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Abstract

Streptococcus pyogenes is a human-specific opportunistic pathogen that exploits an assortment
of surface molecules to overcome host clearing mechanisms and cause a substantial burden of
acute and chronic diseases worldwide. In the present work we utilize the M18 serotype S.
pyogenes strain MGAS8232 to demonstrate that genomic deletion of the hyaluronic acid
capsule significantly reduces bacterial densities in murine models of experimental
nasopharyngeal and skin infections. We show that o-Ly6G administration recovers the
deteriorated burden by unencapsulated bacteria at both infection sites, indicating that capsule
expression promotes resistance to neutrophil-mediated clearance during acute infections. We
also evaluated the efficacy of serotype-specific immunity against the surface M protein and
show that induction of serum M protein-specific 1gG levels by monovalent M protein
immunizations is not sufficient by itself to protect mice from acute nasopharyngeal or skin
challenges. Lastly, we implemented a recurring infection model to evaluate whether M protein
expression is a possible driver of long-term cardiac complications. Multiple homologous
infections with S. pyogenes MGAS8232 altered left ventricle filling dynamics and weakened
ejection fractions by echocardiography compared to control inoculations with PBS or infection
with S. pyogenes lacking its M protein, suggesting that M protein expression is directly
associated with cardiac alterations. Together, this work provides deeper understandings on how
S. pyogenes avoids innate clearance to establish superficial infections and reveals physiological
insights on the development of cardiac impediments following multiple acute infections. This
work has also provided valuable insights that will help guide future vaccine development

strategies against this globally prominent pathogen.
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Summary for Lay Audience

Streptococcus pyogenes is a human-specific bacterium responsible for an enormous amount of
disease worldwide. Pharyngitis, more commonly known as ‘strep throat,’ is reported in over
600 million people each year, and impetigo, a benign skin infection, affects more than 100
million people annually. Since there is currently no licensed vaccine available it is critical to
understand bacterial factors that promote initial stages of infection and induce severe diseases.
In this study we examined how the S. pyogenes capsule helps support bacterial infection and
found that removal of the capsule dramatically weakened the ability to cause nasal and skin
infections in mice. We discovered that the capsule specifically protected bacteria from killing
by a key immune cell, the neutrophil. We also evaluated the efficacy of a S. pyogenes vaccine
against the surface M protein and found that vaccination against the M protein triggers antibody
production but does not provide any protection from nasal or skin infections. Lastly, we
performed multiple S. pyogenes nasal infections in mice and assessed the impact on heart
function using echocardiograms. Interestingly, we demonstrate that multiple S. pyogenes
infections results in reduced left ventricle function only when the M protein is expressed by
the bacteria. Overall, this work reveals how S. pyogenes overcomes the human immune system
to establish infection and demonstrates that the M protein is an ineffective vaccine target that

may contribute to heart defects.



Co-Authorship Statement

All studies presented in this thesis were completed by Jacklyn Hurst with the assistance of past
and present members in the laboratory of Dr. John McCormick as listed:

Chapter_2: Stephen Tuffs performed bioinformatic analyses of S. pyogenes MGAS8232
wildtype and AhasA genome sequences, including whole genome alignment, assembly,
annotation, and detection of SNPs from the reference S. pyogenes MGAS8232 genome. Blake
Shannon assisted with animal infections, monitoring animals, euthanizing animals, processing

tissues, and recording data.

Chapter 3: Katherine Kasper performed the nasopharyngeal infections with S. pyogenes
MGAS315, HKU16, MGAS8232, and NGAS979 in conventional C57BI/6 mice purchased
from the Jackson Laboratory. Construction of the M12:pET28 and M74:pET28 recombinant
plasmids was generated by Aanchal Rishi. Blake Shannon assisted with animal infections,

monitoring animals, euthanizing animals, processing tissues, and recording data.

Chapter 4: Sections from the discussion have been previously published in a review

coauthored by Katherine Kasper, Akshay Sule, and John McCormick:

Hurst, J.R., Kasper, K.J., Sule, A.N., and McCormick, J.K. (2018). Streptococcal pharyngitis
and rheumatic heart disease: the superantigen hypothesis revisited. Infection, Genetics and
Evolution. 61:160-175



Acknowledgements

To all of the past and present members of the McCormick lab, thank you for the tremendous
amount of support over the years. From creative insights and valuable advice to hilarious and
entertaining office chats, you all have made the lab such a welcoming space and | hope that
vibe continues. Wish you all the best!

Thanks to my first readers, Dr. Joseph Zeppa and Dr. Stephen Tuffs, your smarts, suggestions,
and opinions are always appreciated. To my advisory committee members Dr. Martin
McGavin and Dr. Carole Creuzenet, thank you for your continuous guidance and helpful

feedback on my projects.

To my supervisor, Dr. John McCormick,

A special word of gratitude is due for the continuous leadership, encouragement, and
knowledge you provide. You have shaped many talented scientists and | have learned so much
under your mentorship. Thank you for all of the opportunities and your patience, and special

thanks for taking me to the hospital after | sliced my hand open on a beaker. Cheers.

Finally, I would like to thank all my friends and family, it would have been impossible for me
to complete my studies without your incredible understanding and support over the years.
Thank you for being a sympathetic ear and for all the happy distractions, | love and appreciate

you all!



Table of Contents

N o1 = Tod PP I
SUMMArY FOr LAY AUGIENCE .....ccviiie ettt sre e nnes iii
CO-AULhOrShip STALEMENL........coiiiiiiiiiei e 1\
ACKNOWIBAGEMENTS ...t re e ra e beeaeeneenrs v
LISt OF TaDIES ...ttt r e Xi
LISt OF FIQUIES ...ttt st et e et e sre e neeteaneenreeneean Xii
LSt OF APPENICES ...ttt bbb XV
LiSt OF ADDIEVIALIONS .....eoviiiiiieiece e bbb XVi
IR 11 0o 11T £ [ o OSSR SR S TSPPSN 2
1.1 StreptOCOCCUS PYOGEINES ....vvveeiurrieiurieesiieeessreesssseeassseesssseesssesssseeessssesssseesssseessssesssns 2
1.2 Global burden of S. py0genes diSEASES .........ccccrerireriririiieieee e 3
1.3 ASYMPLOMALIC CAITIAGE ...c.vveuveiveeieeie i esie et e sreeee s e et e e s e ste e reesteeaesreesreenee e 4
1.4 Superficial streptococcal INTECLIONS ..........coviiiiiiiiieic e 5
1.5 Invasive streptocoCCal dISEASE ........c.coveiieiieiicii et 6
1.6 POSE-INTECTION SEQUEIAE ... 7
1.7 Serological typing of S. pyogenes Strains ..........cccccveveieeieeieiie e 10
1.8 Mechanisms of colonization and diSEaSE ...........cccvreririririeieeee e 12
1.8.1 Mechanisms of adNeSION.........cccoiiiiiiiiniice e 12

1.8.2 Mechanisms of IMMUNE BVASION..........ccecuviierriie e 14

1.9 Transgenic murine models of S. pyogenes infection ...........ccccocceevieiie e, 16
1.9.1 HLA-transgenic murine MOdelS..........coeveriniienininineee e 16

1.9.2 Human complement-transgenic murine models ..........ccccooveviiiiiiiiinnns 18

1.9.3 Human plasminogen-transgenic muring models...........cccooevvveveerivereennnn. 19
1.10Group A StreptoCOCCAl VACCINES.......cueiiiiiiieiieeiiee sttt ste e eeree 20
1.10.1 M protein-based VACCINES ..........cccvviiiiiiiiiie e 20



1.10.2 Superantigen-based VACCINES .........cccveiuiiieiieieiie et ee e e 22

1.10.3 Group A carbohydrate-based VACCINES ...........ccoceviiiiiiiiieeece e 23
1.10.4 Other vaccing CanNdidates ...........ccoovrireiiriieicesesee e 24
1.11Rationale and NYPOLNESES.........ccoiiiiiiiiicce e 26
I 01T | (o= USSR 27

Chapter 2: S. pyogenes hyaluronic acid capsule promotes experimental nasal and
skin infection in HLA-transgenic mice by preventing neutrophil-mediated

CIBATANCE. ... bbbttt bbb ene s 28
2.1 INEPOTUCTION ...ttt 29
2.2 Materials and MethodsS. .........coeiiiriiiiiii e 32
2.2.1 Bacterial growth conditionsS ..........c.ccoveiiiiiiiiiiiicc e 32
2.2.2 Deoxyribonucleic acid manipulations...........c.ccoovvvrireienenenenese e 32
2.2.3 DNA sequencing and analySes..........cccveieiieiieiieiiese e 39
2.2.4  GIOWLEN CUIVES ......eiiiiiieteieeste ittt 40
2.2.5 Trichloroacetic acid preparation ............ccccccveevieieiiese e 40
2.2.6 Extracellular matrix binding @SSaY.........ccccerereririiinieieee e 40
2.2.7  Human cell CURUIING........ccoviiieie e 41
2.2.8  EXVIVO EXPEITMENTS ...ttt 43
2.2.9  INVIVO EXPEIIMENTS ..cvieiiiiiccie ettt sre e re e 44
2.2.10 Multiplex CYtOKINE @ITAY ..........ccoiirieieieierie st 47
2.2.11 Statistical aNAlYSES ........ccueiviiiiie e 47
2.3 RESUILS....ceeeeeee e e 48
2.3.1 Confirmation of HA capsule deletion and complementation in S. pyogenes
MGASB232 ... e 48
2.3.2 HA capsule expression promotes nasopharyngeal infection in B6HLA mice2
................................................................................................................... 5
2.3.3 HA capsule expression amplifies cytokines that support monocyte and
neutrophil function in the nasopharyngeal environment. .............cc.cooueuee. 52

