involves	 the	 differentiation	 of	β-hemolytic	

bacteria	from	the	Streptococcus	genus	into	several	groups	(groups	A,	B,	C,	F,	and	

G)	 based	 upon	 minor	 genetic	 variations	 in	 cell	 surface	 carbohydrate	

composition.	 Streptococcus	 pyogenes	 (group	 A	 Streptococcus,	 GAS)	 is	 the	 most	

common	streptococcal	pathogen	exhibiting	human	host	exclusivity.	The	group	A	

carbohydrate	 is	 composed	 of	 an	 immunodominant	 N-acetylglucosamine	 side	

chain	linked	to	a	rhamnose	polymer	backbone	(Salvadori	et	al.,	1995).	

	

1.2.2	 M-typing	

The	M	protein	is	a	major	virulence	factor	of	GAS	and	is	encoded	by	the	emm	gene.	

It	 is	 a	 dimeric	α-helical	 coiled-coil	 protein	 that	 projects	 approximately	 60	 nm	

from	 the	 cell	 surface	 (Fischetti,	 1989).	 This	 protein	 consists	 of	 four	 repeat	

regions,	 designated	 A,	 B,	 C,	 and	 D,	 that	 increase	 in	 sequence	 conservation	

towards	 the	 C-terminus	 (Figure	 1.1).	 Conversely,	 the	 N-terminus	 harbors	 a	

hypervariable	 region	 that	 is	 highly	 immunogenic	 producing	 serotype-specific	

opsonic	antibodies	(Fischetti,	1989,	Fischetti,	2016).		

	

Figure	1.1	M6	protein	 characteristics.	A,	B,	C,	and	D	represent	the	repeat	regions	within	the	protein	

that	 increase	 in	 conservation	 towards	 the	 C-terminus	with	 the	N-terminus	 possessing	 a	 hypervariable	

region	 responsible	 for	 serotype-specific	 immune	 induction.	 The	 helical	 central	 rod	 region	 gives	 the	M	

protein	its	characteristic	α-helical	coiled-coil	immunogenic	structure	(Fischetti,	2016).	
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M-typing	is	a	serological	reference	system	that	classifies	different	strains	of	GAS	

based	upon	specific	antigen-antibody	reactions.	This	 typing	system	relies	upon	

type-specific	anti-sera	production	 from	rabbits	and	M	protein	extractions	 from	

the	strain	of	 interest.	The	addition	of	T-agglutination	typing	and	serum	opacity	

factor	detection	to	the	M-typing	scheme	enhanced	the	classification	method,	yet	

typing	was	not	broad	enough	for	complete	serotype	coverage	(Fischetti,	1989).	

Initially,	these	laborious	methods	were	the	only	means	of	typing	different	strains	

of	 GAS;	 however,	 M-typing	 is	 now	 becoming	 obsolete	 due	 to	 its	 numerous	

disadvantages	 including	 expenses,	 time	 associated	with	 the	 technique,	 and	 the	

increase	in	non-M-typeable	GAS	strains	(Cunningham,	2000,	Fischetti,	2016).		

	

1.2.3	 emm	typing	

The	 issues	 associated	 with	 M-typing	 were	 largely	 overcome	 with	 the	

introduction	 of	 emm	 gene	 sequence	 typing	 via	 DNA	 sequencing	 using	

polymerase	 chain	 reactions	 (PCR).	 Highly	 conserved	 primers	 enabled	

amplification	 of	 the	 emm	 gene,	more	 specifically	 the	 sequence	 (approximately	

150	 nucleotides)	 encoding	 the	 M	 protein	 N-terminal	 hypervariable	 region	

responsible	for	serotype	specificity.	Utilising	this	method,	GAS	isolates	exhibiting	

>95%	 homology	 could	 be	 grouped	 together.	 The	 hypervariability	 of	 the	 emm	

gene	has	been	emphasised	with	the	 identification	of	more	than	200	emm	 types	

and	subtypes	(Beall	et	al.,	1996,	Smeesters	et	al.,	2010).	Sequencing	of	the	emm	

gene	 provides	 a	 more	 comprehensive	 classification	 system	 enabling	 strains	

previously	designated	non-M-typeable	to	be	distinguished	and	classified.			
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1.2.4	 emm	patterns	

Extensive	 phylogenetic	 analyses	 have	 revealed	 four	 major	 subfamilies	 existing	

within	 the	 peptidoglycan-spanning	 domain	 at	 the	 3’	 end	 of	 the	 emm	 gene.	 Five	

major	 emm	 patterns,	 designated	 A	 to	 E,	 were	 identified	 based	 upon	 the	

composition	 of	 these	 subfamilies	 (Figure	 1.2).	 Each	 pattern	 gives	 rise	 to	 a	

predominant	phenotype	resulting	in	tissue-specific	infection	localisation.	The	emm	

patterns	B	and	C	are	quite	rare	and	have	subsequently	been	grouped	together	with	

emm	 pattern	 A.	 GAS	 isolates	 with	 emm	 patterns	 A-C	 have	 strong	 tendencies	 to	

cause	 streptococcal	 throat	 infections	whereas	emm	 pattern	D	 is	more	 commonly	

associated	with	streptococcal	skin	infections.	The	emm	pattern	E	appears	to	have	

no	 dominant	 tissue	 preference,	 with	 skin	 and	 throat	 infections	 occurring	 in	

relatively	 equal	 rates	 (Bascom	et	 al.,	 1976,	McGregor	et	 al.,	 2004,	Bessen,	2010).	

The	 functional	 significance	 of	 these	 differing	 subfamilies	 with	 distinct	

peptidoglycan-spanning	domains	has	not	been	established.	However,	 the	varying	

sizes	 of	 each	 domain	 potentially	 reflects	 adaptations	 to	 different	 cell	 wall	

structures	conveying	tissue	specificities	(Bessen,	2016)	
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Figure	1.2.	Schematic	of	the	different	emm	patterns	and	representative	M	proteins.	Pattern	A-

C	 is	 indicative	 of	 streptococcal	 throat	 infections,	 pattern	 D	 is	 common	 in	 streptococcal	 skin	

infections,	and	pattern	E	appears	to	show	no	tissue	dominance	(Smeesters	et	al.,	2010).	

	

1.2.5	 emm	clusters	

A	newly	developed	functional	classification	system	has	recently	been	proposed	to	

extend	upon	already	existing	schemes.	The	emm	cluster	system	is	based	on	closely	

related	 M	 proteins	 that	 share	 binding	 and	 structural	 properties	 resulting	 in	 48	

distinct	 emm	 clusters	 (Sanderson-Smith	 et	 al.,	 2014).	 Each	 cluster	 represents	

various	M	proteins	sharing	 functional	capabilities	regarding	host	protein	binding	

capacities	 (Table	 1.1).	 The	 functional	 capabilities	 for	 six	 important	 host	 ligands	

included	assessment	of	plasminogen	binding,	 fibrinogen	binding,	IgG	binding,	IgA	

binding,	human	serum	albumin	binding,	and	C4BP	binding	(Sanderson-Smith	et	al.,	

2014).	This	new	classification	system	presents	the	framework	for	analysis	of	GAS	

strains	based	upon	functional	assessments	rather	than	genetic	composition.		
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Table	1.1	The	distribution	of	emm	types	according	to	their	emm	cluster.		Each	emm	cluster	is	

defined	 by	 shared	 functional	 capabilities	 primarily	 in	 the	 context	 of	 their	 host	 ligand	 binding	

abilities	(Sanderson-Smith	et	al.,	2014).	

	

1.3 GAS	epidemiology	and	disease	spectrum	

	

The	large	serotypic	diversity	of	GAS	has	meant	that	a	significant	variation	in	emm	

type	distribution	exists	both	geographically	and	socio-economically	 throughout	

the	world.	Large-scale	epidemiological	studies	have	highlighted	the	difference	in	

circulating	 emm	 types	 within	 different	 populations	 (Ekelund	 et	 al.,	 2005,	

Smeesters	 et	 al.,	 2008,	 Steer	 et	 al.,	 2009,	 Shea	 et	 al.,	 2011).	 In	 general,	

industrialised	nations	have	a	 limited	number	of	emm	 types,	primarily	emm1,	3,	

12,	 and	 28,	 and	 developing	 nations	 tend	 to	 be	 more	 genetically	 diverse	

(Vlaminckx	 et	 al.,	 2004,	 Luca-Harari	 et	 al.,	 2009,	 Steer	 et	 al.,	 2009).	 Significant	

geographical	and	temporal	variability	also	exists	for	GAS	isolates	both	within	and	

between	 emm	 types.	 Since	 the	 mid-1980s	 there	 has	 been	 a	 resurgence	 in	

invasive	GAS	infections	dominated	by	the	emm1	serotype.	This	increase	in	severe	

GAS	 disease	 manifestations	 has	 since	 been	 attributed	 to	 the	 acquisition	 of	
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additional	virulence	factors	via	horizontal	gene	transfer	thereby	highlighting	the	

potential	for	even	greater	molecular	diversity	(Nasser	et	al.,	2014).	For	example,	

a	 previous	 study	 in	 Portugal	 highlighted	 intra-clonal	 divergence	 of	 virulence	

profiles,	 particularly	 in	 emm1,	 emm28,	 and	 emm44	 clones.	 This	 diversity	 was	

associated	with	 lateral	gene	 transfer	of	 superantigens	and	was	deemed	 to	be	a	

major	contributing	factor	to	the	persistence	of	these	particular	clones	within	the	

community	as	well	as	an	enhanced	invasive	capacity	of	the	isolates	(Friães	et	al.,	

2013).	

	

Even	with	the	large	genetic	diversity	of	emm	types	and	their	circulation	patterns	

throughout	 the	 world,	 there	 have	 been	 associations	 observed	 between	 some	

emm	 types	 and	 particular	 disease	 manifestations.	 Most	 notably	 is	 the	 link	

between	emm1	isolates	and	invasive	disease	development	–	commonly	believed	

to	be	due	to	the	acquisition	of	potent	phage-borne	DNase	activity	via	Sda1	and	

superantigen,	 SpeA	 (Treviño	 et	 al.,	 2009,	 Nasser	 et	 al.,	 2014).	 Additional	 emm	

types	with	greater	tendencies	to	cause	severe	invasive	GAS	disease	include	emm	

types	 3	 and	 49	 (Luca-Harari	 et	 al.,	 2009).	 Conversely,	 emm	 types	 commonly	

associated	with	non-invasive	and	superficial	infections	include	emm	types	2,	4,	6,	

and	12	(Johnson	et	al.,	1992,	Vlaminckx	et	al.,	2004,	Shea	et	al.,	2011).	

	

GAS	has	an	extremely	broad	disease	spectrum	with	varying	degrees	of	severity.	

Diseases	 caused	 by	 this	 pathogen	 can	 range	 from	 superficial	 infections	 to	 life-

threatening	 invasive	 diseases	 and	 post-streptococcal	 infection	 complications.	

Factors	 such	 as	 the	 individual’s	 current	 health,	 environment,	 living	 conditions,	

timely	 medical	 treatment	 and	 antibiotic	 compliance	 all	 contribute	 to	 the	



	

	 9	

outcome	 and	 severity	 of	 GAS	 infections,	 and	 subsequent	 prognosis	 for	 the	

individual	(Kotb	et	al.,	2008).		

	

1.3.1	 Non-invasive	diseases	

Non-invasive	GAS	diseases	 include	pharyngitis	 and	pyoderma.	GAS	 is	 the	most	

common	bacterial	causative	agent	of	pharyngitis	with	persons	of	all	ages	being	

susceptible	 to	 this	 infection.	 Transmission	 generally	 occurs	 through	 the	

inhalation	 of	 infectious	 aerosols	 with	 an	 incubation	 period	 of	 2-5	 days.	 The	

symptoms	of	 pharyngitis	 include	 sore	 throat	 and	 inflamed	 lymph	nodes,	 fever,	

and	a	white	exudate	on	the	tonsillar	surface.	It	is	estimated	that	over	600	million	

cases	of	GAS-related	pharyngitis	occur	every	year	worldwide	with	the	majority	

of	cases	occurring	in	children	aged	5-15	(Carapetis	et	al.,	2005).	This	infection	is	

responsible	for	major	worldwide	economic	burden	with	more	than	$224	million	

lost	each	year	in	America	due	to	streptococcal	pharyngitis	in	children	(Wessels,	

2011).	

	

Pyoderma	 refers	 to	 a	 localised	 skin	 infection	 involving	 purulent	 epidermal	

lesions	predominately	displayed	on	arms	or	 legs.	A	common	pyogenic	 infection	

caused	 by	 GAS	 is	 impetigo.	 A	 recent	 systematic	 review	 has	 estimated	 the	

worldwide	prevalence	of	impetigo	in	children	to	be	in	excess	of	162	million	and	

predominately	in	tropical,	resource-poor	communities	(Bowen	et	al.,	2015).	Non-

invasive	streptococcal	skin	infections	are	endemic	in	developing	countries	with	

prevalence	 rates	 averaging	 between	 1%	and	 20%.	However,	 the	 prevalence	 of	

pyoderma	 averages	 between	 50%	 and	 90%	 in	 some	 Pacific	 and	 Indigenous	
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Australian	 communities	 (Carapetis	 et	 al.,	 2005).	 High-density	 populations,	

particularly	 in	marginalized	 communities,	 commonly	 exhibit	 high	 transmission	

rates	and	greater	than	average	risks	of	invasive	disease	development	(Valery	et	

al.,	2008,	Bowen	et	al.,	2015).		

1.3.2	 Invasive	diseases	

Since	 the	1980s	 there	has	been	a	 global	 resurgence	 in	 invasive	GAS	disease.	 It	

was	 recently	 estimated	 that	 there	 are	 approximately	 663,000	 new	 cases	 of	

invasive	GAS	infection	occurring	each	year	causing	an	estimated	163,000	deaths	

(Carapetis	et	al.,	2005).	Whilst	certain	non-invasive	streptococcal	infections	can	

become	 invasive	 as	 a	 result	 of	 improper	 medical	 treatment	 or	 inadequate	

hygiene	 measures,	 it	 is	 also	 possible	 for	 some	 streptococcal	 strains	 to	 cause	

systemic	infection	without	an	apparent	antecedent	superficial	infection.	Invasive	

diseases	 caused	 by	 GAS	 include	 necrotizing	 fasciitis	 (NF),	 streptococcal	 toxic	

shock	 syndrome	 (STSS),	 bacteremia	 and	puerperal	 sepsis.	Various	GAS	 strains,	

such	as	the	emm1	and	emm3	serotypes,	are	commonly	associated	with	a	higher	

propensity	to	cause	systemic	infections	like	NF	or	STSS	(Stevens,	2000).		

	

NF	is	an	invasive	infection	of	deep	subcutaneous	tissue	and	fascia	characterised	

by	 intense	 pain,	 swelling,	 shock	 and	 organ	 failure,	 and	 occurs	 in	much	 higher	

rates	in	individuals	with	diabetes,	and	in	drug	users	and	obese	individuals.	This	

debilitating	 disease	 generally	 starts	 with	 a	 mild	 trauma	 to	 the	 skin	 whereby	

bacteria	permeate	subcutaneous	layers	along	superficial	and	deep	fascial	planes.	

Infection	 of	 the	 fascia	 ultimately	 results	 in	 vascular	 occlusion,	 severe	 tissue	

damage	and	necrosis.	In	some	instances	blunt	non-penetrating	trauma	such	as	a	
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bruise	 or	 muscle	 strain	 has	 also	 been	 associated	 with	 invasive	 GAS	 disease	

(Stevens	et	al.,	1989,	Chapnick	et	al.,	1992,	Bryant	et	al.,	2006,	Nuwayhid	et	al.,	

2007).	 Cases	 of	 invasive	 GAS	 disease	with	 no	 discernible	 portal	 of	 entry	 often	

present	 with	 pain	 that	 is	 out	 of	 proportion	 with	 the	 initial	 injury,	 which	 can	

complicate	and	delay	diagnosis.	 In	 these	cases	 it	 is	hypothesized	 that	 transient	

bacteremia	 from	 an	 antecedent	 GAS	 throat	 infection	 may	 be	 a	 contributing	

factor.	 Tissue	 debridement	 and/or	 amputation	 of	 limbs	 is	 a	 common	 control	

measure	 regardless	 of	 the	 portal	 of	 entry	 (Bisno	 and	 Stevens,	 1996,	 Stevens,	

2000).		

	

Central	 to	 the	development	of	 invasive	GAS	diseases	such	as	NF	 is	 the	 isolate’s	

capacity	 to	 produce	 specific	 surface	 proteins	 and	 pyrogenic	 exotoxins	 that	

facilitate	 invasion.	For	example,	a	previous	 laboratory-based	surveillance	study	

of	 invasive	 GAS	 infections	 in	 Germany	 identified	 a	 significant	 association	

between	 emm1	 isolates	 and	 development	 of	 NF	 (Imöhl	 et	 al.,	 2017).	

Furthermore,	 the	 expression	 of	 streptococcal	 superantigens	 and	 pyrogenic	

exotoxins,	 such	 as	 SpeA	 and	 SpeF,	 has	 been	 detected	 not	 only	 in	 the	 systemic	

circulation	 of	 patients	 with	 invasive	 soft	 tissue	 infections,	 but	 they	 are	 also	

produced	by	GAS	at	 the	 local	 site	of	 infection	 (Sriskandan	et	al.,	1996,	Norrby-

Teglund	et	al.,	2001,	Muldrew	et	al.,	2005,	Jing	et	al.,	2006).	NF	can	present	as	the	

sole	 invasive	 disease	 in	 an	 individual	 or	 it	 may	 be	 concurrent	 with	 the	

development	of	STSS.	STSS	 is	reported	 to	complicate	approximately	10-20%	of	

all	invasive	GAS	infections	(Lamagni	et	al.,	2008).		
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STSS	 is	 a	 toxin-mediated	 invasive	 infection	 associated	 with	 a	 rapid	 onset	 of	

multi-organ	 failure.	 The	 production	 of	 superantigens	 triggers	 excessive	 T	 cell	

activation	leading	to	unregulated	chemokine	and	cytokine	release.	This	excessive	

downstream	 proliferation	 of	 cytokines	 is	 a	 dominant	 characteristic	 of	 STSS.	

Epidemiological	 studies	 in	 Australia,	 Denmark,	 and	 America	 have	 reported	 an	

STSS	 incidence	 rate	 of	 1.5-5.2	 per	 100,000	 people	 annually,	 with	 higher	 rates	

observed	 for	 ethnic	 minorities	 (O’Grady	 et	 al.,	 2007,	 O’Loughlin	 et	 al.,	 2007,	

Lappin	and	Ferguson,	2009,	Luca-Harari	et	al.,	2009).	

	

Mortality	rates	for	NF	and	STSS	range	from	30-60%	and	can	prove	to	be	fatal	as	

quickly	as	96	hours	post-infection	even	with	aggressive	tissue	debridement	and	

antibiotic	administration	 (Stevens,	2000,	O’Grady	et	al.,	2007,	O’Loughlin	et	al.,	

2007,	 Luca-Harari	 et	 al.,	 2009).	The	 resurgence	 in	 invasive	GAS	disease	within	

developed	 countries	 has	 seen	 a	 rise	 in	 NF	 and	 STSS	 occurring	 in	 otherwise	

healthy	 individuals	 thereby	 prompting	 more	 extensive	 investigation	 into	

invasive	 GAS	 disease	 development	 (Stevens,	 1992,	 Wong	 and	 Stevens,	 2013,	

Stevens	and	Bryant,	2016).			

	

1.3.3	 Post-streptococcal	infection	sequelae	

Whilst	 invasive	 and	 non-invasive	 streptococcal	 infections	 impart	 a	 major	

economic	 and	 sociological	 burden,	 the	 development	 of	 post-streptococcal	

infection	sequelae	is	also	of	great	importance,	particularly	within	the	Indigenous	

populations	of	developed	nations	(including	Australia	and	New	Zealand),	as	well	

as	in	developing	tropical	settings	such	as	India.	Rheumatic	fever	(RF),	rheumatic	

heart	disease	 (RHD),	 and	acute	post-streptococcal	 glomerulonephritis	 (ASPGN)	
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comprise	the	major	burden	of	streptococcal	 immune	sequelae.	RF	and	RHD	are	

the	 most	 common	 post-streptococcal	 complications.	 These	 diseases	 are	

commonly	portrayed	as	 indicators	of	 “poverty	 and	 social	 disadvantage”	due	 to	

their	 high	 prevalence	 in	 developing	 communities.	 Acute	 RF	 is	 currently	 the	

leading	 cause	 of	 heart	 disease	 in	 children	 in	 developing	 countries;	 however,	

some	rural	and	remote	communities	in	developed	countries	also	exhibit	high	RF	

and	RHD	incidence	rates	(Parnaby	and	Carapetis,	2010,	Seckler	and	Hoke,	2011).	

The	Australian	Aboriginal	populations	in	the	Northern	Territory	suffer	from	one	

of	 the	 highest	 documented	 incidences	 of	 RF	 and	 RHD	 worldwide	 with	 a	 rate	

approaching	 300	 episodes	 of	 RF	 per	 10,000	 people	 annually	 (Carapetis	 et	 al.,	

2005,	 Seckler	 and	 Hoke,	 2011).	 Furthermore,	 Australian	 Aboriginals	 are	

reported	to	be	up	to	8-times	more	likely	to	require	hospitalisation	due	to	these	

post-streptococcal	 complications,	 and	 up	 to	 20-times	 more	 likely	 than	 non-

Aboriginal	 Australians	 to	 die	 as	 a	 result	 of	 RHD	 (Carapetis	 et	 al.,	 2007).	 The	

tendency	 for	 outbreaks	 of	 RHD	 to	 occur	 within	 families	 suggests	 a	 degree	 of	

genetic	 susceptibility	 to	 the	 disease.	 Whilst	 there	 has	 been	 no	 definitive	

association	between	host	 genes	 and	RF/RHD	development,	 the	HLA-DR7	allele	

has	been	most	frequency	associated	with	RF	and	RHD	(Visentainer	et	al.,	2000,	

Guilherme	et	al.,	2007b,	Stanevicha	et	al.,	2007,	Seckler	and	Hoke,	2011).		

	

These	 non-suppurative	 sequelae	 are	 hypothesised	 to	 be	 caused	 by	 a	 delayed	

autoimmune	 reaction	 to	 a	 previous	 streptococcal	 infection	 of	 the	 upper	

respiratory	 tract.	 However,	 it	 has	 also	 been	 suggested	 that	 previous	 GAS	 skin	

infections	may	 also	 play	 a	 role	 in	 the	 development	 of	 RF,	 as	 evidenced	 by	 the	

disproportionately	 high	 incidence	 of	 pyoderma	 and	 RF	 in	 the	 Australian	
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Indigenous	 population	 (McDonald	 et	 al.,	 2004,	 Parks	 et	 al.,	 2012).	 The	 exact	

mechanism	of	RF	development	has	not	been	 conclusively	defined	but	 research	

suggests	 that	 molecular	 mimicry	 between	 streptococcal	 proteins	 and	 human	

tissue	 proteins	 produce	 auto-reactive	 T	 cells	 and	 cross-reactive	 antibodies	

(Guilherme	et	al.,	2007a,	Parnaby	and	Carapetis,	2010,	Seckler	and	Hoke,	2011).	

CD4+	T	cells	are	critical	to	the	inflammatory	response	central	to	the	pathogenesis	

of	RF	and	RHD	(Guilherme	et	al.,	2007a,	Seckler	and	Hoke,	2011).	The	structural	

similarity	between	the	streptococcal	M	protein	and	human	heart	myosin	results	

in	selective	inflammation	of	the	joints	(arthritis),	brain	(chorea),	skin	(erythema	

marginatum),	 and	 heart	 (RHD)	 (Cunningham,	 2008).	 Early	 experiments	 by	

Zabriskie	 et	 al.	 (1970)	 supported	 the	 molecular	 mimicry	 link	 between	 GAS	

antigens	 and	 human	 heart	 antigens	 by	 showing	 that	 murine	 monoclonal	

antibodies	against	GAS	could	react	with	mammalian	myocardium.	Studies	have	

since	defined	the	cross-reactivity	to	be	specific	for	the	group	A	carbohydrate,	N-

acetyl-beta-D-glucosamine	 (GlcNAc),	 and	 the	 M	 protein	 (Cunningham,	 2000,	

Galvin	et	al.,	2000).		

	

1.4 Tissue	tropisms	

	

The	 two	most	 common	portals	 of	 entry	utilised	by	GAS	are	 the	 skin	 and	upper	

respiratory	tract.	These	entry	sites	allow	access	to	epithelial	cells	to	which	they	

can	 adhere	 and	 establish	 colonisation.	 The	 type	 of	 adhesins	 possessed	 by	 GAS	

differs	between	serotypes	with	each	one	being	regulated	 in	response	to	specific	

environmental	stimuli	(Hasty	et	al.,	1992,	Kreikemeyer	et	al.,	2003,	Timmer	et	al.,	

2006,	 Courtney	 et	 al.,	 2009).	 Therefore,	 the	 dissimilar	 entry	 sites	 and	 different	
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adhesion	 mechanisms	 may	 represent	 bacterial	 evolution	 that	 has	 led	 to	 the	

development	of	tissue	tropisms.		

	

Several	epidemiological	studies	support	the	notion	of	skin	and	throat-tropic	GAS	

strains	(Bessen	et	al.,	2000,	Svensson	et	al.,	2000,	McDonald	et	al.,	2007,	Bessen,	

2010).	 This	 concept	 of	 separate	 ecological	 niches	 leading	 to	 tissue	 tropisms,	

whereby	 distinct	 throat	 and	 skin	 streptococcal	 sub-populations	 exist,	 is	

influenced	by	variations	in	the	chromosomal	arrangement	of	the	emm	gene	(emm	

patterns)	 (Wannamaker,	 1970,	 Bessen	 et	 al.,	 1996,	 Scaramuzzino	 et	 al.,	 2000,	

Bessen,	 2010,	 Bessen	 et	 al.,	 2011).	 In	 addition	 to	 emm	 gene	 variations,	 other	

bacterial	 elements	 play	 a	 role	 in	 determining	 the	 ultimate	 success	 of	 GAS	

colonisation	 at	 a	 particular	 anatomical	 site	 of	 the	 host.	 For	 example,	 GAS	 can	

persist	 in	the	respiratory	tract	of	the	host	 in	a	dormant	carrier	state	for	several	

weeks.	Likewise,	the	skin	of	the	host	can	be	colonised	with	GAS	for	several	days	

to	weeks	prior	 to	 lesions	developing.	There	 is	also	 the	potential	 for	GAS	 from	a	

skin	lesion	to	cause	a	secondary	infection	in	the	throat,	primarily	resulting	in	an	

asymptomatic	 carrier	 state.	However,	 the	development	 of	 a	 skin	 infection	 from	

GAS	 colonization	 of	 respiratory	 epithelia	 is	 uncommon	 (Bisno	 and	 Stevens,	

2005).		The	relative	capacity	of	individual	GAS	strains	to	cause	disease	appears	to	

be,	in	part,	reliant	upon	the	possession	of	specific	accessory	genes	in	addition	to	

emm	 gene	 variations.	 For	 example,	 the	 transition	 between	 throat	 and	 skin	

specialist	 GAS	 strains	 has	 been	 correlated	with	 the	 gain	 or	 loss	 of	 fibronectin-

binding	proteins	(Bessen	et	al.,	2011).	The	host-pathogen	interactions	that	occur	

during	 the	 initial	 stages	 of	GAS	 colonization	 are	 complex	 and	multi-faceted	but	
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are	not	the	only	contributing	factors.	Host-environment	interactions	also	seem	to	

contribute	to	bacterial	pathogenesis.		

	

In	temperate	climates,	GAS	infections,	particularly	those	colonising	the	throat	in	

a	 non-invasive	 nature,	 are	 primarily	 seasonal	 occurring	 at	 higher	 rates	 during	

winter	 months	 and	 in	 close-contact	 communities	 (McDonald	 et	 al.,	 2007).	

However,	 in	 tropical	regions	streptococcal	 infections	are	not	seasonally-related	

but	have	a	predisposition	towards	colonisation	of	the	skin	(Bessen	et	al.,	2000).	

Non-invasive	 GAS	 skin	 infections	 outnumber	 non-invasive	 throat	 infections	 9-

fold	 in	 tropical	 climates	 including	 Australian	 Aboriginal	 communities	 in	 the	

Northern	Territory	(Bessen	et	al.,	2000).		

	

1.5 Virulence	factors	

	

GAS	 possess	 numerous	 virulence	 factors,	 more	 than	 40	 of	 which	 have	 been	

identified	 by	 various	 molecular	 techniques,	 genetic	 sequencing,	 and	 animal	

models	 (Cunningham,	 2000,	 Walker	 et	 al.,	 2014).	 The	 ability	 of	 various	 GAS	

strains	 to	 cause	 disease	 is	 determined	 by	 the	 timely	 expression	 of	 particular	

virulence	 factors	 enabling	 colonisation,	 host	 immunity	 evasion,	 and	 tissue	

invasion.		
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1.5.1	 Surface-associated	virulence	factors	

Surface-associated	 virulence	 factors	 account	 for	 the	majority	 of	 GAS	 virulence	

potential.	 These	 virulence	 factors	 include	 proteins	 specific	 for	 initiation	 of	 an	

infection	and	primary	immune	defense.	

	

1.5.1.1	Adhesins	

Initiation	of	a	GAS	infection	requires	successful	adherence	to	host	epithelial	cells	

whilst	 also	 out-competing	 other	 bacterial	 species	 of	 the	 normal	 flora	 and	

withstanding	the	numerous	electrostatic	and	mechanical	forces	employed	by	the	

host.	 In	 order	 to	 overcome	 the	 obstacles	 provided	 by	 the	 host	 epithelia,	 GAS	

possess	 and	 selectively	 express	 various	 adhesins	 specific	 for	 the	 infection	

environment.	 The	 particular	 type	 of	 adhesin	 expressed	 is	 important	 for	 GAS	

survival	 because	 ineffective	 adherence	 to	 host	 cells	 can	 result	 in	 the	 bacteria	

being	cleared	before	an	infection	is	established.	The	primary	adhesins	utilised	by	

GAS	 include	 proteins	 with	 a	 preference	 for	 host	 fibronectin	 binding	 such	 as	

lipoteichoic	acid	(LTA)	and	the	M	protein	(Courtney	et	al.,	1992,	Courtney	et	al.,	

2009),	 various	 integrin-specific	 adhesins	 (Caswell	 et	 al.,	 2007),	 and	 laminin-

specific	adhesins	(Terao	et	al.,	2002).	The	adherence	of	GAS	is	regarded	as	a	two-

step	process	with	an	initial	weak	reversible	interaction	mediated	by	LTA	binding	

to	 fibronectin.	The	fatty	acid	moiety	of	LTA	moderates	this	primary	 interaction	

by	 bringing	 bacterial	 and	 host	 cells	 into	 close	 proximity.	 A	 second	 stronger	

linkage	involves	multiple	adhesins	and	their	relevant	receptors	conferring	tissue	

specificity	(Hasty	et	al.,	1992,	Courtney	et	al.,	2002,	Bisno	et	al.,	2003,	Ryan	and	
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Juncosa,	2016).	The	M	protein	is	the	most	common	adhesin	utilised	in	the	second	

linkage.		

	

1.5.1.2	M	protein	

The	M	protein	is	a	primary	virulence	factor	of	GAS.	This	protein	is	under	strong	

selection	 pressure	 and,	 hence,	 provides	 defense	 to	 GAS	 through	 its	 highly	

variable	nature.		

	

It	 has	 been	 known	 for	 several	 decades	 that	 the	 M	 protein	 is	 implicated	 in	

numerous	 virulence	 mechanisms	 that	 aid	 GAS	 pathogenesis	 (Fischetti,	 1989).	

These	virulence	mechanisms	 include,	 but	 are	not	 limited	 to,	 adherence	 to	host	

epithelial	 cells	 (Eyal	 et	 al.,	 2003,	 Frick	 et	 al.,	 2003,	 Smeesters	 et	 al.,	 2010),	

phagocytosis	 inhibition	 (Carlsson	et	 al.,	 2003,	Cole	et	 al.,	 2010,	Oehmcke	et	 al.,	

2010),	activation	of	coagulation	and	thrombosis	(Påhlman	et	al.,	2007,	Shannan	

et	al.,	2007),	and	induction	of	pro-inflammatory	responses	in	the	host	(Påhlman	

et	al.,	2006,	Kahn	et	al.,	2008).		

	

The	inhibition	of	phagocytosis	is	a	key	mechanism	contributing	to	GAS	virulence.	

M	 protein-associated	 inhibition	 of	 phagocytosis	 is	 achieved	 via	 the	 binding	 of	

different	host	 factors	to	hinder	 immune	responses.	Non-immune	binding	of	 the	

IgG	 Fc	 region	 is	 a	 prime	 example	 of	 this	 virulence	 mechanism	 (Jones	 and	

Fischetti,	1986,	Horstmann	et	al.,	1988,	Moses	et	al.,	1997,	Stollerman	and	Dale,	

2008).	 The	 M	 protein	 also	 assists	 in	 opsonisation	 resistance	 by	 binding	

inhibitory	regulators	of	the	complement	system.	This	act	of	binding	specifically	
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inhibits	 the	 further	binding	of	C3b	molecules	subsequently	enabling	evasion	of	

the	 classic	 and	 alternative	 complement	 activation	 pathways	 (Horstmann	 et	 al.,	

1988,	 Cunningham,	 2000).	 As	 a	 virulence	 factor	 by	 itself,	 the	 M	 protein	 is	

responsible	 for	 increased	 virulence	 leading	 to	 greater	 potential	 for	 invasive	

disease	development.	However,	 the	M	protein	can	also	operate	 in	 tandem	with	

other	virulence	factors	to	enhance	the	pathogenic	capacity	of	GAS.	

	

1.5.1.3	Hyaluronic	acid	capsule	

The	hyaluronic	acid	 (HA)	capsule	 is	 an	 important	virulence	 factor	 that	enables	

GAS	 to	 resist	 phagocytosis	 by	 polymorphonuclear	 leukocytes	 (PMNs)	

(Stollerman	 and	 Dale,	 2008).	 The	 capsule	 is	 composed	 of	 HA	 polymers	 with	

repeating	units	of	glucuronic	acid	and	N-acetylglucosamine	that	are	structurally	

identical	to	the	hyaluronic	acid	found	in	human	extracellular	matrix.	The	genes	

responsible	for	capsule	production	(hasA,	hasB,	and	hasC)	are	encoded	by	the	has	

operon.	 Whilst	 all	 three	 genes	 within	 this	 operon	 are	 important	 in	 the	

conversion	of	nucleotide	sugar	precursors	into	functionally	active	HA,	hasA	and	

hasB	are	sufficient	for	GAS	capsule	synthesis	(Ashbaugh	et	al.,	1998).	Numerous	

studies	 have	 illustrated	 the	 importance	 of	 the	 HA	 capsule	 in	 invasive	

streptococcal	 disease	 development	 with	 mucoid	 (highly	 encapsulated)	 strains	

leading	 to	 more	 severe	 infection	 outcomes	 (Moses	 et	 al.,	 1997,	 Ravins	 et	 al.,	

2000,	Stollerman	and	Dale,	2008).	The	 increased	production	of	hyaluronic	acid	

capsule	 impedes	 the	 access	 of	 antibodies	 to	 epitopes	 on	 the	 GAS	 cell	 surface	

(Dinkla	 et	 al.,	 2007),	 inhibits	 complement	 deposition	 and	 subsequent	

opsonophagocytosis	 (Dale	 et	 al.,	 1996),	 enables	 increased	 survival	 within	
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neutrophil	 NETS	 (Cole	 et	 al.,	 2010),	 and	 facilitates	 evasion	 of	 host	

immunosurveillance	due	to	the	structural	similarity	with	human	hyaluronic	acid	

(Wessels,	2016).	

	

1.5.2	 Secreted	virulence	factors	

Streptococcal	 virulence	 factors	 that	 are	 secreted	 from	 the	 cell	 or	 located	 on	 a	

mobile	 genetic	 element	 such	 as	 a	 prophage	 are	 primarily	 involved	 in	 enabling	

GAS	 dissemination	 through	 host	 tissues.	 Several	 extracellular	 products	 are	

implicated	 in	 the	 cleavage	 and	 degradation	 of	 assorted	 host	 molecules	 aiding	

deep	tissue	invasion	by	GAS.		

	

1.5.2.1	SpyCEP	

SpyCEP	 (Streptococcus	 pyogenes	 cell	 envelope	 protease)	 is	 present	 on	 the	 cell	

wall	of	GAS	during	growth	phases	but	secreted	during	stationary	phase.	SpyCEP	

has	the	ability	to	degrade	the	chemokine	IL-8,	which	is	equivalent	to	the	murine	

chemokines	 CXCL1	 and	 CXCL2	 (KC	 and	 MIP-2	 respectively).	 This	 degradation	

then	affects	neutrophil	 recruitment	 to	 the	site	of	 infection	 (Turner	et	al.,	2009,	

Andreoni	et	al.,	2014).	This	protease	 is	one	of	 the	most	differentially	regulated	

virulence	 factors	with	expression	 levels	 increasing	significantly	during	 invasive	

infection	 (Sumby	 et	 al.,	 2006).	 Numerous	 infection	models	 have	 demonstrated	

the	 importance	 of	 SpyCEP	 for	 GAS	 pathogenesis	 through	 an	 attenuation	 of	

virulence	in	its	absence	(Zinkernagel	et	al.,	2008,	Kurupati	et	al.,	2010,	Chiappini	

et	al.,	2012).		
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1.5.2.2	Streptolysins	

GAS	possess	two	primary	cytolytic	toxins,	Strepolysin	S	(SLS)	and	Streptolysin	O	

(SLO).	SLS	 is	a	small	peptide	predicted	to	be	2.7	kDa	 in	size	 in	 its	mature	 form	

(Flaherty	 et	 al.,	 2015).	 SLS	 is	 encoded	 by	 the	 9-gene	 locus,	 denoted	 the	

Streptolysin	 S-associated	 gene	 (sag)	 cluster	 (Nizet	 et	 al.,	 2000).	 This	 oxygen-

stable	 cytolysin	 is	 responsible	 for	 the	 characteristic	 β-hemolytic	 phenotype	

when	grown	on	blood	agar	media.	SLS	is	primarily	cell-bound	but	can	also	exist	

in	 secreted	 form.	 SLS	 is	 important	 for	 GAS	 pathogenesis	 due	 to	 its	 capacity	 to	

induce	 osmotic	 stress	 in	 several	 host	 cells	 via	 direct	 contact,	 produce	

transmembrane	 pores	 in	 host	 cells,	 and	 trigger	 programmed	 cell	 death	 and	

inflammatory	cascades	during	infection	(Datta	et	al.,	2005,	Flaherty	et	al.,	2015).	

The	 functionally	 related	 cytolysin,	 SLO,	 is	 a	 highly	 conserved	 oxygen-labile,	

cholesterol-dependent	exotoxin	expressed	by	one	gene,	slo.	SLO	exhibits	potent	

pore-forming	 abilities	 that	 result	 in	 apoptosis	 of	 several	 host	 cells	 including	

macrophages	and	neutrophils	(Ruiz	et	al.,	1998,	Timmer	et	al.,	2009,	Zhu	et	al.,	

2017).	Not	only	is	SLO	important	for	GAS	virulence	but	there	also	appears	to	be	a	

selection	pressure	 in	 the	host	 for	GAS	 to	express	SLO	 in	 invasive	 infections,	 as	

demonstrated	by	revertible	SLO	mutant	infection	studies	(Limbago	et	al.,	2000).	

	

1.5.2.3	Superantigens	

Streptococcal	 pyrogenic	 exotoxins	 (Spe)	 are	 widely	 recognised	 for	 their	

superantigenic	effect	on	the	host	immune	system	(Norrby-Teglund	et	al.,	2001).	

The	 exotoxins	 encoded	 by	 superantigen	 genes	 are	 important	 streptococcal	

virulence	 factors	 due	 to	 their	 ability	 to	 initiate	 massive	 non-specific	 T	 cell	
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activation	through	simultaneous	binding	with	MHC	II	and	T	cell	receptors.	This	

activation	 can	 lead	 to	 damaging	 downstream	 effects	 associated	with	 excessive	

unregulated	inflammatory	cytokine	and	interleukin	release.	Consequently,	fever,	

shock	and	injury	to	host	tissues	results	(Norrby-Teglund	et	al.,	2001,	Johansson	

et	al.,	2010).	The	Spe	play	a	major	role	in	the	development	of	NF	and	STSS.	Their	

superantigen	activity	induces	the	over-expression	of	cytokines,	particularly	Th1	

cytokines	including	TNF-α	and	IFN-γ.		

	

The	best-characterised	Spe	are	SpeA	and	SpeC,	both	of	which	are	encoded	on	a	

bacteriophage,	 and	 SpeB,	 which	 is	 chromosomally	 located.	 SpeA	 and	 SpeC	 are	

powerful	 inducers	 of	 T	 cell	 proliferation,	 cytokine	 activators,	 and	 are	 also	

inducers	 of	 non-specific	 T	 cell-dependent	 immunosuppression	 of	 antibody	

production	 (Bisno	 et	 al.,	 2003).	 In	 rabbits,	 administration	 of	 SpeA	 or	 SpeC	

stimulates	 toxic	 shock-like	 symptoms	 such	 as	 fever	 and	 hypotension	 (Lee	 and	

Schlievert,	1989).	Superantigen	infection	models	in	mice	are	limited	due	to	their	

minimal	response	to	the	toxins	and,	therefore,	often	require	the	use	of	transgenic	

murine	 models	 with	 human	 leukocyte	 antigens	 to	 increase	 sensitivity	

(Sriskandan	et	al.,	2001).	SpeB	is	initially	produced	as	a	40	kDa	zymogen,	which	

is	 converted	 to	 the	 28	 kDa	 active	 form	by	 autocatalytic	 processing.	 The	 active	

form	is	able	to	cleave	a	broad	range	of	host	proteins,	such	as	 immunoglobulins	

and	 extracellular	matrix	 proteins,	 enabling	 a	 reduced	 immune	 response	 in	 the	

host.	However,	SpeB	can	also	cleave	several	self-proteins,	such	as	the	M	protein,	

thereby	 attenuating	 certain	 aspects	 of	 GAS	 pathogenicity	 (Kansal	 et	 al.,	 2000,	

Aziz	et	al.,	2004,	Walker	et	al.,	2007,	Hollands	et	al.,	2010).			
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Several	 features	 determine	 the	 array	 of	 virulence	 factors	 expressed	 by	 GAS	

during	the	course	of	an	infection.	Some	of	these	elements	stem	from	the	genetic	

composition	 of	 the	 isolate	 but	 can	 also	 be	 influenced	 by	 environmental	 stress,	

genetic	mutations,	and	lateral	gene	transfer	between	strains.	It	is	this	repertoire	

of	virulence	 factors	possessed	and	expressed	by	GAS	that	generally	determines	

the	severity	of	disease	manifestation	in	the	host.	

	

1.6 Genetic	control	of	streptococcal	virulence	

	

The	 interactions	 between	 pathogen	 and	 host	 are	 multi-faceted	 and	 incredibly	

complex.	This	is,	in	part,	due	to	the	multitude	of	host	immune	response	systems	

that	are	operating	concurrently	during	a	bacterial	infection.	As	an	added	layer	of	

complexity,	GAS	has	developed	several	virulence	mechanisms	targeting	some	of	

these	 host	 immune	 responses.	 A	 primary	 genetic	 system	 involved	 in	 GAS	

pathogenesis	is	CovR/S.	

	

1.6.1	 CovR/S	regulatory	system	

The	 CovR/S	 operon	 is	 a	 two-component	 regulatory	 system	 comprised	 of	 a	

response	 regulator	 gene	 (CovR)	 and	 a	 sensor	 kinase	 gene	 (CovS)	 that	 act	 in	

concert	 to	control	approximately	15%	of	 the	streptococcal	genome.	 In	contrast	

to	the	majority	of	regulatory	systems,	CovR/S	is	a	negative	transduction	system	

that	exerts	its	effects	through	gene	repression.	This	system	helps	GAS	to	survive	

environmental	 stress	 by	 responding	 to	 specific	 signals	 including	 increased	

temperature	 and	 salt	 concentrations	 indicative	 of	 environmental	 changes	
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accompanying	disease	progression	(Graham	et	al.,	2002,	Dalton	et	al.,	2006).	The	

membrane-spanning	 CovS	 senses	 particular	 signals	 within	 the	 cellular	

environment	 with	 ensuing	 activation	 leading	 to	 autophosphorylation.	 The	

phosphate	 group	 is	 then	 transferred	 to	 its	 cognate	 response	 regulator	 (CovR),	

which	 resides	 intracellularly,	 resulting	 in	differential	 affinities	 for	various	DNA	

binding	sites	(Sumby	et	al.,	2006,	Treviño	et	al.,	2009).		

	

The	primary	target	for	which	CovR/S	exerts	its	control	is	virulence	factors.	There	

are	 several	 virulence	 factors	 that	 are	 under	 the	 control	 of	 the	 CovR/S	 system	

including	SpeB,	SLO,	SpyCEP,	and	the	HA	capsule	(Sumby	et	al.,	2006).	Due	to	the	

negative	transduction	nature	of	the	system,	a	genetic	mutation	in	CovR/S	leads	

to	 the	 up-regulation	 (or	 de-repression)	 of	 several	 virulence	 factors	 with	 the	

exception	of	SpeB,	which	is	down-regulated	(Aziz	et	al.,	2004,	Dalton	et	al.,	2006,	

Churchward,	 2007,	 Langshaw	 et	 al.,	 2017).	 The	 down-regulation	 of	 SpeB	 is	

important	 for	 the	 disease	 progression	 of	 CovR/S	 mutants	 as	 it	 permits	 the	

expression	 and	 function	 of	 specific	 virulence	 factors	 that	 would	 otherwise	 be	

inactivated	by	the	cleavage	action	of	SpeB	(Kansal	et	al.,	2000).	It	 is	due	to	this	

up-regulation	 of	 virulence	 factors	 that	 enhanced	 immune	 evasion	mechanisms	

may	 be	 achieved	 by	 CovR/S	 mutants	 often	 resulting	 in	 hypervirulence	 and	

invasive	GAS	infections	(Figure	1.3).		
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Figure	 1.3	 Enhanced	 virulence	 in	 GAS	 CovR/S	 mutants.	 Several	 virulence	 factors	 are	 up-

regulated	in	GAS	isolates	with	a	mutation	in	the	CovR/S	regulatory	system	subsequently	leading	to	

hypervirulence	(Cole	et	al.,	2011).		

	

Several	 studies	 have	 observed	 that	 streptococcal	 isolates	 containing	 CovR/S	

mutations	have	a	greater	tendency	to	evade	host	immunity	and	become	invasive	

(Kansal	et	al.,	2000,	Engleberg	et	al.,	2001,	Aziz	et	al.,	2004,	Sumby	et	al.,	2006,	

Walker	et	al.,	2007,	Cole	et	al.,	2010,	Pandey	et	al.,	2015).	However,	 the	 fitness	

cost	of	a	CovR/S	mutant	appears	to	be	a	decreased	ability	to	adhere	to	epithelial	

cells	and	establish	colonisation.	Highly	encapsulated	strains	(up-regulation	of	the	

HA	 capsule)	 often	 exhibit	 a	 reduced	 epithelial	 binding	 ability	 (Hollands	 et	 al.,	

2010,	 Sugareva	et	 al.,	 2010).	Therefore,	 it	 is	 likely	 that	 spontaneous	mutations	

within	 the	 CovR/S	 system	 occur	 after	 colonisation	 has	 been	 established.	 The	

resultant	 increased	 virulence,	 primarily	 in	 the	 form	 of	 neutrophil	 resistance,	

enables	 a	 survival	 advantage	 leading	 to	 invasive	 infections.	 This	 was	

demonstrated	by	Sumby	et	al.	 (2006)	whereby	GAS	recovered	 from	mice	post-

infection	displayed	a	mucoid,	SpeB-negative	phenotype	(characteristic	of	CovR/S	

mutants)	distinct	from	the	original	SpeB-positive	isolate	used	for	subcutaneous	
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infection.	 Whole-genome	 sequencing	 of	 the	 recovered	 isolate	 subsequently	

revealed	a	single	mutation	in	the	CovS	kinase	component.		