Vii



2.3.4 Nasopharyngeal infection with S. pyogenes provokes neutrophil influx in
MUring Nasal tUrBINALES ..........cooviiiiiiee s 53
2.3.5 Bacterial burden and lesion sizes are enhanced by HA capsule expression
during S. pyogenes sKin iNFECHION .........cccceiiiiiiiiniceeee e 58
2.3.6 The HA capsule blocks S. pyogenes adherence to pharyngeal tissue....... 61
2.3.7 S. pyogenes internalization into pharyngeal tissue is inhibited by HA
CAPSUIE EXPIESSION ..vvevieiieeie et te st ste et e et e e e sre e e sreenas 62
2.3.8 HA capsule prevents opsonophagocytosis killing by neutrophils ex vivo 62
2.3.9 Depletion of neutrophils in B6xLa mice restores S. pyogenes AhasA
bacterial load during nasopharyngeal infection. .............ccccooveviiieinennn, 65
2.3.10 Macrophage depletion in B6HLa mice does not affect S. pyogenes AhasA
bacterial load during nasopharyngeal infection. .............cccccooveviiieinennn, 66
2.3.11 Depletion of neutrophils in B61La mice recovers S. pyogenes AhasA
bacterial load during acute skin challenge............ccoccooviiiiniicinie 71
2.4 DISCUSSION ...tttk bbb bbbttt bbb e e r e 74
3 Chapter 3: Parenteral vaccination of M proteins do not protect against S.
pyogenes acute nasopharyngeal or skin infections in HLA-transgenic mice........ 82
3L INTrOAUCTION ...ttt ene s 83
3.2 Materials and Methods. ..........coviiiiiiiiie e 86
3.2.1 Bacteria mutant producCtion............oceeienenene s 86
3.2.2  Protein ProduUCLION.........ccueiiiieecie ettt re e 86
3.2.3  Protein VISUHZATION. .........ooiiiiieiieiieeee e 90
3.2.4  Antibody geNEration...........c.cccveiiiiiiieeie et 93
3.2.5 EXVIVO EXPEITMENTS ..ottt e 93
3.2.6  INVIVO EXPEIMENTS ....eoiiiiii ettt 94
3.2.7  Antibody titer aNalYSIS .......ccoiiiiiiiieieiee e 95
3.2.8  ACULE INFECHIONS ..ot 98
3.2.9 Multiplex CYtOKINE @ITAY .........ccceiirieieieiesie e 98
3.2.10 StatistiCal @NalYSES ......cccuviiviiiieiiiccie e 99



3.3 RBSUIES ettt e e e —— 100

3.3.1 HLA dependence for S. pyogenes MGAS315, HKU16, MGAS8232, and

NGAS979 during nasopharyngeal infection............cccccocveveiiieiecce e, 100
3.3.2 Skin infection in B6nxLa mice by S. pyogenes MGAS315, HKU16,

MGASB232, and NGASIT9. ..o e 100
3.3.3 Generation and purification of recombinant M proteins.............cc.c.e.... 103

3.3.4 Serum IgG antibodies generated against recombinant M proteins do not
prevent acute S. pyogenes nasopharyngeal infections ...........c...cccceevee. 103

3.3.5 Serum IgG antibodies generated against recombinant M proteins do not
prevent acute S. pyogenes SKin iINfECtioNS...........cccovvvieiieeieiiin e 108

3.3.6 Generation of a M18 protein-knockout mutant strain in S. pyogenes
MGASB232 ...ttt sttt 108

3.3.7 Characterization of S. pyogenes MGAS8232 Aemm18 in vitro.............. 113

3.3.8 M18 protein expression by S. pyogenes MGAS8232 does not promote
nasopharyngeal infection in BOHLA MICE ..........ccocvviiiiiiiiienc e 114

3.3.9 M18 protein expression by S. pyogenes MGAS8232 does not promote

bacterial density during skin infection............c.ccocvviiiiiiiniins 121
3.4 DISCUSSION ...ttt bbbkttt bttt 124
4 Chapter 4: Repeated nasopharyngeal challenges with S. pyogenes MGAS8232

impairs left ventricle function in HLA-transgenic Mice.........ccccovvevveiveveecieennenn, 132
A1 INEOTUCTION ...t 133
4.2 Materials and MethodS.........ccooiiiiiiiiiie e 137
4.2.1 Bacterial growth conditions ...........coceoeieiinineiiniseseeee e 137
4.2.2 Construction of deletion MUtantsS..........cccooeviiiiiiinicicee 137
4.2.3 1IN VIVO EXPEIMENTS ...ttt 137
4.2.4  ANtibody titer aNalySES .......eccviiiiiiiiie e 140
4.2.5 Multiplex CYytoKINg @rray .........ccocoeiireeiiiiieie e 140
4.2.7 Echocardiogram imaging .......ccccoeveiieiiieeiiie i ses e 143
4.2.8 Echocardiogram analySes...........ccouviririiiiiie e 146



4.2.9  EXVIVO BXPEIMENTS ...c.veivieiiieiiiie it sie e e ese e sieesre e e sbe e sre e 149
4.2.10 StatistiCal @NalYSES .......coveiviiiiiiiirieieee e 151
4.3 RESUITS ..ottt bbbt nb e nre s 152

4.3.2 Reduced left ventricle diastolic function in B6HLa mice following repeated
S. pyogenes MGASB232 EXPOSUIE.......uueirieeeiiieeiiieesieessiieeesireessinee e 155

4.3.3 Multiple nasopharyngeal challenges with S. pyogenes do not trigger
cardiomyoCyte damagE .......ccccveeieriierieeiece e 158

4.3.4 Suppression of S. pyogenes-specific antibodies following repeated
nasopharyngeal iINfECtiONS............cceoveieeii e 161

4.3.5 B6HLA Mice are protected against subsequent S. pyogenes nasal challenge
following two sequential iNfECtioNS...........ccccoveveiiiiicie e, 164

4.3.6 T cell unresponsiveness following repeated S. pyogenes MGAS8232
nasopharyngeal iINfECtiONS............ccvoieiieii e 164

4.3.7 Generation and characterization of a S. pyogenes Agacl mutant strain

lacking expression of the GICNAC side chain............cccocevviieiiiincnee. 169
4.3.8 The GIcNAC side chain contributes to S. pyogenes MGAS8232

nasopharyngeal infection in B6x.a mice but is not essential. ................. 172

4.4 DISCUSSION ...ttt btttk b ekt b bbbt b ettt et n e 180

5 Chapter 5: CONCIUSIONS ..ot 195
5.1 CONCIUSTONS ... .ottt bbbttt 196
RETEIENCES ... b bbb bbbt 199
AN o] 0T a0 TSROSO 244
6 CUITICUIUM VITAE......oiniie e 256



List of Tables

Table 1. Modified Jones criteria for diagnosis of acute rheumatic fever..........c..ccccccevvevnnnn. 9
Table 2. Bacterial strains and plasmids used in Chapter 2. ........c.ccccevvevevivevecie s 33
Table 3. Primers used iN ChapLer 2. ..o 34

Table 4. SNPs identified through genome wide comparisons of S. pyogenes MGAS8232

Wildtype and ANASA STFAINS.........c.ciieiiiieiie it reesaeeraesneenes 51
Table 5. Bacterial strains and plasmids used in Chapter 3. ........c.ccccecviieiiieve e 87
Table 6. Primers used in Chapler 3. ..o 88
Table 7. Bacterial strains and plasmids used in Chapter 4. ...........ccocviiieiiienenensese 138

Xi



List of Figures

Chapter 2. S. pyogenes hyaluronic acid capsule promotes experimental nasal and skin
infection in HLA-transgenic mice by preventing neutrophil-mediated clearance

Figure 1. Verification of hasA gene deletion and complementation in S. pyogenes
IMIGASB232 ...ttt ettt s e ettt be b e Rt e st et e b et e R e R e e R e e et e et tenrenneeneens 49

Figure 2. Hyaluronic acid expression by S. pyogenes promotes nasal infection in B6nLa mice

Figure 3. Deletion of the hasA gene in S. pyogenes MGAS8232 does not enhance bacterial

diSSEMINATION 1N BOHLATINICE. .oeveeeeeeeeeeeeeeeeee e 55

Figure 4. HA capsule expression enhances S. pyogenes burden and lesion sizes during acute

SKIN INFECLION TN BOHLAMICE. .. eeeeeeee e et e e e e et e e e e e e e e e eaaeens 59

Figure 5. Expression of the hyaluronic acid capsule prevents internalization and adherence to

pharyngeal epithelial CeIIS. ..o 63

Figure 6. The hyaluronic acid capsule is important for resisting ex vivo and in vivo
neutrophil-mediated KilliNg...........c.ooieiiie e 67

Figure 7. Depletion of macrophages in mice does not affect nasopharyngeal infection by S.