	

A	 primary	 function	 of	 CovR/S	 mutants	 appears	 to	 be	 aimed	 at	 neutrophil	

evasion.	 Several	 of	 the	 virulence	 factors	 that	 are	 up-regulated	 upon	 mutation	

target	 the	 innate	defense	provided	by	host	neutrophils.	For	example:	 increased	

SpyCEP	 expression	 results	 in	 increased	 IL-8	 cleavage	 and	 a	 subsequent	

reduction	 in	 neutrophil	 chemotaxis	 (Ato	 et	 al.,	 2008);	 up-regulated	 SLO	

expression	 enables	 an	 increased	 ability	 to	 induce	 pores	 in	 neutrophil	

membranes	 leading	 to	 cellular	 apoptosis/necrosis	 (Timmer	et	 al.,	 2009,	Zhu	et	

al.,	 2017);	mucoid	 strains	 are	 able	 to	 avoid	 phagocytosis	 by	 neutrophils	more	

effectively	(Moses	et	al.,	1997,	Cole	et	al.,	2010);	and	for	those	GAS	strains	that	

possess	 the	 Sda1	 gene	 on	 a	 bacteriophage,	 an	 increase	 in	 neutrophil	 NET	

degradation	ensues	(Buchanan	et	al.,	2006,	Walker	et	al.,	2007).	A	study	by	Ato	et	

al.	 (2008)	 observed	 that	 mutations	 within	 CovS	 seemed	 to	 occur	 at	 a	 greater	

frequency	than	those	in	CovR.	This	was	the	first	study	to	highlight	the	dominant	

role	of	CovS	in	the	regulatory	system	and	also	in	the	context	of	CovR/S	mutants.	

Overall,	 a	 large	 body	 of	 work	 highlights	 the	 vital	 role	 that	 CovR/S	 plays	 in	

invasive	GAS	development.	

	

1.7 GAS	interactions	with	the	host	immune	system	

	

The	skin	is	the	first	 line	of	defense	against	many	invading	pathogens.	It	functions	

as	 a	 physical	 barrier	 against	 infectious	 agents	 and	 enables	 host-environment	

interactions.	 Nevertheless,	 some	 bacteria	 have	 the	 ability	 to	 circumvent	 this	
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protective	barrier	and	an	inflammatory	response	is	initiated.	The	high	prevalence	

of	streptococcal	skin	infections	in	tropical	climates,	such	as	Northern	Australia,	and	

the	growing	body	of	evidence	highlighting	the	resurgence	in	severe	streptococcal	

invasive	 infections	 emphasises	 the	 need	 for	 a	 greater	 understanding	 of	 immune	

responses	 elicited	 by	 the	 host	 in	 response	 to	 bacterial	 skin	 invasion.	 There	 are	

several	effector	cell	populations	that	are	important	for	effective	immune	response	

initiation	 and	 defense	 against	 bacterial	 infections.	 These	 cells	 act	 via	 direct	

response	actions	and/or	signaling	to	other	cell	populations.	The	cells	that	form	the	

initial	 innate	 immune	 response	 include	 dendritic	 cells,	 macrophages,	 and	

neutrophils.		

	

1.7.1	 Dendritic	cells	

Dendritic	 cells	 (DCs)	 are	 professional	 antigen	 presenting	 cells	 that	 act	 as	

mediators	 between	 innate	 and	 adaptive	 immunity	 in	 response	 to	 pathogen	

invasion.	These	sentinels	are	important	immune	modulators	enabling	activation	

of	phagocytosis,	antigen	processing	and	stimulation	of	B	and	T	cells	(Banchereau	

and	Steinman,	1998,	Loof	et	al.,	2007).		

	

DCs	 are	 abundant	 at	 body	 surfaces	 such	 as	 the	 skin	 and	 throat	 –	 the	 primary	

portals	 of	 entry	 for	 GAS.	 Hence,	 these	 effector	 cells	 are	 among	 the	 first-

responders	at	 the	site	of	an	 infection	and	represent	a	crucial	part	of	 the	 innate	

immune	response	against	GAS	infections.	DCs	undergo	the	process	of	maturation	

in	 response	 to	 pathogen	 detection.	 This	 activation	 event	 facilitates	 the	

expression	of	pro-inflammatory	cytokines	and	chemokines	such	as	TNF-α	and	IL-

6	 that	 enable	 the	host	 to	mount	 an	 immune	 response	 (Veckman	and	 Julkunen,	
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2008).	 Several	 studies	 have	 demonstrated	 the	 ability	 of	 GAS	 to	 induce	 the	

maturation	 of	 DCs	 in	 vitro.	 This	 maturation	 event	 is	 characterised	 by	 the	 up-

regulation	 of	 co-stimulatory	 molecules	 such	 as	 CD40,	 CD80	 and	 CD86,	 major	

histocompatibility	 complex	 II	 (MHC	 II)	 molecules	 and	 IL-12	 (Veckman	 et	 al.,	

2004,	Loof	et	al.,	2007,	Loof	et	al.,	2008).	However,	recent	studies	by	Cortes	and	

Wessels	 (2009)	have	shown	 that	GAS	have	also	evolved	mechanisms	 to	 inhibit	

DC	 maturation	 leading	 to	 enhanced	 virulence	 and	 persistence.	 GAS	 isolates	

expressing	higher	 levels	of	hyaluronic	acid	and	SLO	were	able	 to	prevent	 their	

internalisation	 by	 DCs	 and	 induce	 apoptosis,	 respectively.	 These	 seemingly	

conflicting	observations	suggest	that	GAS-DC	interactions	may	be	dependent	on	

the	virulence	profile	of	each	isolate	and	further	investigation	is	warranted.		

	

1.7.2	 Macrophages	

Macrophages	function	as	sentinels	that	are	capable	of	recognising	and	engulfing	

various	 pathogens	 from	 numerous	 tissue	 sites	 in	 the	 host.	 Upon	 detection,	

macrophages	 are	 able	 to	 phagocytose	 and	 kill	 GAS	 via	 intracellular	 enzymatic	

degradation.	However,	 recent	 studies	have	highlighted	 the	 ability	 of	 some	GAS	

strains	 to	 survive	 intracellularly	 within	 macrophages	 as	 a	 means	 of	 immune	

evasion	 and	 continued	 dissemination	 through	 the	 host	 (Medina	 et	 al.,	 2003,	

Thulin	 et	 al.,	 2006,	 Hertzen	 et	 al.,	 2012)	 A	 previous	 study	 of	 acute	 soft	 tissue	

infections	 found	 that	 GAS	 was	 detected	 residing	 intracellularly	 within	

macrophages	at	 the	 local	site	of	 infection	after	antibiotic	 therapy	(Thulin	et	al.,	

2006).	The	intracellular	survival	of	GAS	was	found	to	be	more	prevalent	in	newly	

involved	 tissue	 with	 lower	 bacterial	 load	 and	 surrounding	 inflammation.	 This	

was	 in	 contrast	 to	 severely	 inflamed	 tissue	 that	 had	 a	 combination	 of	
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extracellular	and	intracellular	GAS.	The	expression	and	cytotoxic	activity	of	SLO	

has	 been	 implicated	 in	 this	 intracellular	 survival	 mechanism.	 SLO	 has	 been	

shown	 to	 prevent	 the	 direct	 uptake	 of	 GAS	 into	 lysosomes	 thereby	 interfering	

with	the	intracellular	killing	process	and	prolonging	GAS	survival	both	extra-	and	

intracellularly	(Håkansson	et	al.,	2005).	

	

Macrophages	 are	 able	 to	 directly	 contribute	 to	 the	 host	 immune	 response	 not	

only	 through	 phagocytosis,	 but	 also	 via	 cytokine	 signaling	 to	 promote	 cellular	

migration	to	the	site	of	an	infection	(Medina	et	al.,	2003,	Goldmann	et	al.,	2004).		

	

1.7.3	 Neutrophils	

Neutrophils	 are	 the	 most	 abundant	 circulating	 leukocyte	 and	 a	 critical	

component	of	the	host’s	 innate	immunity.	The	rapid	recruitment	of	neutrophils	

to	 the	 site	 of	 infection	 highlights	 the	 importance	 of	 its	 front-line	 defense	

contributions.	 Neutrophils	 possess	 an	 array	 of	 mechanisms	 aimed	 toward	

pathogen	trapping,	killing,	and	disposal	(Mayadas	et	al.,	2014).		

	

GAS	 can	 be	 initially	 ensnared	 by	 neutrophil	 extracellular	 traps	 (NETs),	 which	

consist	 of	 a	 network	 of	 chromatin	 fibers	 covered	 in	 anti-microbial	 peptides,	

before	 being	 cleared	 (Buchanan	 et	 al.,	 2006).	 The	 primary	 pathogen	 clearance	

mechanism	employed	by	neutrophils	 is	opsonophagocytic	killing.	Uptake	of	the	

pathogen	is	followed	by	the	formation	of	an	intracellular	phagosome	containing	

preformed	granules	that	function	as	anti-bacterial	compounds	and	complement	

activators.	Concurrent	with	phagocytosis	of	 the	pathogen	 is	a	respiratory	burst	

associated	with	 reactive	 oxygen	 species	 (ROS)	 generation.	 Complementing	 this	
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ROS	 burst	 is	 the	 production	 of	 nitric	 oxide	 (Mayadas	 et	 al.,	 2014).	 GAS	 have	

developed	 several	 defense	 and	 evasion	 mechanisms	 to	 subvert	 these	 innate	

neutrophil	 processes,	 several	 of	 which	 are	 enhanced	 upon	 CovR/S	 mutation	

(Buchanan	 et	 al.,	 2006,	 Ato	 et	 al.,	 2008,	 Sumby	 et	 al.,	 2008,	 Zinkernagel	 et	 al.,	

2008,	Walker	et	al.,	2014).		

	

1.8 Treatment	and	prevention	strategies	

	

Penicillin	has	been	the	drug	of	choice	for	treating	streptococcal	infections	for	more	

than	50	years	(Cunningham,	2000).	GAS	remains	sensitive	to	penicillin	treatment;	

however,	 difficulties	 with	 early	 detection,	 treatment	 availability,	 compliance	

issues,	 and	 rapid	 disease	 progression	 all	 contribute	 to	 treatment	 difficulties	

(Pichichero	and	Casey,	2007).		

	

1.8.1	 Vaccine	development	

The	 development	 and	 production	 of	 a	 safe,	 broad-spectrum	 and	 effective	 GAS	

vaccine	 has	 been	 a	 goal	 of	 researchers	 for	 decades.	 Clinical	 trials	 involving	

potential	vaccine	candidates	for	GAS	infections	began	as	early	as	1923	(Dale	et	al.,	

2011).	A	number	of	streptococcal	virulence	factors	have	previously	been	proposed	

as	 possible	 vaccine	 targets,	 yet	 several	 obstacles	 involving	 antigenic	 variation,	

autoimmune	reactions	and	immune	evasion	have	continuously	impeded	successful	

vaccine	 development.	 The	 focus	 has	 primarily	 been	 aimed	 at	 virulence	 factors	

possessed	 by	 GAS	 with	 the	 M	 protein	 being	 a	 major	 target	 for	 vaccine	

development.		
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1.8.1.1	Non-M	protein-based	vaccines	

The	 non-M	 protein-based	 vaccines	 predominantly	 focus	 upon	 GAS	 virulence	

factors.	 These	 candidates	 include	 C5a	 peptidase	 (Cleary	 et	 al.,	 2004,	 Park	 and	

Cleary,	 2005),	 fibronectin-binding	 proteins	 (Schulze	 et	 al.,	 2003),	 extracellular	

pyrogenic	exotoxins	 (Kuo	et	al.,	1998)	and	various	surface	antigens	 (McMillan	et	

al.,	 2004,	 Rivera-Hernandez	 et	 al.,	 2016).	 Fritzer	 et	 al.	 (2010)	 utilised	 genomic	

libraries	to	identify	conserved	and	protective	streptococcal	antigens	with	potential	

for	vaccine	development.	Several	of	these	vaccine	candidates	have	been	shown	to	

induce	 a	 partially	 protective	 immune	 response,	 yet,	 to	 date	 none	 have	

demonstrated	complete	protection	against	GAS	infection	(Cole	et	al.,	2008).		

	

The	utilisation	of	a	non-M	protein-based	vaccine	candidate	enables	the	potential	

for	 self-reactivity	 caused	 by	M	protein	 recognition	 to	 be	 avoided.	 Additionally,	

non-M	 protein-based	 virulence	 factors	 tend	 to	 be	 more	 conserved	 amongst	

various	 GAS	 strains	 thereby	 increasing	 the	 potential	 for	 broad-range	 vaccine	

efficacy.	 However,	 many	 non-M	 protein-based	 virulence	 factors	 are	 subject	 to	

differential	 regulation	 based	 upon	 their	 surrounding	 environment	 and	

replication	stage.	Thus,	 the	majority	of	research	continues	 to	 focus	upon	the	M	

protein-based	candidates.	

	

1.8.1.2	M	protein-based	vaccines	

Safety	concerns	regarding	host	tissue	cross-reactivity	with	the	intact	M	protein	has	

ruled	out	the	possibility	of	a	whole	M	protein	vaccine	approach	(Rivera-Hernandez	

et	al.,	2016).	A	subunit	vaccine	is	therefore	required.	

	



	

	 32	

The	 N-terminus	 of	 the	 M	 protein	 contains	 a	 hypervariable	 region.	 Vaccine	

candidates	 utilising	 the	M	protein	N-terminus	 include	multiple	 epitopes	 that	 are	

linked	together	to	create	a	recombinant	product.	This	approach	can	produce	type-

specific	 immunity	 against	 the	 strains	 represented	 by	 the	 included	 epitopes.	

Recently,	a	multivalent	recombinant	vaccine	candidate	underwent	phase	II	clinical	

trials.	The	StreptAvax	candidate	incorporated	26	N-terminal	M	protein	fragments	

arranged	 into	4	 recombinant	 fusion	proteins	 (Figure	1.4).	These	 fragments	were	

representative	of	the	most	commonly	reported	streptococcal	serotypes	during	the	

1990s	 in	 America	 and	 Canada	 as	 determined	 by	 the	 Active	 Bacterial	 Core	

Surveillance	 Network.	 Pre-clinical	 and	 clinical	 trial	 results	 indicated	 that	 this	

multivalent	 recombinant	 protein	 was	 safe,	 well	 tolerated	 in	 adults,	 and	

immunogenic	(Hu	et	al.,	2002,	McNeil	et	al.,	2005).	However,	this	vaccine	candidate	

may	have	 limited	applicability	outside	America	and	Canada	due	 to	differences	 in	

circulating	 serotypes;	 hence,	 a	 30-valent	 approach	 extending	 upon	 the	 previous	

26-valenct	 candidate	 is	 currently	 being	 investigated	 for	 improved	 geographical	

coverage	(Dale	et	al.,	2011,	Dale	et	al.,	2013).				

	

Figure	1.4	Schematic	diagram	of	 the	vaccine	candidate	StreptAvax.	This	vaccine	candidate	is	

composed	of	26	N-terminal	M	protein	 fragments	arranged	 into	 four	 recombinant	 fusion	proteins.	

The	 number	 of	 amino	 acids	 in	 each	 fragment	 is	 indicated	 below	 the	 corresponding	M-type	 used	

(McNeil	et	al.,	2005).				
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1.9 Minimal	B	cell	epitope	(J8)	and	combination	vaccines	

	

Another	vaccine	candidate	based	upon	the	conserved	region	of	the	M	protein	has	

shown	to	be	 immunogenic	 in	humans	 in	a	pilot	Phase	1	study	with	no	adverse	

events	reported	to	date	(manuscript	submitted).	This	vaccine	candidate,	named	

J8-DT,	 is	 currently	 one	 of	 the	 most	 advanced	 contenders	 for	 streptococcal	

prevention.		

	

A	 highly	 conserved	 cryptic	 epitope	 located	within	 the	C3	 repeat	 region	 of	 the	M	

protein	 has	 been	 recognised	 as	 a	 strong	 vaccine	 candidate	 due	 to	 its	 ability	 to	

opsonise	multiple	GAS	strains	in	a	murine	model	(Brandt	et	al.,	1996).	This	20-mer	

epitope,	 referred	 to	 as	 p145,	 was	 recognized	 by	 the	 sera	 of	 90%	 of	 Indigenous	

Australians	 living	 in	 high	 GAS	 exposure	 areas	 (Hayman	 et	 al.,	 1997).	 However,	

given	 the	 autoimmune	 nature	 of	 RHD,	 it	 was	 argued	 that	 the	 smallest	 possible	

peptide	containing	only	essential	antigenic	material	would	have	a	safer	regulatory	

profile	 than	the	parent	peptide.	Therefore,	 the	minimal	p145	sequence	evoking	a	

protective	 B	 cell	 response,	 but	 not	 a	 potentially	 harmful	 T	 cell	 response,	 was	

identified	 –	 a	 12-mer	 peptide	 sequence	 referred	 to	 as	 J8i	 (Hayman	 et	 al.,	 1997).	

This	 peptide	 sequence	 subsequently	 flanked	 with	 non-M	 protein	 amino	 acids	

derived	 from	 the	 helical	 yeast	 DNA-binding	 protein,	 GCN4	 (to	 mimic	 the	 p145	

coiled-coil	structure	and	retain	helical	folding	and	antigenicity),	was	referred	to	as	

the	 chimeric	 peptide,	 J8	 (Figure	 1.5).	 Inbred	 B10.BR	 mice	 immunised	 with	 J8	

produced	 opsonic	 antibodies,	 in	 turn,	 conferring	 protection	 from	 a	 lethal	 GAS	

challenge	 (Batzloff	 et	 al.,	 2003).	 The	 J8	 peptide	 alone	 did	 not	 produce	 high	

immunological	responses	in	an	outbred	mouse	population	but	when	conjugated	to	
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the	classic	carrier	protein,	diphtheria-toxoid	(DT),	it	was	highly	immunogenic	and	

capable	of	inducing	opsonic	antibodies	against	multiple	GAS	reference	strains	and	

clinical	 isolates	 (Batzloff	 et	 al.,	 2006).	 Furthermore,	 when	 Balb/c	 mice	 were	

immunised	 with	 J8-DT	 via	 the	 subcutaneous	 route,	 or	 when	 severe	 combined	

immunodeficient	 (SCID)	 mice	 were	 passively	 vaccinated	 with	 J8-DT-specific	

serum,	 they	 were	 protected	 from	 lethal	 GAS	 challenges	 (Batzloff	 et	 al.,	 2003,	

Pandey	et	al.,	2009,	Sheel	et	al.,	2010).		

	

(a)	

	

(b)	

	

Figure	 1.5	 The	 J8	 chimeric	 peptide.	 (a)	 The	 J8i	 peptide	 was	 identified	 as	 the	 minimal	 sequence	

originating	from	p145	capable	of	evoking	a	protective	B	cell	response	but	not	a	T	cell	response.	(b)	The	

immunological	 J8	 chimeric	 peptide	 sequence	 with	 yeast	 flanking	 regions	 confers	 helical	 folding	 and	

antigenicity	(Hayman	et	al.,	1997).	

	

Recent	 studies	 have	 highlighted	 some	 of	 the	 mechanistic	 aspects	 of	 J8-DT-

mediated	protection	and	the	potential	shortcomings	in	terms	of	protection	against	

infection	 from	hypervirulent	GAS	 isolates	 (such	as	CovR/S	mutants).	Pandey	and	

colleagues	demonstrated	that	J8-DT/Alum	immunisation	induced	protective	long-

term	antibody	responses	via	activation	of	memory	B	cells	within	a	murine	model	

p145 % %LRRDLDASREAKKQVEKALE%
%
J1 %0QLEDKVKQLRRDLDASREAKEELQDKVK%
J2 %00000LEDKVKQARRDLDASREAKKELQDKVKQ%
J3 %00000000EDKVKQAERDLDASREAKKQLQDKVKQL%
J4 %00000000000DKVKQAEDDLDASREAKKQVQDKVKQLE%
J5 %00000000000000KVKQAEDKLDASREAKKQVEDKVKQLED%
J60 %00000000000000000VKQAEDKVDASREAKKQVEKKVKQLEDK%
J7 %00000000000000000000KQAEDKVKASREAKKQVEKAVKQLEDKV%
J8 %00000000000000000000000QAEDKVKQSREAKKQVEKALKQLEDKVQ%
J9 % %000AEDKVKQLREALLQVEKALEQLEDKVQK%

5’#flanking#sequence / /J8i#peptide/ /3’#flanking#sequence/
!!!!!QAEDKVKQ (!!!!!!!!!!!!!SREAKKQVEKAL (!!!!!!KQLEDKVQ(

J8#CHIMERIC#PEPTIDE/
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(Pandey	et	al.,	2009,	Pandey	et	al.,	2013).	More	recently,	studies	have	shown	that	

this	protection	 is	mediated	by,	and	significantly	 reliant	upon,	efficient	neutrophil	

chemotaxis	and	bacterial	killing	(Pandey	et	al.,	2015).	However,	protection	against	

hypervirulent	 CovR/S	 mutants	 was	 significantly	 reduced.	 The	 supposition	 that	

CovR/S	mutants	significantly	up-regulate	SpyCEP	to	impede	neutrophil	chemotaxis	

served	 as	 a	 driving	 force	 behind	 the	 development	 of	 a	 combination	 vaccine.	

Combining	 J8-DT	 with	 an	 inactive	 recombinant	 SpyCEP	 fragment	 restored	 the	

protective	immunogenicity	against	hypervirulent	GAS	isolates.	The	SpyCEP	peptide	

in	 the	 combination	 vaccine	 was	 later	 redesigned	 to	 incorporate	 only	 a	 20-mer	

linear	B	cell	epitope	from	SpyCEP.	B	cell	epitopes	from	SpyCEP,	termed	S1-S6,	were	

identified	 using	 epitope	 mapping	 and	 a	 peptide	 array	 (Figure	 1.6).	 S2	 was	

identified	as	the	minimal	B	cell	epitope	with	the	greatest	binding	to	rSpyCEP	anti-

sera	 in	 an	 ELISA.	 S2	 was	 coupled	 to	 DT	 and	 shown	 to	 induce	 antibodies	 that	

blocked	 the	 anti-neutrophil	 chemotactic	 properties	 of	 SpyCEP.	 The	 synergistic	

effect	 of	 the	 combination	 vaccine	 (referred	 to	 as	 J8	 CombiVax)	 allowed	 for	 the	

induction	of	opsonic	J8	antibodies	to	work	in	tandem	with	S2	antibodies	targeted	

towards	prevention	of	IL-8	cleavage	in	vivo	(Pandey	et	al.,	2016).		
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Figure	 1.6	 B	 cell	 epitope	mapping	 of	 SpyCEP.	A	peptide	array	on	nitrocellulose	was	designed	using	

amino	acid	(AA)	residues	35-587	of	SpyCEP.	The	array	consisted	of	55	peptides,	each	20-mer,	overlapping	

by	 10	 AA.	 The	 peptide	 array	 was	 probed	 with	 high-titer	 murine	 rSpyCEP-specific	 IgG	 anti-sera	 and	

analysed	via	ELISA	to	identify	the	B	cell	epitopes	within	the	sequence.	The	immunodominant	peptides	are	

shown	as	S1-S6	with	their	respective	sequences	(Pandey	et	al.,	2016).						

	

1.10 Scope	of	the	project	

	

With	the	resurgence	of	severe	GAS	disease	in	industrialised	populations	and	the	

large	 proportion	 of	 invasive	 streptococcal	 infections	 originating	 from	 the	 skin,	

the	 development	 of	 an	 effective	 vaccine	 is	 critical.	 The	 high	 level	 of	 GAS-

mediated	 disease	 in	 the	 Australian	 Indigenous	 population	 and	 developing	

countries	further	highlights	the	need	for	a	GAS	vaccine.	Of	particular	concern	is	

the	 ability	 of	 hypervirulent	 GAS	 isolates,	 commonly	 possessing	 a	 CovR/S	

mutation,	 to	 subvert	 the	 immune	 system	 and	 disseminate	 systemically,	

ultimately	 leading	 to	 dire	 outcomes	 for	 the	 host.	 It	 is	 therefore	 important	 to	

understand	 the	 cellular	 interactions	 occurring	 during	 these	 severe	 skin	

infections	 in	 the	 context	 of	 CovR/S	 regulation	 in	 order	 to	 further	 progress	

effective	vaccine	development.	
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1.10.1	 Project	aims	

The	specific	aims	of	this	study	were	to:	

1. Characterise	CovR/S	mutant	GAS	isolates,	both	clinical	and	laboratory-

generated;		

2. Assess	the	protective	efficacy	of	vaccine	candidate	J8-DT	and	J8	CombiVax	

against	CovR/S	mutant	GAS	strains;	

3. Evaluate	the	role	of	SLO	in	host-pathogen	interactions	involving	CovR/S	

mutant	GAS	and	innate	immune	cells	including	dendritic	cells	and	

neutrophils;	and	

4. Assess	the	role	of	neutrophil	chemoattractant	CXCL2	in	neutrophil-

mediated	protection	against	GAS	infection.		

	

The	 studies	 embodied	 in	 this	 thesis	 provide	 in-depth	 characterisation	 and	

evaluation	 of	 several	 sets	 of	 clinical	 and	 unique	 laboratory-generated	 CovR/S	

mutant	 GAS	 isolates	 that	 were	 associated	 with	 severe	 GAS	 disease	

manifestations.	These	studies	highlight	the	virulence	potential	of	CovR/S	mutant	

GAS	 in	 the	 context	 of	 skin	 infections.	 By	 demonstrating	 the	 novel	mechanisms	

involved	 in	 bacterial	 and	 host	 interactions,	 these	 studies	 provide	 critical	

directions	 towards	 strategic	 thinking	 and	 designing	 of	 future	 GAS	 vaccines,	

particularly	for	the	increased	effectiveness	against	hypervirulent	strains.		
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Chapter	2. Materials	and	Methods	

2.1 Mice	

	

Specific	pathogen-free	4-6	week	old	Balb/c	female	mice	were	purchased	from	the	

Animal	 Resource	 Centre	 (Perth,	 Australia)	 and	 housed	 in	 the	 Institute	 for	

Glycomics’	 animal	 facility	 at	 Griffith	 University,	 Gold	 Coast.	 All	 protocols	 were	

approved	by	Griffith	University’s	Animal	Ethics	Committee	and	were	in	accordance	

with	the	National	Health	and	Medical	Research	Council	guidelines.		

	

2.2 GAS	strains	and	growth	conditions	

	

See	Appendix	1	 for	 full	 isolate	details.	All	GAS	strains	were	grown	overnight	at	

37°C	on	Columbia	blood	agar	(CBA,	Oxoid)	plates.	Single	colonies	were	used	to	

inoculate	Todd	Hewitt	 broth	 supplemented	with	1%	yeast	 extract	 (Oxoid)	 and	

1%	 neopeptone	 (THYN;	 Difco).	 Bacterial	 cultures	 were	 grown	 to	 stationary	

phase	(16	h)	or	mid-log	phase	(OD600	=	0.4)	at	37°C	for	specific	assays.	

	

2.2.1 Serial	passage	of	streptococcal	isolates	

In	 order	 to	 increase	 the	 virulence	 of	 streptococcal	 isolates	 in	 an	 animal	 model,	

serial	 passages	 were	 performed	 in	 vivo.	 A	 predetermined	 concentration	 of	 GAS	

colony	 forming	 units	 (CFU)	 in	 THYN	 was	 administered	 to	 naïve	 Balb/c	 mice	

intraperitoneally	 (IP)	using	a	400	µL	 injection	volume.	Each	 infected	mouse	was	
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culled	24	h	post-infection	via	CO2	inhalation	and	spleens	were	aseptically	removed	

and	homogenized	in	1	mL	sterile	PBS.	Spleen	extracts	(400	µL)	were	then	injected	

into	 naïve	 Balb/c	 mice	 (passage	 1)	 using	 the	 same	 method	 as	 the	 primary	

infection.	 A	 sample	 of	 the	 spleen	 extract	 was	 also	 streaked	 out	 on	 CBA	 +	 2%	

defibrinated	 horse	 blood	 (Equicell)	 plates	 and	 incubated	 overnight	 at	 37°C	 to	

verify	 the	 presence	 of	 bacteria.	 This	 passaging	 cycle	 was	 repeated	 daily	 until	

strains	were	virulent.	The	virulence	of	each	GAS	strain	was	assessed	individually.	A	

GAS	strain	was	considered	virulent	when	mice	were	observed	as	presenting	with	

signs	of	illness	(according	to	the	approved	score	sheet	criteria)	within	24	hours	of	

infection.	A	sample	of	each	passage	was	stored	at	-80°C.		

	

2.3 Murine	vaccination	and	infection	procedures	

	

2.3.1 Antigen	preparation	and	immunisation	regimen	

The	 peptides	 J8	 (QAEDKVKQSREAKKQVEKALKQLEDKVQ)	 and	 K4S2	

(KKKKNSDNIKENQFEDFDEDWENF)	 were	 synthesised	 and	 purified	 (>95%)	 by	

Chinapeptides	 Co.	 Ltd.	 (Shanghai,	 China).	 Each	 peptide	 was	 conjugated	 to	

diphtheria	 toxoid	 (DT)	 via	 a	 C-terminal	 cysteine	 residue	 using	 6′-maleimido-

caproyl	n-hydroxy	succinimide,	as	described	elsewhere	(Coligan	et	al.,	1991).		

	

The	 vaccine	 formulations	 were	 prepared	 fresh	 before	 each	 immunisation	 by	

adsorbing	 DT-conjugated	 antigen	 in	 PBS	 with	 alhydrogel	 (Alum;	 Brenntag	

Biosector,	 Denmark)	 in	 a	 1:1	 ratio	 then	 rotating	 slowly	 for	 1	 h	 at	 room	

temperature	 as	 previously	 described	 (Batzloff	 et	 al.,	 2003).	 Balb/c	 mice	 at	 4-6	
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weeks	 of	 age	 were	 given	 subcutaneous	 (SC)	 immunisations	 with	 vaccine	

formulations	at	days	0,	21,	 and	28	 to	 induce	antigen-specific	antibody	 responses	

(Batzloff	et	al.,	2003).	Each	mouse	received	30-60	µg	antigen,	as	determined	by	a	

standard	 BCA	 protein	 assay	 (Thermo	 Fisher,	 USA),	 in	 a	 50	 µL	 volume	 via	 a	 SC	

injection	at	 the	base	of	 the	tail.	Non-immunised	control	mice	received	50	µL	PBS	

adsorbed	to	Alum.		

	

2.3.2 ELISA	analysis	of	antibody	titers	

Serum	samples	 from	all	 immunised	as	well	 as	 control	mice	were	analysed	by	an	

enzyme-linked	 immunosorbent	 assay	 (ELISA)	 in	 order	 to	 determine	 antibody	

titers	 after	 each	 immunisation.	 Standard	 ELISA	 protocol	 was	 followed	 as	

previously	 described	 (Pandey	 et	 al.,	 2013).	 Goat	 anti-mouse	 IgG-HRP	 conjugate	

(Bio-Rad)	was	used	as	the	secondary	antibody	to	determine	antibody	titers.	Plates	

were	 analysed	 on	 the	 Perkin	 ElmerVictor3	 1420	 multi-label	 counter	

(Massachusetts,	USA)	at	450	nm.	Antibody	 titers	were	determined	as	 the	highest	

dilution	at	3	standard	deviations	(SD)	above	the	mean	antibody	titers	produced	by	

control	mice.	

	

2.3.3 Superficial	skin	infection	method	

After	a	primary	 immunisation	and	 two	 immunisation	boosts,	 and	when	antibody	

titers	 were	 in	 the	 range	 of	 105-106,	 immunised	 and	 non-immunised	 mice	 were	

infected	via	the	superficial	skin	infection	method	as	per	Pandey	et	al.	(2015)	using	

2x106	 CFU/mouse	 in	 a	 20	 µL	 volume.	 Mice	 were	 first	 anesthetized	 via	 an	 IP	

injection	of	100	µL	ketamine:xylaxil:water	(1:1:10).	Mice	were	then	shaved	at	the	
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nape	 of	 the	 neck	 and	 sterilized	 skin	 was	 gently	 scarified	 to	 create	 a	 superficial	

wound.	Following	infection,	all	mice	were	monitored	on	a	daily	basis.		

	

2.3.4 Collection	and	processing	of	samples	post-infection	

Designated	mice	 from	each	 group	were	 euthanised	 via	 CO2	 inhalation	 at	 defined	

time-points	post-infection	 for	 sample	 collection.	Whole	blood	was	 collected	 from	

each	mouse	via	cardiac	puncture.	Skin	tissue	from	the	site	of	infection	on	the	nape	

of	 the	 neck	 (measuring	 approximately	 3	 mm	 x	 3	 mm)	 was	 excised	 for	

determination	 of	 bacterial	 burden.	 In	 select	 experiments,	 the	 spleens	 of	 infected	

mice	were	also	aseptically	removed	 for	bacterial	burden	determination.	Skin	and	

spleen	 samples	 were	 homogenized	 using	 the	 Bullet	 Blender	 Homogeniser	 (Next	

Advance,	 USA),	 serially	 diluted,	 and	 plated	 on	 CBA	 agar.	 Blood	 samples	 were	

diluted	in	PBS	and	plated	on	CBA	agar.	Hemolytic	colonies	were	counted	the	next	

day	and	bioburden	was	calculated	for	each	tissue.	Bacterial	burden	in	the	skin	was	

calculated	as	CFU/lesion	and	bacterial	burden	 in	 the	blood	was	calculated	as	 the	

CFU/mL	blood.	When	the	spleen	was	analysed,	CFU	was	calculated	for	the	whole	

spleen.		

	

2.4 In	vitro	assays	

	

2.4.1 Bacterial	growth	curves	

Bacterial	growth	curves	were	utilised	to	assess	GAS	growth	kinetics.	Briefly,	3	mL	

THBN	was	inoculated	with	a	single	GAS	colony	from	a	CBA	agar	plate	and	grown	at	

37°C	for	16	h.	The	stationary	phase	culture	(800	µL)	was	then	sub-inoculated	into	
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30	mL	 pre-warmed	 THBN	 and	 returned	 to	 37°C.	 Every	 hour	 for	 12	 h	 the	 OD600	

measurement	of	the	culture	was	assessed	using	THBN	as	the	blank	control.		

	

2.4.2 Determination	of	cysteine	protease	activity	by	skim	milk	plating	

The	degree	of	cysteine	protease	activity	produced	by	SpeB	was	assessed	for	each	

GAS	 isolate.	 Skim	 milk	 plating	 was	 used	 as	 a	 screening	 process	 for	 identifying	

potential	 CovR/S	mutant	 strains	 using	 a	 protocol	 adapted	 from	 Ashbaugh	 et	 al.	

(1998).	CBA	(15.6	g)	was	dissolved	in	340	mL	dH20,	autoclaved	and	cooled	to	45°C.	

Pre-warmed	skim	milk	(60	mL;	Devondale)	was	added	to	molten	CBA	and	poured	

immediately.	GAS	isolates	were	patched	on	to	skim	milk	agar	plates	and	incubated	

for	24	h	at	37°C.	After	24	h	incubation,	speB	activity	was	assessed.	A	speB-positive	

isolate	 was	 identified	 by	 a	 ring	 of	 clearing	 directly	 around	 the	 culture	 with	

precipitate	 around	 the	 periphery.	 Conversely,	 a	 speB-negative	 isolate	 had	 very	

little	to	no	clearing	around	the	culture.	Using	a	10	µL	GAS	culture,	a	ring	of	clearing	

measuring	 2	 mm	 or	 less	 surrounding	 the	 culture	 was	 determined	 to	 be	 an	

indication	of	a	potential	CovR/S	mutant.	

	

2.4.3 Blood	growth	assays	

Each	 streptococcal	 isolate	 was	 screened	 for	 its	 ability	 to	 survive	 and	 replicate	

within	murine	blood	 in	vitro	 using	a	blood	growth	assay	adapted	 from	Sun	et	al.	

(2012).	Each	isolate	was	grown	to	stationary	phase	in	THBN	at	37°C.	Each	isolate	

was	 then	 serially	 diluted	 up	 to	 10-6	 in	 PBS	 whilst	 on	 ice.	 Replicates	 of	 each	

streptococcal	isolate	dilution	were	incubated	with	fresh	heparinised	murine	blood	

in	a	ratio	of	1:3	 in	 individual	PCR	tubes	(Bio-Rad,	California,	USA).	 In	parallel,	an	
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additional	30	µL	of	each	streptococcal	 isolate	was	also	incubated	with	THBN	in	a	

ratio	 of	 1:3	 as	 an	 assurance	 of	 isolate	 viability.	 Bacterial	 cultures	 were	 then	

incubated	with	end-over-end	mixing	using	an	Intelli-mixer	(Elmi)	for	3	h	at	37°C.	

T0	 and	 T3	 cultures	 were	 plated	 in	 duplicate	 on	 CBA	 plates.	 The	 resulting	

streptococcal	 colonies	were	 then	 counted	 and	 compared	with	 initial	 CFU	 counts	

(multiplication	factor;	T3/T0).	

	

2.4.4 IgG	binding	assay	

The	capacity	for	J8-DT	vaccine	antibodies	to	bind	to	the	GAS	cellular	surface	was	

assessed	using	 flow	cytometry	with	the	protocol	as	per	De	Amicis	et	al.	 (2014)	

with	modifications.	 GAS	 cultures	were	 grown	 overnight	 in	 THBN	 to	 stationary	

phase	and	washed	 in	PBS.	GAS	was	 then	 incubated	with	Fc	block	(CD16/CD32,	

BD	 Pharminogen)	 for	 15	 min	 at	 room	 temperature	 to	 prevent	 non-specific	

binding.		Aliquots	of	GAS	were	then	mixed	with	hyperimmune	or	control	murine	

anti-sera	 (diluted	 1:20)	 at	 4°C	 for	 1	 h	 with	 gentle	 rotation.	 GAS/anti-sera	

mixtures	 were	 washed	 twice	 in	 PBS	 and	 resuspended	 in	 anti-mouse	 IgG-FITC	

(Sigma	Aldrich)	 in	0.2%	bovine	 serum	albumin	 (BSA)	and	 incubated	 for	1	h	at	

4°C	 with	 gentle	 rotation.	 Samples	 were	 fixed	 in	 1%	 PFA	 and	 analysed	 on	 the	

CyAn	ADP	flow	cytometer	(Beckman	Coulter)	with	FlowJo	software	version	10.	

The	anti-mouse	IgG-FITC	conjugate	alone	was	used	as	a	negative	control	and	the	

addition	 of	 PBS	 anti-sera	 was	 used	 to	 control	 for	 non-specific	 background	

binding.	
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2.4.5 SLO	activity	assay	

In	order	to	evaluate	the	hemolytic	ability	of	GAS	strains	via	SLO-mediated	pore	

formation	in	sheep	red	blood	cells	(SRBCs),	an	SLO	activity	assay	was	performed	

(adapted	from	Ruiz	et	al.	(1998)	and	Shewell	et	al.	(2014)).	Stationary	phase	GAS	

cultures	 (normalized	 to	 OD600	 =	 1.0)	 were	 centrifuged	 for	 10	 min	 at	 845	 xg.	

Dithiothreitol	was	added	to	0.2	µm	filtered	supernatants	to	a	final	concentration	

of	 4	 mM	 and	 incubated	 for	 10	 min	 at	 room	 temperature.	 Supernatants	 were	

serially	 diluted	 1:2	 in	 PBS	 in	 a	 96	 well	 V-bottom	 plate.	 SRBCs	 (2%	 v/v,	

Innovative	Research)	were	added	to	all	wells	and	incubated	for	30	min	at	37°C	+	

5%	CO2.	The	plate	was	centrifuged	for	10	min	at	845	xg	and	100	µL	supernatant	

transferred	to	a	new	culture	plate.	The	hemoglobin	release	was	measured	at	450	

nm.	Triton-X	 (1%	v/v	 in	PBS,	Thermo	Fisher)	 and	PBS	alone	were	mixed	with	

erythrocytes	for	the	positive	and	negative	controls	respectively.	Cholesterol	(25	

µg/mL;	Sigma	Aldrich)	was	added	to	GAS	culture	supernatant	and	erythrocytes	

as	an	SLO-specific	inhibitor,	whereas	trypan	blue	(50	µg/mL;	Gibco)	was	used	as	

an	SLS-specific	inhibitor.	The	number	of	hemolytic	units/ml	corresponded	to	the	

reciprocal	of	the	dilution	of	supernatant	that	yielded	50%	lysis	of	the	erythrocyte	

suspension,	where	100%	corresponds	 to	 that	 caused	by	1%	Triton-X	 (Thermo	

Fisher).		

	

2.4.6 Hyaluronic	acid	measurement	

The	amount	of	hyaluronic	acid	(HA)	capsule	being	produced	by	each	strain	was	

assessed	as	previously	described	(Hollands	et	al.,	2010).	Overnight	GAS	cultures	

grown	in	THBN	were	sub-inoculated	into	fresh	THBN	until	OD600	=	0.4.	The	mid-
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log	phase	 cultures	were	 centrifuged	 for	10	min	at	845	xg	 then	 resuspended	 in	

500	 µL	 water.	 400	 µL	 of	 the	 suspension	 was	 mixed	 vigorously	 with	 1	 mL	

chloroform	 and	 then	 centrifuged	 for	 10	min	 at	 13,000	 xg.	 The	 aqueous	 phase	

was	utilised	for	hyaluronic	acid	measurement	using	the	Hyaluronic	Acid	Test	Kit	

(Corgenix)	 as	 per	 manufacturer’s	 instructions.	 HA	 concentrations	 were	

quantified	using	a	third	order	polynomial	(cubic)	standard	curve.	

	

2.4.7 Opsonophagocytic	killing	assay	

The	modified	opsonophagocytosis	killing	(OPK)	assay	was	utilised	to	assess	the	

capacity	 for	 vaccine-specific	 antibodies	 to	 pre-opsonise	 GAS	 in	 vitro.	 GAS	

cultures	were	 grown	 in	 THBN	 overnight	 to	 stationary	 phase	 and	washed	with	

PBS.	Dilutions	of	GAS	were	incubated	1:1	with	murine	anti-sera	(previously	heat-

inactivated	 for	 30	min	 at	 56°C	 to	 inactivate	 complement)	 for	 1	 h	 at	 4°C	 with	

gentle	 rotation.	 Pre-opsonised	 GAS	 was	 mixed	 (1:4)	 with	 heparinized	 murine	

blood	for	3	h	at	37°C	with	gentle	rotation.	Resulting	cultures	were	then	serially	

diluted	 in	 PBS	 and	 plated	 on	 CBA	 agar	 for	 enumeration.	 The	 %	 killing	 was	

calculated	 for	 each	 experimental	 group	 (vaccine	 anti-sera)	 compared	 to	 the	

negative	control	 (PBS	anti-sera).	Non-opsonised	GAS	mixed	with	whole	murine	

blood	was	also	used	as	a	control.		

	

2.4.8 Neutrophil	killing	assay	

Neutrophils	were	isolated	from	human	blood	in	order	to	test	their	in	vitro	killing	

capacity	against	different	GAS	strains.	Approval	for	the	study	was	granted	by	the	

Griffith	 University	 Human	 Research	 Ethics	 Committee	 (GU	 HREC	 #	
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BDD/01/15/HREC).	Written	informed	consent	was	obtained	from	all	donors	and	

samples	 were	 de-identified.	 The	 neutrophil	 killing	 assay	 was	 performed	 as	

detailed	previously	(Buchanan	et	al.,	2006).	Purified	neutrophils	obtained	using	

Polymorph	 Prep	 (Axis-Shield)	 were	 incubated	 with	 mid-log	 phase	 GAS	 at	 a	

multiplicity	of	infection	(MOI)	of	10:1	and	0.1:1	(GAS:neutrophils)	at	37°C	+	5%	

CO2	for	1	h.	After	incubation,	each	replicate	of	experimental	(GAS	+	neutrophils)	

and	negative	control	(GAS	+	media)	groups	were	serially	diluted	in	sterile	water	

to	 lyse	cells.	All	replicates	and	dilutions	were	plated	on	blood	agar	with	results	

defined	as	%	GAS	survival	using	the	formula	(CFU/mL	in	experimental	group)	/	

(CFU/mL	in	negative	control	group)	X	100%.		

	

2.4.9 SpyCEP-mediated	chemokine	degradation		

Assessment	of	IL-8,	MIP-2,	and	KC	degradation	was	performed	and	quantified	by	

ELISA	 using	 the	 Quantikine	 kit	 (R&D	 Systems,	 USA)	 as	 described	 previously	

(Hidalgo-Grass	 et	 al.,	 2006).	 The	 amounts	 of	 un-degraded	 chemokines	 post-

incubation	with	 GAS	 culture	 supernatants	were	measured.	 Briefly,	 GAS	 strains	

were	 grown	 to	 stationary	 phase	 in	 THBN	 and	 cell-free	 supernatants	 were	

collected.	The	GAS	culture	 supernatant	 from	each	strain	was	 incubated	at	37	̊C	

with	a	known	concentration	of	recombinant	chemokine	(IL-8,	MIP-2,	or	KC)	and	

samples	were	collected	at	2,	4,	8,	or	24	h.	The	amount	of	un-degraded	chemokine	

was	then	determined	by	ELISA	(R&D	Systems).		
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2.4.10 SpyCEP	epitope	modification	

A	 20-mer	 B	 cell	 epitope	 from	 SpyCEP,	 referred	 to	 as	 ‘S2’,	 has	 previously	 been	

identified	 and	 incorporated	 into	 the	 J8-DT	 vaccine	 candidate	 (Pandey	 et	 al.,	

2016).	 The	 minimal	 epitope	 was	 later	 redesigned	 to	 incorporate	 four	 lysine	

residues	(K4S2)	to	increase	the	solubility	of	the	peptide	(manuscript	submitted).	

	

2.4.11 DC2.4	dendritic	cell	infection	assays	

The	murine	bone	marrow-derived	dendritic	cell	(DC)	line,	DC2.4,	was	cultured	in	

media	consisting	of	RPMI	1640	(Gibco,	pH	7.4)	supplemented	with	10%	fetal	calf	

serum	(FCS,	Thermo	Fisher),	1%	pen-strep	(Gibco),	1%	L-glutamine	(Gibco),	and	

0.1%	 2-mercaptoethanol	 (Gibco)	 at	 37°C	 +	 5%	 CO2.	 Cells	 were	 passaged	 once	

adherent	cells	were	90%	confluent,	approximately	every	3	days.		