07701 [ 4 L= TSRO P TP 69

Figure 8. The HA capsule is important for resisting neutrophil-mediated killing in the skin 72

Chapter 3: Parenteral vaccination of M proteins do not protect against S. pyogenes
acute nasopharyngeal or skin infections in HLA-transgenic mice

Figure 9. M protein plasmid constructs and purification by nickel column chromatography 91

Figure 10. Schedule for M protein vaccination and acute S. pyogenes infections in B6nLa
] oSSR 96

Xii



Figure 11. HLA-dependent phenotype of S. pyogenes MGAS315, HKU16, MGAS8232, and
NGASOTO SIFAINS. ....veviviiieiiieieeee ettt bbbt be b e st et et b s benbesbeeneeneas 101

Figure 12. S. pyogenes MGAS315, HKU16, MGAS8232, and NGAS979 cause acute skin
INTECHION TN IMHCE. .oeiieiie et e st e e sr e et e e s te e e te e saeeebeenaees 104

Figure 13. Purified recombinant M Proteins. .........cccccveveiieeresieieere e e 106

Figure 14. Subcutaneous vaccination with monovalent M proteins do not protect against S.

pyogenes nasopharyngeal infection in BOHLA MICE. ..., 109

Figure 15. Subcutaneous vaccination with recombinant intact M proteins do not prevent

acute skin infection by S. pyogenes in BOHLA MICE .....ccveieierieiienie e 111
Figure 16. Generation and characterization of the S. pyogenes Aemm18 mutant strain....... 115

Figure 17. M18 protein expression by S. pyogenes MGAS8232 is expendable during acute
nasopharyngeal infection iN BOHLA MICE ........ociiiiiiiiiiee s 117

Figure 18. Deletion of the emm18 gene in S. pyogenes MGAS8232 does not enhance

bacterial diSSEMINAtION 1N BOHLATIICE. ...cceitieeeeeeee e e ettt e e e e e e e e et eeeeeeeeeeaaa 119

Figure 19. M18 protein expression by S. pyogenes MGAS8232 does not promote bacterial
density during skin infection in BOHLA MICE..........ccciiiiiiieeree e 122

Chapter 4: Repeated nasal exposure to S. pyogenes MGAS8232 impairs left ventricle
function in HLA-transgenic mice

Figure 20. Model of repeated S. pyogenes nasopharyngeal infections in B6xLa mice.......... 141
Figure 21. Echocardiogram image acquisition of an anesthetized Mouse. ...........cc.coeevvvnens 144
Figure 22. Echocardiographic views of the left side of a mouse heart. ............c.cccovvvneennn. 147

Figure 23. Longitudinal changes of left ventricle structural dimensions in B6xia mice

following repeated S. pyogenes MGAS8232 nasopharyngeal infections. ............ccccccevenee. 153

Xiii



Figure 24. Reduced ejection fractions in B6n1La mice following multiple S. pyogenes
MGAS8232 nasopharyngeal INfECLIONS. .......ccvcieiieiiiccece e 156

Figure 25. Elevated mitral valve E/A ratios in B6HLa mice receiving multiple S. pyogenes
MGAS8232 nasopharyngeal INFECTIONS. ........ccviiiiiiiiciie e 159

Figure 26. B6HLa mice repeatedly infected with S. pyogenes MGAS8232 do not express

increased serum levels of cardiac troponin-1 or tropoNiN-T...........ccceevveiieeiesie e 162

Figure 27. Sequential S. pyogenes MGAS8232 nasopharyngeal challenges do not amplify
M18 protein- and SpeA-specific 1gG serum IeVels...........ccooiiiiiiiiiic s 165

Figure 28. Protection against S. pyogenes nasopharyngeal challenge following two sequential

N O I OIS, e e et e e et e e e ————— e e e e a e —— 167

Figure 29. Activation of murine splenocytes by streptococcal superantigens and M18 protein
following multiple S. pyogenes MGAS8232 nasopharyngeal infections. ...........ccccccevvenee. 170

Figure 30. Generation and characterization of the S. pyogenes MGAS8232 Agacl mutant
] 1= U o OSSPSR 173

Figure 31. Deletion of the gacl gene in S. pyogenes MGAS8232 results in a detectable
reduction to nasopharyngeal DUIeN. ..o e 176

Figure 32. Nasopharyngeal infection with S. pyogenes MGAS8232 Agacl does not enhance

bacterial diSSEMINAtION 1N BOHLATIICE. ...cceitieeeeeeee e e et e e e e e e e e e et eeeeeeeeeaaaa 178

Xiv



List of Appendices

Appendix 1: Human ethics approval certification .............cccovvevviiiiieiii s 244
Appendix 2: Animal ethic approval Certification.............ccoccevivevieiiiiiic i 245
Appendix 3: Mouse strains used in thiS theSIS ..o 246
Appendix 4: Antibodies and dyes used in this thesiS...........coooiiiiiiiiicis 247

Appendix 5: Cytokine responses from nasal turbinates of B6nia mice during infection with S.
pyogenes MGAS8232 wildtype, AhasA, and AhasA +hasA Strains. ..........cccceceveveneiininnne. 248

Appendix 6: Cytokine responses from nasal turbinates of B6nia mice during infection with S.
pyogenes MGAS8232 wildtype and AeMMLE8 StraiNS........ccccvevveiieereerieiieeseee e seeee e 250

Appendix 7: Mice repetitively infected with S. pyogenes MGAS8232 do not express

increased serum levels of cytokines that indicate damaged cardiomyocytes. ..........c.c..c..... 252

Appendix 8: Cytokine responses from nasal turbinates of B6nLa mice during infection with S.
pyogenes MGAS8232 wildtype and AGACH...........cc.coveverereereeeeeeeeesesseseeeesseesssesrees s 254

XV



°C

Xg

Hg

ul

pm

A wave
Ab
ACK
AET
Amp
Ao
APCs
APS
APSGN

ARF

AUP

B6 mice
B6HLA Mice
BCA

bp

BHI

BSA

C4BP

CFA

CFU
cNT
cRPMI
cTnT
cTnl
Da
DMEM
DNA
DNase
dNTP
EAM
ECM
EDTA
ELISA
E wave

FBS
FBP
FCT
FH
FHL-1

List of Abbreviations

degrees Celsius

times gravity

microgram

microliter

micrometer

atrial transmitral velocity

antibody
ammonium-chloride-potassium
aortic ejection time

ampicillin

aorta

antigen presenting cells

ammonium persulfate

acute post-streptococcal glomerulonephritis
acute rheumatic fever

animal use protocol

conventional C57BL/6 mice

human MHC class Il transgenic B6 mice
bicinchoninic acid

base pair

brain heart infusion

bovine serum albumin

C4b binding protein

complete Freund’s adjuvant

colony forming unit

complete nasal turbinate

complete RPMI-1640

cardiac troponin T

cardiac troponin |

daltons

Dulbecco’s modified eagle medium
deoxyribonucleic acid
deoxyribonuclease
deoxyribonucleotide triphosphate
experimental autoimmune myocarditis
extracellular matrix
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
early transmitral velocity

fetal bovine serum

fibronectin binding protein
fibronectin- and collagen-binding proteins and T-antigen
factor H

factor H-like protein 1

XVi



For forward

g gram
GAC group A carbohydrate

GIcNACc N-acetylglucosamine

h hour

HA hyaluronic acid

HBSS Hank’s balanced saline solution

HLA human leukocyte antigen

HR heart rate

HRP horseradish peroxidase

Hu-C4BP human C4b binding protein

Hu-CD46 human CD46

Hu-FH human factor H

ICE integrative conjugative element

IdeS Ig degrading enzyme of Streptococcus pyogenes
IFA incomplete Freund’s adjuvant

Ig immunoglobulin

IP intraperitoneal injection

IPTG isopropyl-p-D-1-thiogalactopyranoside
IRDye infrared dye

IVCT isovolumetric contraction time

IVIG intravenous immunoglobulins

IVRT isovolumetric relaxation time

kb Kilobase

kDa kilodalton

LA left atrium

LB Luria-Bertani broth

LTA lipoteichoic acid

LV left ventricle

LVAW;d left ventricle anterior wall in diastole
LVAW;s left ventricle anterior wall in systole
LVID;d left ventricle internal diameter in diastole
LVID;s left ventricle internal diameter in systole
LVPW;d left ventricle posterior wall in diastole
LVPW:;s left ventricle posterior wall in systole
M molar

mAb monoclonal antibody

MAC membrane attack complex

MEM minimal essential medium

MIP macrophage inflammatory protein
MHC major histocompatibility complex

min minute

mL milliliter

mm millimeter

mM millimolar

MOI multiplicity of infection

MS maxillary sinuses

xvii



ms
MWL
MV

MV decel

NALT
NETs
NFT

NHP
ng

nM
NT
oD
O/N
PAGE
PANDAS
PBS
PBS-T
PCR
pg
PMN
PSAX

PSLAX
PTS
PW Doppler

PVDF

RA

Rev

RHD

RNA
RPMI-1640
RPMI-HSA
RV

ScpA

SDS
SDS-PAGE
sec

SIC

SLO

SLS

SmeZ

SNP

Spe

SpeA

SpeB

SpnA
SpyAD

millisecond

molecular weight ladder
mitral valve

MV deceleration

nasal associated lymphoid tissue
neutrophil extracellular traps
non-flow time

non-human primate

nanogram
nanomolar

nasal turbines

optical density

overnight

polyacrylamide gel electrophoresis

pediatric autoimmune neuropsychiatric disorders
phosphate buffered saline

PBS with 0.1% (v/v) Tween-20

polymerase chain reaction

picogram

polymorphonuclear cell

parasternal short axis

parasternal long axis
phosphoenolpyruvate phosphotransferase system
pulsed-wave Doppler

polyvinylidene difluoride

right atrium

reverse

rheumatic heart disease

ribonucleic acid

Roswell Park Memorial Institute medium
RPMI containing 0.05% human serum albumin
right ventricle

streptococcal C5a peptidase

sodium dodecyl sulphate

sodium dodecyl sulfate polyacrylamide gel electrophoresis
second

streptococcal inhibitor of complement-mediated lysis
streptolysin O

streptolysin S

streptococcal mitogenic exotoxin Z

single nucleotide polymorphism

streptococcal pyrogenic exotoxin

streptococcal pyrogenic exotoxin A

streptococcal pyrogenic exotoxin B

streptococcal cell wall-anchored nuclease A
Streptococcus pyogenes adhesion and division protein

xviii



SpyCEP
STSS
TBS
TBS-T
TC
TCR
TEMED
TEV
THY
TMB
TNF
Treg
TSA
TSB
TSS

viv
VB
VEGF
wiv
WHO
WT

Streptococcus pyogenes cell envelope protease
streptococcal toxic shock syndrome
tris-buffered saline

TBS with 0.1% (v/v) Tween-20
tissue culture

T cell receptor
tetramethylethylenediamine
tobacco etch virus

Todd Hewitt media broth plus 1% (w/v) yeast extract
tetramethylbenzidine

tumour necrosis factor

regulatory T cell

tryptic soy agar

tryptic soy broth

toxic shock syndrome

unit

volume per volume

variable beta chain

vascular endothelial growth factor
weight per volume

World Health Organization
wildtype

XiX



Chapter 1: Introduction



Introduction

The introduction of this thesis will summarize relevant and current literature on
Streptococcus pyogenes. The various topics presented here outline several clinical disease
manifestations followed by descriptions underlying important molecular mechanisms of
disease by this globally prominent pathogen. Applicable transgenic animal infection
models will be reviewed, concluding with current vaccine approaches that elicit protective

immunity against this bacterium.
1.1 Streptococcus pyogenes

Streptococcus pyogenes, also referred to as Group A Streptococcus (GAS), is a Gram-
positive extracellular aerotolerant anaerobe with human-specific tropism. This bacterium
typically grows in pairs or chains of varying length with each coccus approximately 0.5 to
1 um in diameter, with a genome composed of a single ~1.8 Mbp circular chromosome
with a G+C content of ~39%. Much of the genetic variability between strains can be
attributed to the inclusions of mobile (or putatively mobile) genetic elements, such as
integrative conjugative elements (ICEs) and phage or phage-like insertional sequences that
can harbour several virulence determinants [1-3]. When grown on blood agar, S. pyogenes
is often identified by its unique mucoid, white-greyish colonies with -hemolytic zones of
clearance due to the complete lysis of red blood cells [4]. Laboratory diagnosis of S.
pyogenes is largely based on expression of the Lancefield group A carbohydrate, a major
cell wall polysaccharide. S. pyogenes remains as the only species under the Group A
Streptococcus classification [5]. While some individuals can carry the bacterium
asymptomatically [6], clinical manifestations of S. pyogenes are among the most diverse
of any human pathogen. Varied presentation can range from self-limiting pharyngitis and
skin infections to more devastating illnesses such as necrotizing fasciitis and streptococcal
toxic shock syndrome (STSS) [4,7]. Some diseases may occur as a complication from
previous streptococcal infection and can result in potential long-term disability in
susceptible individuals, including glomerulonephritis, acute rheumatic fever (ARF), and
rheumatic heart disease (RHD) [4,7,8]. Although S. pyogenes remains vulnerable to -



lactam antibiotics, it represents a significant burden on human health and no human-

approved vaccine is currently available.
1.2 Global burden of S. pyogenes diseases

Systematic reviews generally use population-based analyses to estimate the global burden
of S. pyogenes, however, absolute disease burdens are widely underestimated due to
inadequacy of comprehensive disease registries, a lack of infrastructure for disease
surveillance, and inaccessible diagnostic facilities. Consequently, acute and chronic
illnesses by S. pyogenes are severely underreported in resource-poor regions, where
diseases occur most frequently [9]. In a landmark 2005 publication, in-depth evaluations
of disease burdens using conservative methodologies provided the most comprehensive
estimates of S. pyogenes morbidity and mortality to date. Approximately 15% of
schoolchildren and up to 10% of adults may suffer from streptococcal pharyngitis each
year, and in some resource-poor settings, these rates may be 5-10 times higher [10]. It is
estimated that at least 616 million annual cases of acute pharyngitis and 140 million cases
of superficial skin infections occur each year globally [10,11]. These relatively benign
infections are typically self-limiting and can be effectively treated with 3-lactam antibiotics
[7], however, more severe manifestations may occur if S. pyogenes breaches the epithelial

barrier or if acute infections are left untreated.

Invasive streptococcal diseases are defined by S. pyogenes invading normally sterile sites,
including deep tissues such as fascia (necrotizing fasciitis), muscle (myositis), or blood
(bacteremia and STSS). Over 660,000 invasive infections by S. pyogenes occur each year
and result in 163,000 deaths [10]. Invasive infections are often life-threatening with high
mortality rates (<50%) in both the developed and developing world. Despite the steady
decline in developed countries [11], data from recent decades suggest that the prevalence
of invasive diseases have increased in resource-limited countries and account for nearly all
163,000 deaths globally [10-12]. A study of young infants in Papua New Guinea, Ethiopia,
the Gambia, and the Philippines determined that S. pyogenes accounted for ~29% of all

bacteremia isolates in children under 90 days of age [11].



The persistence or recurrence of untreated S. pyogenes acute infections can also result in
autoimmune post-infection sequalae, including ARF and RHD. ARF continues to be the
leading cause of acquired heart disease in children and remains the greatest contributor to
streptococcal-associated morbidity and mortality worldwide. With at least 18.1 million
cases of severe S. pyogenes infections worldwide and 517,000 resulting deaths [10,11],
approximately 350,000 deaths each year are due to either ARF or RHD, and almost all
cases and deaths occur in developing countries or indigenous populations [10,11]. More
recently, the Global Burden of Disease study estimated that there are 33.4 million prevalent
cases of RHD, causing more than 9 million disability-adjusted life years lost each year
[13], which represents the sum of years of life lost due to premature mortality and/or years
lived with disability from RHD. With ~60% of ARF cases leading to RHD [10], RHD is
recognized as a prominent global health concern. According to the 2008 Population
Reference Bureau (PRB), 80-85% of children younger than 15 years of age live in areas
where ARF and RHD is endemic [14]. The predominant association between low-resources
and mortality is similar to other S. pyogenes manifestations such as glomerulonephritis
with 97% of deaths occurring in developing countries [10]. Due to the prominent global
disease burden reported, the World Health Organization (WHO) ranks S. pyogenes as the
ninth leading cause of human mortality by an infectious agent worldwide [15], which
emphasizes the significance of understanding pathogenic mechanisms by this organism.
Through improved living conditions and preventative measures by prophylactic treatments,
20% of the world’s population living in industrialized regions have witnessed dramatic
declines in the prevalence of S. pyogenes, yet disease burdens continue to manifest for the
economically disadvantaged [16]. Without sufficient prevention and treatment of primary
infections, combined with inefficient data managing systems and epidemiological models,

we are unable to reduce the global burden of human illness caused by S. pyogenes.
1.3 Asymptomatic carriage

S. pyogenes causes a significant global burden of disease yet the predominant form of
interaction between this pathogen and its human host is asymptomatic carriage. This carrier
state can be described as a prolonged presence of S. pyogenes in absence of symptoms of

infection. Persistence within the human nasopharynx is considered a primary reservoir for



many S. pyogenes strains [17] and individuals with positive pharyngeal and/or serological
test without clinical signs of sore throat, inflamed tonsils, or fever are described as
asymptomatic carriers [18,19]. Asymptomatic carriage rate of S. pyogenes is high among
school age children and more prevalent among females than males [20]. High-income
regions report around 12% of school-aged children as asymptomatic carriers [18,21,22],
and close environmental exposures increase associated risks. Approximately 25% of
household cohabitants of children with streptococcal pharyngitis test asymptomatically
positive for S. pyogenes [23] and household contacts were almost twice as likely to acquire

secondary S. pyogenes infections [24].