	

For	DC	activation	and	maturation	studies,	DCs	were	harvested	from	culture	and	

incubated	with	GAS	at	 an	MOI	of	2:1	or	10:1	 (GAS:	DC).	 LPS	 (2	µg/mL,	 Sigma-

Aldrich)	 was	 used	 as	 a	 positive	 control	 with	 DC	 in	 media	 alone	 used	 as	 the	

negative	control.	DC/GAS	cultures	were	incubated	without	antibiotics	for	12	h	at	

37°C	+	5%	CO2.	Cells	were	collected	via	centrifugation	and	supernatant	stored	at	

-80°C	for	cytokine	analysis.	Cells	were	resuspended	in	Fc	block	(CD16/CD32;	BD	

Pharminogen)	and	incubated	on	ice	for	10	min	to	prevent	non-specific	binding	of	

antibodies.	The	live/dead	fixable	yellow	cell	stain	(Life	Technologies)	was	used	

according	 to	 manufacturer’s	 instructions.	 For	 DC	 maturation	 assessment,	

fluorochrome-conjugated	antibodies	were	added	in	a	1:100	dilution	in	PBS	+1%	

BSA	and	incubated	on	ice	for	40	min	protected	from	light.	The	antibody	cocktail	
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used	 included	 anti-mouse/rat	MHC	 II	 (I-Ek)	 FITC	 (Affymetrix	 eBioscience),	 rat	

anti-mouse	CD86	(GL-1)	PE	(BD	Pharminogen),	hamster	anti-mouse	CD80	(16-

10A1)	 APC	 (BD	 Pharminogen)	 with	 the	 appropriate	 isotype	 controls.	 Samples	

were	analysed	using	a	CyAn	ADP	flow	cytometer	(Beckman	Coulter)	employing	

Summit	software	v4.3	(Beckman	Coulter).		

	

For	DC	viability	assays,	DCs	were	harvested	from	culture	and	infected	with	GAS	as	

per	 the	 above	 infection	 studies.	 Cell	 suspensions	 were	 blocked	 with	 Fc	 block	

(CD16/CD32;	BD	Pharminogen)	and	incubated	on	ice	for	10	min.	Each	sample	was	

stained	with	the	live/dead	fixable	yellow	stain	(Life	Technologies)	and	anti-mouse	

MHC	II	 (I-Ek)-FITC	(eBioscience).	Samples	were	analysed	using	a	CyAn	ADP	flow	

cytometer	 (Beckman	 Coulter)	 employing	 Summit	 software	 v4.3	 (Beckman	

Coulter).	 Viable	 cells	 were	 assessed	 based	 upon	 the	 live/dead	 stain	 and	MHC	 II	

presentation.	

	

2.4.12 Cytometric	bead	array	

Cytometric	bead	arrays	 (CBA;	Becton	Dickinson)	were	performed	to	quantify	 the	

amount	of	cytokines	 in	select	samples.	Each	CBA	was	used	as	per	manufacturer’s	

instructions.	All	 samples	and	standards	were	run	on	a	CyAn	ADP	 flow	cytometer	

(Beckman	 Coulter).	 Cytokine	 quantifications	 were	 calculated	 using	 FCAP	 Array	

software	version	3.0	(Becton	Dickinson).	
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2.5 Molecular	biology	procedures	

	

2.5.1 CovR/S	sequencing	

CovR/S	sequencing	was	performed	as	previously	described	(Walker	et	al.,	2007).	

Briefly,	 InstaGene	Matrix	 (Bio-Rad)	was	 used	 to	 extract	 genomic	 DNA	 from	GAS	

colonies	 as	 per	 the	manufacturer’s	 instructions.	 PCR	was	 utilised	 to	 amplify	 the	

entire	 CovR/S	 regulatory	 system.	 Each	 PCR	 was	 prepared	 using	 a	 mastermix	

containing	1X	GoTaq	mastermix	(Promega),	0.2	µM	of	each	primer	(CovRS	1F	and	

CovRS	12R,	Table	1),	 50	ng	 template	DNA,	with	 sterile	MilliQ	made	up	 to	 a	 final	

volume	of	50	µL.	The	 thermal	profile	 consisted	of	 an	 initial	 denaturation	 step	of	

95°C	for	2	min,	35	cycles	of	95°C	for	1	min,	60°C	for	1	min,	and	72°C	for	1	min,	then	

a	final	elongation	step	of	72°C	for	5	min.	All	CovR/S	amplicons	were	run	on	a	1%	

(w/v)	agarose	gel	 to	ensure	amplification	specificity.	Each	amplicon	was	purified	

using	 the	 High	 Pure	 PCR	 Clean-up	 Micro	 Kit	 (Roche,	 Australia)	 following	 the	

manufacturer’s	instructions.	For	sequencing,	purified	DNA	(50	ng)	was	mixed	with	

9.6	 pmol	 of	 primer	 (CovRS	 1F	 –	 12R;	 Table	 1)	 and	 sterile	 milliQ	 up	 to	 a	 final	

volume	 of	 12	 µL.	 Sanger	 sequencing	 was	 carried	 out	 at	 the	 Australian	 Genome	

Research	 Facility	 with	 resulting	 chromatograms	 being	 analysed	 using	 4	 peaks	

version	1.7.1	(Nucleobytes,	Amsterdam).		
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Table	2.1	Sequencing	primers	

Primer	name					 bp	 Sequence	(5’	–	3’)	
CovRS	1F	 19	 GCTATTCCGGTACAGGTCT	
CovRS	2F	 19	 GTCAATGGTCGTGAAGGGT	
CovRS	3F	 22	 GATGTCTATATTCGTTATCTCC	
CovRS	4F	 22	 GATGATTTTTACCACAGATAAC	
CovRS	5F	 20	 GCATATTGGTCTCTTACAAC	
CovRS	6F	 21	 GCAAATTGTAGATGGGTATCA	
CovRS	7R	 20	 GCGGAAAATAGCACGAATAC	
CovRS	8R	 20	 AGGCAATCAGTGTAAAGGCA	
CovRS	9R	 21	 CTTGTGCCAAATAACTCAACA	
CovRS	10R	 21	 ATCAAAAGCCTGCTCAAATGA	
CovRS	11R	 21	 CTTTCATGTCATCCATCATTG	
CovRS	12R	 19	 TTGCTCTCGTGTGCCA	TCT	
CDC1	 19	 TATTCGCTTAGAAAATTAA	
CDC2	 20	 GCAAGTTCTTCAGCTTGTTT	
MF2	 28	 GGATCCATAAGGAGCATAAAAATGGCTA	
MR1	 29	 TGATAGCTTAGTTTTCTTCTTTGCGTTTT	
emmseq2	 26	 TATTCGCTTAGAAAATTAAAAACA	
emm2	 20	 GCAAGTTCTTCAGCTTGTTT	
RopB5’	 22	 CATAACCGACTATCATCCGAAC	
RopB3’	 21	 TTGAAAAAATCGCCCTGGACT	
	

2.5.2 emm	typing	

Analysis	 of	 the	 hypervariable	 region	 of	 the	 M	 protein	 was	 performed	 by	 emm	

typing	 as	 per	 CDC	 protocols	 (https://www.cdc.gov/streplab/protocol-emm-

type.html).	 Sequencing	 primers	 CDC1,	 CDC2,	 MF2,	 MR1,	 emmseq2,	 and	 emm2	

primers	 (Table	 1)	were	 used.	 The	 chromatograms	were	 analysed	 using	 4	 peaks	

version	1.7.1	(Nucleobytes,	Amsterdam)	and	sequences	compared	to	those	on	the	

NCBI	database	(https://blast.ncbi.nlm.nih.gov/Blast.cgi).		

	

2.5.3 Gene	expression	analysis	using	RT-PCR	

RNA	was	 extracted	 from	mid-log	 phase	 cultures	 (OD600	 =	 0.4)	 using	 the	 phenol-

chloroform	extraction	method	as	detailed	 in	 the	TRIzol	plus	RNA	purification	kit	

(Invitrogen).	 The	 isolated	 RNA	 was	 then	 purified	 as	 per	 the	 manufacturer’s	
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instructions.	 RNA	 samples	 were	 treated	 with	 RNase-free	 DNase	 I	 (Roche)	 to	

remove	traces	of	chromosomal	DNA	for	20	min	at	37°C.	The	reaction	was	stopped	

with	the	addition	of	0.2	M	EDTA	(pH	8.0)	to	a	final	concentration	of	8	mM.	cDNA	

was	synthesized	from	75	ng	RNA	using	iScript	reverse	transcription	supermix	for	

RT-PCR	 (Bio-Rad).	 RT-PCR	was	 performed	 using	 iQ	 SYBR	 Green	 Supermix	 (Bio-

Rad)	incorporating	0.2	µM	of	each	primer	(Table	2).	The	thermal	profile	consisted	

of	95°C	for	3	min,	45	cycles	of	95°C	for	15	sec,	60°C	for	1	min,	and	90°C	for	10	sec,	

and	a	melt	curve	(55-95°C	with	0.5°C	increment/step).		

	

The	relative	amounts	of	gene-specific	cDNA	were	quantified	using	the	∆CT	method	

whereby	gyrA	 amplification	was	used	 as	 the	 internal	 control.	 The	 fold	 change	 in	

transcript	level	was	compared	to	that	of	gyrA	and	all	CovR/S	wild-type	values	were	

normalized	to	a	baseline	value	of	1.	The	amplification	efficiency	was	between	90%	

and	 110%	 for	 each	 gene	 as	 determined	 by	 standard	 curve	 analysis	 over	 several	

dilutions.	

	

Table	2.2	RT-PCR	primers	

Primer	name	 bp	 Sequence	(5’	–	3’)	
GYR	F	 20	 GAAGTGATCCCTGGACCTGA	
GYR	R	 20	 CCCGACCTGTTTGAGTTGTT	
SPEB	F	 20	 GTGGAGTCTCTGACGGCTTC	
SPEB	R	 20	 TGCCTACAACAGCACTTTGG	
SLO	F	 22	 AAACAAACCAGACGCGGTAGTC	
SLO	R	 21	 GACCTCAACCGTTGCTTTGTC	
CEPA	F	 20	 ACACGGTATGCATGTGACAG	
CEPA	R	 24	 GATAAAGAGTGATTCAGGTGATCC	
HASA	F	 20	 ATGCTGCAACAGGACATTTG	
HASA	R	 20	 TTAATGATTGAGCAGCACGC	
SDA1	F	 22	 GAGAGCCACTGAATCCGACTAC	
SDA1	R	 22	 TACTGCATCCCACCTTTACGAT	
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2.6 Ex	vivo	assays	

	

2.6.1 CXCL2	protein	ELISA	

On	designated	days	post-infection,	a	1-cm2	section	of	skin	was	taken	from	the	site	

of	 infection	and	 immediately	snap-frozen	on	dry	 ice.	Upon	 thawing,	 the	skin	was	

homogenized	using	 the	Bullet	Blender	Homogeniser	 (Next	Advance,	USA).	CXCL2	

protein	 was	 quantified	 in	 the	 skin	 using	 the	 Mouse	 CXCL2	 DuoSet	 ELISA	 (R&D	

Systems,	USA)	according	to	manufacturer’s	instructions.	For	antibody	functionality	

assays,	 a	 known	 concentration	 of	 CXCL2	 was	 first	 mixed	 with	 GAS	 filtered	

supernatant	 (diluted	1:50)	and	hyperimmune	vaccine	or	 control	anti-sera	before	

the	assay	was	carried	out.		

	

2.6.2 Skin	histology	

For	histopathology	assessments	of	dendritic	cells	in	infected	mice,	skin	samples	

were	 taken	 from	 infected	and	naïve	mice	on	day	3	post-infection	as	previously	

described	 (Pandey	 et	 al.,	 2015).	 Samples	 were	 frozen	 in	 optimal	 cutting	

temperature	 (OCT)	 compound	 (Tissue-Tek)	 for	 immunohistochemistry	 and	

processed	 by	 the	 QIMR	 Berghofer	 histology	 facility.	 Scanned	 sections	 were	

analysed	 at	 high	magnification	 using	 ImageScope	 software	 (Leica	 Biosystems).	

Positively-stained	 cells	 were	 quantified	 by	 counting	 five	 high-powered	 fields	

using	ImageJ	(National	Institutes	of	Health,	USA).				
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2.6.3 Immunofluorescence	microscopy	analysis	of	skin	

For	analysis	of	infected	skin	samples	in	the	CXCL2	studies,	immunofluorescence	

microscopy	 was	 used.	 Skin	 sections	 (1	 cm2)	 were	 fixed	 in	 fresh	 PLP	 buffer	

(phosphate	buffer,	L-lysine,	sodium	periodate,	2%	paraformaldehyde,	and	dH20)	

for	 20	min,	washed	 twice	 in	 PBS	 for	 5	min,	 and	 incubated	 for	 20	min	 in	 30%	

sucrose.	Samples	were	embedded	in	OCT,	frozen	and	sectioned	using	a	cryostat	

at	14	µm	per	section.	Skin	sections	were	stained	with	anti-Streptococcus	group	A	

carbohydrate	 (Abcam),	 anti-mouse	 Ly6C-AF488	 (HK1.4,	 Bio-Legend),	 anti-

mouse	 Ly6G-AF647	 (1A8,	 Bio-Legend),	 and	 DAPI	 (Thermo	 Fisher)	 (Table	 3).	

Slides	were	mounted	with	 ProLongGold	 antifade	mounting	media	 (Invitrogen)	

and	 analysed	 with	 a	 Nikon	 A1R+	 confocal	 microscope	 and	 Imaris	 version	 8.1	

software	(Bitplane,	Oxford	Instruments,	Switzerland).	

	

2.6.4 Germinal	centre	B	cell	analysis	

For	 the	 analysis	 of	 germinal	 centre	 (GC)	 B	 cells	 via	 immunofluorescence	

microscopy,	spleens	were	excised	and	fixed	PLP	buffer	for	20	min,	washed	twice	

in	 PBS	 for	 5	 min,	 and	 incubated	 in	 30%	 sucrose	 overnight.	 Spleens	 were	

embedded	 in	OCT,	 frozen	 and	 sectioned	 at	 12	 µm	per	 section.	 Spleen	 sections	

were	 stained	with	 antibodies	 against	 IgD	 (Bio-Legend),	 GL-7	 (Thermo	 Fisher),	

and	 laminin	 (Abacus	 ALS)	 (Table	 3).	 Slides	 were	 mounted	 with	 ProLongGold	

antifade	mounting	media	(Invitrogen)	and	analysed	with	a	Nikon	A1R+	confocal	

microscope	 and	 Imaris	 version	 8.1	 software	 (Bitplane,	 Oxford	 Instruments,	

Switzerland).	
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For	 the	 quantification	 of	 GC	 B	 cells	 via	 flow	 cytometry,	 spleens	 were	 excised	

from	 mice	 into	 RPMI	 +	 10%	 FCS.	 Spleens	 were	 homogenized	 and	 filtered	

successively	through	70	µm	and	30	µm	filters	to	obtain	a	single	cell	suspension.	

Erythrocytes	 were	 lysed	 from	 the	 suspension	 using	 ammonium-chloride-

potassium	(ACK)	lysis	buffer	(Gibco).	Splenocytes	were	stained	with	an	antibody	

cocktail	 including	 anti-mouse	 GL-7,	 B220,	 CD11b,	 IgD,	 CD45,	 CD3,	 and	 a	

live/dead	 viability	 stain	 (Invitrogen)	 (Table	 3).	 Species-matched	 secondary	

antibodies	were	used.	Precision	count	beads	(Bio-Legend)	were	also	utilised	to	

normalise	 the	number	of	cells	across	all	 samples.	Samples	were	run	on	an	LSR	

Fortessa	flow	cytometer	(Becton	Dickinson)	and	analysed	using	FlowJo	software	

version	10.		

	

2.6.5 Intracellular	staining	

Intracellular	staining	(ICS)	was	performed	as	per	Stock	et	al.	 (2014).	Briefly,	1-

cm2	 sections	 of	 skin	 from	 infected	 and	 control	 mice	 were	 processed	 in	

collagenase	 III	 and	 Brefeldin	 A	 (10	 µg/mL,	 Sigma	 Aldrich).	 Cells	 were	 stained	

with	 an	 antibody	 cocktail	 consisting	 of	 anti-mouse	 CD45,	 Ly6G	 (1A8),	 CD11b,	

MHC	II,	Ly6C	(HK1.4),	CD64,	and	a	live/dead	stain	(Invitrogen)	(Table	3).	Stained	

cells	were	 fixed	and	permeabilised	using	Cytofix/Cytoperm	(Becton	Dickinson)	

before	intracellular	staining	with	0.15	µg	goat	anti-mouse	CXCL2	(R&D	Systems).	

CXCL2	was	detected	with	donkey	anti-goat	647	antibody.	Samples	were	acquired	

on	a	LSR	Fortessa	flow	cytometer	(Becton	Dickinson)	and	analysed	with	FlowJo	

software	version	10.		
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Table	2.3	Primary	antibodies	used	for	ex	vivo	analyses.	

Antibody	name	 Source	
Anti-streptococcus	group	A	carbohydrate	 Abcam	
Anti-mouse	Ly6C-AF488	(HK1.4)	 Bio-Legend	
Anti-mouse	Ly6G-AF647	(1A8)	 Bio-Legend	
Anti-mouse	IgD-647	 Bio-Legend	
Anti-mouse	Ly6C	 Bio-Legend	
Anti-mouse	Ly6G	 Bio-legend	
Anti-mouse	GL-7	 Thermo	Fisher	
Anti-mouse	laminin	 Abacus	ALS	
Anti-mouse	B220	 Bio-Legend	
Anti-mouse	CD11b	 Bio-Legend	
Anti-mouse	CD45	 Bio-Legend	
Anti-mouse	CD3-V450	 BD	
Anti-mouse	MHC	II-BV421	 Bio-Legend	
Anti-mouse	CD64	 Bio-Legend	
Anti-mouse	CXCL2	 R&D	Systems	
Live/Dead	Viability	 Invitrogen	
DAPI	 Thermo	Fisher	
	

2.7 Statistical	analyses	
	

All	 data	 were	 analysed	 using	 GraphPad	 Prism	 software	 version	 6	 for	 Mac	

(California,	 USA).	 Except	 where	 noted,	 data	 shows	 the	 mean	 value	 ±	 SEM.	

Statistical	 differences	 between	 two	 groups	 were	 determined	 using	 student’s	 t	

tests	 corrected	 for	 multiple	 comparisons.	 For	 pairwise	 comparisons,	 ANOVAs	

were	 used	with	 a	 post-hoc	method	 for	multiple	 comparisons.	 A	 p	 value	 <0.05	

was	considered	statistically	significant.		
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Chapter	3. Hypervirulent	CovR/S	mutant	GAS	selectively		
up-regulate	specific	virulence	factors	to	aid	in	evasion	of	J8-

DT-mediated	protection	
	
	

Parts	of	this	chapter	have	been	published	(Pandey	et	al.,	2015).	Full	manuscript	

provided	in	Appendix	2.	

	

3.1 Introduction	

	

Streptococcus	pyogenes	 (group	A	Streptococcus,	GAS)	has	 the	ability	 to	 colonise	

both	 the	 skin	 and	 throat	 of	 humans	 causing	 a	 wide	 variety	 of	 illnesses	 and	

associated	 morbidity	 and	 mortality	 on	 a	 global	 scale.	 Epidemiological	 studies	

have	demonstrated	a	high	prevalence	of	impetigo/pyoderma	in	tropical	regions	

including	 Australia’s	 Northern	 Territory.	 Streptococcal	 skin	 infections	 are	

thought	 to	 be	 a	 significant	 risk	 factor	 for	 rheumatic	 fever	 development	 in	

Indigenous	Australians	within	these	regions	(McDonald	et	al.,	2004).	The	skin	is	

also	 a	 common	 portal	 of	 entry	 for	 invasive	 GAS	 disease	 (Stevens	 and	 Bryant,	

2016).	 Some	 of	 the	 severe	 manifestations	 of	 invasive	 GAS	 infections	 include	

necrotizing	fasciitis	and	streptococcal	toxic	shock	syndrome.	It	is	estimated	that	

more	 that	18.1	million	cases	of	 severe	GAS	 infections	are	occurring	worldwide	

with	1.78	million	new	cases	annually	(Carapetis	et	al.,	2005).		

	

A	global	resurgence	during	the	1980s	saw	severe	streptococcal	disease	coincide	

with	 the	 emergence	 of	 the	M1T1	 clone.	 Epidemiologically,	 the	M1	 serotype	 is	
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dominant	 in	 industrialised	 countries	 and	 commonly	 isolated	 from	 severe	

invasive	GAS	 infections	 (Chatellier	 et	 al.,	 2000).	 This	 particular	 clonal	 strain	 is	

believed	 to	 owe	 much	 of	 its	 virulence	 to	 the	 acquisition	 of	 a	 bacteriophage-

encoded	 DNase,	 Sda1.	 This	 DNase	 enables	 GAS	 to	 degrade	 neutrophil	

extracellular	 NETS	 allowing	 for	 host	 immune	 evasion.	 Sda1	 has	 also	 been	

reported	 to	 be	 a	 trigger	 for	 CovR/S	 mutation	 through	 evolutionary	 selection	

pressure	for	increased	resistance	to	neutrophils	(Walker	et	al.,	2007,	Hollands	et	

al.,	2010).		

	

CovR/S	mutant	M1	 isolates	 have	 been	 extensively	 studied	with	 the	 consensus	

being	 that	 mutations	 within	 this	 operon	 result	 in	 hypervirulence	 through	

selective	virulence	factor	de-repression	and,	in	parallel,	down-regulation	of	SpeB	

(Kansal	 et	 al.,	 2000,	 Aziz	 et	 al.,	 2004,	 Sumby	 et	 al.,	 2006,	Walker	 et	 al.,	 2007,	

Hollands	et	al.,	2010).	Up-regulated	virulence	factors	include,	but	are	not	limited	

to,	 streptolysin	 O	 (SLO),	 Streptococcus	 pyogenes	 cellular	 envelope	 protein	

(SpyCEP),	 and	 the	hyaluronic	 acid	 (HA)	 capsule,	 each	aiding	 to	 circumvent	 the	

host	 immune	response	and	 invade	deep	tissue	sites.	A	study	by	Maamary	et	al.	

(2010)	 highlighted	 the	 ability	 of	 some	 non-M1	 strains	 to	 switch	 to	 a	 CovR/S	

mutant	virulent	phenotype	 in	 the	absence	of	Sda1	expression,	albeit	at	a	much	

lower	 frequency	 than	 the	M1	 serotypes.	 These	 studies	 were	 conducted	 in	 the	

context	of	a	murine	model	using	a	subcutaneous	method	of	 infection.	However,	

no	studies	have	been	employed	in	a	murine	model	of	pyoderma;	one	that	more	

accurately	allows	for	the	representation	of	a	human	skin	infection.		
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A	 murine	 model	 of	 pyoderma	 has	 been	 utilised	 within	 our	 laboratory	 to	

investigate	 the	 protective	 efficacy	 and	 subsequent	 mechanism	 of	 action	 of	 a	

leading	M	protein-derived	streptococcal	vaccine	candidate,	J8-DT/Alum	(Pandey	

et	 al.,	 2015).	 Therefore,	 we	 sought	 to	 utilise	 a	 range	 of	 characterisation	

techniques	to	identify,	assess,	and	compare	the	pathogenicity	of	CovR/S	mutants	

including	both	the	M1	and	non-M1	serotypes	in	vitro	and	in	vivo.	The	virulence	of	

each	CovR/S	mutant	could	then	be	evaluated	in	the	context	of	vaccine-mediated	

protection	in	a	murine	model	of	pyoderma.		

	

3.2 Results	

	

3.2.1 Identification	and	characterisation	of	isolates	

A	panel	of	GAS	clinical	 isolates	and	 laboratory	reference	strains	were	screened	

via	various	assays	in	order	to	identify	potential	CovR/S	mutants	(see	Appendix	1	

for	full	isolate	table).	Assays	were	used	to	identify,	characterise	and	test	isolates	

in	the	context	of	streptococcal	vaccine	candidates.	

	

3.2.1.1 emm	typing	and	determination	of	CovR/S	status	

Isolates	with	known	anatomical	sites	of	isolation	and	geographical	location	were	

emm-typed	using	the	parameters	outlined	by	the	CDC	(table	3.1).	Clinical	isolates	

and	 their	 animal-passaged	 derivatives	 were	 concentrated	 on	 for	

characterisation.		
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Table	 3.1	 emm	 types	 of	 selected	 GAS	 isolates.	 The	 N-terminal	 hypervariable	 region	 of	 the	M	

protein	from	each	isolate	was	sequenced	for	emm	typing1.		

	

	

	

	

	

	

	

	

Once	isolates	were	assigned	an	emm	 type,	they	were	screened	for	their	CovR/S	

status.	 A	 skim	 milk	 agar	 assay	 was	 used	 to	 assess	 the	 functionality	 of	 SpeB	

through	evaluation	of	casein	protein	degradation	(Ashbaugh	et	al.,	1998).	After	

24	h	incubation	at	37°C	each	plate	was	assessed	for	a	ring	of	clearing	around	the	

bacterial	colony	(skim	milk	photos	in	Appendix	3).		The	degree	of	SpeB-mediated	

casein	 degradation	 was	 quantified	 by	 measuring	 the	 zone	 of	 clearance	

surrounding	a	10	µL	culture	(Figure	3.1).	Zones	of	clearance	measuring	2	mm	or	

less	 were	 indicative	 of	 potential	 CovR/S	 mutants.	 To	 further	 characterise	 the	

mutation,	 all	 isolates	 were	 sequenced	 for	 identification	 of	 mutations	 in	 their	

respective	CovR/S	operons.	

	

	

																																																								
1	‘AP’	or	‘p’	designates	isolates	that	were	animal-passaged.		

Isolate	name	 emm	type	 Reference	

5628	R	 1	 Kazmi	et	al.	(2001)	

5628	RAP	 1	 Hollands	et	al.	(2008)	

BSA10	 124	 Brandt	et	al.	(2000)	

pBSA10	 124	 Pandey	et	al.	(2015)	

5448	 1	 Aziz	et	al.	(2004)	

5448	AP	 1	 Aziz	et	al.	(2004)	

NS88.2	 98.1	 McKay	et	al.	(2004)	

NS88.2	Rep	 98.1	 Maamary	et	al.	(2010)	
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Figure	 3.1	 SpeB-mediated	 casein	 degradation	assay.	Ten	µL	of	 stationary	phase	GAS	cultures	

were	 patched	 on	 to	 skim	milk	 agar	 plates	 and	 incubated	 for	 24	 h	 at	 37°C.	 The	 resulting	 zone	 of	

clearance	 surrounding	 each	 culture	 was	 measured.	 Mean	 clearance	 ±	 SD	 is	 shown.	 One-way	

ANOVAs	with	Tukey’s	post-hoc	method	were	used	for	statistical	analysis,	****	p<0.001.		

	

3.2.1.2 CovR/S	sequencing	

Genomic	DNA	was	 extracted	 from	 each	 of	 the	 8	 isolates	 of	 interest	 from	 fresh	

colonies	 grown	on	Columbia	blood	 agar	 (CBA)	plates.	 The	CovR/S	operon	was	

amplified	via	PCR	using	primers	CovRS	1F	and	CovRS	12-R	(primer	sequences	in	

Material	and	Methods).	The	resulting	amplicons	produced	a	band	at	the	expected	

size	 of	 3	 kb	 on	 a	 1%	 (w/v)	 agarose	 gel	 (lanes	 3	 and	 4	 in	 Figure	 3.2).	 The	

amplified	 DNA	was	 purified	 and	 sent	 for	 Sanger	 sequencing	 at	 the	 Australian	

Genome	 Research	 Facility	 using	 all	 primers	 from	 CovRS	 1F	 to	 CovRS	 12-R	 to	

create	overlapping	fragments	of	the	entire	operon.		
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Figure	 3.2	 1%	 agarose	 gel	 showing	 CovR/S	 operon	 amplification.	 The	 CovR/S	 operon	 was	

amplified	 via	PCR	using	primers	CovRS	1F	and	CovRS	12-R.	 Lanes	 1	 and	5	 contain	 the	1	 kb	DNA	

ladder,	 lane	 2	 contains	 the	 no	 template	 control,	 and	 lanes	 3	 and	 4	 show	 bands	 for	 BSA10	 and	

pBSA10	CovR/S	operon	amplification	respectively.		

	

The	 resulting	 DNA	 sequences	 were	 aligned	 and	 mutations	 identified.	 The	

mutation	in	the	well-characterised	M1T1	clone	5448	AP,	an	adenine	insertion	at	

nucleotide	 (nt)	 877	 from	 the	 CovS	 start	 codon	 (Walker	 et	 al.,	 2007),	 was	

confirmed	via	DNA	sequencing.	The	same	methodology	was	utilised	to	determine	

the	 presence	 of	mutations	 in	 pBSA10,	 5628	 RAP,	 and	 NS88.2	with	 alignments	

being	assessed	using	the	Mutalin	program	(Corpet,	1988).	Two	mutations	were	

identified	 in	 the	 CovR/S	 operon	 of	 pBSA10	 compared	 to	 BSA10.	 The	 first	

mutation	 was	 a	 substitution	 at	 nt	 589	 in	 CovR	 from	 a	 guanine	 to	 an	 adenine,	

causing	 the	 conversion	 from	 a	 valine	 to	 an	 isoleucine	 at	 amino	 acid	 (AA)	 197.	

The	 second	 mutation	 was	 a	 thymine	 insertion	 at	 nt	 955	 from	 the	 CovS	 start	

codon.	This	mutation	translated	to	an	immediate	stop	codon	thereby	truncating	

CovS	 from	 550	 AA	 to	 318	 AA	 (Figure	 3.3).	 5628	 RAP	 contained	 a	 thymine	

insertion	 at	 nt	 340	 thereby	 truncating	CovS	 to	 113	AA	 (sequence	 alignment	 in	

Appendix	4).	NS88.2,	a	clinical	isolate	with	a	defined	natural	mutation,	possessed	

1						2						3					4						5	
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a	substitution	mutation	from	guanine	to	adenine	at	nt	581	of	CovS	truncating	the	

gene	 to	 193	 AA,	 confirming	 previous	 data	 (Sanderson-Smith	 et	 al.,	 2008,	

Maamary	et	al.,	2010).	

	

Isolates	 5628	 RAP,	 pBSA10,	 5448	 AP,	 and	 NS88.2	 were	 confirmed	 as	 CovR/S	

mutants	 compared	 to	 their	 counterparts.	 It	 is	 noted	 that	with	 the	 exception	of	

NS88.2,	 which	 was	 a	 clinical	 isolate,	 all	 other	 CovR/S	 mutants	 were	 animal-

passaged	 derivatives	 of	 the	 original	 isolates.	 The	 CovR/S	 status	 of	 GAS	

henceforth	is	referred	to	as	WT	for	wild-type	or	MT	for	mutant-type,	or	‘Rep’	in	

the	case	of	the	genetically	repaired	NS88.2	CovR/S	WT.		

	

Figure	3.3	Sequence	alignment	of	BSA10	and	pBSA10	CovR/S	operons.	DNA	was	sequenced	via	

Sanger	sequencing	and	aligned	using	Mutalin	software.	Mutations	were	identified	in	the	CovR	and	

CovS	 gene	 of	 pBSA10	 compared	 to	 BSA10.	 The	 enlarged	 boxed	 sections	 display	 the	 position	 of	

mutations	at	the	specific	nucleotide	with	the	original	and	mutated	sequences.	
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3.2.1.3 Growth	profile	assessment		

The	growth	 curves	of	 each	 selected	GAS	pair	was	assessed	over	12	h	 in	THBN	

media.	 In	 three	 sets	 of	 isolates,	 5628,	 BSA10,	 and	 5448	 pairs,	 the	 animal	

passaged	 CovR/S	 mutants	 grew	 slower	 and	 took	 a	 significantly	 longer	 time,	

compared	 to	 their	WT	counterparts,	 to	 reach	stationary	phase	 (Figure	3.4	a,	b,	

and	 c	 respectively).	 However,	 there	was	 no	 significant	 difference	 between	 the	

growth	of	NS88.2	Rep	and	MT	 in	vitro	 (Figure	3.4	d).	The	growth	rate	of	5628	

WT	 was	 significantly	 greater	 than	 5628	 MT	 from	 5	 h	 (p<0.0001),	 BSA10	WT	

growth	was	 significantly	 greater	 than	BSA10	MT	 from	4	 h	 (p<0.05),	 and	 5448	

WT	was	significantly	greater	than	5448	MT	from	3	h	onwards	(p<0.005).	These	

results	 are	 in	 contrast	 to	 previous	 reports	 from	 Sumby	 et	 al.	 (2008)	whereby	

CovR/S	 mutations	 were	 shown	 to	 not	 significantly	 alter	 growth	 in	 vitro.	

However,	the	addition	of	1%	neopeptone	to	our	growth	media	(as	per	Pandey	et	

al.	 (2015))	 allowed	 for	 maximal	 M	 protein	 expression	 thereby	 shifting	 some	

energy	 expenditure	 away	 from	growth	 and	 towards	 expression	 (Cohen,	 1969).	

Removal	 of	 neopeptone	 from	 the	media	 resulted	 in	 similar	 growth	 curves	 for	

CovR/S	WT	and	MT	pairs	(data	not	shown).		
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Figure	3.4	Growth	curves	of	CovR/S	WT	and	MT	pairs.	GAS	isolates	were	grown	in	THBN	media	

and	 OD600	 readings	were	 taken	 every	 hour	 for	 12	 h.	Mean	 OD600	 reading	 ±	 SD	 for	 (a)	 5628,	 (b)	

BSA10,	(c)	5448,	and	(d)	NS88.2	pairs	are	shown.	The	growth	rate	of	5628	was	significantly	greater	

than	5628	MT	from	5	h,	BSA10	WT	growth	was	significantly	greater	than	BSA10	MT	from	4	h,	and	

5448	WT	was	significantly	greater	than	5448	MT	from	3	h	onwards.	Two-way	ANOVAs	were	used	

for	statistical	analyses	with	*	p<0.05,	***	p<0.005,	and	****	p<0.0001.		

	

3.2.1.4 Blood	growth	assays	

Blood	growth	assays	were	utilised	 to	assess	whether	 the	growth	discrepancies	

observed	in	THBN	between	CovR/S	WT	and	MT	isolates	would	be	replicated	in	

heparinized	murine	 blood.	 The	 fresh	murine	 blood	was	 inoculated	with	 equal	

numbers	 of	 each	 GAS	 strain	 and	 their	 growth	 was	 assessed	 post-3	 h	 of	

incubation	at	37°C.	Each	of	the	MT	isolates	in	the	5628,	BSA10,	and	5448	pairs	
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grew	 significantly	 better	 than	 their	 WT	 counterparts	 in	 whole	 murine	 blood,	

directly	contrasting	the	growth	observed	in	THBN	(Figure	3.5).		

	

Figure	 3.5	 Blood	 growth	 assay.	 GAS	 cultures	were	 incubated	 at	 the	 same	 concentrations	with	

whole	murine	blood	for	3	h	at	37°C	with	gentle	end-over-end	mixing	then	plated	on	to	blood	agar.	

The	 CFU	 counts	 in	 the	 starting	 cultures	 as	 well	 as	 at	 the	 end	 of	 incubation	 were	 determined.	

Resulting	growth	was	calculated	as	(CFU	at	3	h)	/	(starting	CFU).	Mean	values	±	SD	are	shown	with	

one-way	ANOVAs	being	used	for	statistical	analyses.	*	p<0.05	and	**	p<0.01.		

	

These	observations	were	consistent	with	each	CovR/S	MT	strain	irrespective	of	

their	emm	 type.	NS88.2	was	 the	 exception	 to	 this	with	 the	natural	mutant	 and	

repaired	wild-type	behaving	similarly.	This	is	likely	due	to	NS88.2	being	a	human	

isolate	 that	 has	 not	 previously	 been	 passaged	 through	 mice	 subsequently	

enabling	adaptation,	as	the	other	CovR/S	mutants	had.		
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3.2.2 Protective	efficacy	of	J8-DT/Alum	

CovR/S	 mutant	 GAS	 isolates	 have	 been	 identified	 as	 hypervirulent	 in	 several	

murine	models	with	the	potential	to	lead	to	adverse	health	outcomes	in	a	human	

host	(Dalton	et	al.,	2006,	Walker	et	al.,	2007,	Hollands	et	al.,	2010,	Pandey	et	al.,	

2015).	 Therefore,	 it	 is	 important	 that	 a	 potential	 streptococcal	 vaccine	 is	

efficacious	enough	to	protect	against	these	isolates.	The	superficial	skin	infection	

model	mimics	GAS	pyoderma	thereby	allowing	for	a	suitable	platform	to	assess	

vaccine	protective	efficacy.	

	

3.2.2.1 Antibody	response	to	J8-DT	

The	 J8-DT/Alum	 immunisation	 regimen	 consisted	 of	 a	 primary	 subcutaneous	

injection	plus	two	boosts	at	days	0,	21,	and	28	with	30	µg	antigen	at	each	time	

point.	 This	 regimen	 produced	 systemic	 J8-specific	 IgG	 antibody	 titers,	

predominantly	 of	 the	 IgG1	 isotype,	 in	 the	 range	 of	 105	 –	 106	 (Figure	 3.6).	

Antibody	titers	were	approximately	103	after	the	primary	immunisation	with	IgG	

responses	 significantly	 increasing	 over	 time	 (p<0.01).	 Mice	 immunised	 with	

PBS/Alum	produced	no	detectable	J8-specific	IgG.	
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Figure	 3.6	 Mean	 J8-specific	 IgG	 antibody	 titers	 in	 murine	 serum	 after	 J8-DT/Alum	

immunisation.	Four	to	six	week	old	Balb/c	mice	were	immunised	subcutaneously	with	J8-DT/Alum	

(30	µg	antigen)	and	boosted	on	days	21	and	28.	Blood	samples	were	collected	via	tail	snips	on	days	

20,	27	and	35.	J8-specific	IgG	antibodies	were	measured	by	an	ELISA	and	compared	with	PBS/Alum-

immunised	control	mice.	A	secondary	antibody	(anti-mouse	IgG-HRP	conjugate)	and	OPD	substrate	

were	 used	 for	 the	 detection	 of	 antibody	 titers	 at	 450	 nm.	 Figure	 is	 representative	 of	 several	

experiments.	One	way	ANOVAs	were	used	for	statistical	significance	with	**	indicating	p<0.01.	

	

3.2.2.2 Skin	infections	with	CovR/S	mutants	

Following	 immunisation	 with	 J8-DT/Alum	 or	 PBS/Alum,	 and	 assessment	 of	

systemic	IgG	antibody	titers,	Balb/c	mice	were	given	a	superficial	skin	infection	

in	order	to	assess	the	virulence	of	CovR/S	mutants	in	the	context	of	J8-DT/Alum	

vaccination.	 Infection	with	 each	MT	 strain	 resulted	 in	 high	bacterial	 burden	 in	

the	skin	but	only	the	CovR/S	MT	isolates	became	systemic	in	this	murine	model.	

Vaccination	with	J8-DT,	in	general,	did	not	protect	mice	from	a	local	or	systemic	

infection	 caused	by	CovR/S	mutant	 strains.	On	 the	 other	 hand,	 no	CovR/S	WT	

GAS	isolates	could	be	detected	in	the	blood	or	spleens	of	vaccinated	and	control	

mice	at	day	3	or	6	post-infection.		
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5628	

Skin	 infections	with	 the	5628	pair	 resulted	 in	 localised	GAS	 infections	with	no	

significant	difference	in	bioburden	between	the	skin	of	mice	infected	with	5628	

WT	or	MT.	However,	 in	 comparison	 to	 the	 corresponding	 non-immunised	PBS	

control	 cohort,	both	 the	WT	and	MT-infected	vaccinated	cohorts	demonstrated	

an	average	of	90%	and	51%	reduction	 in	 skin	bioburden	respectively	at	day	3	

(Figure	 3.7a).	 Similarly,	 on	 day	 6	 there	 was	 an	 average	 reduction	 in	 skin	

bioburden	 of	 89%	 and	 50%	 for	 immunised	 WT	 and	 MT-infected	 mice	

respectively	 (Figure	3.7b).	The	 reductions	 in	bacterial	 burdens,	 however,	were	

not	 significant.	 All	 mice	 that	 were	 infected	 with	 the	 5628	 MT	 had	 detectable	

bacteremia	 at	 day	 3	 and	 6	 despite	 immunisation	 (Figure	 3.7c	 and	 3.7d	

respectively).	Mice	infected	with	5628	MT	had	significantly	higher	bacteremia	on	

day	3	(p<0.001)	compared	to	all	other	cohorts.	Bacteria	were	also	only	detected	

in	the	spleens	of	mice	infected	with	5628	MT	on	day	3	with	some	mice	clearing	

the	GAS	by	day	6	(Figure	3.7e	and	3.7f	respectively).	It	was	noted	that	the	PBS	+	

5628	MT-infected	group	were	naturally	clearing	the	bacteria	by	day	6	(without	

the	 aid	 of	 the	 vaccine)	 thereby	 suggesting	 that	 this	 MT	 is	 potentially	 not	

hypervirulent.		
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Figure	3.7	Efficacy	of	J8-DT/Alum	in	protection	against	5628	GAS.	J8-DT/Alum-immunised	and	

non-immunised	Balb/c	mice	were	infected	with	5628	WT	or	MT	using	the	superficial	skin	infection	

model.	On	day	3	and	6	post-infection,	 designated	numbers	of	mice	were	 culled	and	 samples	were	

collected	to	assess	bacterial	burden	in	the	(a-b)	skin,	(c-d)	blood,	and	(e-f)	spleen.	Figures	show	the	

mean	CFU	±	SEM	for	5	mice/group/time	point.	Two-way	ANOVAs	were	used	for	statistical	analysis,		

****	p<0.001.	
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BSA10	

There	was	no	significant	difference	in	bioburden	levels	at	day	3	and	6	in	the	skin	

of	BSA10	WT	or	MT-infected	mice	(Figure	3.8a	and	3.8b).	However,	at	day	6,	J8-

DT	 immunisation	 resulted	 in	 an	 average	 of	 71%	 and	 99%	 reduction	 in	 skin	

bioburden	 for	 BSA10	WT	 and	 BSA10	MT-infected	mice	 compared	 to	 the	 non-

immunised	 cohorts,	 respectively.	 J8-DT-vaccinated	 or	 control	 mice,	 when	

infected	with	BSA10	WT,	did	not	develop	a	systemic	infection.	J8-DT	vaccination	

did	not	protect	against	systemic	infection	with	BSA10	MT,	which	was	detectable	

on	day	6	post-infection	(Figure	3.8c	and	3.8d).	
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Figure	 3.8	 Efficacy	 of	 J8-DT/Alum	 in	 protection	 against	 BSA10	 GAS.	 J8-DT/Alum-immunised	

and	 non-immunised	 Balb/c	mice	 were	 infected	 with	 BSA10	WT	 or	MT	 using	 the	 superficial	 skin	

infection	model.	On	day	3	and	6	post-infection,	designated	numbers	of	mice	were	culled	and	samples	

were	 collected	 to	 assess	 bacterial	 burden	 in	 the	 (a-b)	 skin,	 (c-d)	 blood,	 and	 (e-f)	 spleen.	 Figures	

show	the	mean	CFU	±	SEM	for	5	mice/group/time	point.	Two-way	ANOVAs	were	used	for	statistical	

analysis,		*	p<0.05,	and	**	p<0.01.		
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5448	

Following	skin	infection	with	5448	WT	or	MT,	the	skin	bioburden	in	vaccinated	

or	control	cohorts	on	day	3	were	very	similar	(Figure	3.9a).	On	day	6	there	was	a	

reduction	 in	 skin	 bioburden	 of	 5448	WT-infected	mice	 in	 comparison	 to	 5448	

MT-infected	mice	 in	both	 the	vaccinated	and	control	 cohorts.	 In	comparison	 to	

the	 corresponding	 PBS	 control,	 there	 was	 an	 81%	 and	 73%	 reduction	 in	

bioburden	 for	 immunised	 mice	 infected	 with	 5448	 WT	 and	 MT	 respectively.	

Moreover,	 the	 bioburden	 remained	 approximately	 4-fold	 higher	 in	 5448	 MT-

infected	mice	 in	 comparison	 to	 5448	WT–infected	mice	 despite	 immunisation	

(Figure	 3.9b).	 Systemic	 bioburden	 in	 blood	 (Figure	 3.9c	 and	 3.9d)	 and	 spleen	

(Figure	 3.9e	 and	 3.9f)	 was	 only	 evident	 in	 the	 5448	 MT-infected	 mice.	 Non-

immunised	5448	MT-infected	mice	had	significantly	higher	bacteremia	on	day	6	

in	blood	(p<0.05)	and	spleen	(p<0.01)	compared	to	the	immunised	mice.		
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Figure	3.9	Efficacy	of	J8-DT/Alum	in	protection	against	5448	GAS.	J8-DT/Alum-immunised	and	

non-immunised	Balb/c	mice	were	infected	with	5448	WT	or	MT	using	the	superficial	skin	infection	

model.	On	day	3	and	6	post-infection,	 designated	numbers	of	mice	were	 culled	and	 samples	were	

collected	to	assess	bacterial	burden	in	the	(a-b)	skin,	(c-d)	blood,	and	(e-f)	spleen.	Figures	show	the	

mean	CFU	±	SEM	for	5	mice/group/time	point.	Two-way	ANOVAs	were	used	for	statistical	analysis,	

*	p<0.05,	and	**	p<0.01.	
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	NS88.2	

For	the	NS88.2	infection	study	all	the	cohorts,	irrespective	of	their	immunisation	

status,	had	very	similar	skin	bioburden	on	day	3	(Figure	3.10a).	However,	by	day	

6	 bioburden	 in	 the	 control	 and	 immunised	 NS88.2	 MT-infected	 mice	 were	

significantly	 higher	 (p<0.001	 and	 p<0.005	 respectively)	 compared	 to	 their	

corresponding	 NS88.2	 Rep-infected	 cohorts	 (Figure	 3.10b).	 These	 bioburden	

levels	represented	a	33%	and	51%	reduction	 in	 immunised	mice	 infected	with	

NS88.2	 Rep	 and	 MT	 respectively	 on	 day	 3,	 and	 a	 40%	 and	 23%	 reduction	 in	

immunised	 mice	 infected	 with	 NS88.2	 Rep	 and	 MT	 respectively	 on	 day	 6.	 No	

difference	 in	skin	bioburden	was	noted	 for	 J8-DT-vaccinated	or	control	NS88.2	

MT-infected	mice	 suggesting	 a	 compromised	 efficacy	 of	 the	 vaccine.	 On	 day	 3	

there	was	a	59%	lower	bioburden	in	the	blood	of	immunised	mice	infected	with	

NS88.2	 MT	 compared	 to	 the	 non-immunised	 cohort	 despite	 bacteremia	 levels	

exceeding	106	CFU/mL	(Figure	3.10c).	On	day	6	all	mice	infected	with	NS88.2	MT	

had	 significantly	 higher	 bacteremia	 compared	 to	 all	 NS88.2	 Rep-infected	mice	

(p<0.001)	(Figure	3.10d).	Bioburden	in	the	spleen	was	significantly	higher	for	all	

mice	infected	with	NS88.2	MT	(p<0.001)	compared	to	NS88.2	Rep	on	days	3	and	

6	with	no	bacteremia	being	detected	for	NS88.2	Rep-infected	mice	(Figure	3.10e	

and	3.10f	respectively).		
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Figure	3.10	Efficacy	of	J8-DT/Alum	in	protection	against	NS88.2	GAS.	J8-DT/Alum-immunised	

and	 non-immunised	 Balb/c	mice	were	 infected	with	NS88.2	 Rep	 or	MT	 using	 the	 superficial	 skin	

infection	model.	On	day	3	and	6	post-infection,	designated	numbers	of	mice	were	culled	and	samples	

were	 collected	 to	 assess	 bacterial	 burden	 in	 the	 (a-b)	 skin,	 (c-d)	 blood,	 and	 (e-f)	 spleen.	 Figures	

show	the	mean	CFU	±	SEM	for	5	mice/group/time	point.	Two-way	ANOVAs	were	used	for	statistical	

analysis,		*	p<0.05,	***	p<0.005,	and	****	p<0.001.		
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3.2.3 	Pathogenesis	of	CovR/S	mutant	GAS	

The	 compromised	 efficacy	 of	 J8-DT/Alum	 vaccination	 in	 protection	 against	

CovR/S	 MT	 isolates	 raised	 the	 question	 as	 to	 why	 J8	 antibodies	 were	 not	

efficacious.	 Since	 each	 of	 the	 selected	 CovR/S	 mutants	 identified	 possessed	

different	 mutations	 within	 their	 CovR/S	 operons,	 several	 pathogenesis	 assays	

were	 implemented	 to	 answer	 this	 question.	 These	 were	 performed	 to	 assess	

whether	the	mutants	employed	similar	mechanisms	to	evade	host	immunity.		