While asymptomatic carriers are unaffected by S. pyogenes, a long-recognized limitation
to effective prevention of autoimmune sequelae is the absence of respiratory symptoms in
the months prior to infection. During an outbreak of ARF in Salt Lake City, Utah, as many
as 76% of ARF patients do not recall a symptomatic pharyngeal infection within the
preceding 3 months [25,26]. In a study of 17 patients with invasive infection in Quebec,
Canada, 27% of patient close contacts harbored the same S. pyogenes serotype in their
pharynx [27], suggesting that carriers may act as reservoirs for bacterial transmission.
Transmission from carriers, however, is substantially less likely than from those with active
respiratory secretions from symptomatic infections [28,29]. Despite decades of research,
the carrier state for S. pyogenes is complex and underlying molecular mechanisms driving
this dominant state remain unclear, however, eradicating carriage could substantially
reduce closely spaced recurrent episodes of streptococcal pharyngitis in susceptible

individuals.
1.4 Superficial streptococcal infections

Most infections caused by S. pyogenes are superficial infections of the throat and skin
resulting in pharyngitis and impetigo, respectively. Streptococcal pharyngitis is often
observed as a sudden-onset fever accompanied by a sore throat with inflammation of the
pharynx and tonsils often with patchy exudates and swollen cervical lymph nodes.
Transmission occurs by direct contact presumably through nasal secretions or saliva

droplets from those harboring the bacteria. S. pyogenes is diagnosed in 15 to 35% of



children and in 5 to 15% of adults with sore throats [22,30]. Uncomplicated S. pyogenes
pharyngitis is generally self-limiting however, the cost of diagnosing, treating, and caring

for children with strep throat costs up to $539 million per year in the United States [31].

Impetigo, also referred to as school sores or skin sores, is a contagious skin infection that
presents as purulent lesions that enlarge and rupture to form characteristic thick crusts [32].
The disease is spread through direct skin contact and frequently appears on exposed areas
of the body including lower extremities or the face. Lesions remain well localized though
transfer from lesions on the skin to the upper respiratory tract is common and can occur
within 2-3 weeks [33]. The greatest disease burden affects economically disadvantaged
children in tropical or subtropical climates, or indigenous populations in developed

countries, in areas with poor hygiene, and crowded living conditions [34].
1.5 Invasive streptococcal disease

S. pyogenes has the capacity to breach epithelial cell barriers and invade normally sterile
sites such as the bloodstream, lungs, fascia, or muscles. Invasive infections include
bacteremia, pneumonia, necrotizing fasciitis, myositis, and STSS. While less common than
superficial infections and immune-mediated sequelae, invasive infections are often
associated with shock and multiple organ failure and carry a high mortality rate in both the
developed and developing world [4,7]. Approximately 8-23% of patients with invasive S.
pyogenes disease die within 7 days of infection, and if complicated by the development of
STSS, 23-81% of patients die within 7 days post-infection [35-37]. STSS is a toxin-
mediated systemic disease and is the most dangerous form of invasive streptococcal
diseases. STSS is induced by potent immunostimulatory streptococcal superantigens that
trigger massive proliferation of T cells and production of proinflammatory cytokines
(cytokine storm) that mediate shock and organ failure [38,39]. The rapid onset of STSS
includes flu-like symptoms with fever, swollen lymph nodes, vomiting, diarrhea, rash,
hypotension, skin peeling, and muscle and joint pain [38]. Severe localized pain
disproportionate to the injury is a hallmark of these infections and the primary reason
patients seek medical attention. Multi-organ failure and tachycardia may occur as well as
fasciitis and myositis [38].



Necrotizing fasciitis, otherwise known as ‘“flesh-eating disease” is an infection of the
subcutaneous tissue and fascia that results in severe inflammation, tissue necrosis, and
mortality [40,41]. Trauma is the most common identifiable etiology with most patients
having a history of minor or major injuries involving external injuries and surgical wounds.
Early clinical manifestations begin with swelling, tenderness, erythema, and local warmth,
but as the infection develops the pain becomes more intense and symptoms present as
general toxicity including fever, dehydration, confusion, dizziness, diarrhea, nausea,
vomiting, weakness, and malaise [41]. The cutaneous symptoms may progress to blisters
and bullae, ultimately leading to extensive necrosis of soft tissue and the potential to
become hemorrhagic. Necrotizing fasciitis can affect an entire extremity within 24 hours,
but it can also display slow progression over a period of several weeks [42]. A septic
condition and hypotension at admission are significant predictors of poor outcome and
mortality. Treatment of NF is similar to STSS with evidence that administration of
intravenous immunoglobulins (IVIG) may help reduce mortality by toxin neutralization
[43].

1.6 Post-infection sequelae

Streptococcal infections are typically acute and superficial, but the greatest burden of
morbidity and mortality arise from important postinfectious sequelae including ARF,
RHD, APSGN, and, debatably, pediatric autoimmune neuropsychiatric disorders
(PANDAS). Post-infection sequelae can result from prior and untreated S. pyogenes
infections whereby the host generates an immune response against invading bacterial
factors that cross-reacts with similar epitopes on host molecules, referred to as molecular

mimicry.

ARF is a delayed autoimmune consequence that appears approximately 2-4 weeks after
pharyngeal infection by S. pyogenes [44]. This disease is a multifocal inflammatory
disorder that can affect the skin, joints, brain, and heart, and diagnosis consists of fulfilling
a certain number of major and minor disease criteria such as two major manifestations, one
major and two minor manifestations, or three minor manifestations. In addition, evidence

of preceding infection with S. pyogenes must be shown. Major and minor clinical



manifestations for ARF diagnosis are outlined in the recently updated Jones Criteria (Table
1) and include erythema marginatum (rash), subcutaneous nodules, polyarthritis, chorea,
and carditis [44-46]. Patients experiencing these clinical features may be hospitalized for
2-3 weeks during which symptoms usually resolve [46]. Persistent cardiac damage caused
by repeated episodes of streptococcal pharyngitis and exacerbation of ARF, however, can
lead to RHD [8,47]. Carditis occurs in over 50% of patients with ARF and is predominantly
characterized by inflammation of the mitral valve, which can lead to stenosis and
regurgitation [26,48]. RHD is a particular serious problem in resource-poor regions where
patients may present with established late-stage RHD rather than ARF due to insufficient
diagnosis and treatment of primary S. pyogenes infections. Many patients with ARF
progress to RHD and consequently, the importance of secondary prophylaxis with
antibiotics for prevention of recurrent ARF, to reduce the risk of RHD in ARF patients, or
to slow the progression and severity of disease in patients with established RHD cannot be
overemphasized [46]. Surgical intervention of patients with progressed RHD may be
required to prevent sudden cardiac death, likely as a result of cardiac arrhythmia [49].
Several factors affect the prevalence of ARF and RHD through increased exposure to S.
pyogenes infections, including sex, socioeconomic status, household overcrowding, access

to primary and secondary prevention regimes, and genetic susceptibility [46,50].

Acute post streptococcal glomerulonephritis (APSGN) is an immune complex-mediated
disorder that remains the most common cause of acute nephritis in children worldwide.
APSGN typically occurs 1-2 weeks following exposure to streptococcal pharyngitis or 3-
6 weeks following impetigo [51]. The exact mechanism by which APSGN occurs is not
fully defined, but it is understood that exposure to “nephritogenic” strains of S. pyogenes
stimulates immune complexes comprised of IgG antibodies with streptococcal
nephritogenic antigens and complement proteins within the kidney glomeruli. Glomerular
trapping of circulating immune complexes and in situ immune complex formation in the
glomerulus are two proposed mechanisms [51,52]. The presence of immune complexes
activates the complement pathway and leads to infiltration of immune cells to the kidney



Table 1. Modified Jones criteria for diagnosis of acute rheumatic fever

For patients with evidence of preceding Group A Streptococcus infection

Initial ARF 2 major manifestations OR
1 major plus 2 minor manifestations

Recurrent ARF 2 major manifestations OR
1 major plus 2 minor manifestations OR
3 minor manifestations

Major Criteria

Low risk Moderate and high risk
Carditis (clinical and/or subclinical) Carditis (clinical and/or subclinical)
Arthritis (polyarthritis only) Arthritis (monoarthritis, polyarthritis, or
Chorea polyarthralgia)
Erythema marginatum Chorea
Subcutaneous nodules Erythema marginatum

Subcutaneous nodules

Minor Criteria

Low risk Moderate and high risk
Polyarthalgia Monoarthalgia
Fever ((=38.5 °C) Fever (=38 °C)
ESR of >60 mm/hr and/or CRP of >3.0 ESR of >30 mm/hr and/or CRP of >3.0
mg/dL mg/dL
Prolonged PR interval, after accounting for Prolonged PR interval, after accounting for
age variability (unless carditis is a major age variability (unless carditis is a major

criterion) criterion)
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and inflammation of the glomerulus, which impairs capillary perfusion and glomerular
filtration rate. Reduction in serum complement (C3) levels (hypocomplementemia) are key
markers of acute disease development due to its consumption during the inflammatory
response, though they return to normal levels within 6 weeks [52]. When symptomatic,
clinical manifestations include hematuria (discolored urine), edema, fatigue, hypertension,
and proteinuria, which can result in renal failure [4], however, many patients develop

APSGN without experiencing symptoms of a prior streptococcal infection.

The onset of obsessive-compulsive disorder and Tourette’s syndrome has been associated
with prior infections by S. pyogenes and is defined as pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infections (PANDAS). The
relationship of S. pyogenes to these behavioral disorders is highly controversial and the
long latency period between the detection of PANDAS and streptococcal infections has
made the association more difficult to assess. The pathogenesis of PANDAS remains
unknown, and it is unclear whether antineuronal antibodies have a role in disease
development. It is believed that antibodies against the streptococcal associated epitope N-
acetyl-pB-D-glucosamine (GIcNAc) may disrupt neuronal cell function and lead to disease
[53,54]. Symptoms of the disorder can include unusual movements, obsessive compulsive
and repetitive behaviours, separation anxiety disorder, incessant screaming and frequent

mood changes, deterioration of small motor skills, and poor handwriting [55].
1.7 Serological typing of S. pyogenes strains

Serological typing of S. pyogenes has generated key insights on the association between
certain strains with specific diseases, helping elucidate population genetics, molecular
epidemiology, and tissue-tropism characteristics of emerging strains. Most commonly, S.
pyogenes strains are differentiated through serological analysis of the surface M protein as
it displays high levels of antigenic heterogeneity. Early studies revealed that M protein
antibodies were protective against strains sharing the same serotype [56], and thus, M-
typing raised important biological implications beyond the identification of strains.
Serotyping was more recently replaced by sequence analysis of the hypervariable N-

terminal region of the M protein, encoded by the emm gene, known as emm-typing.
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Extensive reference databases of emm sequences have allowed for the rapid translation of
emm sequence data into M-type designation and has revealed a deeper genetic diversity of
M proteins along with the identification and description of novel strains. At present, there
are 234 distinct emm-types defined [57]. Although historically it was accepted that M
protein-specific antibodies provide type-specific immunity to individual M proteins, it is
now apparent that M protein-specific antibodies may allow for cross-reactivity within
‘clusters' of homologous M proteins [58,59]. Researchers have divided serotypes into 16
phylogenetically supported emm-clusters that evolved from distinct selective pressures and
are found with similar host factor binding properties and function [59]. These clusters are
further classified into an emm pattern-typing scheme, denoted by patterns A through E.
Strains with patterns B and C are rare and are grouped with emm pattern A strains (patterns
A-C strains) [60]. Patterns A-C strains are overwhelmingly recovered from pharyngeal
isolates, while strains with pattern D are often obtained from skin infections. Unlike
patterns A to D, strains with pattern E are not associated with a specific tissue site and have
been isolated from both the skin and pharynx [17,60]. Importantly, different “throat” and
“skin” isolates do not appear to have specific preferences to bind skin or oropharyngeal

immortalized cells in in vitro cell adhesion assays [61].

A supplemental serotyping system for S. pyogenes is based on the T antigen found within
the Fibronectin- and Collagen-binding proteins and T-antigen (FCT) genomic region [62].
T antigens encode the major pilus backbone subunits that polymerize to form the elongated
pilus shaft. While strains that encode distinct pilus backbone variants can exhibit
antigenically diverse pili [63], FCT regions are found exclusively in one locus, and thus,
only one pilus variant can be expressed in a given strain. Sequence analysis of
approximately 100 isolates revealed that there are 18 distinct tee-types and 3 sub-types
with little to no variation within each tee-type [63,64]. In many cases, tee-types can be
inferred from emm-types with multiple isolates belonging to one emm-type having a strong
tendency to harbor almost identical pilus proteins [57,65]; however, more than one emm-
type can be associated with a specific tee-type. The strong linkage between FCT regions
and emm-types also supports that FCT gene products may play an adaptive role in
establishing tissue tropisms. Interestingly, emm pattern D “skin” isolates preferentially

encode the FCT-4 region (~80% of strains), whereas <15% of emm pattern A—C “throat”
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isolates encode FCT-4, indicating a potential role for tissue specific adhesion [17]. Yet,
inferring tissue tropisms is complicated when considering that FCT region genes are
subject to global regulators that alter their transcriptional expression during different
environmental scenarios [66]. Depending on strain, the regulation for expression of pilin
genes can be positive or negative [67,68], therefore, not all S. pyogenes strains express pili

and those with a negative regulator may be T non-typable organisms.

1.8 Mechanisms of colonization and disease

The principal sites of S. pyogenes colonization are the nasopharynx and skin that serve as
primary reservoirs for the maintenance and transmission of S. pyogenes to a new host. S.
pyogenes expresses an arsenal of virulent molecules and, while not ubiquitously expressed
by all strains, are highly regulated and exhibit functionally reductant tactics to help
overcome physical barriers, evade host immune responses, and adapt to different tissue
environments encountered during infection [69]. Improved understanding of these host-
pathogen interactions has led to the formulation of models that investigate the coordinated
expression of multiple virulence determinants and their diverse mechanisms of disease

progression.
1.8.1 Mechanisms of adhesion

Attachment to nasopharyngeal and skin epithelial cell surfaces represent an important
critical step in establishing S. pyogenes colonization and subsequent infection. Although
the presence and expression of individual surface adhesins differ across various serotypes
and infection models, adherence is widely accepted to involve a two-step process. Initial
interactions overcome electrostatic repulsion between S. pyogenes and host cells and are
mediated by weak hydrophobic interactions from the highly conserved and vital cell wall
component lipoteichoic acid (LTA) [70,71]. LTA must be in the proper orientation with its
fatty acid moieties exposed to contribute to adhesion and biofilm formation [70,72]. Most
epithelial or endothelial cell surfaces are covered by a layer of extracellular matrix (ECM)
proteins and many S. pyogenes adhesins function to specifically bind various ECM

components throughout an infection, including collagen, fibrinogen, laminin, or
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fibronectin [73]. Fibronectin functions as a ligand for LTA-mediated cell adhesion to
numerous cell types, including buccal epithelial cells [74], HEp-2 laryngeal cells [75], and
pharyngeal epithelial cells [76]. Many S. pyogenes strains non-selectively bind host cells
through LTA, however, more secure attachments are facilitated by simultaneous or
subsequent high-affinity tissue-specific interactions formed by other adhesins and their

cognate receptors.

S. pyogenes is encased with a polysaccharide capsule consisting of hyaluronic acid (HA)
with alternating monosaccharide units of GICNAc and glucuronic acid [77]. The HA
capsule has been shown to support adherence by binding to the HA receptor CD44 on
keratinocytes [78-81]. Once bound to CD44, cytoskeletal rearrangements are triggered and
intracellular junctions in human epithelial cells are disrupted and bacteria infiltrate into
deeper tissue [82]. While HA capsule expression has been shown to support
nasopharyngeal persistence in infection models [83,84], it has also been demonstrated that
HA encapsulation reduces cellular attachment by physically obstructing access of other

adhesin molecules to their host ligands [80,85].

Other high-affinity S. pyogenes adhesins include cell wall-anchored proteins such as the M
protein. The role of M proteins in streptococcal adherence is controversial, but it remains
as one of the best studied surface molecules and can bind to several host molecules. Early
work supported an important role in M protein-mediated adherence to human buccal cells
[86], yet M1, M5, M6, and M24 serotypes do not bind buccal cells and are essential for
HEp-2 and Detroit 562 cell adherence [75,87-89]. Furthermore, M proteins have been
shown to bind sialic acid on mucin that coats the pharyngeal epithelium [88], fibronectin
on oropharyngeal cells [90], and fucose-containing oligosaccharides on HEp-2 cells [91].
Attachment to keratinocytes by membrane cofactor protein CD46 has been also been
demonstrated, though serotypes M6, M12, and M18 present weak or no binding to CD46
[92-94]. Together, various M protein serotypes express dramatically different binding
properties and may play a role in strain-specific tissue tropism [17,65]. It was recently
noted, however, that emm pattern-inferred tropisms were not reflected by their preferred
adhesion to skin versus throat cell lines, highlighting limitations to tissue-specific

implications from in vitro immortalized cell culture observations [61].
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The FCT region of S. pyogenes also expresses important binding properties to ECM
proteins and various epithelial cells [71]. The FCT region contains fibronectin-binding
proteins (FBPs) that facilitate adhesion to fibronectin and internalization via the integrin
asP1 [95-97]. To date, nine different FCT pathogenicity islands have been identified [17],
with the pilus as the most notable component encoded. The streptococcal pilus is a polymer
composed of a pilus subunit with up to two ancillary proteins that mediate attachment to
collagen (ancillary protein 1, AP1) and anchors the pilus to the cell wall peptidoglycan
(AP2) [62,98,99]. AP1, otherwise referred to as collagen-binding protein Cpa, can bind
collagen type I and type IV and provide collagen-mediated adhesion to lung and pharyngeal
cells[17,87,100]. Generally, pili can bind to a broad range of host epithelial cells, including
cells from the nasopharynx, tonsils, lung, and intestine [87,101], with removal of the pilus
significantly reducing attachment to pharyngeal cells compared to parental strains [102].
Furthermore, thermal stable isopeptide bonds within the pilus subunit help withstand

mechanical clearance forces such as coughing [103,104].