	

3.2.3.1 IgG	binding	

An	in	vitro	IgG	binding	assay	was	utiltised	in	order	to	assess	whether	the	binding	

of	vaccine-specific	IgG	plays	a	role	in	reduced	protective	efficacy	in	vivo.	Vaccine-

specific	 IgG	 bound	 significantly	 better	 to	 5628	 MT	 compared	 to	 5628	 WT	

(p<0.05)	 (Figure	 3.11a)	 yet	 there	 was	 no	 significant	 difference	 in	 IgG	 binding	

between	5448	WT	and	5448	MT	(Figure	3.11c).	Conversely,	the	vaccine-specific	

IgG	bound	significantly	better	to	wild-type	isolates	compared	to	mutant	isolates	

in	the	BSA10	and	NS88.2	pairs	(p<0.01	and	p<0.005	respectively)	(Figure	3.11b	

and	3.11d	 respectively).	 Taken	 together,	 the	data	 suggests	 that	 the	differential	

binding	of	IgG	to	each	of	the	GAS	isolates	in	vitro	may	partially	be	responsible	for	

reduced	protection;	however,	it	is	unlikely	to	be	the	sole	reason.	
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Figure	3.11	IgG	binding	to	CovR/S	WT	or	MT	isolates	 in	vitro.	Stationary	phase	(a)	5628,	(b)	

BSA10,	(c)	5448,	or	(d)	NS88.2	isolates	were	incubated	with	J8-DT	or	PBS	anti-sera	for	1	h	at	4°C.	

Following	 several	washes	with	PBS/BSA	 the	 cultures	were	 stained	with	FITC-conjugated-anti-IgG	

antibody.	 The	 degree	 of	 IgG	 binding	 was	 measured	 by	 flow	 cytometry.	 The	 mean	 fluorescence	

intensity	(MFI)	for	triplicate	samples	is	shown.	The	statistical	difference	between	the	J8-DT	and	PBS	

anti-sera-treated	 groups	 for	 each	 isolate	was	 calculated	 using	 one-way	 ANOVAs	with	 Bonferroni	

multiple	comparison	test	*	p<0.05,	**	p<0.01,	***	p<0.005,	and	****	p<0.001.		

	

3.2.3.2 Opsonophagocytic	killing	assay	

The	IgG	binding	assay	demonstrated	that	vaccine-specific	IgG	was	binding	to	GAS	

in	 varying	 capacities.	 Therefore,	 we	 wanted	 to	 assess	 whether	 the	 vaccine-

specific	 antibodies	 were	 functional	 in	 vitro	 through	 the	 use	 of	 a	 modified	
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mixed	 with	 J8-DT	 anti-sera	 or	 PBS	 anti-sera	 and	 then	 incubated	 with	 whole	

murine	blood	for	3	h	at	37°C.	Naïve	Balb/c	mice	were	used	as	the	source	of	blood	

and	complement.	Resulting	cultures	were	then	serially	diluted	and	plated	for	%	

killing	 calculations	 where	 GAS	 pre-mixed	 with	 PBS	 anti-sera	 was	 used	 as	 a	

control	for	non-specific	background	killing.	

	

The	 OPK	 assay	 demonstrated	 that	 vaccine-specific	 anti-sera	 was	 enabling	 a	

greater	 amount	 of	 GAS	 killing	 for	 CovR/S	 WT	 isolates	 compared	 to	 the	 MT	

isolates	(Figure	3.12).	Of	particular	interest	was	the	NS88.2	pair	whereby	95%	of	

NS88.2	Rep	was	killed	after	pre-incubation	with	J8-DT	anti-sera	but	significantly	

less	against	the	NS88.2	MT,	with	only	15-20%	killing	(p<0.01).		

Figure	3.12	Opsonophagocytic	killing	of	GAS	by	J8-DT	anti-sera.	Stationary	phase	GAS	was	pre-

opsonised	with	neat	J8-DT	anti-sera	or	PBS	anti-sera	and	then	incubated	with	whole	murine	blood	

for	3	h	at	37°C	with	rotation.	Post-incubation,	the	cultures	were	diluted	and	plated	on	blood	agar	

media.	One-way	ANOVAs	were	used	for	statistical	analyses,	**	p<0.01.	
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3.2.3.3 Relative	gene	expression	by	RT-PCR	

Our	data	suggested	that	the	reduced	binding	and	functionality	of	vaccine-specific	

antibodies	 may	 be	 a	 significant	 contributor	 to	 the	 reduced	 efficacy	 of	 J8-

DT/Alum	against	CovR/S	mutants	in	vivo.	However,	it	is	also	suggested	that	this	

may	 not	 be	 the	 sole	 reason	 behind	 compromised	 efficacy	 of	 J8-DT.	 We	

investigated	 other	 potential	 factors	 that	 might	 be	 involved	 in	 the	 observed	

outcome	of	protection	studies.	The	virulence	profile	of	each	isolate	was	assessed	

using	RT-PCR,	specifically,	the	gene	expression	of	a	selection	of	virulence	factors	

regulated	by	CovR/S.	We	hypothesised	that	differential	expression	of	important	

virulence	 factors	 may	 be	 the	 determining	 factor	 for	 increased	 virulence	 and	

decreased	vaccine	protection	in	vivo.		

	

Messenger	 RNA	 (mRNA)	 extracted	 from	mid-log	 phase	 cultures	 (OD600	 =	 0.4)	

was	converted	to	cDNA	with	gyrase	A	being	used	as	an	internal	control.	The	WT	

expression	 of	 each	 gene	 for	 each	 isolate	 pair	was	 standardized	 to	 a	 value	 of	 1	

(represented	 by	 the	 dotted	 line	 in	 Figure	 3.13).	 Gene-specific	 primers	 were	

individually	tested	for	the	same	amplification	efficiency	(representative	standard	

curves	 and	 melt	 curves	 in	 Appendix	 5).	 All	 selected	 CovR/S	 mutants	

demonstrated	a	significant	up-regulation	of	the	SLO	gene	(slo)	and	SpyCEP	gene	

(cepA)	 transcripts	relative	 to	 their	 isogenic	wild	 type.	All	CovR/S	mutants	with	

the	 exception	 of	 5628	 MT	 also	 had	 significantly	 up-regulated	 hyaluronate	

synthase	 (hasA),	 the	 hyaluronic	 acid	 capsule	 transcript.	 The	 levels	 of	 speB	

expressed	 by	 these	 mutants	 were	 very	 low,	 further	 confirming	 their	 CovR/S	

status.	The	expression	of	Sda1	gene	transcripts	(sda1)	were	only	associated	with	

5628	and	5448	pairs	(both	emm1).		
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Figure	3.13	Differential	gene	expression	of	CovR/S	mutant	GAS.	RT-PCR	with	SYBR	green	was	

performed	in	triplicate	on	mid-log	phase	GAS	cultures.	Wild-type	values	were	normalized	to	a	value	

of	1	for	each	GAS	pair.	Mean	transcript	values	±	SD	are	shown.	This	experiment	was	performed	in	

triplicate.	One	way	ANOVAs	were	used	 for	statistical	analyses	 for	each	 isolate	pair	with	Dunnett’s	

multiple	comparisons	test,	*	p<0.05,	**	p<0.01,	***	p<0.005,	****	p<0.001.		

	

Next,	 to	 assess	 the	 functional	 ramifications	 of	 each	 of	 the	 isolate’s	 differential	

gene	expression,	various	in	vitro	assays	were	utilised.		

	

3.2.3.4 Hyaluronic	acid	capsule	expression	

The	 amount	 of	 hyaluronic	 acid	 (HA)	 expressed	 by	 each	 of	 the	 isolate	 pairs	 at	

mid-log	phase	(OD600	=	0.4)	was	measured.	All	CovR/S	mutants	except	5628	MT	

expressed	 significantly	 higher	 amounts	 of	 HA	 compared	 to	 their	 wild-type	

(p<0.001)	 (Figure	 3.14).	 	 Similar	 to	 the	 RT-PCR	 data	 (Figure	 3.13),	 BSA10	MT	

expressed	the	highest	amount	of	HA	at	12	µg/mL	at	mid-log	phase.		
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Figure	3.14	Hyaluronic	acid	expressed	by	GAS.	Mid-log	phase	cultures	(OD600	=	0.4)	were	lysed	

with	 distilled	 water	 and	 hyaluronic	 acid	 was	 dissociated	 from	 the	 GAS	 using	 choloroform.	 The	

hyaluronic	acid	was	then	quantified	from	the	aqueous	phase	of	the	cultures	using	the	Corgenix	HA	

test	kit.	A	two	way	ANOVA	was	used	for	statistical	analysis,	****	p<0.001.				

	

3.2.3.5 SLO-mediated	RBC	hemolysis	

The	functionality	of	SLO	was	assessed	for	each	isolate	using	an	in	vitro	red	blood	

cell	 (RBC)	 lysis	 assay	 as	 previously	 described	 (Ruiz	 et	 al.,	 1998,	 Shewell	 et	 al.,	

2014).	Triton-X	was	used	as	the	positive	control	and	cholesterol	(25	µg/ml)	and	

trypan	 blue	 (50	 µg/ml)	 were	 used	 as	 the	 SLO	 and	 SLS	 activity	 controls,	

respectively.	 There	 was	 significantly	 greater	 SLO-mediated	 hemolytic	 activity	

exhibited	 by	 5448	 MT	 compared	 the	 5448	WT	 (p<0.001),	 and	 by	 NS88.2	 MT	

compared	to	NS88.2	Rep	(p<0.005)	(Figure	3.15).	SLS	played	a	negligible	role	in	

RBC	lysis	within	this	assay	as	the	addition	of	the	SLS	control,	trypan	blue,	did	not	

affect	 the	 degree	 of	 lysis.	 The	 hemolysis	 units	 (HMU)	 were	 defined	 as	 the	

reciprocal	of	the	dilution	providing	greater	than	50%	hemolysis	compared	to	the	

positive	control.		
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Figure	3.15	SLO-mediated	red	blood	cell	lysis	in	vitro.	The	supernatants	from	stationary	phase	

GAS	 cultures	were	 filtered	 and	 reduced	with	 dithiothreitol.	 Serial	 dilutions	 of	 supernatants	 were	

incubated	with	2%	RBCs	and	incubated	for	30	min	at	37°C.	Triton-X	was	used	as	the	positive	control	

and	 cholesterol	 (25	 µg/ml)	 and	 trypan	 blue	 (50	 µg/ml)	 were	 used	 as	 the	 SLO	 and	 SLS	 activity	

controls,	 respectively.	 Hemoglobin	 release	 was	measured	 at	 450	 nm.	 The	 hemolysis	 units	 (HMU)	

were	defined	as	 the	reciprocal	of	 the	dilution	providing	greater	 than	50%	hemolysis	compared	to	

the	positive	control.	One	way	ANOVAs	were	used	for	statistical	analyses,	***	p<0.005,	****	p<0.001.		

	

	

3.2.3.6 SpyCEP-mediated	chemokine	degradation	

The	two	mutant	isolates	expressing	the	greatest	amount	of	SpyCEP	transcript	in	

the	RT-PCR	 analyses,	 BSA10	MT	 and	 5448	MT,	were	 tested	 for	 their	 ability	 to	

degrade	 IL-8	 (and	 murine	 homologues	 MIP-2	 and	 KC)	 in	 vitro.	 The	 increased	

SpyCEP	 expression	 by	 BSA10	 MT	 and	 5448	 MT	 (Figure	 3.16a	 and	 3.16b	

respectively)	 resulted	 in	 significantly	 increased	 degradation	 of	 IL-8	 and	 its	

murine	homologues	for	both	isolates	in	vitro	compared	to	the	control	(p<0.0001)	

(Pandey	et	al.,	2015).	
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Figure	3.16	SpyCEP-mediated	degradation	of	 IL-8,	MIP-2	and	KC	chemokines.	 (a)	BSA10	MT	

and	(b)	5448	MT	culture	supernatants	were	incubated	with	known	concentrations	of	chemokine	for	

8	 h	 at	 37°C.	 The	 residual	 chemokine	was	 quantified	 via	 Chemokine	ELISA.	Mean	 values	 ±	 SD	are	

shown.	One	way	ANOVAs	were	used	for	analysis	with	****	p<0.001.		
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3.2.4.1 Protective	efficacy	of	J8-DT+SpyCEP	

Balb/c	mice	were	immunised	with	30	µg	antigen	from	each	of	the	following:	J8-

DT/Alum,	 J8-DT+SpyCEP/Alum,	 SpyCEP/Alum,	 or	 PBS/Alum,	 then	 infected	 via	

the	 skin	 with	 5448	 MT	 as	 per	 chapter	 2.2.2.2.	 Similar	 to	 previous	 infection	

experiments,	 there	 was	 no	 significant	 difference	 in	 skin	 bioburden	 at	 day	 3		

(Figure	 3.17a).	 Day	 6	 showed	 significantly	 lower	 skin	 bioburden	 in	 mice	

immunised	 with	 J8-DT+SpyCEP	 compared	 to	 J8-DT	 (p<0.005)	 and	 PBS-

immunised	 cohorts	 (p<0.001)	 (Figure	 3.17b).	 Similarly,	 J8-DT+SpyCEP	

immunisation	 afforded	 the	 greatest	 systemic	 protection	 against	 5448	 MT	

infection	on	day	3	with	a	99%	reduction	in	bacteremia	in	comparison	to	the	PBS	

control	 cohort	 (Figure	3.17c).	 There	was	 a	 complete	 clearing	 of	 bacteremia	by	

day	6	for	mice	immunised	with	the	J8-DT+SpyCEP	combination	vaccine	(Figure	

3.17d)	(Pandey	et	al.,	2015).		
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Figure	 3.17	 Protective	 efficacy	 of	 J8-DT/Alum	 and	 J8-DT+SpyCEP/Alum	 against	 5448	 MT.	

Cohorts	of	mice	were	immunised	with	each	vaccine	candidate	then	infected	with	5448	MT	using	the	

superficial	 skin	 infection	model.	On	days	3	and	6	post-infection,	designated	numbers	of	mice	were	

culled	and	samples	were	collected	to	assess	bacterial	burden	in	the	(a	and	b)	 skin	and	(c	and	d)	

blood.	Data	 shows	mean	CFU	 values	 ±	 SEM	 for	5	mice/group/time	point.	 A	 two-way	ANOVA	was	

used	for	statistical	analysis,	*	p<0.05,	***	p<0.005,	and	****	p<0.001.		
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alone	significantly	reduce	skin	bioburden	(p<0.01	and	p<0.005	respectively).	No	

bacteremia	 was	 detected	 in	 the	 blood	 of	 any	 mice	 immunised	 with	 the	

combination	vaccine	 indicating	complete	systemic	protection	(Figure	3.18c	and	

3.18d).		

	

Figure	3.18	Protective	efficacy	of	 J8-DT/Alum	and	 J8-DT+SpyCEP/Alum	against	NS88.2	MT.	

Cohorts	of	mice	were	immunised	with	each	vaccine	candidate	then	infected	with	NS88.2	MT	using	

the	 superficial	 skin	 infection	model.	 On	 days	 3	 and	 6	 post-infection,	 designated	 numbers	 of	mice	

were	culled	and	samples	were	collected	to	assess	bacterial	burden	in	the	(a	and	b)	skin	and	(c	and	

d)	blood.	Data	shows	mean	CFU	values	±	SEM	for	5	mice/group/time	point.	A	two-way	ANOVA	was	

used	for	statistical	analysis,	**	p<0.01,	***	p<0.005	and	****	p<0.001.			
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3.2.4.2 SpyCEP	minimal	epitope	mapping	

It	 is	important	for	GAS	vaccine	candidates	that	utilise	immunogenic	peptides	to	

ensure	that	 the	minimal	epitope	needed	 is	used	so	that	 the	 likelihood	of	cross-

reactive	 antibody	 production	 (as	 is	 seen	 with	 the	 M	 protein)	 can	 be	 avoided.	

Therefore,	 in	 order	 to	 enhance	 the	 safety	 profile	 of	 J8-DT+SpyCEP,	 a	 minimal	

epitope	of	SpyCEP,	referred	 to	as	 ‘S2’,	was	 identified	and	 incorporated	 into	 the	

vaccine.	 Murine	 antibodies	 against	 the	 S2	 minimal	 epitope	 were	 able	 to	

recognize	and	neutralize	SpyCEP	enabling	protection	of	IL-8	from	proteolysis	in	

vitro	 (Pandey	 et	 al.,	 2016a).	 The	 minimal	 epitope	 was	 later	 redesigned	 to	

incorporate	four	lysine	residues	(K4S2)	to	increase	the	solubility	of	the	peptide.	

The	 addition	of	 lysines	 to	 the	 S2	 epitope	did	not	 affect	 the	 immunogenicity	 or	

chemokine	 degradation	 abilities	 in	 comparison	 to	 the	 original	 S2	 epitope	

(Pandey	et	al.,	2016a).		

	

3.2.4.3 Protective	efficacy	of	J8-DT+S2-DT/Alum	in	Balb/c	mice	

Immunised	and	non-immunised	Balb/c	mice	were	infected	with	5448	MT	using	

the	 superficial	 skin	 infection	 model.	 Immunisation	 with	 J8-DT+S2-DT/Alum	

provided	 a	 significant	 reduction	 in	 the	 skin	 bioburden	 of	 J8-DT+S2-DT-

immunised	mice	compared	to	the	non-immunised	PBS	cohort	on	day	6	(p<0.05)	

(Figure	3.19b).	The	minimal	epitope	combination	vaccine	also	provided	the	most	

effective	 systemic	protection	against	5448	MT	with	one	of	 five	mice	having	no	

bacteremia	 on	 day	 3	 (Figure	 3.19c)	 and	 three	 of	 five	 mice	 also	 clear	 of	

bacteremia	on	day	6	(Figure	3.19d).		
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Figure	 3.19	 Protective	 efficacy	 of	 J8-DT/Alum	 and	 J8-DT+S2-DT/Alum	 against	 5448	 MT.	

Cohorts	of	mice	were	immunised	with	each	vaccine	candidate	then	infected	with	5448	MT	using	the	

superficial	 skin	 infection	model.	On	days	3	and	6	post-infection,	designated	numbers	of	mice	were	

culled	and	samples	were	collected	to	assess	bacterial	burden	in	the	(a	and	b)	 skin	and	(c	and	d)	

blood.	Data	 shows	mean	CFU	values	 ±	 SEM	 for	 5	mice/group/time	point.	 A	 two-way	ANOVA	was	

used	for	statistical	analysis,	*	p<0.05,	**	p<0.01,	and	****	p<0.001.		

	

The	 protective	 efficacy	 of	 the	 minimal	 epitope	 combination	 vaccine	 was	 also	

assessed	in	the	context	of	an	NS88.2	MT	skin	 infection.	Similar	to	the	5448	MT	
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immunised	 control	 (p<0.001)	 (Figure	 3.20a	 and	 3.20b),	 as	 well	 as	 significant	

systemic	protection	on	day	3	post-infection	(p<0.005)	(Figure	3.20c).	Whilst	not	

significantly	different,	there	was	an	average	of	95%	reduction	in	the	bacteremia	

of	J8-DT+S2-DT-immunised	mice	at	day	6	compared	to	PBS	mice,	and	only	a	7%	

reduction	provided	by	J8-DT	immunisation	at	the	same	time	point.		

	

Figure	3.20	Protective	efficacy	of	J8-DT/Alum	and	J8-DT+S2-DT/Alum	against	NS88.2	MT.	

Cohorts	of	mice	were	immunised	with	each	vaccine	candidate	then	infected	with	NS88.2	MT	using	

the	 superficial	 skin	 infection	model.	 On	 days	 3	 and	 6	 post-infection,	 designated	 numbers	 of	mice	

were	culled	and	samples	were	collected	to	assess	bacterial	burden	in	the	(a	and	b)	skin	and	(c	and	

d)	blood.	Data	shows	mean	CFU	values	±	SEM	for	5	mice/group/time	point.	A	two-way	ANOVA	was	

used	for	statistical	analysis,	*	p<0.05,	**	p<0.01,	***	p<0.005,	and	****	p<0.001.		
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3.2.4.4 Protective	efficacy	of	J8-DT+	K4S2-DT/Alum	in	C57BL/6	mice	

The	protective	efficacy	of	the	minimal	epitope	combination	vaccine	(henceforth	

referred	to	as	CombiVax	and	with	the	addition	of	 the	 four	 lysine	residues)	was	

finally	assessed	in	a	C57BL/6	murine	model	in	order	to	compare	efficacy	in	the	

context	 of	 a	 different	MHC	 II	 haplotype	 (Balb/c	 representing	 haplotype	 d	 and	

C57BL/6	representing	haplotype	b).	

	

CombiVax-immunised	 and	 non-immunised	 C57BL/6	 mice	 were	 infected	 with	

5448	MT	or	NS88.2	MT	using	the	superficial	skin	infection	model.	On	day	3	post-

infection,	 all	 the	 vaccinated	 and	 control	 cohorts	 demonstrated	 similar	 skin	

bioburden	(Figure	3.21a).	However,	by	day	6	there	was	an	85%	reduction	in	skin	

bioburden	 for	 CombiVax-immunised	mice	 infected	with	5448	MT	 compared	 to	

PBS	mice,	and	an	11%	reduction	 for	 immunised	mice	 infected	with	NS88.2	MT	

(Figure	3.21b).	At	 the	same	time	point	 the	 immunised	mice	 infected	with	5448	

MT	had	well-healed	wounds	but	the	non-immunised	mice	exhibited,	along	with	

high	 skin	bioburden,	 significant	 amounts	 of	 dead	 tissue	beneath	 large	necrotic	

wounds	 (Figure	 3.22a	 and	 3.22b	 respectively).	 There	 was	 no	 bacteremia	

detected	 in	 the	 blood	 of	 any	 immunised	 mice	 on	 day	 3	 representing	 100%	

protection	against	systemic	5448	MT	and	NS88.2	MT	infections	by	the	CombiVax	

(Figure	3.21c).	Day	6	saw	a	three-fold	reduction	in	bacteremia	of	non-immunised	

mice	 infected	 with	 5448	 MT	 and	 a	 complete	 clearance	 in	 three	 of	 five	 non-

immunised	mice	infected	with	NS88.2	MT	(Figure	3.21d).	The	natural	clearance	

of	NS88.2	by	non-immunised	C57BL/6	mice	in	particular	suggests	an	insufficient	

virulence	of	human	 isolates	 in	 this	mouse	model.	A	higher	 tolerance	 to	NS88.2	

GAS	infections	in	this	murine	model	compared	to	Balb/c	mice	was	also	observed,	
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which	was	consistent	with	the	clearing	of	wounds	at	the	site	of	infection	by	day	

6.		

	

	

Figure	 3.21	 Protective	 efficacy	 of	 CombiVax	 against	 5448	 MT	 and	 NS88.2	 MT	 in	 C57BL/6	

mice.	Cohorts	of	mice	were	immunised	with	CombiVax	or	PBS	then	infected	with	5448	MT	or	NS88.2	

MT	using	the	superficial	skin	infection	model.	On	days	3	and	6	post-infection,	designated	numbers	of	

mice	were	culled	and	samples	were	collected	to	assess	bacterial	burden	in	the	(a	and	b)	skin	and	(c	

and	d)	blood.	Data	shows	mean	CFU	values	±	SEM	for	5	mice/group/time	point.	A	two-way	ANOVA	

was	used	for	statistical	analysis,	***	p<0.005,	****	p<0.001.		
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	(a)		 Day	6,	CombiVax-immunised	 (b)		 Day	6,	Non-immunised	

						 	

Figure	 3.22	 Skin	 lesions	 in	 5448	 MT-infected	 C57BL/6	 mice.	 Cohorts	 of	 (a)	 CombiVax-

immunised	 and	 (b)	 non-immunised	 mice	 were	 infected	 with	 5448	 MT	 using	 the	 superficial	 skin	

infection.	On	days	3	and	6	post-infection,	designated	numbers	of	mice	were	culled	and	samples	were	

collected	to	assess	bacterial	burden	in	the	skin	and	blood.	Photos	show	representative	skin	lesions	at	

day	6	post-infection.			

	

3.3 Discussion	

	

GAS	 infections	are	prevalent	 in	developing	countries	as	well	as	rural	areas	and	

Indigenous	 populations	 in	 industrialised	 countries	 such	 as	 Australia.	 These	

infections	 account	 for	 huge	 economic	 and	 social	 burden	 as	 well	 as	 significant	

morbidity	 and	 mortality,	 particularly	 in	 the	 Australian	 Indigenous	 population	

(Carapetis	 et	 al.,	 2005).	 Invasive	 GAS	 infections	 have	 serious	 health	

consequences	 with	 approximately	 20%	 of	 patients	 suffering	 from	 an	 invasive	

GAS	infection	dying	within	7	days	of	onset	(O’Grady	et	al.,	2007,	Lamagni	et	al.,	

2008).	 The	 incidence	 of	 severe	 invasive	 GAS	 infections	 is	 similar	 in	 all	

industrialised	 populations	 with	 2-3	 per	 100,000	 equating	 to	 approximately	

10,000	 cases	 annually	 (Lamagni	 et	 al.,	 2008,	 Olsen	 et	 al.,	 2009).	 However,	 the	

rates	 of	 GAS-related	 disease	 in	 Indigenous	 Australia,	 Africa,	 the	 Asian	
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subcontinent,	and	the	Pacific	Islands	are	typically	much	higher	(Carapetis	et	al.,	

2005).		

	

Since	 the	mid-1980s,	 a	 resurgence	of	 severe	GAS	 infections	has	been	observed	

worldwide.	This	has	been	attributed	to	the	emergence	of	hypervirulent	strains	of	

GAS,	including	those	with	a	mutation	within	the	CovR/S	operon.	Innate	immune	

evasion	 by	 these	 highly	 invasive	 GAS	 strains	 plays	 a	 major	 role	 in	 the	

development	and	progression	of	invasive	GAS	disease	(Dalton	et	al.,	2006,	Ato	et	

al.,	 2008).	 Therefore,	 a	 vaccine	 that	 could	 induce	 antibodies	 to	 counter	 the	

hypervirulence	 of	 CovR/S	mutations	 and	provide	protection	would	be	 of	 great	

benefit.	 One	 major	 obstacle	 for	 GAS	 vaccine	 design	 is	 the	 vast	 amount	 of	

circulating	 serotypes	 each	 requiring	 a	 specific	 immune	 memory	 for	 effective	

natural	immunity	to	eventuate	(Pandey	et	al.,	2016b).		

	

CovR/S	mutants	are	responsible	 for	a	 large	amount	of	virulence	diversity.	This	

heterogeneity	is	due	to	the	ability	of	the	CovR/S	system	to	directly	influence	the	

virulence	profile	of	 a	 specific	 strain	 through	differential	 interactions	with	gene	

promoter	 regions	 (Sumby	 et	 al.,	 2006,	 Langshaw	 et	 al.,	 2017).	 However,	 this	

mutation	 event	 appears	 to	 come	 with	 an	 associated	 fitness	 cost.	 Whilst	 at	 an	

advantage	 in	terms	of	systemic	dissemination,	CovR/S	mutants	are	hindered	 in	

their	 ability	 to	 bind	 to	 epithelial	 cells,	 form	 biofilms,	 and	 bind	 fibronectin,	 all	

processes	 critical	 to	 establishment	 of	 early	 infection	 (Hollands	 et	 al.,	 2010).	

CovR/S	wild	type	isolates	may	have	a	survival	advantage	during	the	early	stages	

of	skin	and	upper	respiratory	tract	infection,	but	once	established,	a	spontaneous	

mutation	in	CovR/S	enables	down-regulation	of	SpeB	and	rapid	up-regulation	of	
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important	 virulence	 factors	 associated	 with	 systemic	 spread	 and	 invasive	

disease	(Sumby	et	al.,	2006,	Walker	et	al.,	2007,	Treviño	et	al.,	2009).			

	

The	 globally	 disseminated	 M1T1	 GAS	 clone	 is	 commonly	 associated	 with	

increased	 virulence	 and	 severe	 invasive	 diseases.	 This	 serotype	 is	 also	 readily	

able	to	accumulate	a	mutation	within	the	CovR/S	regulatory	system	resulting	in	

a	 hypervirulent	 phenotype	 in	 vivo.	 The	 acquisition	 of	 bacteriophage-encoded	

Sda1	by	the	ancestral	M1T1	has	assisted	in	its	invasive	phenotype	(Walker	et	al.,	

2007,	 Hollands	 et	 al.,	 2010).	 However,	 the	 current	 study	 highlights	 the	

hypervirulence	of	non-M1T1	CovR/S	mutants,	their	respective	pathogenicity	in	a	

murine	 model	 of	 pyoderma,	 and	 the	 subsequent	 protective	 efficacy	 of	 our	

vaccine	candidates.		

	

The	vaccine	candidate	J8-DT/Alum	has	repeatedly	been	shown	to	be	efficacious	

against	 a	 wide	 array	 of	 GAS	 strains	 (Batzloff	 et	 al.,	 2003,	 Pandey	 et	 al.,	 2009,	

Sheel	et	al.,	2010).	However,	 the	studies	within	 this	chapter	have	highlighted	a	

reduced	protective	efficacy	against	CovR/S	mutants,	both	from	the	M1	and	non-

M1	 serotypes.	 J8-DT/Alum	was	 unable	 to	 provide	 systemic	 protection	 against	

any	of	the	CovR/S	mutants	tested	within	this	study.	This	may	be	linked,	in	part,	

to	the	reduced	binding	and	functionality	of	vaccine-specific	antibodies	as	seen	in	

the	 OPK	 assays.	 It	 has	 previously	 been	 demonstrated	 that	 J8-DT-mediated	

immunity	 is	 dependent	 on	 the	 opsonic	 ability	 of	 J8	 antibodies	 and	 subsequent	

phagocytosis	by	neutrophils	(Batzloff	et	al.,	2003,	Sheel	et	al.,	2010).	Therefore,	a	

lack	 of	 adequate	 J8-antibody	 binding	 to	 GAS	 can	 lead	 to	 a	 reduced	 vaccine	

efficacy	 downstream.	 The	 difference	 in	 growth	 rates	 observed	 in	 vitro	 should	
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also	 be	 taken	 into	 account	 when	 considering	 potential	 in	 vivo	 differences.	

However,	the	specific	reason	for	the	reduced	functionality	of	antibodies	may	lie	

in	the	virulence	profile	of	each	particular	isolate.		

	

The	virulence	profile	of	GAS	has	previously	been	shown	to	be	important	for	the	

ability	of	a	strain	to	evade	the	host	immune	system.	Previous	studies	by	Sumby	

et	 al.	 (2006)	 showed	 that	 by	 complementing	 the	 CovS	mutation	 in	MGAS5005	

(an	M1T1	 isolate)	 and	 thereby	 returning	 it	 back	 to	wild-type	 status,	 the	 strain	

reverted	 to	 a	 non-invasive	 pharyngeal	 transcriptome	 profile	 rather	 than	 the	

invasive	 transcriptome	 profile	 characteristic	 of	 CovR/S	 mutants.	 This	 study	

highlighted	the	important	relationship	between	CovR/S-mediated	de-repression	

of	virulence	factors	and	invasive	phenotypes.	The	timely	expression	of	virulence	

factors	such	as	SpyCEP,	SLO,	and	the	HA	capsule	have	previously	been	identified	

as	 essential	 for	 host	 immune	 evasion	 and	 dissemination	 (Moses	 et	 al.,	 1997,	

Zinkernagel	 et	 al.,	 2008,	 Timmer	 et	 al.,	 2009,	 Chiappini	 et	 al.,	 2012,	 Zhu	 et	 al.,	

2017).	 Through	 RT-PCR,	 we	 showed	 that	 three	 of	 the	 four	 selected	 CovR/S	

mutants	significantly	up-regulated	 their	HA	capsule,	and	all	 four	of	 the	CovR/S	

mutants	significantly	up-regulated	SpyCEP	and	SLO	transcripts	in	comparison	to	

their	 isogenic	wild	 types,	 in	 line	with	 similar	 results	 observed	by	 Sumby	 et	 al.	

(2006).	 Conversely,	 the	 SpeB	 transcript	 was	 down-regulated	 by	 each	 of	 the	

mutants	assessed.		

	

The	 down-regulation	 of	 SpeB	 and	 up-regulation	 of	 the	 HA	 capsule,	 SLO	 and	

SpyCEP	are	each	important	in	the	context	of	GAS	infections	and	vaccine	efficacy.	

SpeB	is	able	to	cleave	a	broad	range	of	host	proteins,	such	as	immunoglobulins	
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and	 extracellular	 matrix	 proteins,	 enabling	 a	 reduced	 immune	 response.	

However,	active	SpeB	can	also	cleave	several	self-proteins,	such	as	the	M	protein,	

thereby	 attenuating	 certain	 aspects	 of	 GAS	 pathogenicity	 (Kansal	 et	 al.,	 2000,	

Aziz	 et	 al.,	 2004,	 Walker	 et	 al.,	 2007,	 Hollands	 et	 al.,	 2010).	 Therefore,	 the	

reduced	expression	of	this	protease	can	be	beneficial	for	the	virulence	of	GAS	as	

it	allows	for	the	full	expression	of	proteins	that	may	otherwise	be	inactivated	by	

SpeB	 activity.	 The	HA	 capsule	 enables	GAS	 to	 resist	 phagocytosis	 by	PMNs	 via	

obstruction	of	binding	sites	on	 the	bacterial	 surface,	and	also	due	 to	molecular	

mimicry	 relating	 to	 the	 structural	 similarity	 with	 HA	 in	 human	 extracellular	

matrix	 (Stollerman	 and	 Dale,	 2008,	 Wessels,	 2016).	 The	 increased	 capsule	

production	may	be	a	contributing	 factor	 in	 the	differential	 IgG	binding	abilities	

and	 subsequent	 opsonophagocytosis	 in	 vivo.	 Additionally,	 the	 significant	 up-

regulation	of	SLO	by	the	CovR/S	mutants	will	have	implications	in	the	bacterial	

interactions	 with	 macrophages	 and	 neutrophils.	 SLO	 is	 a	 potent	 cytolysin	

capable	 of	 inducing	 pores	 in	 the	 membrane	 of	 host	 cells	 resulting	 in	 their	

apoptosis	(Timmer	et	al.,	2009,	Zhu	et	al.,	2017).	Several	studies	have	highlighted	

the	 important	 of	 the	 HA	 capsule	 and	 SLO	 for	 GAS	 pathogenesis	 (Moses	 et	 al.,	

1997,	Limbago	et	al.,	2000,	Stollerman	and	Dale,	2008,	Cortes	and	Wessels,	2009,	

Zhu	et	al.,	2015).		

	

The	increase	in	SpyCEP	expression	and	functioning	was	of	particular	interest	due	

to	the	potential	negative	ramifications	for	neutrophil	migration,	a	process	shown	

to	 be	 imperative	 to	 J8-DT-mediated	 protection	 (Pandey	 et	 al.,	 2015).	 To	

overcome	 this,	 a	 recombinant	 SpyCEP	 peptide	 was	 combined	 with	 the	 J8-DT	

vaccine	 and	 was	 later	 improved	 upon	 by	 replacing	 with	 a	 minimal	 SpyCEP	
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epitope.	 The	 combination	 of	 J8	 and	 S2	 resulted	 in	 a	 vaccine	 candidate	 that	

worked	 synergistically	 to	 increase	 protective	 efficacy	 against	 hypervirulent	

CovR/S	mutants	 in	vivo	via	 two	 independent	pathways	 in	 two	different	murine	

models	(Pandey	et	al.,	2015).			

	

The	 superficial	 skin	 infection	 model	 utilised	 for	 each	 of	 the	 vaccine	 efficacy	

challenges	was	novel	in	that	it	closely	mimicked	the	human	situation	of	infection	

whereby	a	localised	skin	lesion	was	naturally	formed.	The	topical	inoculation	of	

GAS	on	to	a	superficial	wound	on	the	skin	surface	forced	the	bacteria	to	progress	

through	 each	 layer	 of	 skin	 to	 become	 systemic	 rather	 than	 bypassing	 this	

primary	defense,	as	is	commonly	observed	in	subcutaneous	and	intraperitoneal	

GAS	infection	models	(Watson	et	al.,	2016).	One	potential	caveat	to	this	infection	

model	is	the	difficulty	in	differentiating	GAS	survival	on	the	exterior	of	the	skin	

from	 GAS	 that	 has	 invaded	 and	 progressed	 into	 the	 sub-dermal	 layers.	

Nevertheless,	 lending	support	to	the	utility	of	this	skin	infection	model	was	the	

development	of	lesions	at	the	infection	sites	characteristic	of	human	pyoderma.	

This	 was	 particularly	 evident	 in	 the	 5448	 MT	 and	 NS88.2	 MT-infected	 mice	

whereby	 necrotic	 lesions	 developed	 and	 soft	 tissue	 injury	 resulted.	 The	

utilisation	 of	 CombiVax	 vaccination	 provided	 significant	 protection	 against	 the	

occurrence	 of	 necrosis	 at	 the	 site	 of	 infection,	 and	 also	 provided	 enhanced	

systemic	protection	compared	to	that	of	J8-DT/Alum.		

	

The	 hypervirulence	 of	 5448	 MT	 and	 NS88.2	 MT	 was	 highlighted	 in	 these	

infection	studies;	yet,	the	RT-PCR	data	showed	dissimilarities	in	their	respective	

virulence	 profiles	 (particularly	 with	 the	 absence	 of	 Sda1	 by	 NS88.2	 MT).	
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Furthermore,	 these	 two	 mutants	 are	 different	 emm	 types	 from	 different	

geographical	 and	 anatomical	 locations	 (Aziz	 et	 al.,	 2004,	 McKay	 et	 al.,	 2004).	

Even	 with	 these	 differences	 in	 bacterial	 genotypes,	 CombiVax	 was	 able	 to	

provide	significant	systemic	protection	against	both	 isolates.	This	suggests	 that	

their	 major	 pathogenic	 mechanism	 of	 dissemination	 may	 revolve	 around	 and	

rely	upon	neutrophil	incompetency.	Neutrophils	are	a	critical	component	of	the	

host’s	 innate	 immunity	 with	 an	 array	 of	 mechanisms	 aimed	 toward	 timely	

pathogen	 trapping,	 killing,	 and	 efficient	 disposal.	 GAS	 has	 developed	 several	

defense	 and	 evasion	 mechanisms	 primed	 towards	 subversion	 of	 innate	

neutrophil	 processes,	 several	 of	 which	 are	 enhanced	 upon	 CovR/S	 mutation	

(Buchanan	 et	 al.,	 2006,	 Ato	 et	 al.,	 2008,	 Sumby	 et	 al.,	 2008,	 Zinkernagel	 et	 al.,	

2008).	 A	 major	 virulence	 factor	 common	 amongst	 many	 of	 these	 immune	

evasion	mechanisms	is	SLO	(Limbago	et	al.,	2000,	Timmer	et	al.,	2009,	Zhu	et	al.,	

2017,	Walker	et	al.,	2014).		

	

These	data	show	a	broad	characterisation	study	of	several	clinical	and	laboratory	

GAS	 isolates.	 The	 assessment	 of	 these	 isolates	 allowed	 for	 the	 identification	 of	

CovR/S	 mutants	 and	 highlighted	 their	 ability	 to	 evade	 J8-DT/Alum-mediated	

protection	 through	 the	 up-regulation	 of	 important	 CovR/S-regulated	 virulence	

factors.	The	ability	to	critically	analyse	and	subsequently	improve	upon	vaccine	

efficacy	 in	 the	 context	 of	 hypervirulent	 GAS	 infections	 is	 vital	 for	 successful	

streptococcal	vaccine	design.		
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Chapter	4. Streptolysin	O	is	essential	for	group	A	streptococcal	
M1T1	CovR/S	mutant	virulence	
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4.1 Abstract	

Streptococcus	pyogenes	(group	A	Streptococcus,	GAS)	is	responsible	for	a	myriad	

of	 infections	ranging	from	mild	throat	 infections	to	 invasive	skin	diseases,	each	

with	 the	 potential	 for	 post-streptococcal	 infection	 complications.	 The	

accumulation	of	mutations	within	the	CovR/S	regulatory	system	of	GAS	has	been	

associated	with	 a	 hypervirulent	 phenotype	 resulting	 from	 the	 up-regulation	 of	

several	virulence	factors	including	the	pore-forming	toxin,	streptolysin	O	(SLO).	

In	this	study	we	utilised	a	range	of	CovR/S	mutants,	including	strains	belonging	

to	 the	 M1T1	 clone	 (5448	 wild-type	 and	 a	 CovS	 mutant	 isolated	 after	 mouse	

passage	 designated	 5448	 MT),	 to	 investigate	 the	 contribution	 of	 SLO	 to	 the	

pathogenesis	of	CovR/S	mutant	GAS.	Up-regulation	of	SLO	in	5448	MT	resulted	

in	 increased	 SLO-mediated	 hemolysis,	 decreased	 dendritic	 cell	 (DC)	 viability	

post-culture	with	GAS,	and	an	 increased	production	of	TNF	and	MCP-1	by	DCs.	

Mouse	passage	of	an	isogenic	5448	SLO	deletion	mutant	resulted	in	recovery	of	a	

number	 of	 CovR/S	 mutant	 forms.	 Despite	 still	 exhibiting	 the	 characteristic	

CovR/S-controlled	 virulence	 factor	 up-regulation,	 the	 absence	 of	 SLO	 in	 these	

mutant	 isolates	 caused	 increased	 DC	 viability	 with	 a	 reduced	 inflammatory	

cytokine	production	by	infected	DCs.	In	vivo,	expression	of	SLO	correlated	with	a	

decrease	 in	DC	numbers	 in	 infected	murine	 skin	 and	 significant	bacteremia	by	

day	 3	 post-infection	 with	 severe	 pathology	 at	 the	 site	 of	 the	 infection.	

Conversely,	 the	absence	of	SLO	 in	 the	 infecting	strain	 (CovR/S	mutant	or	wild-

type)	resulted	in	detection	of	DCs	in	the	skin	and	an	attenuation	of	virulence	in	a	

murine	model	 of	 pyoderma.	 SLO-sufficient	 and	deficient	 CovR/S	mutants	were	

susceptible	to	 immune	clearance	mediated	by	a	combination	vaccine	consisting	
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of	 a	 conserved	 M	 protein	 peptide	 and	 a	 peptide	 from	 the	 CXC	 chemokine	

protease,	SpyCEP.		

	

4.2 Introduction	

	
The	exclusively	human	pathogen,	Streptococcus	pyogenes	(group	A	Streptococcus;	

GAS),	causes	a	variety	of	illnesses	ranging	from	mild	and	self-limiting	infections	

such	as	 ‘strep	throat’	 to	 invasive	 life-threatening	diseases	 including	necrotizing	

fasciitis,	 which	 commonly	 commences	 with	 a	 skin	 infection.	 Additionally,	 the	

development	 of	 post-streptococcal	 sequelae	 such	 as	 rheumatic	 fever	 (RF)	 and	

rheumatic	heart	disease	(RHD)	contribute	significantly	to	high	rates	of	morbidity	

and	 mortality	 in	 developing	 countries	 and	 amongst	 Indigenous	 people	 of	

developed	 nations.	 The	 burden	 of	 RF	 and	 RHD	 is	 particularly	 high	 in	 the	

Indigenous	populations	of	Australia,	with	prevalence	rates	reported	to	be	up	to	

3.5	 per	 1000	 (Carapetis	 et	 al.,	 2005,	 Parnaby	 and	 Carapetis,	 2010).	 Globally,	

invasive	streptococcal	diseases	and	post-streptococcal	sequelae	are	reported	to	

contribute	to	more	than	517,000	deaths	each	year	with	many	regions	potentially	

under-estimating	 GAS-associated	 deaths	 (Carapetis	 et	 al.,	 2005,	Watkins	 et	 al.,	

2017).		

	

The	GAS	M1T1	clone	is	associated	with	an	increased	prevalence	of	invasive	GAS	

disease.	The	hypervirulence	of	this	strain	is	suggested	to	be	due	to	the	ability	of	

this	clone	to	‘switch’	to	an	invasive	CovR/S	mutant	phenotype	(Engleberg	et	al.,	

2001,	 Walker	 et	 al.,	 2007,	 Cole	 et	 al.,	 2010).	 The	 CovR/S	 operon	 is	 a	 two-

component	negative	transduction	system	that	regulates	between	10	–	15%	of	the	
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streptococcal	 genome	 (Graham	 et	 al.,	 2002,	 Dalton	 et	 al.,	 2006),	 of	 which	 the	

majority	 of	 targeted	 genes	 are	 involved	 in	 virulence	 factor	 expression	 and	

regulation.	 When	 the	 CovR/S	 system	 acquires	 a	 spontaneous	 mutation,	 the	

resultant	phenotype	is	hypervirulent	and	highly	invasive	in	the	host	(Engleberg	

et	al.,	2001,	Dalton	et	al.,	2006,	Walker	et	al.,	2007,	Cole	et	al.,	2010,	Pandey	et	al.,	

2015).			

	

The	 hypervirulence	 of	 CovR/S	 mutants	 may	 be	 due	 to	 the	 de-repression	 of	

several	virulence	 factors,	each	of	which	plays	a	critical	 role	 in	 immune	evasion	

mechanisms	employed	by	these	strains	(Graham	et	al.,	2002,	Sumby	et	al.,	2006).	

One	 of	 these	 critical	 virulence	 factors	 is	 streptolysin	 O	 (SLO).	 SLO	 is	 a	 potent	

pore-forming	exotoxin	 that	 is	a	member	of	 the	cholesterol-dependent	cytolysin	

family,	 of	 which	 there	 are	 more	 than	 28	 members	 spanning	 several	 bacterial	

families	(Tweten,	2005).	SLO	primarily	 functions	to	 induce	pores	 in	target	host	

cells	 and	 inhibit	 phagocytosis,	 making	 it	 an	 important	 contributor	 to	 GAS	

virulence	(Ato	et	al.,	2008,	Cortes	and	Wessels,	2009,	Timmer	et	al.,	2009,	Zhu	et	

al.,	 2017).	 Furthermore,	 the	 clinical	 relevance	 of	 SLO	 is	 underscored	 by	 the	

observation	 that	 SLO	 is	 commonly	 overproduced	 in	 streptococcal	 toxic	 shock	

syndrome	(STSS)	clinical	isolates	(Ikebe	et	al.,	2010).		The	mortality	rate	for	STSS	

can	range	from	30-70%	depending	upon	the	patient’s	geographical	location	and	

timely	 access	 to	 adequate	 healthcare	 (Bisno	 and	 Stevens,	 1996).	 Additional	

studies	utilising	genome	sequencing	have	shown	that	GAS	isolates	possessing	a	

mutation	within	CovR/S	were	detected	at	a	frequency	greater	than	50%	in	STSS	

clinical	isolates,	but	only	2%	in	non-invasive	isolates	(Ato	et	al.,	2008,	Ikebe	et	al.,	

2010).	
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Dendritic	cells	are	prevalent	 in	 the	skin,	and	along	with	neutrophils,	 constitute	

the	first	 line	of	defense	to	encounter	GAS.	GAS	have	developed	several	 immune	

evasion	 mechanisms,	 including	 the	 ability	 of	 GAS	 to	 induce	 apoptosis	 of	 host	

cells.	 SLO	 significantly	 contributes	 to	 this	 process	 (Timmer	 et	 al.,	 2009).	Given	

that	CovR/S	mutants	have	a	propensity	to	initiate	invasive	infections,	it	might	be	

hypothesised	 that	up-regulation	of	 SLO	by	CovR/S	mutants	plays	 a	 role	 in	 this	

hypervirulent	phenotype.		