1.8.2 Mechanisms of immune evasion

The expression of virulence factors can vary across S. pyogenes serotypes, but a
cooperative feature exhibited by all strains is the ability to avoid host innate immune
defenses that promote bacterial survival. Following initial attachment and colonization of
host cells, S. pyogenes employs an arsenal of evasion strategies that act synergistically to
overcome and escape host clearing mechanisms, including resisting complement
deposition, antibody opsonization, phagocytosis, antimicrobial peptides, neutrophil-

mediated Killing, and accelerating phagocytic death.

Once physical epithelial barriers of the body are breached, the complement system
participates in the rapid labeling of bacteria with opsonins and recruitment of phagocytes
to sites of infection through the production of chemoattractants. Although Gram-positive
cell walls deflect membrane perturbations and direct bacterial killing by the membrane
attack complex (MAC), they remain vulnerable to C3b opsonization and phagocyte
infiltration via the leukocyte chemotactic factor C5a. S. pyogenes counteracts these

responses by secreting ScpA (streptococcal Cha peptidase) that cleaves and inactivates
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Cbha, anaphylatoxin C3a, and the central complement protein C3, which dampens
amplification of the complement system and reduces cellular activation and recruitment at
the site of infection [105,106]. Similarly, the cysteine protease Streptococcal pyrogenic
exotoxin B (SpeB) also degrades C3b to resist opsonization and detection [107], while the
streptococcal cell envelope protease (SpyCEP) cleaves the chemoattractant 1L-8 and
prevents neutrophil infiltration and ingestion [108-110]. The surface M protein impedes
complement deposition by binding soluble complement regulatory proteins such as C4b
binding protein (C4BP) [111-114], CD46 [92], Factor H [114-118], fibrinogen [119,120],
and plasminogen [116,121]. Likewise, FBPs are reported to bind factor H and factor H-
like protein 1 (FHL-1) and prevent C3b deposition [110,122]. Through binding and
sequestering soluble complement regulators on the bacterial surface, S. pyogenes
accelerates the inactivation and decay of C3b and limits complement activation, thereby
promoting bacterial survival [123,124]. The HA capsule has also been shown to act as a
barrier that inhibits complement deposition [125] and blocks antibody access to surface

epitopes [126] to prevent phagocytic uptake.

Phagocytosis of bacteria is prominently enhanced upon binding surface-bound Igs to allow
for Fc receptor-mediated recognition and uptake. To avoid antibody-mediated
opsonophagocytosis, S. pyogenes expresses surface-associated Ig binding proteins that
bind the Fc region of human IgA and 1gG to inhibit downstream Fc effector functions. M
proteins and fibronectin binding repeats of FBPs are reported to bind to the Fc regions of
IgA and IgG respectively [113,127] and thwart complement activation on the bacterial
surface. S. pyogenes can also cleave the Fc region of surface-bound IgG via the Ig
degrading enzyme of S. pyogenes (ldeS) [128], hydrolyze glycans on the heavy chain of
IgG via EndoS to prevent antibody interaction with Fc receptors [129-132], or degrade
IgG, IgA, IgM, IgG, and IgE directly via SpeB [129,132].

Resistance to phagocytic killing is also enhanced by SLS and SLO toxin activity, which
help prevent acidification of the phagolysosome to escape bacterial killing and trigger
phagocytic cell death. These pore-forming cytolysins directly kill phagocytic cells by
disrupting the integrity of cell membranes to induce osmotic lysis [133-140]. Distinct from

phagocytic engulfment, neutrophils can capture and kill S. pyogenes extracellularly
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through the release of DNA rich neutrophil extracellular traps (NETSs), which captures
bacteria and subjects them to antimicrobial effectors. Bacteriophage-encoded DNases,
such as Sdal and Spdl, and cell wall-anchored nuclease A (SpnA), protect against
neutrophil-mediated killing by degrading NETSs to liberate entrapped bacteria [141-144].
HA capsule expression has also been shown to enhance survival within NETs by increasing
resistance to the antimicrobial peptide cathelicidin LL-37 [145]. LL-37 forms membrane
pores that would otherwise destabilize bacterial cells. S. pyogenes also encodes a
streptococcal inhibitor of complement-mediated lysis (SIC) that binds and inactivates LL-
37 [146]. Similarly, M1 protein was shown to bind and sequester LL-37, preventing access
to the bacterial membrane [147], while SpeB cleaves and inactivates LL-37 directly
[148,149]. Given the key role of complement-mediated opsonophagocytic Killing in
orchestrating host-protective immune responses, it is not surprising that S. pyogenes has
evolved several virulent mechanisms to target and subvert innate immune defenses during

infection.
1.9 Transgenic murine models of S. pyogenes infection

One of the many barriers in revealing the complexities of host-pathogen interactions on a
molecular level stem from the challenge that S. pyogenes has strict human tropism and
many central virulence factors are only active against human immune components. VVarious
genetic tools exist and support the use of murine models to study S. pyogenes pathogenesis
as mice can be bred to select for desired traits and can be genetically altered to express
functional human genes [150,151]. Nevertheless, it is unlikely that any one transgenic
model will represent an accurate interaction of all bacterial and host factors during murine
infection as there are many S. pyogenes molecules described to interact with human

components.
19.1 HLA-transgenic murine models

It has long been recognized that different HLA types can render humans either more
susceptible or protected from S. pyogenes infections. The role of specific MHC class 11

molecules in S. pyogenes pathogenesis may be driven entirely by their ability to present



17

particular peptides, yet the ability of MHC class Il molecules to serve as receptors for
streptococcal superantigens has been widely shown to magnify host inflammatory
responses and promote infection. Indeed, differential superantigen inflammatory responses
driven by HLA allele expression increases risk of severe streptococcal disease [152—-154]
and may advance autoimmune responses (reviewed in [50]), increasing the relevance of
this human component in S. pyogenes pathogenesis. Therefore, it is of great interest to
evaluate animal models that permit superantigen activity to account for susceptibility to
disease.

The tonsils remain as one of the most common sites of infection and carriage of S. pyogenes
in the human pharynx. While mice lack tonsils, all rodents have a functionally homologous
tissue known as the complete nasal turbinates (CNT) that contains the nasal-associated
lymphoid tissue (NALT), and S. pyogenes resides in both the cNT and airway mucosa
following nasopharyngeal infection [155]. In conventional C57BI/6 mice, superantigen-
dependent T cell responses are not induced and S. pyogenes fails to infect the cNT, yet
infection is significantly enhanced with transgenic expression of HLA and the presence of
T cells [156,157]. Superantigens mediate specific reactivity with variable-beta (V) chains
on T cell receptors (TCRs) and induce profound Vp-specific T cell activation and
proinflammatory cytokine responses that simultaneously recruit and then subvert the
activity of effector cells to promote high bacterial loads in the nasopharynx [156,157].
Furthermore, superantigen-sensitive HLA-transgenic mice were also shown to be more
susceptible to both skin infection and toxic shock-like syndrome [154,158]. These studies
outline the importance in utilizing HLA-transgenic mice to retain human-specific tropism
and more accurately model inflammation induced by streptococcal-host interactions.
Although HLA-transgenic mice are receptive to superantigen-mediated activity, a limited
number of S. pyogenes strains have demonstrated the ability to infect these mice, and many
other virulence determinants promote pathogenesis in vivo by binding other distinct

human-specific immune factors, including complement inhibitors.
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1.9.2 Human complement-transgenic murine models

Host cells are typically protected from the complement system by membrane-bound or
soluble regulator proteins that interfere with and prevent complement activation. In order
to survive within its host, S. pyogenes has evolved to express several virulence factors that
recruit and bind human complement inhibitors to help escape complement-mediated
opsonophagocytosis and reduce bacterial killing. While mice do not adequately express
human complement regulators, transgenic expression of human C4BP, factor H, or CD46

may present an acceptable model to study these host-pathogen interactions in mice.

C4BP and factor H are two major soluble negative complement regulators that, once bound,
serve as cofactors for the plasma serine protease, factor I, which binds and inactivates
deposited C4b and C3b, respectively [124]. By targeting C4b and C3b, C4BP and factor H
accelerate decay of the classical pathway and alternative pathway convertases accordingly.
Studies have shown that many M protein serotypes can bind and recruit C4BP [111-114]
and factor H [114-118] to the bacterial surface to inhibit complement activation. The
fibronectin-binding protein FbaA [110,122] and collagen-like protein 1 [159] also mediate
recruitment of factor H. Transgenic mouse models that express human C4BP (hu-C4BP)
and human Factor H (hu-FH) demonstrate reduced neutrophil recruitment and bacterial
uptake with greater bacterial burden and dissemination compared to wildtype mice
following invasive S. pyogenes infection [160,161]. In another study, however, binding
factor H had no effect on the virulence of S. pyogenes in hu-FH transgenic mice compared

to conventional mice [162].