	

Currently,	 there	 is	 no	 commercially	 available	 GAS	 vaccine;	 however,	 some	

experimental	 vaccines	 are	 showing	 promise	 (Batzloff	 et	 al.,	 2003,	 Dale	 et	 al.,	

2013,	 Guilherme	 et	 al.,	 2013,	 De	 Amicis	 et	 al.,	 2014).	 Developing	 a	 greater	

understanding	 of	 the	 complex	 interactions	 between	 host	 cells	 and	 GAS	 will	

hasten	 vaccine	 development.	 Such	 investigations	 have	 recently	 led	 to	

redesigning	 of	 an	 existing	 vaccine	 candidate,	 J8-DT/Alum,	 to	 provide	 greater	

protection	against	hypervirulent	CovR/S	mutants	(Pandey	et	al.,	2015,	Pandey	et	

al.,	 2016).	 Immunisation	 with	 the	 J8	 peptide,	 originating	 from	 the	 conserved	

region	of	the	M	protein,	conjugated	to	diphtheria	toxoid	(DT)	as	a	carrier	protein,	

raises	 protective	 opsonic	 antibodies	 in	 vivo	 and	 is	 effective	 in	 several	 GAS	

challenge	 models	 (Batzloff	 et	 al.,	 2003,	 Pandey	 et	 al.,	 2009).	 However,	 the	

addition	 of	 a	 SpyCEP	 minimal	 epitope	 (S2)	 to	 the	 J8-DT	 vaccine	 candidate	

(herein	 called	 J8	 CombiVax)	 provides	 a	 synergistic	 protective	 response	 better	

equipped	 to	 afford	 protection	 against	 hypervirulent	 CovR/S	mutant	 infections	

(Pandey	et	al.,	2016).	This	was	shown	to	work	by	inducing	antibodies	to	negate	

the	 streptococcal	 CXC	 chemokine-degrading	 protease,	 SpyCEP,	 and	 thus	 allow	
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anti-M	protein	antibodies	to	interact	with	neutrophils	to	kill	the	CovR/S	mutant	

GAS.		

	

With	a	view	to	 further	understanding	the	pathogenesis	of	GAS,	we	 investigated	

the	relative	contribution	of	SLO	in	the	context	of	CovR/S	gene	regulation.	Several	

different	CovR/S	mutant	GAS	isolates	lacking	SLO	were	evaluated	in	vitro	and	in	

vivo	using	a	murine	model	of	pyoderma.	Our	data	show	that	SLO	is	an	essential	

factor	for	CovR/S	mutant-mediated	hypervirulence.	

	

4.3 Materials	and	Methods	

	

4.3.1 GAS	strains	and	growth	conditions	

5448	WT	 and	5448	MT	have	 been	previously	 described	 (Aziz	 et	 al.,	 2004).	 Prof.	

Victor	Nizet	 kindly	 provided	 5448ΔSLO.	 5448ΔSLO	possessed	 an	 in-frame	 allelic	

exchange	of	the	slo	gene	with	the	cat	gene	in	the	GAS	chromosome	(Timmer	et	al.,	

2009).	 All	 5448ΔSLO	 CovR/S	 mutant	 derivatives	 were	 generated	 via	 sequential	

intraperitoneal	 passaging	 through	 Balb/c	 mice	 using	 infected	 spleens	 as	 a	

collection	point.	GAS	strains	were	grown	overnight	at	37°C	on	Columbia	blood	agar	

(CBA,	 Oxoid)	 supplemented	 with	 5%	 defibrinated	 horse	 blood	 (Equicell).	 Single	

colonies	were	used	to	inoculate	Todd	Hewitt	broth	(Oxoid)	supplemented	with	1%	

yeast	extract	(Oxoid)	and	1%	neopeptone	(Difco).	Bacterial	cultures	were	grown	to	

stationary	phase	(16	h)	or	mid-log	phase	(OD600	=	0.4)	at	37°C	for	specific	assays.		
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4.3.2 SLO	activity	assay	

The	 SLO	 activity	 assay	was	 adapted	 from	 previous	methodologies	 (Ruiz	 et	 al.,	

1998,	Shewell	et	al.,	2014).	Stationary	phase	GAS	cultures	(normalized	to	OD600	=	

1.0)	were	centrifuged	for	10	min	at	845	xg.	Dithiothreitol	was	added	to	0.2	µm	

filtered	supernatants	to	a	final	concentration	of	4	mM	and	incubated	for	10	min	

at	room	temperature.	Supernatants	were	serially	diluted	1:2	in	PBS	in	a	96	well	

plate.	Sheep	red	blood	cells	(SRBC,	2%	v/v,	Innovative	Research)	were	added	to	

all	wells	and	incubated	for	30	min	at	37°C	+	5%	CO2.	The	plate	was	centrifuged	

for	10	min	at	845	xg	and	hemoglobin	release	in	the	supernatant	was	measured	at	

450	 nm.	 Triton-X	 (1%	 v/v	 in	 PBS,	 Thermo	 Fisher)	 and	 PBS	 alone	were	mixed	

with	erythrocytes	for	the	positive	and	negative	controls	respectively.	Cholesterol	

(25	 µg/mL;	 Sigma	 Aldrich)	 was	 added	 to	 GAS	 culture	 supernatant	 and	

erythrocytes	as	a	SLO-specific	inhibitor,	whereas	trypan	blue	(50	µg/mL;	Gibco)	

was	used	as	an	SLS-specific	inhibitor.	The	number	of	hemolysis	units/mL	(HMU)	

corresponded	to	 the	reciprocal	of	 the	dilution	of	supernatant	 that	yielded	50%	

lysis	of	the	erythrocyte	suspension,	where	100%	corresponds	to	that	caused	by	

1%	Triton-X	(Thermo	Fisher).	

	

4.3.3 DC2.4	dendritic	cell	infection	assays	

The	 murine	 bone	 marrow-derived	 dendritic	 cell	 line,	 DC2.4,	 was	 cultured	 in	

media	consisting	of	RPMI	1640	(Gibco,	pH	7.4)	supplemented	with	10%	fetal	calf	

serum	(FCS,	Thermo	Fisher),	1%	pen-strep	(Gibco),	1%	L-glutamine	(Gibco),	and	

0.1%	 2-mercaptoethanol	 (Gibco)	 at	 37°C	 +	 5%	 CO2.	 Cells	 were	 passaged	 once	

adherent	cells	were	90%	confluent,	approximately	every	3	days.		
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For	 dendritic	 cell	 (DC)	 activation	 and	maturation	 studies,	 DCs	were	 harvested	

from	culture	and	incubated	with	GAS	at	an	MOI	of	2:1	or	10:1	(GAS:	DC).	LPS	(2	

µg/mL,	 Sigma	Aldrich)	was	 used	 as	 a	 positive	 control	with	DC	 in	media	 alone	

used	 as	 the	 negative	 control.	 DC/GAS	 cultures	 were	 incubated	 without	

antibiotics	for	12	h	at	37°C	+	5%	CO2.	Cells	were	collected	via	centrifugation	and	

supernatants	were	stored	at	-80°C	for	cytokine	analyses.	Cells	were	resuspended	

in	Fc	block	(CD16/CD32;	BD	Pharminogen)	and	 incubated	on	 ice	 for	10	min	to	

prevent	non-specific	binding	of	antibodies.	The	live/dead	fixable	cell	stain	(Life	

Technologies)	 was	 used	 according	 to	 manufacturer’s	 instructions.	 For	 DC	

maturation	 assessment,	 fluorochrome-conjugated	 antibodies	 were	 added	 in	 a	

1:100	dilution	in	PBS	+	1%	BSA,	and	incubated	on	ice	for	40	min	protected	from	

light.	 The	 antibody	 cocktail	 used	 included	 anti-mouse/rat	 MHC	 II	 (I-Ek)	 FITC	

(Affymetrix	 eBioscience),	 rat	 anti-mouse	 CD86	 (GL-1)	 PE	 (BD	 Pharminogen),	

hamster	 anti-mouse	 CD80	 (16-10A1)	 APC	 (BD	 Pharminogen)	 with	 the	

appropriate	 isotype	 controls.	 Samples	 were	 analysed	 using	 a	 CyAn	 ADP	 flow	

cytometer	(Beckman	Coulter)	employing	Summit	software	version	4.3	(Beckman	

Coulter).	

	

4.3.4 Cytometric	bead	array	

Cytometric	bead	arrays	 (CBA;	Becton	Dickinson)	were	performed	to	quantify	 the	

amount	of	cytokines	 in	select	samples.	Each	CBA	was	used	as	per	manufacturer’s	

instructions.	All	 samples	and	standards	were	run	on	a	CyAn	ADP	 flow	cytometer	
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(Beckman	 Coutler).	 Cytokine	 quantifications	 were	 calculated	 using	 FCAP	 Array	

software	version	3.0	(Becton	Dickinson).		

	

4.3.5 Gene	expression	analysis	using	RT-PCR	

RNA	was	 extracted	 from	mid-log	 phase	 cultures	 (OD600	 =	 0.4)	 using	 the	 phenol-

chloroform	 extraction	 method	 detailed	 in	 the	 TRIzol	 plus	 RNA	 purification	 kit	

(Invitrogen).	 The	 isolated	 RNA	 was	 then	 purified	 as	 per	 the	 manufacturer’s	

instructions.	 RNA	 samples	 were	 treated	 with	 RNase-free	 DNase	 I	 (Roche)	 to	

remove	traces	of	chromosomal	DNA	for	20	min	at	37°C.	The	reaction	was	stopped	

with	the	addition	of	0.2	M	EDTA	(pH	8.0)	to	a	final	concentration	of	8	mM.	cDNA	

was	synthesized	from	75	ng	RNA	using	iScript	reverse	transcription	supermix	for	

RT-PCR	 (Bio-Rad).	 RT-PCR	was	 performed	 using	 iQ	 SYBR	 Green	 Supermix	 (Bio-

Rad)	incorporating	0.2	µM	of	each	primer	(primer	sequences	provided	in	Appendix	

6).	The	 thermal	profile	 consisted	of	95°C	 for	3	min,	45	cycles	of	95°C	 for	15	sec,	

60°C	 for	 1	 min,	 and	 90°C	 for	 10	 sec,	 and	 a	 melt	 curve	 (55-95°C	 with	 0.5°C	

increment/step).		

	

The	relative	amounts	of	gene-specific	cDNA	were	quantified	using	the	∆CT	method	

whereby	gyrA	 amplification	was	used	 as	 the	 internal	 control.	 The	 fold	 change	 in	

transcript	 level	 was	 compared	 to	 that	 of	 gyrA,	 and	 all	 CovR/S	 wild-type	 values	

were	normalized	to	a	baseline	value	of	1.	The	amplification	efficiency	was	between	

90%	 and	 110%	 for	 each	 gene	 as	 determined	 by	 standard	 curve	 analysis	 over	

several	dilutions.	
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4.3.6 CovR/S	gene	sequencing	

CovR/S	sequencing	was	conducted	as	previously	described	(Walker	et	al.,	2007).	

Briefly,	 InstaGene	Matrix	 (Bio-Rad)	was	 used	 to	 extract	 genomic	 DNA	 from	GAS	

colonies	as	per	the	manufacturer’s	instructions.	PCR	was	used	to	amplify	the	entire	

CovR/S	operon.	Each	PCR	was	prepared	using	a	mastermix	containing	1X	GoTaq	

mastermix	(Promega),	0.2	µM	of	each	primer	(CovRS	1F	and	CovRS	12R,	primers	in	

Appendix	6),	50	ng	template	DNA,	with	sterile	MilliQ	made	up	to	a	final	volume	of	

50	µL.	The	 thermal	profile	 consisted	of	an	 initial	denaturation	step	of	95°C	 for	2	

min,	35	cycles	of	95°C	for	1	min,	60°C	for	1	min,	and	72°C	for	1	min,	 then	a	 final	

elongation	step	of	72°C	for	5	min.	Each	amplicon	was	purified	using	the	High	Pure	

PCR	 Clean-up	 Micro	 Kit	 (Roche,	 Australia)	 following	 the	 manufacturer’s	

instructions.	Purified	DNA	was	sequenced	commercially	at	the	Australian	Genome	

Research	Facility.	

	

4.3.7 Neutrophil	killing	assays	

Neutrophils	 were	 isolated	 from	 human	 blood	 using	 Polymorph	 Prep	 (Axis	

Shield).	 Approval	 for	 the	 study	 was	 granted	 by	 the	 Griffith	 University	 Human	

Research	Ethics	Committee	 (GU	HREC	#	BDD/01/15/HREC).	Written	 informed	

consent	 was	 obtained	 from	 all	 donors	 and	 samples	 were	 de-identified.	 The	

neutrophil	killing	assay	was	performed	as	detailed	previously	(Buchanan	et	al.,	

2006).	Purified	neutrophils	were	incubated	with	mid-log	phase	GAS	(OD600	=	0.4)	

at	 an	MOI	of	10:1	 and	0.1:1	 (GAS:neutrophils)	 at	37°C	+	5%	CO2	 for	1	h.	After	

incubation,	 each	 replicate	 of	 experimental	 (GAS	 +	 neutrophils)	 and	 negative	

control	(GAS	+	media)	groups	were	serially	diluted	in	sterile	water	to	lyse	cells.	
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All	replicates	and	dilutions	were	plated	on	blood	agar	with	results	defined	as	%	

GAS	survival	using	 the	 formula	(CFU/mL	 in	experimental	group)	/	 (CFU/mL	 in	

negative	control	group)	X	100%.	

	

4.3.8 Mice	

Specific	pathogen-free	4-6	week	old	Balb/c	female	mice	were	purchased	from	the	

Animal	Resource	Centre	(Perth,	Australia).	All	protocols	were	approved	by	Griffith	

University’s	 Animal	 Ethics	 Committee	 and	were	 in	 accordance	with	 the	National	

Health	and	Medical	Research	Council	(NHMRC)	guidelines.		

	

4.3.9 Antigen	preparation	and	immunisation	regimen	

The	 peptides	 J8	 (QAEDKVKQSREAKKQVEKALKQLEDKVQ)	 and	 K4S2	

(KKKKNSDNIKENQFEDFDEDWENF)	were	 synthesised	 by	 Chinapeptides	 Co.	 Ltd.	

(Shanghai,	China).	Each	peptide	was	conjugated	to	diphtheria	toxoid	(DT)	via	a	C-

terminal	 cysteine	 residue	 using	 6′-maleimido-caproyl	 n-hydroxy	 succinimide,	 as	

described	elsewhere	(Coligan	et	al.,	1991).		

	

The	 vaccine	 formulations	 were	 prepared	 fresh	 before	 each	 immunisation	 by	

adsorbing	DT-conjugated	 antigen	with	 alhydrogel	 (Alum;	Brenntag	Biosector)	 as	

previously	 described	 (Batzloff	 et	 al.,	 2003).	 Balb/c	 mice	 were	 given	 a	 series	 of	

subcutaneous	 (SC)	 immunisations	 with	 J8	 CombiVax	 (J8-DT+K4S2-DT/Alum)	 on	

days	 0,	 21,	 and	 28	 as	 previously	 described	 (Pandey	 et	 al.,	 2015).	 Each	 mouse	

received	 60	 µg	 total	 vaccine	 formulation	 (30	 µg	 J8	 and	 30	 µg	 K4S2)	 per	

immunisation.	Control	mice	received	adjuvant	alone	at	the	same	time	points.	Two-
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weeks	 post-final	 immunisation,	 mice	 were	 infected	 with	 GAS	 via	 the	 superficial	

skin	infection	method.		

	

4.3.10 Superficial	skin	infection		

Mice	were	infected	via	the	skin	route	of	infection	as	previously	described	(Pandey	

et	 al.,	 2015).	 Briefly,	 mice	 were	 anesthetized	 via	 in	 IP	 injection	 (100	 µL/10	 g	

mouse)	of	ketamine	(100	mg/mL	stock)/xylazil-20	(20	mg/mL	stock)/water	 in	a	

ratio	 of	 1:1:10.	 Once	 fully	 anesthetised,	 the	 fur	 on	 the	 nape	 of	 the	 neck	 was	

removed	 with	 a	 shaver	 and	 a	 metal	 file	 was	 used	 to	 gently	 create	 a	 superficial	

wound	 on	 the	 sterilized	 skin.	 The	 bacterial	 inoculum	 (2x106	 CFU	 in	 20	µL)	was	

directly	applied	to	the	wound.	Once	the	inoculum	had	absorbed,	a	temporary	cover	

was	applied	and	mice	were	individually	housed.	Following	infection,	all	mice	were	

monitored	on	a	daily	basis.		

	

4.3.11 Organ	collection	and	processing	

On	days	3	and	6	post-infection,	a	designated	number	of	mice	were	culled	via	CO2	

inhalation	 and	 samples	 were	 taken	 for	 bacterial	 burden	 determination.	 Blood	

samples	were	 collected	 via	 cardiac	 puncture,	 skin	 samples	 from	 the	 nape	 of	 the	

neck	 (approximately	 3	mm	 x	 3	mm)	were	 excised,	 and	 spleens	were	 aseptically	

excised.	 Skin	 and	 spleen	 samples	 were	 homogenized	 using	 the	 Bullet	 Blender	

Homogeniser	(Next	Advance).	Ten-fold	serial	dilutions	of	all	samples	were	plated	

in	 duplicate	 on	 Columbia	 blood	 agar	 (CBA,	 Oxoid)	 plates	 with	 5%	 defibrinated	

horse	blood	(Equicell)	and	incubated	for	16	h	at	37°C.		
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4.3.12 Skin	histology	

For	histopathology	assessments,	skin	samples	were	taken	from	infected	and	naïve	

mice	on	day	3	post-infection	as	previously	described	(Pandey	et	al.,	2015).	Samples	

were	 frozen	 in	 optimal	 cutting	 temperature	 (OCT)	 compound	 (Tissue-Tek)	 for	

immunohistochemistry	 (IHC)	 and	 processed	 by	 the	 QIMR	 Berghofer	 histology	

facility.	 Scanned	 sections	 were	 analysed	 at	 high	 magnification	 (20x)	 using	

ImageScope	software	 (Leica	Biosystems).	Positively-stained	cells	were	quantified	

by	 counting	 five	high-powered	 fields	 using	 ImageJ	 (National	 Institutes	 of	Health,	

USA).				

	

4.3.13 Statistics	

Statistical	 analyses	were	performed	using	one-way	and	 two-way	ANOVAs	with	

multiple	 comparison	 post-tests	 in	 GraphPad	 Prism	 software	 version	 6	

(California,	USA).	Where	two	groups	were	compared,	student’s	t	tests	were	used	

for	analysis.	A	p	value	of	<0.05	was	considered	statistically	significant.		

	

4.4 Results		

	

4.4.1 Infection	with	5448	MT	alters	dendritic	cell	maturation	and	viability	

Dendritic	cells	(DCs)	are	important	mediators	of	innate	and	adaptive	immunity.	

Their	 importance	 in	 the	context	of	GAS	 infections	 in	vitro	 (Cortes	and	Wessels,	

2009)	and	following	in	vivo	infection	has	been	previously	demonstrated	(Loof	et	

al.,	 2007,	 Loof	 et	 al.,	 2008).	 Studies	 were	 undertaken	 to	 assess	 their	 relative	

contribution	 in	 a	 pyoderma	 model,	 where	 skin	 abrasion	 is	 followed	 by	 GAS	
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inoculation	 onto	 the	 lesion.	 Naïve	 mice	 were	 infected	 with	 two	 isogenic	 GAS	

strains	(5448	WT	or	5448	MT),	which	are	known	to	display	differing	virulence	

profiles	(Walker	et	al.,	2007,	Cole	et	al.,	2010).	Skin	sections	were	analysed	via	

IHC	on	day	3	post-infection.	 Staining	 the	 skin	 sections	with	CD207	highlighted	

the	 lack	 of	 skin-specific	 DCs	 (Langerhans	 cells)	 post-infection	 with	 5448	 MT	

(Figure	4.1a)	compared	to	post-infection	with	5448	WT	 	(Figure	4.1b)	or	naïve	

skin	(Figure	4.1c).	Quantification	of	CD207+	DCs	(via	analysis	of	5	separate	high-

powered	fields)	on	day	3	post-infection	demonstrated	significantly	fewer	DCs	in	

5448	 MT-infected	 skin	 compared	 to	 5448	 WT-infected	 skin	 (86%	 reduction)	

(Figure	4.1d).	This	observation	suggested	that	the	maturation	and/or	viability	of	

DCs	were	affected	during	infection.	To	confirm,	DCs	(from	a	murine	dendritic	cell	

line,	DC2.4)	were	infected	with	5448	WT	or	MT	for	12	h	in	vitro.	The	subsequent	

expression	 of	 maturation	 markers	 (MHC	 II	 and	 co-stimulatory	 markers	 CD80	

and	CD86)	was	measured	via	flow	cytometry.	Viability	of	the	DCs	post-infection	

was	also	assessed	using	a	live/dead	stain.	DC	infection	with	5448	MT	resulted	in	

significantly	 reduced	 expression	 of	MHC	 II,	 CD80,	 and	 CD86	 in	 comparison	 to	

infection	 with	 5448	 WT	 (p<0.05)	 (Figure	 4.1e-g	 respectively).	 Infection	 with	

5448	MT	 and	 5448	WT	 organisms	 induced	 significant	 DC	 death	 (Figure	 4.1h).	

These	data	show	that	5448	MT	induces	a	compromised	maturation	response	of	

DCs.		
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Figure	 4.1	 Effect	 of	 GAS	 infection	 on	 DC	 maturation	 and	 viability.	 Naïve	 Balb/c	 mice	 were	

administered	a	superficial	skin	infection	with	(a)	5448	MT,	(b)	5448	WT,	or	(c)	left	uninfected.	On	day	3	

post-infection,	 skin	 sections	were	 stained	with	 antibodies	 against	 CD207,	 scanned,	 and	 analysed	 using	

Aperio	software.	Scale	bars	represent	200	µm.	(d)	CD207+	cells	in	skin	sections	were	enumerated	in	five	

high-power	fields	for	three	mice/group.	(e-h)	DC2.4	was	incubated	with	5448	WT	or	5448	MT	for	12	h	in	

vitro	and	 the	 subsequent	 expression	of	maturation	marker	 (e)	MHC	 II	 and	 co-stimulatory	markers	 (f)	

CD80	and	(g)	CD86	was	measured	by	flow	cytometry.	(h)	A	live/dead	stain	(Thermo-Fisher)	was	used	to	

assess	 the	viability	of	 cells	post-infection.	Data	 shows	mean	 fluorescence	 intensity	 (MFI)	or	percentage	

viability	for	triplicate	samples	±	SEM.	One	way	ANOVAs	were	used	for	analysis	with	Bonferroni’s	multiple	

comparisons	test,	*	p<0.05,	**	p<0.01,	***	p<0.005,	****	p<0.001.					
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4.4.2 SLO	expression	by	CovR/S	mutant	GAS	strains	augments	virulence		

To	investigate	the	mechanism	by	which	5448	MT	might	be	causing	detrimental	

effects	on	DC	maturation	and	survival,	we	first	investigated	the	virulence	profile	

of	 CovR/S	mutants.	 A	 panel	 of	 four	 GAS	 isolates	 and	 isogenic	 CovR/S	mutants	

were	 investigated	 in	 parallel	 (Appendix	 7).	 RT-PCR	 was	 used	 to	 assess	 the	

relative	 gene	 expression	 of	 specific	 genes	 (sda1,	 speB,	 slo,	 cepA,	 hasA)	 during	

mid-log	 phase	 growth.	 The	 wild-type	 (WT)	 expression	 of	 each	 gene	 for	 every	

isolate	was	standardized	to	a	value	of	1	relative	to	the	housekeeping	gene,	gyrase	

A,	 which	 was	 used	 as	 an	 internal	 control.	 All	 CovR/S	 mutants	 up-regulated	

mRNA	expression	of	slo	(Figure	4.2a).	Expression	of	slo	was	most	up-regulated	in	

5448	MT.	The	 functional	changes	were	assessed	 in	an	SLO-mediated	red	blood	

cell	 (RBC)	 lysis	assay	using	 the	5448	WT	and	MT	strains.	Culture	supernatants	

from	5448	MT	were	found	to	have	significantly	greater	SLO-mediated	hemolytic	

activity	 compared	 to	 supernatants	 from	 5448	 WT	 (Figure	 4.2b),	 which	 is	

consistent	with	the	increased	level	of	SLO	gene	expression	observed	in	5448	MT	

(Figure	4.2c).		

	

We	next	investigated	whether	there	was	up-regulation	of	other	virulence	factors	

in	 5448	 MT.	 RT-PCR	 was	 used	 to	 assess	 the	 expression	 of	 five	 important	

virulence	genes	under	the	control	of	CovR/S	in	5448	WT	and	5448	MT.	We	found	

that	 the	RNA	 transcripts	 for	 SLO	 (slo),	 SpyCEP	 (cepA),	 and	 the	 hyaluronic	 acid	

capsule	 (hasA)	were	 significantly	 up-regulated	 in	 5448	MT	 compared	 to	 5448	

WT	(p<0.005-p<0.001)	(Figure	4.2c).	This	suggested	that	the	enhanced	virulence	

of	5448	MT	could	be	a	cumulative	effect	of	a	number	of	virulence	factors	working	
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in	parallel.	 To	 further	 assess	 SLO-mediated	 effects	 in	 isolation,	 a	 chromosomal	

knockout	5448ΔSLO	strain	was	used.	

	

	

Figure	 4.2	 The	 relative	 expression	 and	 functionality	 of	 SLO	 by	 5448	 MT.	 (a)	 RT-PCR	 was	

performed	on	mid-log	phase	GAS	cultures.	Wild-type	values	were	normalized	to	1	for	each	isogenic	

pair.	Mean	transcript	values	for	slo	mRNA	triplicates	±	SEM	are	shown.	(b)	The	mean	hemolysis	in	

0.2	 µm-filtered	 supernatants	was	 assessed	 via	 haemoglobin	 release	 after	 30	min	 incubation	with	

GAS.	Hemolysis	(HMU)	was	defined	as	the	reciprocal	of	the	supernatant	dilution	for	which	hemolysis	

was	greater	 than	50%	compared	 to	 the	positive	Triton-X	 control.	 (c)	 Gene	 expression	of	 CovR/S-

mediated	genes	in	5448	MT.	RT-PCR	was	performed	on	mid-log	phase	GAS	cultures.	5448	WT	values	

were	normalized	to	1	for	each	gene.	Mean	fold	change	in	transcript	values	for	triplicates	±	SEM	are	

shown.	 One	 way	 ANOVAs	 were	 used	 for	 statistical	 analyses	 for	 each	 isolate	 pair	 with	 Dunnett’s	

multiple	comparisons	test,	*	p<0.05,	***	p<0.005,	****	p<0.001.	
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4.4.3 SLO-deficient	5448	CovR/S	mutants	demonstrate	attenuated	virulence	

5448∆SLO	was	 passaged	 through	 Balb/c	mice	 to	 select	 for	 CovR/S	mutations.	

After	 the	 fifth	 passage,	 the	 strain	 was	 considered	 to	 be	 mouse-adapted.	 Four	

individual	 colonies	 recovered	 from	 spleens,	 post-infection	 with	 passage	 five,	

were	 chosen	 for	 further	 characterisation.	 Following	 sequencing	 of	 the	 CovR/S	

operon,	 all	 four	 colonies	 were	 identified	 as	 CovR/S	 mutants	 with	 mutations	

occurring	at	different	locations	within	the	operon	(Appendix	8).	5448	MT	R	∆SLO	

possessed	 full-length	covR	 and	covS	 genes	with	only	a	 substitution	mutation	at	

nucleotide	 (nt)	 341	 of	 covR.	 In	 contrast,	 the	 three	 remaining	 mutants	 all	

possessed	mutations	within	 the	covS	 gene,	each	resulting	 in	a	premature	STOP	

codon.	5448	MT∆SLO	S1,	S2,	and	S3	had	a	truncated	covS	gene	at	nt	473,	nt	199,	

and	nt	9,	respectively.	

	

Each	of	the	5448∆SLO	CovR/S	mutants	(R	and	S1-S3),	as	well	as	the	parent	wild-

type	 5448∆SLO,	 were	 assessed	 for	 expression	 of	 CovR/S-related	 virulence	

factors	as	above.	The	5448	CovR/S	mutants	had	significantly	greater	expression	

of	 cepA	 and	 hasA	 transcripts	 compared	 to	 5448	 WT	 (p<0.001)	 (Figure	 4.3a).	

Passaging	 of	 5448∆SLO	 induced	 CovR/S-mediated	 gene	 expression	 consistent	

with	 5448	 MT	 (with	 up-regulated	 cepA	 and	 hasA,	 and	 down-regulated	 speB)	

(Figure	 4.3b).	 The	 MT	 S1	 ∆SLO	 was	 closest	 to	 5448	 MT	 in	 terms	 of	 gene	

expression	 profile	 and	 CovS	 mutation	 location.	 Although	 the	 gene	 expression	

profile	of	5448∆SLO,	denoted	as	WT∆SLO,	was	not	significantly	different	to	SLO-

sufficient	5448	WT,	a	four-fold	up-regulation	of	the	capsule	was	noted	when	the	

gene	expression	profiles	of	these	two	strains	were	compared.	5448∆SLO	(and	all	
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derivatives	 generated)	 possessed	 no	 SLO-mediated	 hemolytic	 activity	 in	 vitro	

(Appendix	9).		

	

The	 virulence	 of	 SLO-deficient	 5448	WT	 and	MT	 strains	was	 further	 assessed	

utilising	 the	DC2.4	murine	cell	 line.	DCs	were	 infected	 in	vitro	with	each	of	 the	

5448	variants	for	12	h	and	cell	viability	was	assessed	with	flow	cytometry	using	

a	 live/dead	 stain.	 A	 comparison	 of	 DC	 viability	 between	 5448	 WT	 and	 5448	

WT∆SLO	demonstrated	 significantly	higher	numbers	of	 live	DCs	when	 infected	

with	the	SLO	knockout	5448	(p<0.05)	(Figure	4.3c).	Similarly,	DCs	infected	with	

the	passaged	SLO	knockout	CovR/S	mutants	were	significantly	more	viable	than	

DCs	infected	with	SLO-sufficient	5448	MT	(p<0.01-p<0.001)	(Figure	4.3d).	In	all	

cases,	 the	 presence	 of	 SLO	 was	 shown	 to	 be	 a	 critical	 virulence	 factor	 in	 the	

CovR/S	mutant	strains.		

	

To	 assess	 if	 there	 was	 a	 difference	 in	 the	 abundance	 of	 pro-inflammatory	

cytokines	in	the	supernatants	of	infected	DCs,	a	cytokine	bead	array	was	utilised.	

The	 cytokine	 production	 was	 normalised	 to	 the	 same	 number	 of	 viable	 DCs	

across	all	cohorts.	There	were	significantly	greater	amounts	of	TNF	and	MCP-1	

(Figure	4.3e	and	4.3f	respectively)	produced	by	DCs	infected	with	5448	WT	and	

5448	MT	 (both	 expressing	 SLO)	 in	 comparison	 to	 their	 isogenic	 SLO-deficient	

derivatives	 (p<0.05).	 These	 data	 suggest	 that	 the	 production	 of	 pro-

inflammatory	cytokines	is	important	in	the	context	of	SLO.		
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Figure	 4.3	 Characterisation	 and	 interaction	 of	 SLO-deficient	 5448	 MT	 GAS	 in	 vitro.	 The	 gene	

expression	profiles	of	(a)	SLO-sufficient	5448	and	(b)	SLO-deficient	5448	derivatives	were	assessed	using	

RT-PCR	on	mid-log	phase	GAS	cultures.	5448	WT	values	were	normalized	to	1	for	the	SLO-sufficient	5448	

MT,	and	WT	∆SLO	values	were	normalized	to	1	for	the	SLO-deficient	mutants.	Mean	transcript	values	for	

triplicates	±	SEM	are	shown.	Viability	of	DC2.4	post-infection	with	(c)	CovR/S	WT	5448	or	(d)	CovR/S	MT	

5448.	 DC2.4	 was	 infected	 with	 variants	 of	 5448	 in	 the	 presence	 and	 absence	 of	 SLO	 and	 CovR/S	

mutations.	 Cellular	 viability	 was	 subsequently	 assessed	 via	 flow	 cytometry	 using	 a	 live/dead	 stain	

(Invitrogen).	 Data	 is	 representative	 of	 two	 separate	 experiments	with	mean	DC	 viability	 ±	 SEM	 being	

shown.	(e)	TNF	and	(f)	MCP-1	production	by	5448∆SLO	CovR/S	mutants.	The	supernatants	from	the	in	

vitro	 DC2.4	 infections	 were	 assessed	 for	 the	 presence	 of	 pro-inflammatory	 cytokines	 using	 a	 cytokine	

bead	array.	Data	is	representative	of	triplicate	samples	±	SEM.	One-way	ANOVAs	were	used	for	analysis	

of	 gene	 expression	 and	 cytokine	 production,	 and	 two-way	 ANOVAs	were	 used	 to	 assess	 DC	 viability,	 *	

p<0.05,	**	p<0.01,	***	p<0.005,	and	****	p<0.001.	
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To	 assess	 if	 the	 presence	 of	 DCs	 in	 the	 skin	 of	 mice	 is	 affected	 by	 SLO,	 IHC	

analyses	were	performed.	Naïve	Balb/c	mice	were	infected	with	MT,	MT	S1	∆SLO	

or	 WT∆SLO	 via	 the	 superficial	 skin	 infection	 method	 and	 skin	 samples	 were	

assessed	on	day	3.	DC	presence	was	evident	in	both	infected	cohorts	(Appendix	

10).	The	numbers	of	DCs	in	both	SLO-deficient	cohorts	were	significantly	greater	

in	comparison	to	the	5448	MT-infected	skin	(p<0.005),	suggesting	that	SLO	plays	

an	 important	 role	 in	 DC	 viability	 at	 the	 site	 of	 the	 infection.	 There	 was	 no	

significant	difference	between	 the	number	of	DCs	 in	 the	WT∆SLO-infected	skin	

or	MT	S1	∆SLO-infected	skin	(Appendix	10).		

	

To	 assess	 the	 virulence	 capacity	 of	 the	 SLO-sufficient	 and	 deficient	 CovR/S	

mutants	in	vivo,	naïve	Balb/c	mice	were	infected	with	5448	MT	and	MT	S1	∆SLO	

using	 the	 superficial	 skin	 infection	 method.	 The	 skin	 biopsies	 taken	 at	 day	 3	

post-infection	highlighted	that	mice	infected	with	the	SLO-sufficient	mutant	had	

more	 severe	 pathology	 at	 the	 site	 of	 infection	 compared	 to	 the	mice	with	 the	

SLO-deficient	 infection	 (Appendix	 11).	 Both	 cohorts	 demonstrated	 comparable	

skin	 bioburden	 (Figure	 4.4a).	However,	 by	 day	 6,	 the	 bioburden	 in	 the	 skin	 of	

mice	 infected	with	 the	SLO-deficient	CovR/S	mutant	was	significantly	 less	 than	

the	 bioburden	 in	 the	 mice	 infected	 with	 the	 SLO-sufficient	 mutant	 (p<0.05)	

(Figure	 4.4b).	 Furthermore,	 an	 enhanced	 invasive	 ability	 of	 the	 SLO-sufficient	

mutant	was	 evident	 in	 blood	 and	 spleen	 samples	 taken	 on	 days	 3	 and	 6	 post-

infection.		
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Figure	4.4	Virulence	of	5448	MT	with	or	without	SLO	in	a	skin	challenge	model.	Naïve	Balb/c	

mice	(female,	4-6	weeks	old)	were	infected	with	GAS	via	the	superficial	skin	infection	method.	(a-b)	

skin,	(c-d)	blood,	and	(e-f)	 spleen	samples	were	collected	at	designated	time	points.	Figures	show	

the	mean	bioburden	±	SEM	for	five	mice/group/time	point.	Student’s	t-tests	were	used	for	statistical	

analyses,	*	p<0.05,	**	p<0.01,	***	p<0.005,	and	****	p<0.001.	

	

4.4.4 Evasion	of	neutrophil	killing	is	independent	of	SLO	

The	 ability	 of	 each	 5448	 isolate	 to	 evade	 killing	 by	 human	 neutrophils	 was	

assessed.	Neutrophils	were	isolated	from	three	healthy	volunteers	and	incubated	

with	GAS	at	an	MOI	of	10:1	or	0.1:1	(GAS:neutrophils).	Following	an	incubation	
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period	 of	 1	 h,	 bacterial	 survival	 in	 the	 presence	 of	 human	 neutrophils	 was	

assessed.		

	

Our	 data	 demonstrated	 that	 at	 the	 MOI	 of	 0.1,	 each	 of	 the	 three	 donors’	

neutrophils	 killed	 5448	WT	 and	 5448	WT	 ΔSLO	 to	 a	 similar	 degree	 (survival	

ranged	from	50%	to	70%)	(Figure	4.5a).	Both	mutant	organisms	(MT	and	MT	S1	

ΔSLO)	 grew	 in	 the	 presence	 of	 neutrophils	with	MT	 S1	 ΔSLO	 showing	 greater	

growth.	 No	 significant	 killing	 of	 GAS	 was	 observed	 at	 an	 MOI	 of	 10:1	

(GAS:neutrophil)	for	all	donors	(data	not	shown).	

	

We	 observed	 an	 inverse	 correlation	 between	 GAS	 survival	 and	 residual	 IL-8	

produced	 by	 the	 neutrophils.	 There	was	 a	 significantly	 greater	 amount	 of	 IL-8	

remaining	when	the	neutrophils	were	infected	with	5448	WT	compared	to	5448	

MT	 (p<0.01)	 (Figure	4.5b).	This	was	 also	 significantly	higher	 in	 comparison	 to	

the	 SLO-deficient	 5448	 MT	 strain	 (p<0.05).	 Taken	 together,	 these	 data	

demonstrated	 that	 although	 the	 IL-8	 degradation	 caused	 by	 both	 the	 SLO-

deficient	 and	 sufficient	5448	MT	was	 comparable,	 it	did	not	 correlate	with	 the	

strain’s	ability	to	survive	in	the	presence	of	neutrophils.		
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Figure	4.5	 SLO	 interaction	with	human	neutrophils.	 (a)	Killing	of	GAS	by	human	neutrophils.	

Neutrophils	were	 isolated	from	the	blood	of	three	healthy	volunteers	using	Polymorph	Prep	(Axis-

Shield).	The	neutrophils	were	infected	with	GAS	at	a	ratio	of	1:10	(GAS:neutrophils)	in	RPMI	for	1	h	

at	37°C	+	5%	CO2.	Surviving	GAS	were	enumerated	by	plating	on	blood	agar.	Data	shows	mean	GAS	

survival	±	SEM	for	three	 individual	assays	 from	three	donors.	(b)	Measurement	of	residual	IL-8	 in	

the	supernatant	of	GAS	+	human	neutrophil	co-cultures.	A	Cytokine	Bead	Array	was	performed	to	

quantify	 the	 IL-8	 in	 the	 supernatants	 from	 the	 in	 vitro	 neutrophil	 killing	 assay	 infections.	 Data	

shows	mean	cytokine	concentration	for	three	donors	±	SEM.	One-way	ANOVAs	with	Tukey’s	multiple	

comparison	test	were	used	for	statistical	analysis,	*	p<0.05,	**	p<0.01,	****	p<0.001.	

	

4.4.5 Vaccination	with	J8	CombiVax	compensates	for	neutrophil	paucity	and	

protects	against	CovR/S	mutant	skin	infection	

Neutrophils	and	dendritic	cells	are	both	critical	for	the	adequate	control	of	GAS	

skin	 infection	 (Ato	et	al.,	2008,	Cortes	and	Wessels,	2009,	Pandey	et	al.,	2015).	

Our	 in	 vitro	 and	 in	 vivo	 data	 suggested	 that	 SLO	 is	 responsible	 for	 an	 altered	

virulence	of	GAS	strains.	Therefore,	to	assess	the	role	of	SLO	in	vaccine-mediated	

immunity,	 skin	 challenges	were	 performed	where	 the	 protective	 efficacy	 of	 J8	

CombiVax	 was	 assessed	 against	 SLO-sufficient	 and	 deficient	 5448	 CovR/S	

mutants	using	the	murine	model	of	pyoderma.		
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Balb/c	mice	 were	 immunised	with	 the	 J8-DT/K4S2-DT	 vaccine	 (J8	 CombiVax)	

and	infected	with	2x106	CFU	of	5448	MT	or	MT	S1	ΔSLO	via	the	superficial	skin	

infection	method.	On	day	3	post-infection	the	vaccinated	mice	infected	with	SLO-

sufficient	or	deficient	5448	MT	had	46%	and	35%	reduction,	respectively,	in	skin	

bioburden	 compared	 to	 their	 corresponding	 non-vaccinated	 controls	 (Figure	

4.6a).	The	mice	infected	with	the	SLO-deficient	mutant	had	significantly	smaller	

lesions	 at	 the	 site	 of	 infection	 compared	 to	 the	 mice	 infected	 with	 the	 SLO-

sufficient	mutant,	irrespective	of	immunisation	status	(p<0.05-0.005)	(Appendix	

12).	By	day	6	post-infection,	vaccinated	mice	challenged	with	the	SLO-deficient	

5448	 MT	 demonstrated	 a	 significantly	 greater	 reduction	 in	 skin	 bioburden	

(approaching	 98%)	 compared	 to	 vaccinated	 mice	 challenged	 with	 the	 SLO-

sufficient	 MT	 strain	 (67%	 reduction)	 (p<0.05).	 There	 was	 no	 significant	

difference	 in	 lesion	 size	 at	 day	 6	 post-infection	 between	 all	 infected	 cohorts	

(Appendix	12).	Bacteria	were	not	found	in	the	blood	or	spleen	of	vaccinated	mice	

following	 challenge	with	 either	MT	 or	MT	 S1	 ΔSLO	 (Figure	 4.6b).	 The	 vaccine	

provided	complete	systemic	protection	against	both	isolates.	These	data	confirm	

our	previous	 findings	 that	 SLO	 is	 important	 for	5448	pathogenesis	despite	 the	

CovR/S	mutation-mediated	up-regulation	of	SpyCEP,	HA	capsule,	and	Sda1,	and	

its	 absence	 significantly	 attenuates	 its	 virulence	 in	vivo.	 In	 addition,	 these	data	

also	 demonstrate	 that	 the	 altered	 virulence	 of	 SLO-deficient	 5448	MT	 did	 not	

compromise	the	efficacy	of	J8	CombiVax.	
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Figure	4.6	Percentage	reduction	 in	bioburden	of	 J8	CombiVax-immunised	mice.	Balb/c	mice	

(female,	 4-6	 weeks	 old)	 were	 immunised	 with	 the	 J8	 CombiVax	 (J8-DT+K4S2-DT/Alum,	 30	 µg	 of	

each	antigen)	or	PBS	on	days	0,	21,	and	28.	The	immunised	and	non-immunised	mice	were	infected	

with	 GAS	 via	 the	 superficial	 skin	 infection	method	 and	 samples	 were	 collected	 on	 days	 3	 and	 6.	

Figures	show	the	mean	percentage	reduction	in	bioburden	in	the	(a)	skin,	(b)	blood,	and	(c)	spleen		

±	SEM	for	five	mice/group/time	point.	Percentage	reduction	was	calculated	in	comparison	with	the	

non-immunised	 control	 cohort	 at	 the	 corresponding	 time	 points.	 The	 mean	 GAS	 bioburdens	 in	

control	mice	on	day	3	were	9.85x106	CFU/lesion	(MT)	and	5.28x106	CFU/lesion	(∆SLO	MT)	in	skin,	

2.85x106	CFU/mL	(MT)	and	2x104	CFU/mL	(∆SLO	MT)	in	blood,	and	3.4x105	CFU/spleen	(MT)	and	

2.7x103	CFU/spleen	(∆SLO	MT)	in	spleens.	The	mean	GAS	bioburdens	in	control	mice	on	day	6	were	

1.9x106	 CFU/lesion	 (MT)	 and	 6.4x105	 CFU/lesion	 (∆SLO	 MT)	 in	 skin,	 1.2x107	 CFU/mL	 (MT)	 and	

1.1x103	CFU/mL	(∆SLO	MT)	in	blood,	and	9.4x105	CFU/spleen	(MT)	and	289	CFU/spleen	(∆SLO	MT)	

in	spleens.	One	way	ANOVAs	were	used	for	analysis,	**	p<0.01.		
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4.5 Discussion	

	

CovR/S	 mutants	 have	 a	 survival	 advantage	 in	 vivo	 owing	 to	 their	 ability	 to	

circumvent	 the	host	 immune	response	and	 invade	deep	 tissue	 sites	 (Walker	et	

al.,	 2007,	 Hollands	 et	 al.,	 2010).	 The	 hypervirulence	 of	 these	 strains	 is	

responsible	for	an	increase	in	the	cases	of	severe	GAS	infections	worldwide.	The	

M1T1	 strain	 is	 commonly	 associated	with	 CovR/S	mutation	 acquisition,	 and	 is	

also	the	most	over-represented	GAS	strain	in	invasive	diseases	in	developing	and	

developed	countries	alike	 (Kansal	et	 al.,	 2000,	Aziz	et	 al.,	 2004,	Hollands	et	al.,	

2010).	Understanding	the	complexities	of	the	pathogen-host	interactions	is	vital	

to	 advancements	 in	 infection	 treatment	 and	 control,	 and	 the	 development	 of	

effective	 vaccines.	 The	 functional	 contribution	 of	 SLO	 is	 also	 important	 for	

understanding	 the	 pathogenesis	 of	 invasive	 GAS	 diseases	 where	 SLO	 is	 over-

produced	and	appears	to	be	integral	to	the	disease,	such	as	is	observed	in	STSS	

(Ato	et	al.,	2008,	Ikebe	et	al.,	2010).	

	

DCs	 are	 among	 the	 first	 responders	 at	 the	 site	 of	 an	 infection	 thereby	

representing	a	crucial	part	of	the	innate	immune	response	against	streptococcal	

infections.	Not	only	 are	 they	able	 to	phagocytose	 invading	pathogens,	 but	 they	

are	also	potent	activators	of	T	cell	responses.	However,	to	effectively	present	an	

antigen	and	recruit	other	cellular	populations	to	the	infection	site,	DCs	must	first	

undergo	 a	 strict	 maturation	 process	 involving	 MHC	 II	 and	 co-stimulatory	

molecules.	A	study	by	Loof	and	colleagues	highlighted	the	importance	of	DCs	in	

immune	 responses	 against	 GAS	 infection	 with	 effective	 DC	 maturation	 being	

essential	to	this	process	(Loof	et	al.,	2007).	
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In	 the	 present	 study	we	 saw	 that	 5448	MT	 induced	 less	maturation	 of	 DCs	 in	

vitro	 than	 its	 CovR/S	WT	 counterpart,	 as	 indicated	 by	 the	 down-regulation	 of	

MHC	II,	CD80,	and	CD86.	CD86	is	regarded	as	a	marker	of	early	DC	maturation	

with	 implications	 in	 initiation	 of	 immune	 responses	 by	 T	 cells,	whereas	 CD80,	

being	 expressed	 on	 fully	 mature	 DCs,	 may	 function	 to	 amplify	 the	 immune	

response	 initiated	 (Borriello	 et	 al.,	 1997,	 Banchereau	 and	 Steinman,	 1998).	 A	

study	 by	 Borriello	 et	 al.	 (1997)	 demonstrated	 that	 mice	 deficient	 in	 CD86	

expression	were	greatly	limited	in	their	ability	to	induce	a	T	helper	response	as	

well	 as	 presenting	 a	 more	 severe	 immunodeficient	 phenotype.	 Altered	 T	 cell	

responses	will	 have	 several	 ramifications	 in	 the	 context	 of	 GAS	 infections.	Not	

only	 do	 appropriate	 T	 cell	 responses	 enable	 the	 induction	 of	 high-affinity	

antibodies	and	antibody-producing	B	cells,	but	they	also	provide	survival	signals	

for	 the	maintenance	of	memory	B	cells	 (Mak	et	al.,	2003,	Dileepan	et	al.,	2011,	

Mortensen	 et	 al.,	 2015).	 Cytokines	 produced	 by	T	 cells	 are	 responsible	 for	 the	

class-switching	 recombination	 event	 that	 distinguishes	 different	

immunoglobulin	 classes	 (Mortensen	 et	 al.,	 2015).	 Taken	 together,	 appropriate	

and	 timely	 DC	 and	 T	 cell	 responses	 are	 essential	 for	 effective	 host	 immunity	

against	GAS.	

	

In	the	present	study	it	was	hypothesised	that	the	up-regulated	expression	of	SLO	

by	 the	 CovR/S	 mutant	 5448	 was	 primarily	 responsible	 for	 this	 altered	 DC	

response.	 The	murine	 histology	 data	 supported	 this	 notion	with	 SLO-deficient	

5448	 MT	 not	 inducing	 the	 same	 level	 of	 DC	 death	 at	 the	 site	 of	 infection	

compared	 to	 the	 SLO-sufficient	 5448	 MT	 infection.	 This	 is	 similar	 to	 results	

attained	by	Cortes	and	Wessels	(2009)	where	GAS	isolates	expressing	high	levels	
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of	SLO	induced	decreased	maturation	and	apoptosis	(as	defined	by	the	presence	

of	hypodiploid	nuclei)	of	DCs.	It	was	also	found	that	SLO-expressing	GAS	induced	

greater	 caspase	 production	 by	 infected	 DCs	 compared	 to	 SLO-deficient	 strains	

(Cortes	and	Wessels,	2009).	 In	our	 studies	we	saw	an	up-regulation	of	TNF	by	

DCs.	 It	 is	 therefore	 possible	 that	 5448	 MT	 is	 inducing	 DC	 apoptosis	 via	 SLO-

mediated	 TNF	 production	 that	 consequently	 leads	 to	 caspase	 activation	 and,	

ultimately,	DC	death.		

	

SLO	expression	has	been	linked	to	phagocyte	impairment	in	several	studies	(Ato	

et	al.,	2008,	Timmer	et	al.,	2009,	Zhu	et	al.,	2017).	However,	in	this	study	we	have	

shown	that	SLO	expression	is	important	in	the	context	of	CovR/S	mutations	for	

cellular	 interactions	 potentially	 in	 partnership	 with	 the	 hyaluronic	 acid	 (HA)	

capsule.	A	 four-fold	up-regulation	of	 the	HA	capsule	 in	 the	wild-type	5448	SLO	

knockout	strain	when	compared	to	5448	WT,	in	the	absence	of	any	other	genetic	

manipulations,	 suggested	 a	 possible	 intrinsic	 relationship	 between	 the	 capsule	

and	 SLO.	 Several	 studies	 have	 highlighted	 a	 relationship	 between	 these	 two	

virulence	 factors	with	 effects	 implicated	 in	 increased	LL-37-induced	 resistance	

to	 killing	 by	 human	 cells	 (Love	 et	 al.,	 2012)	 and	 altered	 cellular	 maturation	

responses	 (Cortes	 and	Wessels,	 2009),	 among	 others.	 Furthermore,	 the	 recent	

increase	 in	emm89	infections	prompted	research	that	revealed	 identification	of	

one	particular	clade	being	acapsular,	yet	still	hypervirulent.	The	virulence	of	this	

emm89	 epidemic	 was	 subsequently	 attributed	 to	 the	 particularly	 high	

expression	of	SLO	(Zhu	et	al.,	2015).	In	the	absence	of	the	capsule	this	clade	up-

regulates	 SLO	 expression.	 Likewise,	 it	may	 be	 reasonable	 to	 expect	 that	 in	 the	

absence	 of	 SLO,	 an	 isolate	 is	 able	 to	 subsequently	 up-regulate	 its	 capsule	
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production	(as	was	observed	in	our	gene	expression	studies)	as	a	compensatory	

mechanism.		

	

The	 relationship	 between	 SLO	 and	 HA	 capsule	 can	 potentially	 be	 seen	 in	 the	

neutrophil	interaction	studies	whereby	SLO	deletion	mutants	(with	greater	than	

50-fold	 up-regulation	 of	 capsule)	 survived	 better	 in	 the	 presence	 of	 human	

neutrophils.	This	is	in	comparison	to	the	WT	SLO	knockout	(4-fold	up-regulation	

of	 capsule)	 that	 was	 effectively	 killed	 by	 human	 neutrophils.	 The	 increased	

capsule	production	 is	 likely	 responsible	 for	 the	 ineffective	neutrophil	 killing	 in	

the	 absence	 of	 SLO.	 Future	 studies	would	 benefit	 from	 investigating	 a	 CovR/S	

mutant	double	knockout	for	SLO	and	HA	capsule.	It	is	important	to	note	that	we	

were	unable	 to	generate	a	5448Δhas	CovR/S	mutant	due	 to	 the	 inability	of	 the	

strain	 to	 become	 virulent	 and	 acquire	 mutations	 in	 vivo.	 In	 this	 instance,	 the	

capsule	 appears	 to	 be	 essential	 for	 CovR/S	mutation	 accumulation	 supporting	

the	notion	of	Cole	et	al.	(2010).	Further	to	this	study,	we	observed	a	significantly	

greater	 amount	 of	 neutrophil-derived	 IL-8	 remaining	 after	 neutrophils	 were	

infected	with	the	5448	WT	compared	to	5448	MT.	This	can	be	attributed	to	the	

significant	 increase	 in	 SpyCEP	 expression	 by	 5448	 upon	 acquisition	 of	 the	

CovR/S	mutation	as	seen	in	our	gene	expression	studies.												

	

In	 addition	 to	 the	 altered	 in	 vitro	 responses,	 the	 SLO-deficient	 5448	 also	

demonstrated	decreased	ability	to	disseminate	from	a	superficial	skin	wound	to	

cause	 systemic	 infections	 in	 a	 murine	 model.	 Furthermore,	 the	 SLO-deficient	

5448	produced	 less	severe	wounds	at	 the	site	of	 the	 infection	and	significantly	

less	 systemic	 bacteremia.	 This	 suggested	 that	 GAS	 requires	 SLO	 to	 invade	 and	
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subsequently	 survive	 within	 sterile	 sites	 of	 the	 host,	 such	 as	 the	 blood.	 This	

observation	is	partly	supported	by	a	recent	study	that	highlighted	the	inability	of	

SLO	 mutants	 to	 cause	 cytotoxicity	 in	 keratinocytes	 (Zhu	 et	 al.,	 2017).	 In	 this	

study	we	observed	 that	 the	5448	MT	S1	ΔSLO	avoided	phagocytosis	by	human	

neutrophils	 in	 vitro,	 but	 exhibited	 less	 virulence	 in	 the	 murine	 model	 of	

pyoderma.	 This	 discrepancy	 could	 be	 attributed	 to	 the	 inherent	 differences	 in	

cellular	interactions	in	vivo	compared	to	those	reproduced	in	vitro.	The	interplay	

between	 each	 cellular	 constituent	 in	 the	 host	 innate	 and	 adaptive	 immune	

system	 is	difficult	 to	recreate	 in	vitro	with	 isolated	cell	 subsets.	Whilst	 these	 in	

vitro	 interaction	 studies	 are	 valuable	 for	 providing	 indications	 of	 virulence	

mechanisms,	 the	 utilisation	 of	 murine	 models	 generally	 provides	 a	 more	

accurate	 depiction	 of	 host	 infections.	 Nevertheless,	 vaccination	with	 CombiVax	

was	 able	 to	 effectively	 protect	 the	mice	 from	 the	 infection	with	 SLO	 knockout	

strains	despite	its	altered	virulence	(exhibiting	up-regulation	of	several	CovR/S	

mutation-mediated	virulence	factors).		

	

Overall,	 these	 studies	 demonstrated	 that	 up-regulation	 of	 CovR/S	 mutation-

mediated	 virulence	 factor	 expression,	 including	 the	 hyaluronic	 acid	 capsule,	 is	

not	sufficient	to	overcome	virulence	attenuation	due	to	the	absence	of	SLO.	The	

studies	also	highlighted	the	role	of	DCs	and	neutrophils	in	GAS	pathogenesis	and	

suggested	 that	 SLO	 expression	 directly	 or	 indirectly	 (via	 hyaluronic	 acid)	

influences	GAS	pathogenesis.	Taken	 together,	 these	data	underscore	 the	notion	

that	CovR/S	mutation-mediated	virulence	is	dictated,	in	part,	by	SLO.	
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Chapter	5. CovR/S	mutant	GAS	differentially	interact	with	
neutrophils	to	facilitate	their	hypervirulence	

	

The	data	presented	in	this	chapter	was	achieved	through	collaboration	with	Dr.	

Ali	 Zaid	 from	 the	 Emerging	 Viruses	 and	 Inflammation	 Research	 Group	 at	 the	

Institute	 for	 Glycomics,	 who	 provided	 select	 reagents,	 training,	 protocols,	 and	

helped	with	data	analysis.	

	
	

5.1 Introduction	

	
Group	 A	 Streptococcus	 (GAS)	 is	 responsible	 for	 numerous	 invasive	 and	 non-

invasive	 infections	 with	 associated	 morbidity	 and	 mortality.	 Invasive	 diseases	

caused	 by	 GAS	 include	 necrotizing	 fasciitis	 and	 streptococcal	 toxic	 shock	

syndrome,	 both	 of	which	 are	 characterised	by	widespread	organ	 failure	 in	 the	

host	 contributing	 to	 incidence	 rates	 exceeding	 18	 million	 people	 per	 year	

(Carapetis	 et	 al.,	 2005).	These	diseases	have	 serious	health	 consequences	with	

up	to	20%	of	patients	dying	within	7	days	of	infection	onset	(O’Grady	et	al.,	2007,	

Lamagni	 et	 al.,	 2008).	 Recent	 epidemiological	 studies	 have	 highlighted	 the	

predominance	 of	 streptococcal	 skin	 infections	 in	 many	 parts	 of	 tropical	

developed	 countries,	 including	 the	 Indigenous	 communities	 of	 Australia’s	

Northern	Territory.	 Infection	 of	 the	 skin	 by	GAS	 is	 believed	 to	 be	 a	 significant	

risk	 factor	 and	 portal	 of	 entry	 for	 invasive	 streptococcal	 disease	 development	

(McDonald	et	al.,	2004,	Carapetis	et	al.,	2005,	Stevens	and	Bryant,	2016).			
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GAS	 strains	 possessing	 a	 mutation	 within	 their	 Control	 of	 Virulence	

Responder/Sensor	 (CovR/S)	 system	 are	 associated	 with	 hypervirulence	

resulting	from	selective	virulence	factor	up-regulation	through	altered	promoter	

binding	 (Sumby	 et	 al.,	 2006,	 Churchward,	 2007,	Walker	 et	 al.,	 2007).	 The	 de-

repression	 of	 virulence	 factors	 in	 CovR/S	 mutants	 enables	 enhanced	 immune	

evasion	 by	 GAS	 primarily	 through	 the	 targeted	 inhibition	 of	 neutrophil	

functioning.	For	example,	up-regulated	streptolysin	O	(SLO)	expression	results	in	

an	 increased	 propensity	 for	 neutrophil	 apoptosis	 through	 pore	 formation	 in	

cellular	membranes	(Timmer	et	al.,	2009,	Zhu	et	al.,	2017),	and	an	up-regulated	

hyaluronic	acid	capsule	allows	 for	reduced	phagocytosis	and	 improved	evasion	

of	immune	surveillance	through	structural	similarities	with	host	hyaluronic	acid	

(Moses	 et	 al.,	 1997,	 Cole	 et	 al.,	 2010).	 However,	 of	 particular	 interest	 is	 the	

increased	 expression	 of	 SpyCEP	 that	 degrades	 the	 host	 neutrophil	

chemoattractant	IL-8	(and	murine	homologues	CXCL2	[MIP-2]	and	CXCL1	[KC])	

causing	 a	 reduction	 in	 neutrophil	migration	 to	 the	 site	 of	 infection	 (Ato	 et	 al.,	

2008).	 Neutrophils	 provide	 essential	 host	 defense	 mechanisms	 including	

bacterial	clearance	via	phagocytosis	and	recruitment	of	other	effector	cells	to	the	

site	 of	 the	 infection;	 hence,	 a	 paucity	 of	 neutrophils	 provides	 a	 selective	

advantage	for	CovR/S	mutants.		

	

Previous	studies	 identified	 the	neutralisation	of	SpyCEP	as	being	 important	 for	

the	improved	protective	efficacy	of	streptococcal	vaccine	candidate	J8-DT/Alum	

(Pandey	et	al.,	2015,	Pandey	et	al.,	2016).	J8	is	a	minimal	B	cell	epitope	from	the	

conserved	 C3	 domain	 of	 the	 M	 protein	 that	 can	 induce	 antibodies	 capable	 of	

opsonizing	multiple	strains	of	GAS.	 Its	efficacy	 is	dependent	on	the	presence	of	
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neutrophils	at	the	site	of	infection.	Up-regulation	of	SpyCEP	(as	occurs	in	CovR/S	

mutants)	thus	blunts	J8-induced	protection	by	blocking	neutrophil	ingress	to	the	

site	 of	 infection.	 It	 was	 demonstrated	 that	 the	 neutralization	 of	 SpyCEP,	 via	

antibodies	to	S2	(a	20-mer	epitope	from	within	SpyCEP),	protected	IL-8,	thereby	

leading	 to	 greater	 neutrophil	 influx	 to	 the	 site	 of	 infection	 and,	 ultimately,	

greater	 protection	 against	 hypervirulent	 GAS	 skin	 infections	 (Pandey	 et	 al.,	

2016).		

	

Neutrophils	 are	 important	 for	 the	 control	 of	 GAS	 infections	 in	 the	 context	 of	

innate	and	adaptive	 immune	responses;	however,	 the	exact	sequence	of	events	

that	initiates	the	influx	of	neutrophils	to	the	site	of	a	GAS	skin	infection	has	not	

yet	 been	 established.	 Therefore,	 in	 this	 study	 we	 aimed	 to	 investigate	 the	

mechanism	 of	 neutrophil	 evasion	 employed	 by	 CovR/S	 mutant	 GAS	 with	 an	

emphasis	on	the	role	of	the	primary	murine	neutrophil	chemoattractant	CXCL2	

in	 our	murine	model	 of	 GAS	 pyoderma.	 Since	 skin	 infections	 are	 prevalent	 in	

tropical	 settings,	 including	 the	 Northern	 Territory	 of	 Australia,	 an	 Australian	

isolate	(NS88.2)	was	utilised	as	a	representative	non-M1	CovR/S	mutant.	

	

5.2 Results	

	

5.2.1 NS88.2	MT	is	virulent	in	a	murine	model	of	pyoderma	

	
NS88.2	mutant	(MT)	is	a	GAS	isolate	obtained	from	the	blood	of	a	patient	in	the	

Northern	Territory	of	Australia	 and	 is	distinctive	 in	 that	 it	 is	 a	natural	CovR/S	

mutant	not	derived	from	the	M1	serotype.	We	analysed	the	effect	of	this	isolate,	
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as	 well	 as	 a	 strain	 in	 which	 the	 CovR/S	 mutation	 was	 genetically	 repaired,	

NS88.2	Rep.	

	

Naïve	 Balb/c	 mice	 were	 infected	 with	 NS88.2	 MT	 using	 the	 superficial	 skin	

infection	 method	 in	 order	 to	 determine	 whether	 this	 virulent	 clinical	 isolate	

could	 infect	mice	without	 the	 need	 for	 prior	mouse	 passaging.	 At	 day	 3	 post-

infection,	Gram	stains	of	skin	sections	revealed	pockets	of	NS88.2	MT	within	the	

dermal	layers	of	infected	mice	(Figure	5.1a).	The	presence	of	a	comparable	load	

of	genetically	repaired	CovR/S	WT	NS88.2	(NS88.2	Rep)	was	also	evident	in	the	

skin	 on	 day	 3	 (Figure	 5.1b).	 By	 day	 6	 post-infection,	 the	 skin	 of	mice	 infected	

with	 NS88.2	 MT	 still	 had	 evidence	 of	 GAS	 in	 dermal	 and	 sub-dermal	 layers	

(Figure	5.1c),	whereas,	the	presence	of	NS88.2	Rep	was	minimal	in	skin	histology	

sections	(Figure	5.1d).	These	data	correlated	with	the	in	vivo	observations	where	

mice	 infected	 with	 the	 NS88.2	 Rep	 strain	 had	 significantly	 reduced	 skin	

bioburden	by	day	6,	 in	comparison	to	MT-infected	mice	(p<0.005,	Figure	5.1e).	

This	 was	 also	 significantly	 less	 than	 the	 bioburden	 observed	 in	 the	 skin	 of	

NS88.2	Rep-infected	mice	at	day	3,	with	2	of	5	mice	having	cleared	the	infection	

from	 the	 skin	 by	 day	 6	 (p<0.05).	 Furthermore,	 at	 the	 same	 time	 points,	 the	

NS88.2	 MT	 caused	 significant	 bacteremia	 with	 GAS	 evident	 in	 the	 blood	 and	

spleen	of	all	infected	mice	(Figure	5.1f	and	5.1g	respectively).	Systemic	infection	

was	not	evident	in	the	blood	or	spleen	of	any	mice	infected	with	NS88.2	Rep	at	

any	time	point,	indicating	its	inability	to	cause	an	invasive	infection.	
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Figure	 5.1	 Virulence	 of	 NS88.2	 Rep	 and	 MT	 strains	 in	 naïve	 mice.	Naïve	 Balb/c	mice	 were	

infected	 with	 NS88.2	 Rep	 or	 MT	 using	 the	 superficial	 skin	 infection	 method.	 Post-infection,	 at	

designated	 time	 points,	 select	mice	were	 culled	 from	 each	 cohort	 and	 bacterial	 burden	 assessed.	

Gram	 staining	 was	 used	 to	 visualise	 GAS	 bioburden	 in	 the	 skin.	 The	 presence	 of	 NS88.2	 MT	 in	

infected	skin	on	(a)	day	3	and	(b)	day	6	or	(c)	NS88.2	Rep	on	day	3	and	(d)	day	6	is	shown.	At	the	

same	time	points,	bioburden	was	quantified	in	the	(e)	skin,	(f)	blood,	and	(g)	spleen	of	NS88.2	Rep	

and	 MT-infected	 mice.	 Scale	 bars	 represent	 200	 µm.	 One-way	 ANOVAs	 were	 used	 for	 statistical	

analyses	for	5	mice/group/time	point,	*	p<0.05,	**	p<0.01,	***	p<0.005,	****	p<0.001.	

	

5.2.2 NS88.2	Rep	and	NS88.2	MT	interact	differentially	with	neutrophils		

To	investigate	the	local	cutaneous	interaction	of	NS88.2	Rep	and	MT	GAS	at	the	

infection	 site,	 immunofluorescence	 microscopy	 was	 used.	 Analysis	 of	 skin	

sections	revealed	that	the	NS88.2	Rep	strain	remained	localised	to	the	epidermis	

of	 the	 skin	 (Figure	 5.2a),	 whereas	 the	 NS88.2	 MT	 strain	 was	 present	 in	

epidermal,	 dermal	 and	 subcutaneous	 layers	 of	 skin	 (Figure	 5.2b).	 This	 further	

Day 3 Day 6
100
101
102
103
104
105
106
107
108

C
FU

 / 
m

L

Blood

** ****

NS88.2 Rep NS88.2 MT

Day 3 Day 6
100
101
102
103
104
105
106
107
108

C
FU

 / 
sp

le
en

Spleen

** **

Day 3 Day 6
100
101
102
103
104
105
106
107
108

C
FU

 / 
Le

si
on

Skin

****

(a)	 (b)	

(c)	 (d)	

(e)	

GAS	

(f)	 (g)	



	

	 158	

supported	our	challenge	data	(Figure	5.1)	where	NS88.2	MT	was	shown	to	cause	

systemic	 infection	 but	 the	 NS88.2	 Rep	 strain	 was	 confined	 to	 a	 localised	

infection.	 In	 addition	 to	 its	 inability	 to	 disseminate	 into	 deeper	 tissue,	 NS88.2	

Rep	 also	 demonstrated	 a	 strong	 presence	 of	 Ly6G+	 neutrophils	 in	 its	 vicinity,	

implying	a	functional	chemotactic	response	post-infection	(highlighted	in	Figure	

5.2a	 ii).	 On	 the	 contrary,	 a	 lack	 of	 neutrophils	 in	 the	 NS88.2	MT-infected	 skin	

sections	(Figure	5.2b)	suggested	an	inhibition	of	neutrophil	ingress.		

	

Figure	 5.2	 Localisation	 of	 GAS	 in	 infected	 murine	 skin.	 Balb/c	 mice	 were	 infected	 with	 (a)	

NS88.2	Rep	or	(b)	NS88.2	MT	via	the	superficial	skin	infection	method.	At	day	3	post-infection,	skin	

was	 excised	 and	 visualised	 by	 confocal	microscopy.	 Skin	 cryosections	 (14	 µm)	were	 stained	with	

DAPI	(blue)	and	antibodies	against	Ly6C	(green),	Ly6G	(grey),	and	GAS	(red).	Scale	bars	represent	

(a	i)	30	µm,	(a	ii)	10	µm,	(b	i)	50	µm,	(b	ii)	10	µm,	ep	=	epidermis,	de	=	dermis,	sc	=	subcutaneous	

tissue.		
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To	 further	 investigate	 if	 these	 observations	 would	 translate	 into	 a	 functional	

response	in	humans,	an	in	vitro	neutrophil	killing	assay	was	performed.	Purified	

human	 neutrophils	 from	 three	 donors	 were	 incubated	 with	 NS88.2	 Rep	 or	

NS88.2	MT	 at	 an	MOI	 of	 1:10	 (GAS:neutrophils)	 for	 1	 h,	 and	bacterial	 survival	

post-incubation	was	assessed.	Our	data	demonstrated	that	neutrophils	 from	all	

three	of	the	donors	were	able	to	kill	NS88.2	Rep	as	shown	by	the	50%	reduction	

in	viable	GAS	post-incubation	(Figure	5.3).	Conversely,	NS88.2	MT	proliferated	in	

the	 presence	 of	 neutrophils,	 and	 thus	 displayed	 significantly	 greater	 survival	

than	the	NS88.2	Rep	strain	(p<0.05).	These	data,	combined	with	the	microscopy	

observations,	 further	support	 the	notion	 that	CovR/S	mutant	strains	are	better	

equipped	to	resist	neutrophil	killing.		

	

Figure	 5.3	 Survival	 of	 NS88.2	 GAS	 in	 the	 presence	 of	 human	 neutrophils.	Neutrophils	were	

isolated	 from	 the	 blood	 of	 three	 healthy	 volunteers	 using	Polymorph	Prep	 (Axis-Shield).	 The	 cells	

were	 seeded	 at	 a	 concentration	 of	 1x106/well	 in	 RPMI	 in	 a	 96	 well	 plate.	 The	 neutrophils	 were	

infected	with	NS88.2	Rep	or	MT	GAS	at	a	ratio	of	1:10	(GAS:neutrophils)	for	1	h	at	37°C	+	5%	CO2.	

Cells	were	 lysed	with	sterile	water	and	surviving	GAS	were	enumerated	by	plating	on	blood	agar.	

Data	shows	mean	GAS	survival	±	SEM	for	three	individual	assays	from	three	donors.	A	student’s	t-

test	was	used	for	statistical	analysis,	*	p<0.05.	
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5.2.3 NS88.2	MT	significantly	up-regulates	SpyCEP	expression	

To	 investigate	 the	 potential	 causes	 of	 the	 stark	 difference	 in	 virulence	 ability	

between	the	CovR/S	WT	and	MT	strains,	particularly	with	respect	to	neutrophil	

resistance,	we	utilised	RT-PCR	to	assess	the	relative	expression	of	five	important	

CovR/S-regulated	 genes.	 The	 expression	 of	 each	 gene	 in	 NS88.2	 Rep	 was	

standardized	 to	a	value	of	1.	Compared	 to	 its	 isogenic	wild-type	strain,	NS88.2	

MT	significantly	up-regulated	the	SLO	gene	(slo,	p<0.05),	the	SpyCEP	gene	(cepA,	

p<0.001),	and	hyaluronate	synthase	(hasA,	p<0.005),	the	hyaluronic	acid	capsule	

transcript	(Figure	5.4).	As	expected,	the	SpeB	transcript	was	down-regulated	in	

NS88.2	MT	compared	to	NS88.2	Rep.	RT-PCR	also	confirmed	that	NS88.2	did	not	

possess	 the	 sda1	 gene.	 Our	 data	 suggested	 that	 the	 significantly	 up-regulated	

SpyCEP	gene	was	a	 likely	 causative	 factor	 for	differential	neutrophil	 responses	

observed	by	NS88.2	MT	in	vitro	and	in	vivo.	

	

Figure	5.4	Differential	gene	expression	of	NS88.2	MT.	RT-PCR	with	SYBR	green	was	performed	

in	 triplicate	 on	 mid-log	 phase	 (OD600	 =	 0.4)	 GAS	 cultures.	 Messenger	 RNA	 extracted	 from	 GAS	

cultures	 were	 converted	 to	 cDNA	 with	 gyrase	 A	 being	 used	 as	 an	 internal	 control.	 NS88.2	 Rep	

CovR/S	wild-type	values	were	normalized	 to	a	value	of	1	 for	each	gene.	Mean	 transcript	values	±	

SEM	 are	 shown.	 One	 way	 ANOVAs	 were	 used	 for	 statistical	 analysis	 with	 Dunnett’s	 multiple	

comparisons	test,	*	p<0.05,	***	p<0.005,	****	p<0.001.		

	

speB slo spyCep has
0.5

1

2

4

8

Fo
ld

 c
ha

ng
e 

in
 tr

an
sc

rip
t l

ev
el

 
re

la
tiv

e 
to

 W
T

*

****

***



	

	 161	

5.2.4 K4S2-DT-primed	germinal	centre	response	is	boosted	by	GAS	infection	

We	next	asked	whether	NS88.2	MT	would	boost	an	antibody	response	to	SpyCEP	

that	was	induced	by	vaccination	with	a	defined	epitope	from	SpyCEP,	‘S2’	(with	

four	 lysines	 added	 for	 increased	 solubility,	 K4S2)	 (Pandey	 et	 al.,	 2016).	 We	

hypothesised	 that	 antibodies	 to	 K4S2	 would	 neutralise	 SpyCEP	 and	 enable	

neutrophil	 chemotaxis.	 Subcutaneous	 immunisations	 with	 K4S2-DT/Alum	

induced	 high	 K4S2-specific	 systemic	 IgG	 titers	 after	 three	 administrations	

(Figure	 5.5).	 Control	mice	 immunised	with	 PBS/Alum	 produced	 no	 detectable	

K4S2-specific	titers.		

	

Figure	 5.5	 Mean	 K4S2-specific	 IgG	 antibody	 titers	 in	 serum	 after	 K4S2-DT/Alum	

immunisation.	 Four	 to	 six	 week	 old	 Balb/c	 mice	 were	 immunised	 subcutaneously	 with	 K4S2-

DT/Alum	(30	µg	antigen)	and	boosted	on	days	21	and	28.	Blood	samples	were	collected	on	day	35.	

K4S2-specific	IgG	antibodies	were	measured	by	an	ELISA	and	compared	with	PBS/Alum-immunised	

control	mice.	A	secondary	antibody	(anti-mouse	IgG-HRP	conjugate)	and	OPD	substrate	were	used	

for	the	detection	of	antibody	titers	at	450	nm.	A	student’s	t-test	was	used	for	statistical	significance	

with	****	indicating	p<0.001.	

	

The	 K4S2-DT/Alum-immunised	 mice	 were	 then	 infected	 with	 NS88.2	 (MT	 or	

Rep)	via	 the	 skin	 route	of	 infection.	To	assess	 if	 an	experimental	 infection	will	

boost	an	immune	response,	spleen	samples	were	processed	to	analyse	germinal	
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centre	 (GC)	 formation.	 The	 numbers	 of	 IgD-ve	GL-7hi	 B	 cells	were	 quantified	 in	

each	spleen	using	flow	cytometry.	We	observed	a	greater	mean	number	of	GC	B	

cells	 in	 immunised	 spleens	 post-NS88.2	MT	 infection	 compared	 to	 the	 NS88.2	

Rep	 infection,	 yet	 this	 difference	 was	 not	 statistically	 different	 (Figure	 5.6a).	

There	were	even	fewer	GC	B	cells	detected	in	the	spleens	of	the	PBS-immunised,	

mock-infected,	or	naïve	cohorts	post-infection.	 Immunofluorescence	staining	of	

spleen	 sections	 highlighted	 the	 presence	 of	 GC	 B	 cell	 formation	 in	 K4S2-

immunised	cohorts	 following	NS88.2	Rep	(Figure	5.6b	and	5.6d)	or	NS88.2	MT	

infection	 (Figure	 5.6c	 and	 5.6e).	 The	 non-immunised	 NS88.2	 Rep-infected	

(Figure	5.6f)	and	NS88.2	MT-infected	(Figure	5.6g)	mice	also	showed	presence	of	

GC	B	cells	but	they	were	not	as	abundant	as	the	immunised	cohorts,	which	was	in	

support	of	the	flow	cytometry	data	(Figure	5.6a).	The	naïve	mice	had	very	little	

GL-7+ve	positive	 cells	 evident	 in	 the	 spleen	 sections	 (Figure	5.6h).	The	greatest	

abundance	of	GC	B	cells	was	detected	in	the	K4S2-immunised	MT-infected	mice	

when	 assessed	 via	 immunofluorescence	 microscopy	 and	 flow	 cytometry.	

Although	we	did	not	determine	the	specificity	of	the	GC	response	post-infection,	

the	observation	that	GCs	were	generated	primarily	in	K4S2-immunised	mice	led	

to	 the	 postulation	 that	 K4S2	 priming	 was	 responsible	 for	 GC	 responses	 post-

infection.	A	distinct	difference	in	the	GC	morphology	in	the	Rep-	and	MT-infected	

mice	was	also	noted.	The	immunised	+	MT-infected	mice	possessed	GCs	with	the	

classical	morphology	where	GL-7-positive	cells	were	present	in	the	dark	zone	of	

GCs,	 but	 immunised	 +	 NS88.2	 Rep-infected	mice	 presented	 GCs	with	 aberrant	

structure.	
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Figure	 5.6	 Splenic	 germinal	 centre	 formation	 in	 K4S2-immunised	 mice	 following	 GAS	

infection.	Balb/c	mice	were	 immunised	with	K4S2-DT/Alum	or	PBS/Alum	on	days	0,	 21,	 and	28,	

and	infected	2	weeks	later	with	NS88.2	Rep	or	NS88.2	MT	strains	using	the	superficial	skin	infection	

method.	At	day	3	post-infection,	the	spleens	of	mice	were	processed	and	germinal	centre	B	cells	were	

quantified	using	(a)	flow	cytometry.	The	numbers	of	IgD-ve	GL-7hi	B	cells	were	quantified	per	spleen.	

An	area	view	of	splenic	germinal	centres	were	also	visualised	by	(b-h)	confocal	microscopy.	Spleen	

cryosections	(12	µm)	were	stained	with	anti-laminin	(red),	anti-IgD	(grey),	and	anti-GL-7	(green)	

antibodies.	The	representative	 images	of	K4S2-immunised	+	NS88.2	Rep-infected	 (b	and	d),	K4S2-

immunised	 +	 NS88.2	 MT-infected	 (c	 and	 e),	 non-immunised	 +	 NS88.2	 Rep-infected	 (f),	 non-

immunised	+	NS88.2	MT-infected	(g),	and	naive	cohorts	(f)	are	shown.	Scale	bars	represent	(b-c)	50	

µm	and	(d-h)	30µm.		
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5.2.5 Neutrophils	are	the	primary	cellular	source	of	CXCL2	post-GAS	skin	infection	

Production	 of	 CXCL2	 is	 critical	 to	 neutrophil	 chemotaxis	 and	 subsequent	

opsonophagocytosis	of	GAS	in	the	presence	of	opsonic	antibodies.	To	investigate	

the	 implications	 of	 up-regulated	 SpyCEP	 in	 NS88.2	 MT	 and	 its	 effects	 on	

neutrophil	 chemotaxis	 in	 vivo,	 we	 performed	 intracellular	 chemokine	 staining	

(ICS),	followed	by	quantitative	flow	cytometry	analysis	to	determine	which	cells	

were	responsible	for	CXCL2	production	post-skin	infection.	Our	data	from	the	GC	

analysis	had	demonstrated	the	generation	of	GC	B	cells	in	K4S2-immunised	mice	

post-NS88.2	infection.	We	thus	sought	to	investigate	if	GAS	infection	would	lead	

to	 the	 stimulation	of	 the	K4S2	 response	 that	would	 result	 in	CXCL2	protection	

leading	to	enhanced	neutrophil	ingress	to	the	site	of	the	infection.		

	

We	 utilised	 ICS	 and	 flow	 cytometry	 to	 assess	 CXCL2	 production	 in	 infected	

murine	 skin.	 Neutrophils	 and	 monocytes	 were	 investigated	 as	 the	 primary	

targets	 for	 CXCL2	 production	 (representative	 plot	 in	 Appendix	 13).	 A	 greater	

abundance	of	neutrophils	in	the	skin	of	mice	infected	with	NS88.2	Rep	compared	

to	 the	NS88.2	MT-infected	 skin	was	 observed	 in	 both	 the	 non-immunised	 and	

immunised	 cohorts	 (Figure	 5.7a).	 Furthermore,	 the	 neutrophil	 numbers	 were	

found	 to	 be	 significantly	 higher	 in	 K4S2-immunised	 cohorts	 following	 NS88.2	

Rep	or	MT	 infection	 in	comparison	 to	 their	 corresponding	non-immunised	and	

infected	 controls	 (p<0.05)	 (Figure	 5.7a).	 The	 neutrophil	 numbers	 in	 K4S2-

immunised	 MT-infected	 cohort	 was	 comparable	 to	 the	 numbers	 in	 non-

immunised	 NS88.2	 Rep-infected	 mice,	 thus	 suggesting	 an	 inherent	 scarcity	 of	

neutrophils	 in	 the	NS88.2	MT	 infection.	 Likewise,	 the	number	 of	 inflammatory	

monocytes,	 identified	 by	 high	 Ly6C	 surface	 marker	 expression,	 also	
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demonstrated	 a	 similar	 profile	 for	 the	 NS88.2	 Rep	 infection	 (Figure	 5.7b).	

Interestingly,	 the	 numbers	 of	 monocytes	 in	 the	 skin	 of	 MT-infected	 mice	

remained	 unaffected	 by	K4S2	 immunisation.	 ICS	 staining	 further	 revealed	 that	

the	number	of	CXCL2+	neutrophils	was	highest	in	the	skin	of	NS88.2	Rep-infected	

mice	 irrespective	of	 immunisation	(Figure	5.7c).	The	percentage	of	neutrophils	

producing	CXCL2	did	not	 change	significantly	with	 immunisation.	On	 the	other	

hand,	 the	numbers	of	CXCL2-producing	neutrophils	 in	NS88.2	MT-infected	skin	

were	found	to	be	2-fold	higher	following	immunisation,	but	again	there	was	no	

significant	 difference	 in	 the	 percentage	 of	 neutrophils	 producing	 CXCL2	 for	

immunised	(30%	CXCL2+ve)	and	non-immunised	(40%	CXCL2+ve)	cohorts.	Thus,	

K4S2	 immunisation	was	primarily	affecting	neutrophil	abundance	at	 the	site	of	

the	infection.	Further,	the	K4S2-immunised	NS88.2	Rep-infected	mice	had	higher	

numbers	 of	 CXCL2-producing	 inflammatory	 monocytes	 in	 comparison	 to	 non-

immunised	mice.	However,	a	 similar	effect	of	 immunisation	was	not	evident	 in	

NS88.2	 MT-infected	 cohorts	 (Figure	 5.7d).	 The	 CXCL2+	 monocyte	 numbers	 in	

K4S2-immunised	 NS88.2	 Rep-infected	 mice	 were	 also	 significantly	 higher	

compared	 to	 that	 of	 the	 immunised	 NS88.2	MT-infected	mice	 (p<0.05).	 Taken	

together,	 these	 data	 demonstrated	 that	 K4S2	 immunisation	 enhanced	 the	

recruitment	of	neutrophils	 to	 the	skin	 following	 infection	with	NS88.2	Rep	and	

MT.	 However,	 the	 recruitment	 of	 CXCL2+	monocytes	was	 only	 enhanced	 post-

NS88.2	Rep	infection.		



	

	 166	

	
Figure	 5.7	 Intracellular	 staining	 of	 infected	murine	 skin.	 Balb/c	mice	were	 immunised	with	

K4S2-DT/Alum	or	PBS/Alum	on	days	0,	21,	and	28.	Mice	were	infected	with	NS88.2	Rep	or	NS88.2	

MT	GAS	strains	via	the	superficial	skin	infection	method.	Mock-infected	mice	received	media	alone.	

At	day	3	post-infection	a	designated	number	of	mice	were	 culled	and	a	1-cm2	 skin	biopsy	 sample	

was	 excised.	 Using	 intracellular	 chemokine	 staining	 the	 numbers	 of	 (a)	 neutrophils	 and	 (b)	

inflammatory	 monocytes,	 as	 well	 as	 the	 number	 of	 (c)	 CXCL2+	 neutrophils	 and	 (d)	 CXCL2+	

inflammatory	monocytes	were	 determined.	 One-way	 ANOVAs	were	 used	 for	 statistical	 analysis,	 *	

p<0.05,	**	p<0.01.		

	

5.2.6 Skin	infection	with	NS88.2	MT	limits	the	amount	of	CXCL2	protein	

Next	 we	 investigated	 if	 the	 number	 of	 CXCL2+	 cells	 would	 translate	 into	 the	

amount	 of	 CXCL2	 protein	 present	 in	 the	 skin	 at	 the	 site	 of	 infection.	 A	 CXCL2	
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protein	ELISA	was	performed	to	quantify	the	amount	of	CXCL2.	The	skin	samples	

analysed	on	day	1	post-infection	revealed	that	while	significantly	higher	levels	of	

CXCL2	were	detected	in	infected	skins	compared	to	the	mock	infected	and	naïve	

control	groups	(p<0.001)	(Figure	5.8a),	the	CXCL2	protein	amount	in	the	skin	of	

NS88.2	 Rep	 and	 MT-infected	 cohorts	 was	 comparable	 (Figure	 5.8a).	 This	

indicated	 that	 a	 later	 time	 point	 would	 likely	 better	 reflect	 the	 inherent	

differences	 in	 CXCL2	 cleavage	 capacities	 of	 NS88.2	 Rep	 and	 MT,	 and	 by	

extension,	the	effectiveness	of	the	K4S2	antibodies.		

	

We	 sought	 to	 determine	whether	 the	 amount	 of	 CXCL2	 protein	 present	 in	 the	

skin	reflected	a	time-dependent	mechanism	for	CXCL2	cleavage.	Also,	to	explore	

whether	 these	 responses	 would	 correlate	 with	 the	 numbers	 of	 CXCL2+	

neutrophils	 at	 the	 same	 time	 point,	 seen	 previously	 (Figure	 5.7),	 K4S2-

immunised	 cohorts	 were	 also	 included.	 Similar	 to	 the	 trend	 observed	 with	

CXCL2+	 neutrophils	 in	 the	 ICS	 study,	 the	 NS88.2	 Rep-infected	 skins	 contained	

significantly	more	CXCL2	protein	compared	to	the	NS88.2	MT-infected	cohorts	at	

day	 3	 (p<0.001)	 (Figure	 5.8b).	 This	 was	 independent	 of	 their	 immunisation	

status.	 All	 infected	 groups	 had	 significantly	 greater	 amounts	 of	 CXCL2	 protein	

than	the	mock	and	naïve	control	mice,	indicating	that	CXCL2	was	being	produced	

specifically	 in	 response	 to	 GAS	 infection	 (p<0.001).	 There	 was	 no	 significant	

difference	between	the	K4S2-immunised	and	non-immunised	cohorts	 following	

infection	 with	 the	 same	 strain.	 However,	 there	 was	 a	 discernable	 difference	

between	the	amount	of	CXCL2	protein	in	the	skin	of	non-immunised	mice	at	day	

1	 and	day	 3	 post-infection.	 Levels	 of	 CXCL2	protein	 found	 in	 the	 skin	 of	 naïve	

NS88.2	Rep-infected	mice	significantly	increased	from	day	1	to	day	3	(p<0.001)	
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(an	average	of	28	ng/mL	at	day	1	to	an	average	of	58	ng/mL	at	day	3),	whereas	

CXCL2	 levels	 detected	 in	 the	 skin	 of	 NS88.2	 MT-infected	 mice	 significantly	

decreased	by	day	3	(p<0.05)	(average	of	34	ng/mL	at	day	1	to	an	average	of	26	

ng/mL	at	day	3).		

	

Figure	5.8	CXCL2	protein	present	in	murine	skin	post-infection.	K4S2-DT/Alum-immunised	and	

non-immunised	Balb/c	mice	were	infected	with	NS88.2	Rep	or	NS88.2	MT	using	the	superficial	skin	

infection	model.	Mock-infected	control	mice	were	administered	media	alone.	Skin	sections	(1	cm2)	

were	excised	from	all	mice	on	(a)	day	1	post-infection	or	(b)	day	3	post-infection.	The	samples	were	

homogenized,	 and	 the	 amount	 of	 CXCL2	 present	 in	 the	 skin	 was	 assessed	 using	 a	 CXCL2	 DuoSet	

protein	ELISA	(R&D	systems).	One-way	ANOVAs	with	Tukey’s	multiple	comparisons	test	were	used	

for	statistical	analysis,	****	p<0.001.		

	

To	 further	assess	 the	overall	 implication	of	CXCL2	production	 in	 the	context	of	

K4S2	immunisation	and	CovR/S	WT	versus	MT	infection,	challenge	studies	were	

performed	using	the	murine	model	of	pyoderma.	Despite	the	fact	that	GC	B	cells	

were	stimulated	post-infection,	we	did	not	observe	any	notable	reduction	in	the	

skin	 bacterial	 burden	 in	 the	 immunised	 mice	 (Figure	 5.9a).	 Similarly,	

immunisation	with	K4S2	did	not	reduce	the	burden	of	NS88.2	MT	in	the	blood	or	

spleen	(Figure	5.9b	and	5.9c	respectively).	The	amount	of	CXCL2	protein	in	the	
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skin	(Figure	5.8b)	can	now	be	viewed	in	the	context	of	the	massive	bioburden	in	

both	 K4S2-DT	 and	 PBS-immunised	 cohorts	 at	 day	 3	 post-infection.	 As	 noted	

above	(Figure	5.1),	the	NS88.2	Rep	lacked	an	ability	to	cause	systemic	infection	

and	 consequently	 was	 absent	 in	 the	 blood	 and	 spleen	 of	 both	 vaccinated	 and	

control	cohorts	 (Figure	5.9b	and	5.9c	respectively).	These	data	 further	confirm	

our	previous	 findings	where	 immunisation	with	S2-DT/Alum	alone	was	shown	

to	be	ineffectual	in	controlling	CovR/S	MT	infection	(Pandey	et	al.,	2016).	It	was	

demonstrated	that	the	opsonic	ability	of	J8-specific	antibodies	was	crucial	to	act	

synergistically	with	K4S2	antibodies	to	mediate	protection.		

	

	

Figure	 5.9	 Efficacy	 of	 K4S2-DT/Alum	 against	 NS88.2	 Rep	 and	 NS88.2	 MT	 skin	 challenge.	

Cohorts	of	mice	were	immunised	with	K4S2-DT/Alum	(30	µg	antigen)	or	PBS/Alum	on	days	0,	21,	

and	28,	then	infected	with	NS88.2	Rep	or	NS88.2	MT	using	the	superficial	skin	infection	model.	On	

day	3	post-infection,	designated	numbers	of	mice	were	culled	and	samples	were	collected	to	assess	

bacterial	burden	in	the	(a)	skin,	(b)	blood,	and	(c)	spleen.	Data	shows	mean	CFU	values	±	SEM	for	5	

mice/group/time	point.	Two-way	ANOVAs	were	used	for	statistical	analysis,	*	p<0.05.		

	

5.2.7 K4S2	antibodies	protect	CXCL2	from	degradation	

The	marginal	differences	observed	in	the	amount	of	CXCL2	protein	found	in	the	

skin	of	immunised	and	non-immunised	mice,	and	ineffective	protection	by	K4S2-

DT/Alum	 in	 a	murine	model	 of	 pyoderma,	 led	us	 to	 assess	 the	 functionality	 of	

K4S
2 +

 N
S88

.2 
Rep

K4S
2 +

 N
S88

.2 
MT

PBS + 
NS88

.2 
Rep

PBS + 
NS88

.2 
MT

100
101
102
103
104
105
106
107
108

C
FU

 / 
Le

si
on

Skin

K4S
2 +

 N
S88

.2 
Rep

K4S
2 +

 N
S88

.2 
MT

PBS + 
NS88

.2 
Rep

PBS + 
NS88

.2 
MT

100
101
102
103
104
105
106
107
108

C
FU

 / 
m

L

Blood

* *

K4S
2 +

 N
S88

.2 
Rep

K4S
2 +

 N
S88

.2 
MT

PBS + 
NS88

.2 
Rep

PBS + 
NS88

.2 
MT

100
101
102
103
104
105
106
107
108

C
FU

 / 
S

pl
ee

n

Spleen
(a) (b) (c)



	

	 170	

K4S2-specific	 IgG	via	ELISA.	The	culture	supernatants	of	NS88.2	Rep	or	NS88.2	

MT	 cultures	 (diluted	 1:50	 v/v)	 were	 mixed	 with	 recombinant	 CXCL2	 (at	 a	

concentration	of	40	pg/mL)	in	the	presence	of	either	K4S2	or	PBS	anti-sera.	The	

amount	of	un-cleaved	CXCL2	protein	 remaining	post-incubation	was	measured	

and	 calculated	 as	 percentage	 protection	 of	 CXCL2.	 The	 K4S2	 antibodies	 were	

functional	 against	 both	 NS88.2	 Rep	 and	 NS88.2	 MT-mediated	 CXCL2	 cleavage	

(Figure	5.10a	and	5.10b).	There	was	less	CXCL2	remaining	post-incubation	with	

K4S2	 anti-sera	 with	 MT	 or	 Rep	 supernatant	 compared	 to	 that	 of	 the	 control	

group	(CXCL2	in	media	alone),	but	this	reduction	was	not	significantly	different.	

This	 observation	 signified	 an	 inhibition	 of	 CXCL2	 degradation	 by	 the	 K4S2	

antibodies.	These	antibodies	enabled	an	average	of	67%	and	59%	protection	of	

CXCL2	cleavage	in	the	context	of	NS88.2	Rep	and	MT	respectively	(Figure	5.10a	

and	 5.10b).	 The	 K4S2	 antibodies	 exhibited	 significantly	 greater	 protection	 of	

CXCL2	 degradation	 in	 comparison	 to	 the	 NS88.2	 Rep	 and	 NS88.2	 MT	

supernatants	with	no	anti-sera	(p<0.05).		
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Figure	 5.10	 Antibody-mediated	 protection	 of	 CXCL2	 cleavage	 in	 vitro.	 Four	 to	 six	 week	 old	

Balb/c	mice	 were	 immunised	 subcutaneously	 with	 K4S2-DT/Alum	 (30	 µg	 antigen)	 or	 PBS/Alum	

and	boosted	on	days	21	and	28.	Blood	samples	were	collected	on	day	35	for	antibody	isolation.	The	

culture	 supernatants	 of	 (a)	 NS88.2	 Rep	 or	 (b)	 NS88.2	 MT	 (1:50)	 were	 mixed	 with	 recombinant	

CXCL2	 (40	 pg/mL)	 in	 the	 presence	 of	 K4S2	 or	 PBS	 anti-sera	 for	 1	 h	 at	 37°C.	 The	 amount	 of	 un-

cleaved	CXCL2	was	measured	using	a	CXCL2	DuoSet	protein	ELISA	(R&D	systems)	and	calculated	as	

mean	 percentage	 protection	with	 the	 control	 representing	 100%.	 One-way	 ANOVAs	with	 Tukey’s	

multiple	comparisons	test	were	used	for	statistical	analysis,	*	p<0.05,	**	p<0.01,	***	p<0.005.	

	

5.3 Discussion	

	
GAS	 remains	 a	 major	 cause	 of	 non-invasive	 infections	 resulting	 in	 significant	

economic	 loss,	 as	well	 as	being	 the	 causative	agent	of	 severe	 invasive	diseases	

leading	to	high	rates	of	morbidity	and	mortality	(Carapetis	et	al.,	2005,	Steer	et	

al.,	 2012,	 Bowen	 et	 al.,	 2015).	 GAS	 strains	 possessing	 a	mutation	 within	 their	

CovR/S	 regulatory	 system	 have	 an	 invasive	 transcription	 profile	 with	 select	

virulence	factors	being	up-regulated,	ultimately	causing	hypervirulence	(Sumby	

et	al.,	2006).	The	M1	serotype	 is	 commonly	associated	with	CovR/S	mutations,	

initially	hypothesised	to	be	due	to	its	possession	of	the	phage-borne	DNase,	Sda1	

(Walker	et	al.,	2007,	Hollands	et	al.,	2010).	However,	recent	studies	have	shown	
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that	possession	of	 this	DNase	 is	 not	 essential	 for	CovR/S	mutation	 acquisition,	

nor	are	the	mutants	limited	to	the	M1	serotype	(Maamary	et	al.,	2010).	One	trait	

that	these	CovR/S	mutants	have	in	common,	for	both	M1	and	non-M1	serotypes,	

is	the	propensity	to	exhibit	neutrophil	resistance.		

	

Using	NS88.2	 as	 a	 representative	non-M1	natural	 CovR/S	mutant	 (MT)	 clinical	

isolate	from	Australia,	we	observed	the	characteristic	hypervirulence	in	a	murine	

model	 of	 pyoderma	 without	 the	 need	 for	 mouse	 passaging.	 The	

immunofluorescence	 analyses	 highlighted	 the	 differential	 interaction	 with	

neutrophils	in	the	skin	of	the	infected	cohorts.	The	NS88.2	Rep	strain	appeared	

to	 be	 primarily	 localised	 to	 the	 epidermis	 and	 interacting	 with	 Ly6G+	

neutrophils.	 Conversely,	 the	 NS88.2	 MT	 strain	 was	 detected	 in	 deeper	 tissue	

(dermal	 and	 subcutaneous	 layers	 of	 skin),	 more	 often	 interacting	 with	 Ly6C+	

cells	 (monocytes)	 than	neutrophils.	This	notion	was	 further	emphasised	by	 the	

differential	 ability	 of	 NS88.2	 Rep	 and	 MT	 to	 survive	 co-culture	 with	 human	

neutrophils	in	vitro.	The	MT	strain	survived	significantly	better	than	the	NS88.2	

Rep	strain,	supporting	the	observations	by	Walker	et	al.	(2007)	and	Maamary	et	

al.	 (2010).	 The	 increased	 ability	 of	 the	NS88.2	MT	 strain	 to	 survive	 co-culture	

with	 human	 neutrophils	 was	 likely	 due	 to	 the	 increased	 expression	 of	 pore-

forming	 exotoxin	 SLO	 and	 hyaluronic	 acid	 capsule	 rather	 than	 SpyCEP.	

Additional	 studies	 could	 confirm	 this	 by	 including	 SpyCEP	 anti-sera	 with	 the	

neutrophil-GAS	co-cultures	and	observing	the	resultant	bacterial	killing.	

	

The	 gene	 expression	 profile	 of	 NS88.2	 MT	 demonstrated	 a	 significant	 up-

regulation	of	select	virulence	factors	including	the	serine	protease,	SpyCEP.	The	
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primary	 target	 of	 SpyCEP	 is	 the	 neutrophil	 chemoattractant	 CXCL8/IL-8	 in	

humans,	 or	 its	 murine	 homologue	 CXCL2/MIP-2.	 SpyCEP	 cleaves	 ELR	 motif-

positive	 CXC	 chemokines	 that	 are	 known	 to	 signal	 via	 CXCR1	 and	 CXCR2	

receptors	on	phagocytes,	acting	mainly	on	neutrophil	recruitment	(Sumby	et	al.,	

2008,	Zinkernagel	et	al.,	2008,	Kurupati	et	al.,	2010).	Recruitment	of	neutrophils	

to	the	site	of	infection	is	a	crucial	step	in	the	GAS	clearance	process.	This	is	even	

more	important	during	skin	infections	where	neutrophils	constitute	about	50%	

of	the	cell	types	at	the	infection	site	on	day	1	(Mayadas	et	al.,	2014).	Hence,	in	the	

absence	of	 adequate	neutrophil	migration,	GAS	 infections	have	a	much	greater	

likelihood	of	overcoming	host	defenses	and	causing	severe	 invasive	diseases	 in	

the	host,	as	is	characteristic	of	CovR/S	mutant	infections.		

	

In	 an	 attempt	 to	 counteract	 the	 increased	 virulence	 of	 CovR/S	 mutants,	 our	

group	has	previously	identified	a	20-mer	B	cell	epitope	from	SpyCEP	(K4S2)	that	

worked	 synergistically	 as	 a	 vaccine	 component	 with	 the	M	 protein-derived	 J8	

peptide	 to	 provide	 protection	 against	 CovR/S	 mutants	 in	 vivo	 (Pandey	 et	 al.,	

2015,	Pandey	et	al.,	2016).	It	was	reasoned	that	the	combination	of	the	SpyCEP	

epitope,	K4S2,	into	this	vaccine	candidate,	termed	‘J8	CombiVax’,	would	generate	

antibodies	 that	 would	 neutralize	 SpyCEP	 and	 subsequently	 prevent,	 or	 limit,	

CXCL2	 cleavage	 by	 SpyCEP	 in	 vivo.	 This	 would	 then	 aid	 in	 the	 J8	 antibody-

mediated	 clearance	 of	 GAS.	 We	 observed	 that	 K4S2	 immunisation	 induced	

specific	 antibodies.	 However,	 more	 interestingly,	 we	 noted	 that	 following	 an	

experimental	 infection	 the	 generation	of	GC	B	 cells	was	particularly	 evident	 in	

the	 K4S2-immunised	 +	 NS88.2	 MT-infected	 mice.	 This	 was	 an	 important	
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observation	 as	 boosting	 of	 vaccine-mediated	 immunity	 following	

natural/experimental	infection	is	critical	for	long-term	immunity.		

	

The	GC	 response	 is	 a	 tightly	 regulated	 series	 of	 events	 that	 each	 act	 to	 ensure	

that	 the	 development	 of	 affinity	 is	 specific	 for	 exogenous	 antigens	 only	

(Linterman	 and	 Vinuesa,	 2010,	 De	 Silva	 and	 Klein,	 2015).	 The	 efficient	

progression	of	somatic	hypermutation	of	centroblasts	in	the	dark	zone	of	the	GC,	

to	antigen-driven	B	cell	selection	in	the	light	zone	of	the	GC	is	crucial	for	effective	

adaptive	 immunity	 (De	 Silva	 and	 Klein,	 2015).	 The	 GCs	 in	 the	 spleens	 of	 the	

immunised	+	NS88.2	MT-infected	mice	better	reflected	 the	presence	of	distinct	

light	and	dark	zones.	This	observation	is	indicative	of	effective	humoral	immune	

responses	 to	 antigen	 presentation.	 Recent	 studies	 have	 suggested	 that	 the	

magnitude	of	GC	B	cell	responses	in	vivo	are	directly	correlated	with	the	amount	

of	 antigen	 presented	 (Baumjohann	 et	 al.,	 2013).	 Therefore,	 the	 significantly	

increased	production	of	SpyCEP	by	NS88.2	MT	in	comparison	to	NS88.2	Rep,	as	

determined	 by	 RT-PCR,	 is	 likely	 the	 primary	 contributing	 factor	 behind	 the	

increased	GC	B	cell	production.	Additionally,	the	NS88.2	Rep	infection	seemed	to	

generate	abberant	GCs	in	the	spleens	of	K4S2-immunised	mice.	The	difference	in	

GC	morphology	 in	 the	 immunised	+	NS88.2	Rep-infected	mice	compared	to	 the	

immunised	+	NS88.2	MT-infected	mice	may	also	be	associated	with	a	discrepant	

availability	of	the	antigen	during	infection.	These	preliminary	observations	lend	

support	 towards	 the	 notion	 of	 an	 effective	 vaccine	 design	 that	will	 potentially	

induce	GC	B	cells	to	progress	to	long-lived	plasma	cells	or	memory	B	cells.	Future	

studies	would	benefit	 from	confirming	the	degree	of	antigen	specificity	of	GC	B	
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cells	 within	 the	 spleens	 of	 immunised	mice	 via	 antigen-specific	 stimulation	 of	

sorted	B	cells	or	via	ELISPOT.	

	

Intracellular	 cytokine	 staining	 revealed	 that	 K4S2	 immunisation	 resulted	 in	

significantly	increased	numbers	of	neutrophils	at	the	site	of	infection	in	both	the	

NS88.2	 Rep	 and	 NS88.2	MT-infected	 cohorts.	 This	 also	 correlated	with	 higher	

numbers	of	CXCL2+	neutrophils	in	K4S2-immunised	mice.	These	data	suggested	

that	neutrophils	were	the	primary	mononuclear	cellular	source	of	CXCL2	in	the	

skin	post-infection.	The	quantitative	measurement	of	CXCL2	protein	 confirmed	

that	the	intracellular	CXCL2	was	being	released	within	the	skin	post-NS88.2	Rep	

infection.	This,	 in	turn,	enabled	further	recruitment	of	neutrophils	to	the	site	of	

the	 infection.	 These	 findings	 are	 in	 line	 with	 previous	 studies	 looking	 in	 to	

human	wound	 fluid	post-surgery.	Elevated	 IL-8	 levels	were	 identified	by	day	1	

and	persisted	 for	4	days,	 thereby	promoting	 a	pro-inflammatory	 response	 and	

allowing	 the	 further	 recruitment	 of	 neutrophils	 and	 leukocytes	 through	

extravasation	(Engelhardt	et	al.,	1998,	Kasama	et	al.,	2005,	Grimstad	et	al.,	2011).	

It	has	also	been	demonstrated	in	a	murine	model	that	CXCL2	alone	is	capable	of	

inducing	 all	 steps	 in	 the	 extravasation	 process	 including	 rolling,	 stationary	

adhesion,	and	neutrophil	recruitment	(Zhang	et	al.,	2001).	Therefore,	the	timely	

production	 of	 chemokine-mediated	 signaling	 to	 effector	 cells	 is	 an	 important	

constituent	 of	 an	 effective	 immune	 response	 against	 GAS.	 Whilst	 day	 3	 post-

infection	 remains	 physiologically	 relevant	 in	 terms	 of	 our	 murine	 model	 of	

pyoderma,	the	data	from	day	3	post-infection	with	NS88.2	MT	did	not	show	the	

relevance	of	K4S2	immunisation.	The	high	bacterial	 load	present	in	skin	at	that	

time-point	 suggests	 that	 the	 overwhelming	 amount	 of	 SpyCEP	 produced	 by	
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NS88.2	MT	outcompeted	K4S2	 antibodies’	 neutralisation	 abilities.	 An	 alternate	

possibility	 is	 that	most	of	 the	CXCL2	remained	 intracellular	within	 the	 infected	

tissue	 and	 was	 therefore	 not	 detected	 by	 the	 K4S2	 antibodies.	 Future	 studies	

utilising	 a	 time	 course	 analysis	 of	 CXCL2	 production	 and	 protection	 via	 K4S2	

immunisation	starting	as	early	as	12	h	post-infection	will	shed	more	light	on	to	

the	kinetics	of	CXCL2	protection	via	K4S2	antibodies.	

	

The	 assessment	 of	 K4S2	 antibody	 functionality	 via	 measurement	 of	 CXCL2	

protein	 suggested	 that	 K4S2	 antibodies	 were	 protecting	 CXCL2	 cleavage	

comparably	 against	 both	 NS88.2	 Rep	 and	 NS88.2	 MT	 GAS	 in	 vitro.	 This	

observation	was	significant	in	that	it	highlighted	the	ability	of	K4S2	antibodies	to	

prevent	SpyCEP-mediated	cleavage	of	CXCL2.	The	 in	vivo	data	 from	ICS	studies	

also	supported	these	findings,	as	the	K4S2	immunisation	resulted	in	an	increase	

in	neutrophils	at	the	infection	site.	In	the	absence	of	K4S2	immunisation,	some	of	

the	inherent	differences	between	NS88.2	Rep	and	NS88.2	MT	virulence	become	

evident,	particularly	with	respect	to	interaction	with	neutrophils.		

	

The	 differential	 interaction	 with	 neutrophils	 remains	 one	 of	 the	 major	

contributing	factors	in	CovR/S	mutant	hypervirulence.	Not	only	are	neutrophils	

essential	to	the	host	innate	immune	response	against	GAS	infections	(Buchanan	

et	 al.,	 2006,	 Ato	 et	 al.,	 2008,	 Sumby	 et	 al.,	 2008,	 Zinkernagel	 et	 al.,	 2008,	

Chiappini	 et	 al.,	 2012),	 but	 neutrophil	 competence	 is	 also	 critical	 to	 J8-DT-

mediated	protection	(Pandey	et	al.,	2015).	Protection	against	SpyCEP-mediated	

CXCL2	cleavage	is	one	strategy	that	has	been	employed	within	our	laboratory	in	

an	 attempt	 to	mitigate	 against	 the	paucity	 of	 neutrophils	 at	 the	 site	 of	 CovR/S	
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mutant	 GAS	 infections	 in	 the	 skin.	 However,	 despite	 enhancing	 neutrophil	

ingress	 and	 enabling	 better	 prevention	 of	 CXCL2	 degradation,	 immunisation	

with	K4S2	alone	was	not	able	to	effectively	control	the	skin	infection	by	CovR/S	

mutant	 GAS.	 The	 addition	 of	 the	 minimal	 SpyCEP	 epitope	 to	 the	 already	

efficacious	 J8-DT	vaccine	candidate	provides	opportunity	 for	combined	efficacy	

(Pandey	et	al.,	2015,	Pandey	et	al.,	2016).	In	the	absence	of	the	opsonic	function	

of	 J8	 antibodies,	 targeted	 opsonophagocytosis	 is	 inadequate	 to	 control	 the	

bacterial	 burden.	 Taken	 together,	 these	 data	 highlight	 some	 of	 the	 advantages	

that	 combination	 vaccines	 against	 GAS	 can	 afford	 compared	 to	 single	 peptide	

vaccines.	 The	 ability	 to	 target	 distinct	 immunological	 aspects	 of	 GAS	

pathogenesis,	 and	 combine	 them	 in	 a	 synergistic	 manner,	 enables	 a	 broader	

coverage	of	protection	against	hypervirulent	GAS	strains.		

	

These	studies	highlight	some	of	the	factors	contributing	to	the	complex	nature	of	

CovR/S	 mutant	 hypervirulence	 using	 a	 human	 isolate	 as	 a	 model	 strain.	 The	

disparities	 in	 bacterial	 virulence	 observed	 were	 primarily	 attributed	 to	

differential	 neutrophil	 interactions.	 Furthermore,	 it	 was	 shown	 that	 a	 20-mer	

epitope	from	SpyCEP,	K4S2,	 is	capable	of	protecting	CXCL2	and	thus	enhancing	

neutrophil	abundance	post-infection	in	vivo.	
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Chapter	6. Conclusions	and	future	directions	
	

GAS	 is	 the	 causative	 agent	 of	 a	myriad	 of	 non-invasive	 infections	 and	 invasive	

life-threatening	diseases,	as	well	as	post-streptococcal	complications.	The	global	

mortality	 associated	 with	 GAS	 infections	 exceeds	 500,000	 people	 each	 year	

(Carapetis	et	al.,	2005,	Steer	et	al.,	2012).	Not	only	does	GAS	disproportionately	

affect	 people	 living	 in	 developing	 countries,	 but	 it	 also	 causes	 a	 significant	

burden	 in	 some	 populations	 in	 developed	 countries,	 such	 as	 the	 Indigenous	

communities	of	Australia	(McDonald	et	al.,	2007,	Steer	et	al.,	2007,	Parnaby	and	

Carapetis,	2010).	Epidemiological	studies	have	highlighted	a	high	prevalence	of	

streptococcal	skin	infections	in	tropical	regions	such	as	the	Northern	Territory	of	

Australia	 (Bessen	 et	 al.,	 2000,	 McDonald	 et	 al.,	 2007).	 The	 skin	 is	 a	 common	

portal	of	entry	for	invasive	GAS	diseases	and	GAS	strains	possessing	a	mutation	

within	CovR/S	are	commonly	associated	with	 invasive	 infections.	The	ability	of	

GAS	to	cause	disease	 is	governed	by	the	timely	expression	of	specific	virulence	

factors	 that	 are	 differentially	 regulated	 in	 response	 to	 various	 environmental	

stimuli	 and	 infection	 niches.	 CovR/S	 mutants	 characteristically	 up-regulate	

certain	 virulence	 factors	 to	 enable	 greater	host	 immune	evasion	 (Sumby	et	 al.,	

2006,	Treviño	et	al.,	2009).	Due	to	the	complex	nature	of	host-GAS	interactions	

and	the	large	amount	of	serotypic	diversity	and	accompanying	virulence	profiles,	

a	 streptococcal	 vaccine	 is	 not	 yet	 commercially	 available.	 However,	 the	 wide	

range	 of	 diseases	 caused	 by	 GAS,	 as	 well	 as	 the	 large	 number	 of	 populations	

affected	by	this	pathogen,	dictate	that	a	vaccine	is	desperately	needed.	
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Streptococcal	 vaccine	 development	 has	 traditionally	 fallen	 into	 one	 of	 two	

categories:	 M	 protein-based	 or	 non-M	 protein-based.	 The	 J8-DT	 vaccine	

candidate	utilised	a	peptide	from	the	conserved	region	of	the	M	protein	to	induce	

opsonic	antibodies	that	recognized	multiple	GAS	serotypes	(Batzloff	et	al.,	2003,	

Pandey	 et	 al.,	 2009).	 However,	 the	 protection	 afforded	 by	 J8-DT	 against	

hypervirulent	 CovR/S	 mutants	 was	 significantly	 less	 effective.	 In	 order	 to	

counteract	 the	 increased	virulence	of	CovR/S	mutants,	 a	20-mer	B	cell	 epitope	

from	 SpyCEP	 (K4S2)	 was	 incorporated	 into	 the	 vaccine,	 which	 significantly	

improved	its	protective	efficacy	in	vivo	(Pandey	et	al.,	2015,	Pandey	et	al.,	2016).	

This	combination	vaccine	targets	two	different	virulence	factors	of	GAS	in	order	

to	provide	a	synergistic	effect,	and	consequently,	enhanced	protection.		

	

The	analysis	of	gene	expression	and	virulence	profiling	has	played	a	large	role	in	

the	 characterisation	 of	 GAS	 strains	 and	 also	 in	 the	 identification	 of	 potentially	

suitable	 vaccine	 candidates.	Through	 the	 assessment	of	CovR/S-mediated	gene	

regulation	 (in	 this	 study	 and	 others),	 it	 was	 found	 that	 the	 SpyCEP	 gene	 was	

significantly	up-regulated	following	CovR/S	mutation	(Sumby	et	al.,	2006,	Sumby	

et	 al.,	 2008).	 This	 observation	 was	 exploited	 to	 increase	 the	 recognition	 and	

scope	 of	 protection	 for	 the	 improved	 J8	 CombiVax	 vaccine	 (J8-DT+K4S2-DT).	

Through	 the	 analyses	within	 this	 study,	 it	was	 also	 shown	 that	 some	 CovR/S-

regulated	virulence	factors	played	a	larger	role	than	others	in	pathogenesis.	SLO	

was	 identified	 as	 an	 important	 virulence	 factors	 that	 was	 significantly	 up-

regulated	in	each	of	the	CovR/S	mutants	assessed.	In	the	current	studies	it	was	

confirmed	 that	 a	 CovR/S	mutant	with	 increased	 expression	 of	 hyaluronic	 acid	

capsule	 and	 SpyCEP	 was	 not	 enough	 to	 mitigate	 the	 attenuation	 of	 virulence	
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caused	by	the	absence	of	SLO.	From	a	GAS	virulence	perspective,	SLO	was	shown	

to	 be	 crucial	 for	 the	 increased	 immune	 evasion	 abilities	 of	 CovR/S	mutants	 in	

vitro	and	in	vivo.	The	in	vivo	challenge	data	also	demonstrated	that	incorporation	

of	 the	 SpyCEP	 epitope	 into	 the	 J8-DT	 vaccine	 candidate	 (J8	 CombiVax)	 was	

efficacious	against	the	SLO-deficient	and	sufficient	CovR/S	mutants.					

	

The	importance	of	neutrophils	was	a	common	theme	amongst	the	studies	within	

this	 thesis.	 Not	 only	 are	 neutrophils	 essential	 for	 the	 host	 to	 mount	 an	

appropriate	 immune	 response	 to	 an	 invading	pathogen	 (Mayadas	 et	 al.,	 2014),	

but	this	effector	cell	population	is	also	necessary	for	the	effectiveness	of	the	J8-

DT	vaccine	candidate,	and	as	an	extension	also	 for	 J8	CombiVax	 (Pandey	et	al.,	

2015).	Furthermore,	inhibition	of	neutrophil	functioning	is	a	common	target	for	

hypervirulent	 CovR/S	 mutants.	 Some	 studies	 have	 suggested	 that	 neutrophil	

presence	may	even	be	a	selective	pressure	for	CovR/S	mutant	acquisition	in	vivo	

(Li	 et	 al.,	 2014).	 The	 results	 from	 the	 current	 studies	 demonstrated	 that	 the	

differential	 interaction	 of	 CovR/S	WT	 and	 MT	 strains	 with	 neutrophils	 led	 to	

different	 disease	 outcomes.	 The	 utilisation	 of	 the	 superficial	 skin	 infection	

method	 enabled	 human	 pyoderma	 development	 to	 be	 mimicked	 in	 a	 murine	

model,	 thereby	 imparting	 direct	 relevance	 in	 the	 context	 of	 neutrophil	

interactions.	 The	 role	 of	 the	 CXCL2	 protease,	 SpyCEP,	 was	 also	 highlighted	 as	

important	 for	 the	 virulence	 of	 CovR/S	 mutant	 strains.	 The	 gene	 expression	

studies	showed	that	the	SpyCEP	mRNA	transcript	was	significantly	up-regulated	

in	NS88.2	MT,	a	non-M1	clinical	isolate	possessing	a	natural	CovS	mutation.	This	

up-regulation	of	SpyCEP	resulted	in	significantly	less	CXCL2	in	the	skin	of	NS88.2	

MT-infected	mice,	but	not	in	the	NS88.2	Rep-infected	cohort.	Through	the	use	of	
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K4S2-specific	 antibodies	 targeting	 SpyCEP	 up-regulation,	 we	 were	 able	 to	

protect	CXCL2	cleavage	and	 subsequently	 enhance	neutrophil	 abundance	post-

infection	with	CovR/S	WT	and	MT	strains.		

	

Future	 work	 investigating	 the	 complexity	 of	 GAS	 pathogenesis	 would	 greatly	

benefit	 from	additional	 studies	 into	 the	 immunological	basis	of	CovR/S	mutant	

hypervirulence.	Such	investigations	may	include	2-photon	microscopy	whereby	

the	 real-time	 visualisation	 of	 host-pathogen	 interactions	 could	 be	 better	

assessed	 and	 understood.	 Furthermore,	 the	 utilisation	 of	 RNA-Seq	 technology	

will	enable	a	more	thorough	and	in-depth	investigation	into	the	molecular	basis	

of	the	genetic	switch	from	CovR/S	wild-type	to	mutant-type.	The	identification	of	

why	and	how	GAS	is	able	to	acquire	a	single	nucleotide	mutation	within	one	gene	

that	alters	its	virulence	profile,	invasion	capacity,	and	ability	to	evade	and	inhibit	

host	 immune	 responses	 is	 an	 occurrence	 that	 warrants	 much	 greater	

understanding.		

	

In	light	of	the	current	data,	we	postulate	that	vaccination	with	J8	CombiVax	will	

not	 only	 provide	 protection	 against	 hypervirulent	 CovR/S	mutants	 of	 M1	 and	

non-M1	 serotypes,	 but	 it	will	 also	 limit	 the	 ability	 of	 CovR/S	WT	organisms	 to	

switch	to	a	CovR/S	MT	in	vivo.	The	synergistic	effect	of	J8	opsonic	antibodies	and	

K4S2-mediated	protection	 of	 SpyCEP	protease	 activity	 provides	 both	 local	 and	

systemic	protection	in	a	murine	model	of	pyoderma.	

	

The	capacity	for	CovR/S	mutant	GAS	strains	to	cause	severe	invasive	diseases	in	

their	 host	 necessitates	 thorough	 investigations	 into	 GAS	 pathogenesis.	 It	 is	
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through	 these	 studies	 that	 additional	 vaccine	 development	 strategies	 will	

emerge	 and	 provide	 room	 for	 improvement	 on	 current	 vaccine	 candidates,	 as	

was	 the	 case	 with	 the	 generation	 of	 J8	 CombiVax	 from	 J8-DT/Alum.	 The	 data	

within	this	thesis	highlights	the	hypervirulent	nature	of	CovR/S	mutant	GAS	and	

some	 of	 the	 mechanisms	 by	 which	 different	 strains	 can	 evade	 host	 immune	

responses.	These	analyses	have	provided	important	insights	into	certain	aspects	

of	 the	 complex	 nature	 of	 GAS	 pathogenesis,	 and	 how	 these	 host-pathogen	

interactions	can	be	exploited	for	effective	streptococcal	vaccine	design.		
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Appendix	1	
	
	
Table	A1.	Group	A	streptococcus	isolates	used	within	this	thesis1.	

	

	
	
	
	 	

																																																								
1	The	symbol	–	represents	information	unable	to	be	obtained.	

GAS	isolate	
name emm	type emm	cluster

Mouse	
passaged SpeB	status CovR	status CovS	status

Anatomical	
source

Geographical	
location

pM1 1 A-C3 yes positive wt wt throat 	-
5448 1 A-C3 no positive wt wt blood USA
5448AP 1 A-C3 yes negative wt MT	-877A passaged 	-
BSA10 124 E4 no positive wt wt skin Aus,	Darwin
pBSA10 124 E4 yes negative MT	G589A MT	-955T passaged 	-
NS88.2 98.1 D4 no negative wt MT	G581A blood Aus,	Darwin

NS88.2rep 98.1 D4 no positive wt wt repaired 	-
5628 1 A-C3 no negative wt wt blood Canada
5628R 1 A-C3 no positive wt wt repaired 	-
5628RAP 1 A-C3 yes negative wt MT	-340T passaged 	-

88/30	(Donald) 97 D5 no positive wt wt skin Aus,	Darwin
p88/30 97 D5 yes negative wt MT	G1045A passaged 	-
SN1 89 E4 no positive wt wt blood Aus,	Brisbane
SN2 89 E4 no positive wt wt blood Aus,	Brisbane
SN3 89 E4 no positive wt wt skin Aus,	Brisbane
SN4 89 E4 no positive wt wt blood Aus,	Brisbane
pSN1 89 E4 yes positive wt wt passaged 	-
ELM4 4 E1 no positive wt wt blood Aus,	GC

15Hinson 33 D4 	- positive 	- 	- throat Aus,	Darwin
NS1 100 D2 	- positive 	- 	- skin Aus
NS27 91 D4 	- positive 	- 	- skin Aus,	Darwin
NS10 53 D4 	- positive 	- 	- throat Aus
TS18 22 D4 	- positive 	- 	- throat Aus

GAS#85 39.1 A-C4 	- positive 	- 	- skin Aus,	Townsville
WRIGHT 33 D4 	- positive 	- 	- throat Aus
KIWAT 11 E6 	- positive 	- 	- throat Aus
GAS#88 80 D4 	- positive 	- 	- skin Aus
SF370 1 A-C3 no positive 	- 	- skin USA
88/25 98 D4 no positive WT WT skin Aus,	Darwin

5448ΔSLO 1 A-C3 no positive WT WT lab	generated 	-
5448	MTΔSLO	R 1 A-C3 yes negative MT	G341T WT passaged 	-
5448	MTΔSLO	S1 1 A-C3 yes negative WT MT	-473TT passaged 	-
5449	MTΔSLO	S2 1 A-C3 yes negative WT MT	G199T passaged 	-
5450	MTΔSLO	S3 1 A-C3 yes negative WT MT	C9T passaged 	-
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A Synthetic M Protein Peptide Synergizes with a CXC
Chemokine Protease To Induce Vaccine-Mediated Protection
against Virulent Streptococcal Pyoderma and Bacteremia

Manisha Pandey,* Emma Langshaw,* Jon Hartas,* Alfred Lam,† Michael R. Batzloff,* and

Michael F. Good*

Infections caused by Streptococcus pyogenes (group A Streptococcus [GAS]) are highly prevalent in the tropics, in developing

countries, and in the Indigenous populations of developed countries. These infections and their sequelae are responsible for almost

500,000 lives lost prematurely each year. A synthetic peptide vaccine (J8-DT) from the conserved region of the M protein has

shown efficacy against disease that follows i.p. inoculation of bacteria. By developing a murine model for infection that closely

mimics human skin infection, we show that the vaccine can protect against pyoderma and subsequent bacteremia caused by

multiple GAS strains, including strains endemic in Aboriginal communities in the Northern Territory of Australia. However, the

vaccine was ineffective against a hypervirulent cluster of virulence responder/sensor mutant GAS strain; this correlated with the

strain’s ability to degrade CXC chemokines, thereby preventing neutrophil chemotaxis. By combining J8-DT with an inactive

form of the streptococcal CXC protease, S. pyogenes cell envelope proteinase, we developed a combination vaccine that is highly

effective in blocking CXC chemokine degradation and permits opsonic Abs to kill the bacteria. Mice receiving the combination

vaccine were strongly protected against pyoderma and bacteremia, as evidenced by a 100–1000-fold reduction in bacterial burden

following challenge. To our knowledge, a vaccine requiring Abs to target two independent virulence factors of an organism is

unique. The Journal of Immunology, 2015, 194: 5915–5925.

S
treptococcus pyogenes (group A Streptococcus [GAS]) is
one of the most prevalent human pathogens. Impetigo
lesions serve as a major primary site of infection and res-

ervoir for transmission. Skin infections result in .100 million
annual cases of pyoderma (1). Pyoderma has been linked with
outbreaks of acute poststreptococcal glomerulonephritis and with
very high rates of rheumatic heart disease (2), as well as severe deep
tissue sepsis (3). In Australia’s Indigenous populations, the skin is
the major site of infection (4) with prevalence rates in children
approaching 70% in remote communities (5). A vaccine is desper-
ately needed.
Vaccine candidates based on the conserved region of theM protein

of GAS were efficacious in protection against intranasal infection
with GAS (6, 7). We previously described a vaccine candidate
peptide, J8, based on a minimal epitope from the conserved C3
repeat of the GAS surface M protein (8, 9). When linked to the

carrier protein, diphtheria toxoid (DT), and administered with
Alhydrogel, J8 induces opsonic Abs that protect mice from a sys-
temic i.p. challenge with multiple GAS strains (10). Other vaccine
candidates are being evaluated (reviewed in Ref. 11), but none have
been tested for their ability to protect against pyoderma. In this
article, we define a model of pyoderma involving minor scarifica-
tion of mouse skin, followed by topical application of GAS. We
describe the pathological features of GAS pyoderma and demon-
strate that vaccination with J8-DT can provide profound protection
against pyoderma and bacteremia; however, to our surprise, pro-
tection against cluster of virulence responder/sensor (CovR/S)
mutant strains was severely limited.
The CovR/S regulon is a major virulence-determining region of

the streptococcal genome, which controls ∼10–15% of the bac-
terial genome (12–14). Bacteria isolated from deep tissue infections
often have mutations or deletions within this regulon, leading to
upregulation of a number of virulence factor genes (15, 16). A major
factor that is upregulated in mutants is S. pyogenes cell envelope
proteinase (SpyCEP), a CXC chemokine protease. SpyCEP can
cleave the human chemokine IL-8 (17), leading to the blockade of
neutrophil chemotaxis to the site of infection. Mutation within the
CovR/S regulon is thought to occur postinfection. Although any strain
can give rise to invasive disease, this is often linked to dissemination
worldwide of the M1T1 clone that has a high propensity to CovR/S
mutation as a result of expression of the phageborne DNase gene
sda1 (18, 19). Hypervirulent strains of GAS pose a particular chal-
lenge to vaccine development because many of the upregulated vir-
ulence factors directly affect immune function (14, 20).
Although J8-DT vaccine efficacy against CovR/S mutants was

greatly impaired, it could be restored completely by covaccination
with a recombinant fragment of SpyCEP, with Abs induced by the
SpyCEP fragment protecting CXC chemokines from degradation,
thus allowing neutrophils to work with the anti-J8 Abs to kill the
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bacteria. To our knowledge, this is a unique example of a vaccine
requiring the induction of two Ab specificities that act synergis-
tically to destroy an organism.

Materials and Methods
Animals

BALB/c, Swiss, and B10.BR mice (female, 4–6 wk old) were sourced from
the Animal Resource Centre (Perth, WA, Australia). All protocols were
approved by Griffith University’s Animal Ethics Committee in accordance
with the National Health and Medical Research Council of Australia
guidelines.

Bacterial strains selection and culture media

A number of GAS isolates obtained from various sources were used in the
study. S. pyogenes 2031 (emm1), 88/30 (emm97), BSA10 (emm124), NS27
(emm91), NS1 (emm100), and 90/31 (emm57) were obtained from The
Menzies School of Health Research (Darwin, NT, Australia). All strains
(except for 90/31) were passaged in mice and made streptomycin resistant
(200 mg/ml) by continually replating them on increasing concentrations of
streptomycin. GAS strain 5448AP (emm1) was obtained from Prof. Mark
Walker’s laboratory (University of Queensland). One of the main ration-
ales for strain selection was to cover a diverse range of clinically relevant
emm types (as well as emm clusters) representing various tissue sites of
origin. However, because the study focused on GAS skin infection, the
emphasis was given to isolates of skin origin. To prepare challenge inoc-
ulum, the GAS strains were grown for 16–18 h at 37˚C in liquid medium
containing Todd–Hewitt broth (THB; Oxoid, Adelaide, SA, Australia) sup-
plemented with 1% Neopeptone (Difco). For CFU enumeration, 10-fold
serial dilutions of bacterial cultures were plated in replicates on blood agar
plates consisting of the medium described above, 2% agar, 200 mg/ml
streptomycin, and 2% defibrinated horse blood. The broth culture inocu-
lum was adjusted to obtain the intended challenge dose. For bacterial
burden determination following infection, the samples were diluted and
plated on blood agar plates, as described above.

Peptide/recombinant protein synthesis

Peptides used in this study were synthesized in-house or synthesized
commercially by Auspep (Tullamarine, VIC, Australia). Peptide
J8 was conjugated to DT as described elsewhere (10). All peptides
were stored lyophilized or in solution at 220˚C. The recombinant
SpyCEP (recSpyCEP) encompassing amino acid residues 35–587
(GenBank No. DQ413032) (21) was expressed and purified at GenScript
(Piscataway, NJ).

Murine model for superficial skin infection

To develop a superficial skin infection model for GAS, inbred female
BALB/c and outbred Swiss mice (4–6 wk old) were used. Mice were
anesthetized with an i.p. injection (100 ml/10 g mouse) of ketamine (100
mg/ml stock)/xylazil-20 (20 mg/ml stock)/water in a ratio of 1:1:10. 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. To optimize
a method that would result in reproducible superficial skin damage, dif-
ferent methods of mechanical scarification of skin were attempted. These
included scratching with a needle, gentle cuts with a scalpel, or using
a metal file. Following a skin abrasion, the mice were infected with GAS.
An inoculum (20 ml) of GAS containing 13 106 CFU counts was topically
applied. Once the inoculum had completely absorbed on the skin, a tem-
porary cover was applied on the wounded site, and mice were housed in
individual cages. Mice were given streptomycin (200 mg/ml) water 24 h
prior to infection and remained on that throughout the course of the study.
A parallel cohort of air sac–infected mice was included as a control. These
mice were infected following the method of Raeder and Boyle (22). Mice
were monitored daily for infected lesions, as well as signs of illness, as per
the score sheet approved by Griffith University Institutional Biosafety
Committee. The wounded site was monitored closely to evaluate the status
of infection.

Mouse vaccination and challenge protocol

BALB/c mice were immunized s.c. at the tail base on day 0 with 30 mg J8-
DT formulated in Alhydrogel aluminum hydroxide wet gel (Alum). For the
combination vaccine, J8-DT and recSpyCEP were admixed in a ratio of 1:1
and formulated in Alum, as described previously. Each mouse received
60 mg total vaccine preparation. Mice were boosted on days 21 and 28,

as described earlier (23). Control mice received recSpyCEP or adjuvant
alone. Two weeks after the final immunization, mice were challenged with
GAS, as described above.

Organ collection and CFU determination

At various time points postinfection (days 3, 6, and 9), a defined number of
mice from each group was sacrificed. Blood samples were collected via
cardiac puncture, spleens were removed, and skin biopsy samples (mea-
suring 2–3 mm2) from the infected lesion at the nape of the neck were
obtained. The skin and spleen samples were mechanically homogenized,
and appropriate dilutions were plated in replicates on streptomycin–blood
agar plates.

Histology examinations

To characterize the histopathology of the model, biopsy specimens were
taken from naive and GAS-infected mice. On day 3 postinfection, micewere
sacrificed and biopsy specimens of excised skin were taken. The samples
were immediately fixed in buffered formalin and embedded in paraffin for
H&E staining. Five-micron-thick tissue sections were sliced and stained
with H&E, as well as with Giemsa and Gram stains, to visualize Gram-
positive organisms. For immunohistochemistry, the samples were frozen in
OCT. Histology was also performed at various time points following
macrophage and neutrophil depletion. Sections were scanned and read at
high magnification using ImageScope software. Positive cells were coun-
ted in five areas of scanned slides and expressed as the average number
of positive cells/high-powered field using ImageJ (National Institutes of
Health, Bethesda, MD).

Cell-depletion studies

Depletion of macrophages with carrageenan (CGN) was performed as
previously described (24). Subcutaneous CGN administration was used for
depletion of skin macrophages, whereas i.p. CGN administration was used
for depletion of systemic macrophages. The dose and time course for CGN
injection were optimized using flow cytometric analysis of spleen cells
after double staining with FITC-conjugated anti-mouse Mac-1 or CD11b
and allophycocyanin-conjugated F4/80 (BD Biosciences, Franklin Lakes,
NJ). To deplete neutrophils, anti-Ly6G mAb (clone 1A8) was used as
previously described (25, 26). The depletion of neutrophils was verified
by flow cytometric analysis of blood, bone marrow, and spleen cells
using CD11b-PerCP-Cy5.5 and Gr-1–allophycocyanin mAbs (BD Bio-
sciences).

Cell purification, adoptive transfer, and in vivo studies of
memory responses

Splenocytes and memory B and T cells from J8-DT/Alum- and PBS/Alum-
immunized rested mice were purified and adoptively transferred to naive
syngeneic mice, as previously described (23). Briefly, following RBC lysis of
splenocytes, CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) were used for positive selection of B cells. After positively selecting
B cells, the T cells were purified by negative selection using a Pan T Cell
Isolation Kit (Miltenyi Biotec), as per the manufacturer’s instruction. For
in vivo studies, each mouse received one spleen equivalent of splenocytes or
splenic B or T cells.

Assay of chemokine degradation in vitro

IL-8, MIP-2, and KC degradation was performed and quantified by
ELISA using the Quantikine kit (R&D Systems, Minneapolis, MN) as
described previously (27). Using this method, the amounts of undegraded
chemokines (IL-8, MIP-2, and KC) postincubation with GAS culture
supernatants (S/Ns) were measured. Briefly, to collect culture S/Ns,
various GAS strains were grown to mid-log phase (OD600 0.5), reino-
culated into fresh THB, and grown overnight at 37˚C. Cell-free GAS
culture S/Ns from each strain were incubated at 37˚C with a known
concentration of recombinant chemokine (IL-8, MIP-2, and KC). Sam-
ples were collected at 2, 4, 8, or 24 h, and the amount of undegraded
chemokine was determined by ELISA (R&D Systems) as described
above.

Neutrophil isolation and Transwell-migration assays

Neutrophils were isolated from mouse bone marrow using a neutrophil
isolation kit (Miltenyi Biotec). Neutrophils (2.5 3 105 in 100 ml media)
were added to the upper chamber of the Transwell system (Costar 24-
well Transwell; Corning, Corning, NY), which was then placed in the
lower chamber containing media alone or intact or degraded chemo-
kines. As a positive control, wells containing a known concentration of
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each recombinant chemokine were used. Following 2 h of incubation at
37˚C, the cells were collected from the upper and lower chambers, and the
number of viable neutrophils transmigrated was determined using trypan

blue exclusion. The percentage of migrating neutrophils was calculated
by dividing the number of migrating neutrophils by the total number of
neutrophils present.

FIGURE 1. Development of superficial skin infection model for GAS. BALB/c mice were infected with GAS 2031 (emm1) using a newly established

method of superficial skin infection. (A) Histopathology of skin tissue using the superficial skin infection model. Skin biopsy samples measuring 2–3 mm2

from naive mice (Ai), naive/scarified/uninfected mice (Aii), and naive/scarified/GAS-infected mice (Aiii) were collected on day 3 postinfection. The samples

were fixed in 1% paraformaldehyde and embedded in paraffin or frozen in OCT for immunohistochemistry. The samples were stained with Giemsa. (Aiii)

Inflammatory cell infiltrates consisting of mononuclear cells and neutrophils postinfection. (Aiv) A Gram-stained section of skin biopsy sample from GAS-

infected mice demonstrating the presence of GAS in the dermal layer. (Av) A 53 magnification of skin section demonstrating neutrophils engulfing GAS

and undergoing the process of degranulation and a 1003 magnification of the boxed area. (Avi) An F4/80-stained skin section demonstrating the ingress of

macrophages in naive/scarified/GAS-infected mice. Original magnification 35. A 503 magnification of the boxed area is shown next to each image and

1003 for inset in (Av) at the arrowhead. (B) Histopathology of skin infection following vaccination. Cohorts of BALB/c mice (4–6 wk old) were immunized

s.c. with J8-DT/Alum formulation on days 0, 21, and 28. Two weeks after the last boost, the mice were infected with GAS 2031 via the skin route of

infection. The skin biopsy samples were collected from PBS control mice (B) and J8-DT–immunized mice (C) on days 1, 3, 6, and 9 postinfection. The

samples were stained with either Giemsa or F4/80 Abs. Representative images (original magnification35) from day 3 postinfection are shown. To quantify

macrophages and neutrophils in skin of vaccinated and control mice, the positively stained cells were enumerated. Mean number of neutrophils (D) and

macrophages (E) in five high-powered fields (n = 5; mean 6 SEM). *p , 0.05, **p , 0.01, two-tailed t test, corrected for multiple comparisons using the

Holm–Sidak method.
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Preincubation challenge assay

GASwere incubatedwith a 1 in 50 dilution of J8-DT, J8–DT–SpyCEP, SpyCEP,
or PBS antisera for 1 h at 4˚C with rotation. Following opsonization, the cells
were collected by centrifugation, washed, and resuspended in fresh THB. A
bacterial inoculum containing 3.5 3 104 GAS CFU in 400 ml media was
injected i.p. into SCID mice. The mice were culled post 48 h of challenge,
blood was harvested, and serial dilutions were plated on blood agar plates to
determine bacterial burden.

IL-8–protection assay

GAS strains including BSA10 and 5448AP were grown to stationary phase.
The cell-free GAS culture S/Ns were coincubated with recombinant che-
mokines and either 1 in 50 dilution of PBS or anti-SpyCEP serum for 16 h
at 37˚C. The S/N without any serum was used as a negative control.
Uncleaved IL-8 was measured using a Quantikine ELISA Kit (R&D Sys-
tems), and neutralization of IL-8–cleaving activity due to SpyCEP antiserum
was calculated in comparison with the controls (IL-8 with normal serum or
in media alone).

Statistics

Data were analyzed using GraphPad Prism version 6.00 for Mac. Statistical
differences between the two groups were determined using two-tailed t tests
corrected for multiple comparisons using the Holm–Sidak method.
ANOVA with the Tukey or Dunnett post hoc method for multiple
comparisons was used for pairwise comparisons. The p values ,0.05 were
considered significant.

Results
Superficial skin infection with GAS and histopathological
alterations

BALB/c and Swiss mice were assessed for their ability to develop
a skin infection at the nape of the neck following minor mechanical
scarification achieved by one of three methods: scratching with

a needle, superficial cuts with a scalpel, or mild scarification with
a metal file. After the skin was abraded, a bacterial cell suspension
containing 1 3 106 CFU of 2031 GAS in 20 ml volume was ap-
plied with a pipette to the open wound, as described in Materials
and Methods. Scarification with a file resulted in the most re-
producible results, with infection lasting for $9 d (Supplemental
Fig. 1A). Following scarification, the skin became visibly dam-
aged, as characterized by reddening and glistening but without
bleeding. This method was used for all subsequent experiments.
Histological observations at 72 h postinfection revealed damage to
the epidermal and dermal layers (Fig. 1Ai, Aii, Aiii), and GAS
organisms were visible within various dermal layers (Fig. 1Aiv). A
large influx of neutrophils (polymorphonuclear cells [PMNs]) to
the site of infection was noted (Fig. 1Aiii); however, this was not
observed in uninfected mice whose skin was scarified but GAS
was not applied (Fig. 1Aii). PMNs were observed to undergo
degranulation (Fig. 1Av). F4/80+ macrophages were also present
(Fig. 1Avi). A comparison of this GAS-infection method with the
existing air sac model (28) demonstrated that it generated repro-
ducible and similar outcomes in terms of bacterial burden of skin
and blood (Supplemental Fig. 1B, 1C). However, we adopted the
scarification method to investigate vaccine-induced protection
because it mimicked more closely the human situation of super-
ficial skin infection (29).

Histopathology of skin infection following vaccination

Mice vaccinated with J8-DTand control mice were challenged with
2031 GAS, and histological examinations were performed. Vac-
cinated and control mice demonstrated influx of PMNs and
macrophages as early as 24 h postinfection; however, the intensity

FIGURE 2. Protective efficacy of J8-DT/Alum vac-

cination against superficial skin infection with various

GAS strains. Cohorts of BALB/c mice (4–6 wk old)

were immunized s.c. with J8-DT/Alum formulation on

days 0, 21, and 28. Two weeks after the last boost, the

mice were infected via the skin route of infection with

GAS 2031 (A and B), 88/30 (C and D), or NS1 (E and

F). On days 3, 6, and 9 postinfection, five mice/group

were sacrificed, and samples were collected to deter-

mine GAS bacterial burden in the skin and blood. Data

are representative of two independent experiments

(mean 6 SD for five mice/group/time point). *p ,
0.05, **p , 0.01, ***p , 0.001, two-tailed t test,

corrected for multiple comparisons using the Holm–

Sidak method.
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of both cell populations was significantly higher in the nonvaccinated
cohort compared with the vaccinated group (p, 0.01) (Fig. 1B, 1C).
The number of PMNs dropped in vaccinated mice by day 1 post-
infection, whereas many PMNs were observed in nonvaccinated
mice at day 9 postinfection when the experiment was terminated
(Fig. 1B, 1D). Similarly, macrophages appeared in both the vacci-
nated and nonvaccinated cohorts on day 1, but their numbers were
significantly lower in vaccinated mice (p , 0.01) and remained
lower in this group (Fig. 1C, 1E).

Vaccination with J8-DT protects mice against skin infection
and septicemia

To assess the protective efficacy of J8-DT against pyoderma, im-
munized mice were challenged with various GAS strains, including
2031, 88/30, and NS1, all belonging to different emm types and
different emm clusters (30). Supplemental Table I lists the strains,
their clinical origin, and their phenotype. At different time points
postinfection, mice were euthanized, and the total GAS bacterial
burdens in excised skin and blood were determined by plating.
The extent of infection with different strains varied, suggesting
a difference in virulence. However, in all experiments, the vacci-
nated mice were able to reduce the bacterial burden at the site of

infection significantly more so than the nonvaccinated group (p ,
0.05–0.001) (Fig. 2A, 2C, 2E). To determine whether vaccination
protected against systemic infection/bacteremia, the bacterial
burden in blood was measured for the same mice at the same time
points. Vaccinated mice did not develop a systemic infection with
GAS 2031 (a reference strain) (Fig. 2B) and cleared GAS 88/30 (a
clinical skin isolate) completely by day 6 (Fig. 2D). However,
following infection with a clinical blood isolate (NS1), bacteria
were still detectable until day 6, although the bacterial burden was
significantly reduced in the vaccinated group (p , 0.05) (Fig. 2F).
Similar observations were made with other strains used in this
study (experiments described below); vaccinated mice either did
not develop a systemic infection or rapidly cleared the infection.

Role of J8-DT–induced immunological memory in protection
against GAS skin infection

Vaccine-mediated memory responses are critical for long-lived
protection. To assess the role of vaccine-induced memory re-
sponses in protection against skin infection, J8-DT–immunized and
control B10.BR mice were rested for 10–12 wk, after which time the
protective capacity of splenic lymphocytes was assessed. Following
the resting period, the vaccinated cohort showed a significant drop

FIGURE 3. Role of J8-DT memory in protection

against GAS skin infection. To assess the role of

memory B and T cells synergistically, as well as

independently, in protection against GAS, B10.BR

mice were vaccinated with either J8-DT/Alum or

J8/Alum. Control cohorts were administered PBS/

Alum. Following a resting period of 10–12 wk, the

mice were culled, and their spleens were processed

for adoptive transfer experiments. Naive B10.BR

mice (n = 15/group) were transfused with total

splenocytes (A and B) or MACS-purified B cells

(C and D) or T cells (E and F) from vaccinated

and control B10.BR mice. Twenty-four hours post-

adoptive transfer, the mice were infected with GAS

NS27 (emm91) via the skin route of infection. The

bacterial burden in the skin (A, C, and E) and blood

(B, D, and F) was monitored at the indicated time

points. Data are representative of two independent

experiments (mean 6 SD for at least five mice/

group/time point). *p , 0.05, **p , 0.01, ***p ,
0.001, two-tailed t test corrected for multiple com-

parisons using the Holm–Sidak method.
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in their Ab levels (data not shown). To assess the efficacy of
memory lymphocytes independent of circulating Abs, the spleno-
cytes (Fig. 3A, 3B) or purified B or T cells (Fig. 3C–F) from these
mice were adoptively transferred to naive B10.BR mice, which
were then challenged. The recipient mice had no detectable Abs at
24 h postadoptive transfer at the time of infection with GAS NS27
(emm91) via the skin (data not shown). Adoptive transfer of
memory splenocytes (Fig. 3A, 3B) and B cells (Fig. 3C, 3D)
resulted in significantly reduced bacterial burden in the skin (p ,
0.05 to p , 0.001) (Fig. 3A, 3C) and the blood (Fig. 3B, 3D) of
recipient mice. Adoptive transfer of memory T cells alone did not
transfer protection (Fig. 3E, 3F). These data demonstrated a critical
protective role for vaccine-specific memory B cells and suggest that
protection will still be evident after Ab titers have waned.

Role of macrophages in J8-DT–mediated early immunity

Accessory immune cells are known to play a critical role in pro-
tection against streptococci (24, 31, 32). We show that skin-resident
macrophages contribute to the control of bacterial burden in the
skin, whereas systemic macrophages contribute to the control of
systemic infection. To assess the role of macrophages in vaccine-
mediated immunity, they were depleted postvaccination, prior to
challenge infection, and after challenge using CGN (Supplemental
Fig. 2A). Although CGN injected i.p. depleted splenic macro-
phages, the effect on the dermal macrophage population was min-

imal (Supplemental Fig. 2B–E). We observed that following
infection with GAS NS27, the skin of vaccinated mice, irrespective
of whether their systemic macrophages were depleted, was better
protected than was the skin of control mice (Fig. 4A). By day 6
postinfection, a significant difference in the skin bacterial burden of
the vaccinated cohorts was noted. However, we observed that
vaccinated macrophage-deficient mice were more susceptible to
a systemic infection compared with their macrophage-sufficient
counterparts (Fig. 4B). This difference was observed during the
early phase of infection (days 3 and 6). Following from these and
other observations where macrophages were shown to be important
during the early phase of infection, samples from only days 3 and 6
were tested in the subsequent macrophage-depletion–challenge
experiments.
To explore the role of skin-resident macrophages, we either left

mice untreated or injected them s.c. with CGN into the nape of the
neck every 3 d after vaccination and prior to and following
challenge. Subcutaneous administration of CGN did not deplete
splenic macrophages (Supplemental Fig. 2B, 2C) but did deplete
dermal macrophages (Supplemental Fig. 2D, 2E). We observed
that, on day 3 postchallenge, the skin bacterial burden was sig-
nificantly higher in vaccinated skin macrophage-deficient mice
compared with the vaccinated macrophage-sufficient cohort (p ,
0.05) and was comparable to that of the nonvaccinated cohort
(Fig. 4C). However, by day 6, the effect of macrophage depletion

FIGURE 4. Depletion of macrophages and effi-

cacy of J8-DT–mediated protection. Mice were left

untreated or injected i.p. or s.c. with an optimized

dose of CGN (0.75 mg/mouse) 2 d prior to and

during the course of GAS skin infection. Following

a skin infection with GAS NS27 (emm91), the

bacterial burden in the skin (A) and blood (B) was

monitored at the indicated time points. For deple-

tion of dermal macrophages, mice were injected s.c.

with CGN or PBS 2 d prior to GAS skin infection

and subsequently on days 2, 5, and 8 postinfection,

as per a previously optimized protocol (24). The

bacterial GAS burdens in the skin (C) and blood (D)

were monitored at the indicated time points. For

some experiments, CGN was injected i.p. and s.c.

The effect of depletion of both systemic and skin-

resident macrophages during GAS infection in skin

(E) and blood (F). Data are representative of three

independent experiments (mean 6 SD for at least

five mice/group/time point). ANOVA with the

Tukey post hoc method was used to determine the

significance between all of the treated and control

cohorts at each time point. *p , 0.05, **p , 0.01,

***p , 0.001.
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had faded, and the vaccinated cohort, whether macrophage suffi-
cient or deficient, had skin bacterial burdens that were signifi-
cantly reduced compared with the nonvaccinated cohort (p ,
0.001) (Fig. 4C).
We also observed that the absence of dermal macrophages did

not increase susceptibility to systemic infection in vaccinated mice
(Fig. 4D); rather, as shown above, it was the absence of systemic
macrophages that increased susceptibility to systemic infection
in these mice (Fig. 4B). We then depleted both skin-resident
and systemic macrophages by injecting CGN via the i.p. and s.c.
routes. This resulted in severe local and systemic infections in
both vaccinated and control mice (Fig. 4E, 4F).

Critical roles of neutrophils in vaccine-mediated immunity

We next assessed the role of neutrophils in vaccine-mediated pro-
tection using an optimized protocol (Fig. 5A). Treatment with 1A8
mAb resulted in .95% depletion, as confirmed by histology and
quantification (Supplemental Fig. 3A, 3B) (25). Bacterial burdens in
skin and blood were monitored following infection with GAS skin
isolate 90/31 (emm57). Strain 90/31 was selected on the basis of its

ability to grow rigorously in an in vitro mouse blood-growth assay.
In the absence of PMNs, vaccinated mice suffered bacterial burdens
in skin and blood that were significantly higher than their PMN-
sufficient counterparts (p, 0.01 to p, 0.001) (Fig. 5B, 5C). Gross
pathology at the site of infection demonstrated that the skin lesion in
vaccinated PMN-deficient mice did not heal (Supplemental Fig.
3C), whereas the lesions in vaccinated PMN-sufficient counter-
parts recovered by day 3 (Supplemental Fig. 3D). For the non-
vaccinated mice, the PMN-depleted group showed an enhanced
bacterial burden in the blood at day 9, at which time the PMN-
sufficient mice had cleared the infection from the blood (p ,
0.001). We observed that nonvaccinated PMN-sufficient mice were
able to control their bacterial levels in the skin and blood signifi-
cantly better than were vaccinated PMN-deficient mice by day 9
(p , 0.001) (Fig. 5B. 5C), possibly reflecting the development of
Abs as a result of infection (M. Pandey. V. Ozberk and M.F. Good,
unpublished observations).
The data suggested that vaccine-induced immunity could be

compromised against strains that could prevent neutrophil ingress.
GAS express on their surface and shed the CXC chemokine protease

FIGURE 5. Role of neutrophils in J8-DT–mediated protection. (A) Neutrophils were depleted using 1A8 mAb, as per the protocol shown. GAS bacterial

burdens in skin (B) and blood (C) following neutrophil depletion and skin infection with 90/31 GAS. Data are representative of two independent experiments

(mean 6 SD for at least five mice/group/time point). ANOVAwith the Tukey post hoc method was used to determine the significance between all of the treated

and control cohorts at each time point. **p , 0.01, ***p , 0.001. (D) Neutrophil transmigration in response to residual and intact chemokines. To assess the

migration of neutrophils in response to chemokines, culture S/Ns from various GAS strains containing residual chemokines were tested. Transwells were in-

cubated for 2 h at 37˚C, and the number of viable neutrophils transmigrated was determined using trypan blue exclusion. Data are representative of three in-

dependent experiments (mean6 SD). Two-way ANOVAwith Dunnett post hoc test was used to determine significance in comparison to media alone. *p, 0.05,

**p , 0.01, ***p , 0.001. (E–G) Chemokine degradation by various GAS strains in vitro. Culture S/Ns from a number of GAS stains were incubated with

a known concentration of recombinant chemokines: IL-8 (E), MIP-2 (F), and KC (G). Samples were collected at 8 h postincubation, and amounts of undegraded

chemokines were measured using Quantikine ELISA kits. Data are representative of three independent experiments (mean6 SD). Statistical analysis was carried

out using ANOVA with the Dunnett post hoc method to determine significance in comparison with control. *p , 0.05, **p , 0.01, ***p , 0.001.
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SpyCEP, which can block neutrophil chemoattraction (33). Thus, we
tested the various strains to document the extent of inhibition of
neutrophil migration mediated by culture S/Ns in a Transwell assay.
We observed that S/Ns from all strains inhibited migration (Fig. 5D);
however, the greatest inhibition was observed using S/Ns from the
CovR/S mutant strain 5448AP. The mutation in CovR/S leads to
overexpression of SpyCEP, as well as a number of other virulence
factors. Therefore, we measured the degradation of mouse and human
CXC chemokines KC, MIP-2, and IL-8 by S/Ns from these strains
and observed that all S/Ns could degrade chemokines (Fig. 5E–G);
however, the greatest activity was observed with S/Ns from 5448AP.
To test whether this might affect immunity, vaccinated and control

micewere infectedwith twoCovR/Smutant strains: 5448AP (emm1)
and BSA10 (emm124). 5448AP is derived from the M1T1 strain
responsible for the current global epidemic. BSA10 is a skin isolate
of a different emm type isolated from a patient in the Northern
Territory of Australia. We observed that J8-DT had diminished
protective effect on the skin against these strains except for at day 9,
when the difference between the vaccinated and control cohorts was
found to be significant (p , 0.05 to p , 0.01) (Fig. 6A, 6C).
Similarly, the blood bacterial burden, although reduced in vacci-
nated mice, was not significantly different from control mice at
a number of time points with the exception of day 9, when a sig-
nificant reduction in bacterial burden in blood of vaccinated mice
was observed for BSA10 (Fig. 6D). This observation correlated
with the strain’s moderate ability to inhibit neutrophil migration
(Fig. 5C) and to degrade CXC chemokines (Fig. 5E–G), suggesting
its lesser virulence compared with 5448AP. Examination of gross
pathology demonstrated severely compromised wound healing in
vaccinated and control mice, and histopathology revealed a paucity
of neutrophils at the infection site (data not shown). Collectively,
these data suggested that vaccine-mediated protection requires re-
cruitment of neutrophils for Ab-mediated phagocytosis and pro-
tection, and GAS that prevent neutrophil chemoattraction are less
susceptible to vaccine-mediated killing.

The inclusion of N-terminal segment of recSpyCEP restores the
protective efficacy of J8-DT

Because the data showed that neutrophils are critical to J8-DT–
mediated immunity, we asked whether a combination vaccine that

induced both Abs to J8 and Abs that could protect neutrophil-
attracting CXC chemokines from degradation would protect

mice. In previous studies, vaccination with a recombinant frag-

ment of the CXC chemokine protease SpyCEP afforded modest

protection (21, 34). We initially asked whether Abs raised to this

fragment could protect the human CXC chemokine IL-8 from

degradation mediated by S/Ns from the two CovR/S mutant

strains. As shown in Fig. 7A, the antiserum completely protected

IL-8, indicating that SpyCEP mediated all IL-8 degradation

caused by these strains. We then combined the SpyCEP fragment

(recSpyCEP; amino acid residues 35–587) with J8-DT in a ratio of

1:1 by weight and formulated the combination with Alum. Mice

were vaccinated with J8-DT alone, recSpyCEP alone, a combina-

tion of both, or PBS and then challenged with the most virulent

strain, 5448AP. Mice vaccinated with J8-DT+recSpyCEP dis-

played Ag-specific Ab titers (.106) to both J8 and recSpyCEP

(data not shown). Vaccinated mice were then challenged with

5448AP, and data from two repeat experiments are shown

(Fig. 7B–E). Again, we observed that mice vaccinated with J8-DT

alone demonstrated limited protection from pyoderma or from

bacteremia. However, the combination vaccine afforded signifi-

cantly enhanced protection against pyoderma (Fig. 7B, 7D) and

bacteremia (Fig. 7C, 7E). On day 3 postchallenge, the skin bac-

terial burden in mice receiving the combination vaccine was

comparable to the bacterial burden in mice receiving J8-DT alone;

however, by day 6 it was significantly reduced (p , 0.01) com-

pared with the bacterial burden in mice vaccinated with J8-DT,

SpyCEP alone, or PBS (Fig. 7 B). Although by day 9 there was

significant reduction (p, 0.05) in skin bacterial burden of J8-DT–

vaccinated mice, the enhanced protective efficacy (p , 0.01) of

the combination vaccine in comparison with J8-DT was clearly

evident (Fig. 7B). Similar observations were made in the repeat

experiments in which J8–DT+SpyCEP demonstrated significantly

enhanced protective efficacy against pyoderma in comparison with

J8-DT (Fig. 7D).
Bacteremia was also monitored. Five of six mice that received

the combination vaccine had no detectable bacteremia by day 9,

compared with zero of six mice vaccinated with J8-DT alone and

zero of six mice vaccinated with recSpyCEP alone. In terms of

FIGURE 6. Protective efficacy of J8-DT vaccination

against hypervirulent CovR/S mutant GAS strains.

Cohorts of BALB/c mice (4–6 wk old) were immu-

nized s.c. with J8-DT/Alum formulation on days 0, 21,

and 28. Two weeks after the last boost, the mice were

infected with two CovR/S mutant GAS strains 5448AP

(A and B) or with BSA10 (C and D) via the skin route

of infection. On days 3, 6, and 9 postinfection, five

mice/group were sacrificed, and samples were col-

lected to determine GAS bacterial burden in the skin

(A and C) and blood (B and D). Data in (A) and (B) and

in (C) and (D) are representative of four and two in-

dependent experiments, respectively. Data are mean 6
SD for at least five mice/group/time point. *p , 0.05,

**p , 0.01, two-tailed t test, corrected for multiple

comparisons using the Holm–Sidak method. p . 0.05

was considered nonsignificant (ns).
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bacterial load, there was an ∼4-log reduction in bacterial burden in
the blood of mice that had received the combination vaccine by day
6 compared with mice receiving either vaccine component alone
(Fig. 7C). Significantly (p , 0.01) enhanced protective efficacy of
the combination vaccine was confirmed in a repeat experiment in
which J8–DT+SpyCEP–vaccinated mice demonstrated a complete
clearance of the blood bacterial burden by day 6 (Fig. 7E). To
further confirm these findings, we also assessed the efficacy of
combination vaccine against another CovR/S mutant strain, NS88.2
(emm98.1). Again, the combination vaccine demonstrated signifi-
cantly improved protection against pyoderma and bacteremia (data
not shown).
To confirm the synergistic effect of combining J8-DT and the

recSpyCEP fragment in protection against 5448AP, another set
of mice was vaccinated with the individual components or the
combination, and the bacteria were incubated in vitro with sera
from the vaccinated mice. Bacteria were washed and injected into
immunodeficient SCID mice. After 48 h, the numbers of GAS
colonies present in their blood were determined. This assay showed

that J8-DT and SpyCEP Abs alone were protective, but that the
combination protected significantly better (Fig. 7D). The protec-
tion mediated by SpyCEP Abs alone suggested that they were
active at the bacterial surface, prior to shedding of SpyCEP.
The combination vaccine also was tested for efficacy against

a CovR/S wild-type strain (SN1, emm89) and demonstrated sig-
nificant protection, with vaccinated mice not developing a blood
bacteremia (data not shown). However, as expected, the mice
vaccinated with J8-DT alone also were strongly protected and did
not develop a blood bacteremia in comparison with mice given
a PBS vaccine. Mice receiving the SpyCEP vaccine alone were
not protected.

Discussion
Skin infections caused by GAS are a significant global health
concern. Acute infections lead to ∼110,000 deaths each year, and
.350,000 deaths are due directly or indirectly to rheumatic heart
disease (1). A vaccine would be a critically important public
health tool to alleviate this burden of disease. We describe an

FIGURE 7. Anti-SpyCEP Abs and enhanced ef-

ficacy of J8-DT vaccine in protection against hy-

pervirulent GAS strains. (A) Inhibition of IL-8–

degrading activity of SpyCEP by recSpyCEP anti-

sera. Cell-free culture S/Ns from various CovR/S

mutant GAS strains were coincubated with 50 ng/ml

rIL-8 and either 1 in 50 dilution of normal mouse

or anti-SpyCEP serum for 16 h at 37˚C. Wells with

no serum were used as negative controls. Uncleaved

IL-8 was measured by Quantikine ELISA assay.

Data are representative of three independent experi-

ments (mean 6 SD). Significance was determined by

ANOVAwith the Tukey post hoc method comparing

all three groups for each strain. **p , 0.01. (B–E)

Protective efficacy of J8-DT+SpyCEP in protection

against hypervirulent 5448AP GAS. Cohorts of

BALB/c mice (4–6 wk old) were immunized s.c. with

J8-DT/Alum, J8-DT+SpyCEP/Alum, SpyCEP/Alum,

or PBS/Alum, as per the standard immunization

protocol. Two weeks after the last boost, the mice

were infected via the skin route of infection with

GAS 5448AP. On days 3, 6, and 9 postinfection, five

mice/group were sacrificed, and samples were col-

lected to determine GAS bacterial burden in the skin

(B and D) and blood (C and E). Data from two repeat

experiments are shown and are representative of three

independent experiments (mean6 SD for at least five

mice/group/time point). Statistical significance was

determined by ANOVA with the Tukey post hoc

method for multiple comparisons. *p , 0.05, **p ,
0.01, ***p , 0.001. (F) Challenge study with

in vitro–incubated GAS. GAS 5448AP strain was

incubated with rotation for 1 h at 4˚C with 1 in 50

dilution of antiserum from J8-DT–, J8–DT+SpyCEP–,

SpyCEP-, or PBS-immunized mice. The serum was

removed by washing the pellet, and the resuspended

bacterial inocula were injected i.p. into SCID mice.

Post 48 h of bacterial challenge, the mice were cul-

led, and blood was harvested. The bacterial burdens

in blood of individual mice are shown. Data are

representative of two independent experiments (mean

6 SEM). Statistical significance was determined by

ANOVAwith the Tukey post hoc method for multiple

comparisons. *p , 0.05.
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animal model for GAS pyoderma that closely resembles the hu-
man situation and used this to assess, analyze, and significantly
improve the efficacy of a leading M protein–derived candidate
vaccine, J8-DT. Although demonstrating profound efficacy of
J8-DT alone against strains of different emm types and different
emm clusters (30), it was ineffective against a CovR/S mutant of
the global epidemic strain M1T1, as well as an endemic CovR/S
mutant from the Northern Territory of Australia. The CovR/S
mutants were shown to degrade the neutrophil chemoattractants
IL-8, KC, and MIP-2 and to greatly reduce neutrophil chemotaxis.
To overcome this, we combined J8-DT with a recombinant frag-
ment of the streptococcal CXC protease SpyCEP to induce Abs
that both target the conserved domain of the M protein (anti-J8)
and could protect the human and mouse neutrophil-attractant CXC
chemokines from streptococcal SpyCEP-mediated degradation.
We demonstrated that the addition of recSpyCEP rendered the
combination vaccine highly effective.
We also assessed the capacity of a vaccine-induced memory

response to protect against infection. Previously, we demonstrated
that vaccination with J8-DT generates memory B cells that were
protective against systemic infection initiated by i.v. inoculation of
GAS (23). In this study, we show that memory B cells also can
mediate protection against superficial skin infection and subse-
quent bacteremia. Adoptive transfer of vaccine-specific spleno-
cytes or purified B or T cells taken during the memory phase of
the immune response confirmed that protection afforded by J8-DT
vaccination is mediated by memory B cells. Furthermore, we
demonstrated that, even if mice did not have vaccine-specific Ab
at the time of challenge, their memory B cells were sufficient to
render them protected. These data, together with our previously
published data (23), suggest that Ab production from memory
B cells is rapidly induced upon exposure to GAS, thus affording
rapid protection. These findings have significant implications for
a vaccine in that not only would protection against streptococcal
skin infection be evident after Ab levels had waned, but also that
infection would boost immunity.
We also assessed the function of accessory immune cells. Al-

though the roles of macrophages during GAS infection were
addressed previously (24), their roles in vaccine-mediated im-
munity have not been studied. We examined the roles of both skin-
resident and systemic macrophages. The absence of skin macro-
phages led to a significantly higher skin bacterial burden in the
vaccinated cohort. However, the skin macrophage status did not
affect susceptibility to systemic infection. By comparison, the ab-
sence of systemic macrophages increased susceptibility to systemic
infection. These findings suggest that skin-resident macrophages
play a role in controlling local infection and that systemic macro-
phages help to control dissemination of GAS from the dermis to
other tissues. In addition to other functions performed by resident
tissue macrophages, they are the source of KC and MIP-2, the
major chemokines responsible for neutrophil chemoattraction (35,
36). Therefore, it is likely that, in their absence, neutrophil che-
motaxis and, hence, vaccine efficacy are affected.
Neutrophils are widely considered the major responders to an

infection. This recruitment is vital both for direct action against
micro-organisms and for attracting lymphocytes (26). PMNs
represent an important first line of effector cells in the control of
GAS infections. Activated PMNs can phagocytose and kill GAS
(37). Similarly, impaired PMN function, due to failure of PMN
migration following CXC chemokine destruction or due to necrosis
of PMNs by the pore-forming toxin streptolysin O, results in severe
GAS infection (32). In this study, we observed that the efficacy of
J8-DT vaccination was ablated in PMN-depleted mice. Consistent
with this observation, vaccine efficacy was greatly reduced when

the GAS strain responsible for the infection could block neutrophil
migration. S/Ns from all strains tested were effective in destroying
CXC chemokines and inhibiting chemokine-mediated neutrophil
migration to some extent; however, S/Ns from a CovR/S mutant
strain, 5448AP, demonstrated a dramatic effect, with a complete
impediment to chemokine-mediated neutrophil migration. This
strain has upregulated SpyCEP, which degrades CXC chemokines
(14, 27, 38, 39), resulting in reduced CXC-induced neutrophil
transmigration and, thus, conferring resistance to GAS killing by
isolated neutrophils (38). The spycep gene is negatively regulated
by CovR/S, and mutation within the regulator can enhance the
expression of SpyCEP $40-fold (37). Our data show that 5448AP-
derived SpyCEP is solely responsible for CXC chemokine degra-
dation, in that anti-SpyCEP Abs can completely protect IL-8 from
degradation by this strain. Thus, we asked whether inclusion of
a recombinant fragment of SpyCEP, which has moderate efficacy as
a vaccine candidate in its own right (21), would enhance the pro-
tective efficacy of J8-DT. We demonstrated a significant synergistic
enhancement of efficacy against pyoderma and bacteremia follow-
ing pyoderma. We showed that anti-SpyCEP Abs work by pro-
tecting CXC chemokines from shed SpyCEP (Fig. 7A) but also can
act at the bacterial cell surface (Fig. 7D).
In conclusion, we demonstrated that a leading GAS vaccine

candidate, J8-DT, can protect against GAS pyoderma and bac-
teremia. The skin scarification model described in this article
enables an evaluation of pathogenesis and vaccine mode of action
in a model that closely mimics the major route of human infection.
We further show that inclusion of a recSpyCEP fragment with
J8-DT significantly enhances protection against a hypervirulent GAS
strain, 5448AP. Our data strongly suggest that this is due to the
blocking of degradation of CXC chemokines by anti-SpyCEPAbs.
This, together with opsonic Abs from J8-DT vaccination, resulted
in a profound level of protection. To our knowledge, this is a unique
example of a vaccine that requires the independent action of Abs of
two specificities for effect.

Acknowledgments
We thank Prof. Sri Sriprakash for providing GAS strains endemic in the

Northern Territory of Australia, Prof. Mark Walker and Dr. Jenny Robson

for providing the 5448AP and SN1 GAS strains, respectively, and Clay

Winterford (QIMR Berghofer Medical Research Institute) for histology. We

thank Gus Nossal, Mark Walker, Sri Sriprakash, Stephanie Yanow, Andrew

Steer, and Pierre Smeester for critical appraisal of the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References
1. Carapetis, J. R., A. C. Steer, E. K. Mulholland, and M. Weber. 2005. The global

burden of group A streptococcal diseases. Lancet Infect. Dis. 5: 685–694.
2. Carapetis, J. R., A. M. Walker, M. Hibble, K. S. Sriprakash, and B. J. Currie.

1999. Clinical and epidemiological features of group A streptococcal bacter-
aemia in a region with hyperendemic superficial streptococcal infection. Epi-
demiol. Infect. 122: 59–65.

3. Norton, R., H. V. Smith, N. Wood, E. Siegbrecht, A. Ross, and N. Ketheesan.
2004. Invasive group A streptococcal disease in North Queensland (1996 -
2001). Indian J. Med. Res. 119(Suppl.): 148–151.

4. McDonald, M., B. J. Currie, and J. R. Carapetis. 2004. Acute rheumatic fever:
a chink in the chain that links the heart to the throat? Lancet Infect. Dis. 4: 240–245.

5. Gardiner, D. L., and K. S. Sriprakash. 1996. Molecular epidemiology of impe-
tiginous group A streptococcal infections in aboriginal communities of northern
Australia. J. Clin. Microbiol. 34: 1448–1452.

6. Bessen, D., and V. A. Fischetti. 1988. Influence of intranasal immunization with
synthetic peptides corresponding to conserved epitopes of M protein on mucosal
colonization by group A streptococci. Infect. Immun. 56: 2666–2672.

7. Bessen, D., and V. A. Fischetti. 1990. Synthetic peptide vaccine against mucosal
colonization by group A streptococci. I. Protection against a heterologous M
serotype with shared C repeat region epitopes. J. Immunol. 145: 1251–1256.

5924 VACCINE TO PROTECT AGAINST GAS PYODERMA AND BACTEREMIA

 by guest on O
ctober 7, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


8. Pruksakorn, S., B. Currie, E. Brandt, D. Martin, A. Galbraith, C. Phornphutkul,
S. Hunsakunachai, A. Manmontri, and M. F. Good. 1994. Towards a vaccine for
rheumatic fever: identification of a conserved target epitope on M protein of
group A streptococci. Lancet 344: 639–642.

9. Hayman, W. A., E. R. Brandt, W. A. Relf, J. Cooper, A. Saul, and M. F. Good.
1997. 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. 9: 1723–1733.

10. Batzloff, M. R., W. A. Hayman, M. R. Davies, M. Zeng, S. Pruksakorn,
E. R. Brandt, and M. F. Good. 2003. Protection against group A streptococcus by
immunization with J8-diphtheria toxoid: contribution of J8- and diphtheria
toxoid-specific antibodies to protection. J. Infect. Dis. 187: 1598–1608.

11. Pandey, M., M. R. Batzloff, and M. F. Good. 2012. Vaccination against rheu-
matic heart disease: a review of current research strategies and challenges. Curr.
Infect. Dis. Rep. 14: 381–390.

12. Agrahari, G., Z. Liang, J. A. Mayfield, R. D. Balsara, V. A. Ploplis, and
F. J. Castellino. 2013. Complement-mediated opsonization of invasive group A
Streptococcus pyogenes strain AP53 is regulated by the bacterial two-component
cluster of virulence responder/sensor (CovRS) system. J. Biol. Chem. 288:
27494–27504.

13. Dalton, T. L., and J. R. Scott. 2004. CovS inactivates CovR and is required for
growth under conditions of general stress in Streptococcus pyogenes. J. Bac-
teriol. 186: 3928–3937.

14. Sumby, P., A. R. Whitney, E. A. Graviss, F. R. DeLeo, and J. M. Musser. 2006.
Genome-wide analysis of group a streptococci reveals a mutation that modulates
global phenotype and disease specificity. PLoS Pathog. 2: e5.

15. Federle, M. J., K. S. McIver, and J. R. Scott. 1999. A response regulator that
represses transcription of several virulence operons in the group A streptococcus.
J. Bacteriol. 181: 3649–3657.

16. Engleberg, N. C., A. Heath, A. Miller, C. Rivera, and V. J. DiRita. 2001.
Spontaneous mutations in the CsrRS two-component regulatory system of
Streptococcus pyogenes result in enhanced virulence in a murine model of skin
and soft tissue infection. J. Infect. Dis. 183: 1043–1054.

17. Turner, C. E., P. Kurupati, M. D. Jones, R. J. Edwards, and S. Sriskandan. 2009.
Emerging role of the interleukin-8 cleaving enzyme SpyCEP in clinical Strep-
tococcus pyogenes infection. J. Infect. Dis. 200: 555–563.

18. Walker, M. J., A. Hollands, M. L. Sanderson-Smith, J. N. Cole, J. K. Kirk,
A. Henningham, J. D. McArthur, K. Dinkla, R. K. Aziz, R. G. Kansal, et al.
2007. DNase Sda1 provides selection pressure for a switch to invasive group A
streptococcal infection. Nat. Med. 13: 981–985.

19. Buchanan, J. T., A. J. Simpson, R. K. Aziz, G. Y. Liu, S. A. Kristian, M. Kotb,
J. Feramisco, and V. Nizet. 2006. DNase expression allows the pathogen group A
Streptococcus to escape killing in neutrophil extracellular traps. Curr. Biol. 16:
396–400.

20. Cole, J. N., J. D. McArthur, F. C. McKay, M. L. Sanderson-Smith, A. J. Cork,
M. Ranson, M. Rohde, A. Itzek, H. Sun, D. Ginsburg, et al. 2006. Trigger for
group A streptococcal M1T1 invasive disease. FASEB J. 20: 1745–1747.

21. Turner, C. E., P. Kurupati, S. Wiles, R. J. Edwards, and S. Sriskandan. 2009.
Impact of immunization against SpyCEP during invasive disease with two
streptococcal species: Streptococcus pyogenes and Streptococcus equi. Vaccine
27: 4923–4929.

22. Raeder, R., and M. D. Boyle. 1993. Association between expression of immu-
noglobulin G-binding proteins by group A streptococci and virulence in a mouse
skin infection model. Infect. Immun. 61: 1378–1384.

23. Pandey, M., M. N. Wykes, J. Hartas, M. F. Good, and M. R. Batzloff. 2013.
Long-term antibody memory induced by synthetic peptide vaccination is pro-
tective against Streptococcus pyogenes infection and is independent of memory
T cell help. J. Immunol. 190: 2692–2701.

24. Goldmann, O., M. Rohde, G. S. Chhatwal, and E. Medina. 2004. Role of
macrophages in host resistance to group A streptococci. Infect. Immun. 72:
2956–2963.

25. Daley, J. M., A. A. Thomay, M. D. Connolly, J. S. Reichner, and J. E. Albina.
2008. Use of Ly6G-specific monoclonal antibody to deplete neutrophils in mice.
J. Leukoc. Biol. 83: 64–70.

26. Eyles, J. L., M. J. Hickey, M. U. Norman, B. A. Croker, A. W. Roberts,
S. F. Drake, W. G. James, D. Metcalf, I. K. Campbell, and I. P. Wicks. 2008. A
key role for G-CSF-induced neutrophil production and trafficking during in-
flammatory arthritis. Blood 112: 5193–5201.

27. Hidalgo-Grass, C., I. Mishalian, M. Dan-Goor, I. Belotserkovsky, Y. Eran,
V. Nizet, A. Peled, and E. Hanski. 2006. A streptococcal protease that degrades
CXC chemokines and impairs bacterial clearance from infected tissues. EMBO
J. 25: 4628–4637.

28. Raeder, R. H., L. Barker-Merrill, T. Lester, M. D. Boyle, and D. W. Metzger.
2000. A pivotal role for interferon-gamma in protection against group A strep-
tococcal skin infection. J. Infect. Dis. 181: 639–645.

29. Scaramuzzino, D. A., J. M. McNiff, and D. E. Bessen. 2000. Humanized in vivo
model for streptococcal impetigo. Infect. Immun. 68: 2880–2887.

30. Sanderson-Smith, M., D. M. De Oliveira, J. Guglielmini, D. J. McMillan, T. Vu,
J. K. Holien, A. Henningham, A. C. Steer, D. E. Bessen, J. B. Dale, et al; M
Protein Study Group. 2014. A systematic and functional classification of
Streptococcus pyogenes that serves as a new tool for molecular typing and
vaccine development. J. Infect. Dis. 210: 1325–1338.

31. Cortés, G., and M. R. Wessels. 2009. Inhibition of dendritic cell maturation by
group A Streptococcus. J. Infect. Dis. 200: 1152–1161.

32. Ato, M., T. Ikebe, H. Kawabata, T. Takemori, and H. Watanabe. 2008. Incompe-
tence of neutrophils to invasive group A streptococcus is attributed to induction of
plural virulence factors by dysfunction of a regulator. PLoS ONE 3: e3455.

33. Kurupati, P., C. E. Turner, I. Tziona, R. A. Lawrenson, F. M. Alam,
M. Nohadani, G. W. Stamp, A. S. Zinkernagel, V. Nizet, R. J. Edwards, and
S. Sriskandan. 2010. Chemokine-cleaving Streptococcus pyogenes protease
SpyCEP is necessary and sufficient for bacterial dissemination within soft tissues
and the respiratory tract. Mol. Microbiol. 76: 1387–1397.

34. Alam, F. M., C. Bateman, C. E. Turner, S. Wiles, and S. Sriskandan. 2013. Non-
invasive monitoring of Streptococcus pyogenes vaccine efficacy using bio-
photonic imaging. PLoS ONE 8: e82123.

35. De Filippo, K., R. B. Henderson, M. Laschinger, and N. Hogg. 2008. Neutrophil
chemokines KC and macrophage-inflammatory protein-2 are newly synthesized
by tissue macrophages using distinct TLR signaling pathways. J. Immunol. 180:
4308–4315.

36. Kawamura, H., T. Kawamura, Y. Kanda, T. Kobayashi, and T. Abo. 2012. Extra-
cellular ATP-stimulated macrophages produce macrophage inflammatory protein-2
which is important for neutrophil migration. Immunology 136: 448–458.

37. Li, J., H. Zhu, W. Feng, M. Liu, Y. Song, X. Zhang, Y. Zhou, W. Bei, and B. Lei.
2013. Regulation of inhibition of neutrophil infiltration by the two-component
regulatory system CovRS in subcutaneous murine infection with group A
streptococcus. Infect. Immun. 81: 974–983.

38. Zinkernagel, A. S., A. M. Timmer, M. A. Pence, J. B. Locke, J. T. Buchanan,
C. E. Turner, I. Mishalian, S. Sriskandan, E. Hanski, and V. Nizet. 2008. The
IL-8 protease SpyCEP/ScpC of group A Streptococcus promotes resistance to
neutrophil killing. Cell Host Microbe 4: 170–178.

39. Edwards, R. J., G. W. Taylor, M. Ferguson, S. Murray, N. Rendell, A. Wrigley,
Z. Bai, J. Boyle, S. J. Finney, A. Jones, et al. 2005. Specific C-terminal cleavage
and inactivation of interleukin-8 by invasive disease isolates of Streptococcus
pyogenes. J. Infect. Dis. 192: 783–790.

The Journal of Immunology 5925

 by guest on O
ctober 7, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


	 202	

Appendix	3	
	
	
	
(a)	 	 	 	 	 	 (b)	

	 	 	
	
(c)	 	 	 	 	 	 (d)	

	 	 	
	
	

Figure	A3.	SpeB-mediated	casein	degradation	on	skim	milk	agar.	GAS	cultures	were	patched	

on	 to	 skim	 milk	 agar	 plates	 and	 incubated	 for	 24	 h	 at	 37°C.	 Cultures	 were	 assessed	 for	 the	

production	of	a	ring	of	clearing	indicative	of	functional	SpeB	activity	in	a	CovR/S	WT	isolate.		
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Appendix	4	
	
	
	
(a)	5628,	CovR	
	

	
	
	
	
(b)	5628,	CovS	
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(c) BSA10,	CovR	
	

	
	
	
	
(d) BSA10,	CovS	
	

	
	
	

Figure	A4.	CovR/S	sequence	alignments	for	(a-b)	5628	R	and	5628	RAP,	and	(c-d)	BSA10	and	

pBSA10.	 The	 CovR/S	 operon	 was	 amplified	 using	 PCR	 and	 sequenced	 via	 Sanger	 sequencing.	

Mutalin	software	was	used	for	sequence	alignments.	A	mutation	was	identified	at	nt	340	of	CovS	in	

5628	RAP.	Mutations	were	identified	at	nt	589	of	CovR	and	nt	955	of	CovS	of	pBSA10.	
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Appendix	5	
	
	
	
(a)		

	
	
	
(b)		
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(c)		

	
	
	
(d)		

	
	
	

Figure	 A5.	 Representative	 RT-PCR	 gene	 efficiency	 plots.	 The	 (a)	 quantification	 curves,	 (b)	

standards	curves,	(c)	melt	curves,	and	(d)	melt	peaks	were	generated	for	all	genes	being	assessed.	

All	genes	were	amplified	using	SYBR	green	and	had	an	amplification	efficiency	of	90-100%.		
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Appendix	6	
	

Table	A6a.	RT-PCR	primers.	

Primer	name	 bp	 Sequence	(5’	–	3’)	
GYR	F	 20	 GAAGTGATCCCTGGACCTGA	
GYR	R	 20	 CCCGACCTGTTTGAGTTGTT	
SPEB	F	 20	 GTGGAGTCTCTGACGGCTTC	
SPEB	R	 20	 TGCCTACAACAGCACTTTGG	
SLO	F	 22	 AAACAAACCAGACGCGGTAGTC	
SLO	R	 21	 GACCTCAACCGTTGCTTTGTC	
CEPA	F	 20	 ACACGGTATGCATGTGACAG	
CEPA	R	 24	 GATAAAGAGTGATTCAGGTGATCC	
HASA	F	 20	 ATGCTGCAACAGGACATTTG	
HASA	R	 20	 TTAATGATTGAGCAGCACGC	
SDA1	F	 22	 GAGAGCCACTGAATCCGACTAC	
SDA1	R	 22	 TACTGCATCCCACCTTTACGAT	
	

	

Table	A6b.	Sequencing	primers.	

Primer	name					 bp	 Sequence	(5’	–	3’)	
CovRS	1F	 19	 GCTATTCCGGTACAGGTCT	
CovRS	2F	 19	 GTCAATGGTCGTGAAGGGT	
CovRS	3F	 22	 GATGTCTATATTCGTTATCTCC	
CovRS	4F	 22	 GATGATTTTTACCACAGATAAC	
CovRS	5F	 20	 GCATATTGGTCTCTTACAAC	
CovRS	6F	 21	 GCAAATTGTAGATGGGTATCA	
CovRS	7R	 20	 GCGGAAAATAGCACGAATAC	
CovRS	8R	 20	 AGGCAATCAGTGTAAAGGCA	
CovRS	9R	 21	 CTTGTGCCAAATAACTCAACA	
CovRS	10R	 21	 ATCAAAAGCCTGCTCAAATGA	
CovRS	11R	 21	 CTTTCATGTCATCCATCATTG	
CovRS	12R	 19	 TTGCTCTCGTGTGCCA	TCT	
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Appendix	7	
	
	
	

	
	

Figure	 A7.	 Relative	 gene	 expression	 profile	 of	 CovR/S	 mutant	 GAS	 isolates.	 The	 gene	

expression	profiles	of	 four	CovR/S	mutant	GAS	isolates	and	their	corresponding	CovR/S	wild-types	

were	assessed	using	RT-PCR	on	mid-log	phase	 cultures.	The	wild-type	 values	 for	 each	 isolate	and	

gene	were	 normalised	 to	 a	 baseline	 value	 of	 1.	 Mean	 transcript	 values	 for	 triplicates	 ±	 SEM	 are	

shown.	 Two-way	 ANOVAs	 with	 Dunnett’s	 multiple	 comparisons	 test	 were	 used	 for	 statistical	

analysis,	*	p<0.05,	**	p<0.01,	***	p<0.05,	****	p<0.001.	
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Appendix	8	
	
	
	
		Table	A8.	5448∆SLO	CovR/S	mutants.		

Name	 Gene	mutated	 Mutation		 Length	of	operon	
MT	R	∆SLO	 CovR	 G	substituted	for	T	at	nt	341	 CovR	=	228	AA	

CovS	=	500	AA	
MT	S1	∆SLO	 CovS	 TT	insertion	at	nt	473	 CovR	=	228	AA	

CovS	=	159	AA	
MT	S2	∆SLO	 CovS	 G	substituted	for	T	at	nt	199	 CovR	=	228	AA	

CovS	=	66	AA	
MT	S3	∆SLO	 CovS	 C	substituted	for	T	at	nt	9	 CovR	=	228	AA	

CovS	=	3	AA	
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Appendix	9	
	
	

	
Figure	A9.	SLO	activity	in	5448	SLO	deletion	mutants.	The	mean	SLO-mediated	hemolysis	in	0.2	

µm-filtered	supernatants	was	assessed	via	haemoglobin	release	after	30	min	incubation	with	GAS.	

Hemolysis	(HMU)	was	defined	as	the	reciprocal	of	the	supernatant	dilution	for	which	hemolysis	was	

greater	 than	 50%	 compared	 to	 the	 positive	 Triton-X	 control.	 A	 one-way	 ANOVA	 with	 Tukey’s	

multiple	comparisons	test	was	used	for	analysis,	****	p<0.001.	
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Appendix	10	
	
	
	
(a)	WT	∆SLO	 	 							(b)	MT	S1	∆SLO	 	 							(c)	

		

	
	
Figure	 A10.	 CD207+	 dendritic	 cells	 in	 infected	murine	 skin.	Naïve	Balb/c	mice	were	 infected	

with	(a)	5448	WT	∆SLO	or	(b)	5448	MT	S1	∆SLO	and	skin	sections	were	analysed	via	IHC	on	day	3.	

(c)	CD207+	cells	were	enumerated	in	five	high-powered	fields	for	three	mice/group	and	compared	

with	5448	MT.	Scale	bars	represent	200	µm.	A	one-way	ANOVA	with	Tukey’s	multiple	comparison	

test	was	used	to	assess	statistical	significance,	**	p<0.01,	***	p<0.005.		
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Appendix	11	
	
	
	 (a)	5448	MT	 	 	 	 	 (b)	5448	MT	S1	∆SLO	

	
	
Figure	A11.	 Skin	wounds	on	 infected	mice	at	day	3.	Naïve	Balb/c	mice	were	infected	with	 (a)	

5448	 MT	 or	 (b)	 5448	 MT	 S1	 ΔSLO	 via	 the	 superficial	 skin	 infection	 method.	 Images	 show	 the	

infected	wounds	at	day	3	post-infection	and	are	representative	of	each	infected	cohort.		
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Appendix	12	
	
	
	

	
Figure	 A12.	 Size	 of	 lesion	 on	 infected	 mice.	 CombiVax-immunised	 and	 non-immunised	 Balb/c	

mice	were	infected	with	5448	MT	or	5448	MT	S1	ΔSLO	via	the	superficial	skin	infection	method.	At	

(a)	day	3	and	(b)	day	6	post-infection,	 the	 infected	 lesion	size	was	measured	 for	each	mouse	and	

then	excised	for	bioburden	quantification.	One-way	ANOVAs	with	Tukey’s	multiple	comparisons	test	

were	used	for	statistical	analysis,	*	p<0.05,	***	p<0.005.	
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Appendix	13	
	
	

	
	
Figure	 A13.	 CXCL2+	 monocytes	 and	 neutrophils	 in	 GAS-infected	 murine	 skin.	 1	 cm2	 skin	

sections	from	NS88.2	Rep	and	NS88.2	MT-infected	mice	were	stained	ex	vivo	for	intracellular	CXCL2.	

For	 each	 cohort	 the	 number	 of	 monocytes	 (CD45+/Ly6Chi/CD11bhi)	 and	 neutrophils	

(CD45+/Ly6Cint/CD11bhi/Ly6Ghi/SSChi)	positive	for	CXCL2	were	determined	by	flow	cytometry.	Plots	

shown	are	 representative	 of	 non-immunised	NS88.2	Rep	 and	NS88.2	MT-infected	 skin	 samples	 at	

day	3	post-infection	with	the	frequency	of	parent	population	shown	for	each.		
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