In addition, CD46 is an abundant membrane-bound complement regulator that also acts as
a cofactor for factor I-mediated proteolytic inactivation of deposited C3b and C4b [124].
Certain M protein serotypes can interact with CD46 to promote bacterial adhesion on
keratinocytes [92,163], and this interaction may also protect cells from complement-
mediated lysis. Intravenous injection of S. pyogenes in transgenic mice expressing human
CD46 (hu-CD46) exhibited higher bacteremia levels and mortality rates, supporting that
CD46 interactions enhance S. pyogenes survival in the blood and accelerates severe disease

[164]. Hu-CD46 expression was also associated with more severe necrotic dermal lesions
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following subcutaneous inoculations of footpads, which increased bacterial burden and
mortality compared to non-transgenic mice [165]. Collectively, the studies described
demonstrate that human complement transgenic mice display aggravated infections when
the infecting S. pyogenes strain has the ability to capture complement regulators, and thus,
may provide important resources for elucidating the functions of complement-binding

virulence factors in human disease progression.
1.9.3 Human plasminogen-transgenic murine models

Interactions between host plasminogen and streptokinase secreted by S. pyogenes have
been shown to promote tissue invasion and bacterial dissemination. Streptokinase forms a
1:1 complex with plasminogen and anchors to fibrinogen sequestered on the bacterial
surface. Together, this trimolecular complex activates the conversion of plasminogen to
plasmin, a serine protease that solubilizes fibrin clots, the ECM, and matrix
metalloproteinases to promote barrier penetration and tissue damage [166-168]. Unlike
human plasminogen, murine plasminogen is highly resistant to activation by streptokinase
as highly streptokinase-producing strains and its streptokinase-deletion mutant show no
difference in virulence during skin infection of mice [169]. In comparison, streptokinase
activity prominently enhances skin lesion development and the progression to lethal
infection when human plasminogen is present at the site of skin infection [170], or by
preincubation in human plasma, but not plasminogen-depleted plasma, in plasminogen-
deficient (PIg”") mice [171]. Introduction of the human plasminogen AIPLG1 gene into
mice markedly increased S. pyogenes-mediated pathogenesis and mortality during skin and
subcutaneous infections [172,173]. Notably, increased susceptibility of AIPLG1™ mice
to S. pyogenes was abrogated following streptokinase deletion, and no difference in
mortality was observed between AIPLG1" and non-transgenic mice injected intravenously,
suggesting that fibrinolysis activity by streptokinase is specifically required to facilitate
bacterial access to the vasculature [173]. More recently, treatment of a lead compound
CCC-2979 inhibited streptokinase activity and protected AIPLG1* mice from S. pyogenes
mortality [174]. Together, transgenic expression of human plasminogen is important for
modeling fibrinolysis mechanisms used by S. pyogenes to accelerate bacterial spread and

invasion into surrounding tissue.
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1.10 Group A streptococcal vaccines

The global burden of S. pyogenes disease is substantial and a vaccine that is successful at
preventing the vast range of infections caused by this pathogen could address an
impedingly unmet public health demand. Since the upper respiratory tract and skin
represent the major reservoirs for all types of S. pyogenes infection [175], prevention of
these ‘natural’ colonization states has the potential to prevent all types illness and their
severe complications and could possibly save over 500,000 premature deaths every year.
Importantly, prevention of even just acute S. pyogenes infections would reduce morbidity,
have a considerable economic impact through reduced health care expenditure, and
improve the quality of life of millions of people worldwide. While efforts to develop a S.
pyogenes vaccine have been ongoing for almost 100 years [176] no licensed vaccine is
currently available, and it is now considered an “impeded vaccine.” One major barrier to
vaccine development is that approximately 95% of all S. pyogenes disease occurs in low-
and middle-income regions [10] where vaccine manufacturers have limited commercial
interest to pursue development costs due to a lack of return on investments. Furthermore,
inadequate epidemiological data in regions where disease is endemic complicates
geographical assessments of serotype distribution and potential vaccine coverage. Vaccine
development is also obstructed by the lack of suitable and relevant infection models,
complex antigenic variability, and safety concerns based on the possibility a vaccine may
elicit autoimmune responses. Nevertheless, the biological feasibility for vaccine
development is supported by an abundance of pre-clinical and clinical studies that have
identified key host-pathogen interactions that contribute to streptococcal diseases and offer

promising intervention targets.

1.10.1 M protein-based vaccines

Early work by Rebecca Lancefield supported an important consideration for M protein-
based immunity as bactericidal M protein antibodies were discovered to persist for years
after streptococcal infection [56]. Years later, human volunteers were immunized with M
protein preparations and were found to be protected from subsequent challenge infections

[177,178], indicating that type-specific immunity can prevent symptomatic streptococcal



21

infections. To date, vaccines that focus on enhancing immunity against the cell wall-

anchored M protein are well studied candidates with several advancing to clinical trials.

Mechanistically, serum 1gG that targets the hypervariable N-terminal region of M protein
enhances antibody-mediated complement activation and phagocytosis of S. pyogenes
[179], and thus, vaccine formulations containing multivalent N-terminal sequences from
multiple epidemiologically important serotypes were developed. Vaccines consisting of
four [180], six [181,182], eight [183], twenty-six [184-186], and thirty [187] N-terminal
serotypes have been shown to elicit high immunogenicity and generate bactericidal
antibodies in animals against nearly all vaccine-containing serotypes. Vaccines that have
progressed to early stage clinical trials include the hexavalent [182], 26-valent
(StreptAvax) [188], and 30-valent [189] formulations, and trials determined that they were
safe, immunogenic and evoked bactericidal antibodies. StreptAvax to date is the most
advanced S. pyogenes vaccine candidate with the successful completion of a Phase Il
clinical trial [190]. An important concern with generating type-specific immunity is the
potential coverage as more than 220 hypervariable streptococcal emm-types are
differentially distributed globally [191], therefore, a universally protective vaccine based
on this surface molecule is challenging. Notably, vaccine-encoded M peptides produce
antibodies that recognize a number of non-vaccine containing serotypes [186-189,192],
suggesting that immune responses may provide cross-protection and offer extended
coverage for regions where the diversity of circulating emm-types is high and disease is
endemic [191].

An alternative viable approach to overcoming gaps in emm type coverage is to target
cryptic epitopes found within the highly conserved C-repeat domain of the M protein,
which has the potential to induce protection against most, if not all, S. pyogenes strains.
Conserved M protein vaccine candidates include StreptInCor, containing selected T and B-
cell epitopes from the C2 and C3 repeat regions [193-196], SV1 containing five 14-mer
amino acids from differing C-repeat regions, and the J8 and J14 vaccines that contain
shorter cryptic single minimal B cell epitopes from the C3 repeat region [158,197-205].
StreptIinCor induced mucosal 1gG and systemic 1gG antibodies that led to phagocytosis and

death of several strains [196], and protected mice from infection with no cross-reactivity
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to cardiac proteins or other tissues [195]. Extensive studies particularly of the J8 vaccine
candidate provided further evidence of opsonic antibody induction, long-term B cell
memory, and protection against nasal [205,206], skin [199,202], and systemic infections
in mice [158,197,198,200,202,207]. Due to the protective responses in animal models, the
J8-DT candidate has advanced to clinical trials [208].

1.10.2  Superantigen-based vaccines

Superantigens are secreted mitogenic toxins that have strong and specific reactivity to
specific TCRs and VB chains and induce profound V-specific T cell activation and
proinflammatory cytokine responses. Superantigens are immunologically distinct and
while different strains of S. pyogenes often encode different combinations of superantigens
[209,210], this repertoire appears to be limited to 14 superantigens to date [211].
Superantigens have been implicated in several S. pyogenes diseases, including severe and
invasive diseases, as well as acute uncomplicated infections and asymptomatic
colonization [212], and the lack of protective antibodies against superantigens has been
associated with an increased risk for STSS [39,213]. Pooled human IVIG is increasingly
used in cases of severe disease as it contains anti-superantigen neutralizing antibodies and
reduces mortality in cases of STSS [43,214-216], however, its efficacy can vary [217,218].
Furthermore, specific MHC-II haplotypes are known risk factors for the development of
invasive streptococcal disease, an outcome that has been directly linked to superantigens
[154,219]. Together, superantigens exhibit features that warrant further study in using

toxoid molecules as potential vaccine candidates.

Vaccination with inactive toxoid mutants of SpeA and SpeC show clear protective
outcomes in rabbit models streptococcal toxic shock syndrome and sepsis [220-222].
Immunization of HLA-transgenic mice with inactive SpeA toxoid (SpeATri) generated
significant anti-SpeA 1gG serum titers that prevented experimental nasopharyngeal
infection by S. pyogenes MGAS8232 [156,157]. Passive immunization with polyclonal
anti-SpeA antibodies also prevented nasopharyngeal infection [157]. Furthermore, the
application of using modified TCR-binding defective superantigens to stimulate protective

antibody responses could be harnessed for vaccine adjuvant use. By coupling inactive
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superantigens with other virulence molecules, superantigens can deliver antigens directly
to MHC class Il receptors on APCs to mimic antigen presentation and stimulation of T
cells ina conventional way. For instance, vaccination of mice with SmeZ toxoid conjugated
to ovalbumin significantly improved antigen presentation and resulted in a 1000-10,000-
fold increase in anti-ovalbumin IgG titers than immunization with unconjugated ovalbumin
alone [223], and further substitution with an MHC class Il binding mutant of SmeZ
eliminated this enhanced immunity [223]. Immunization with inactive SpeA fused to the
cysteine protease SpeB protein produced antibodies that recognized both SpeA and SpeB
and protected HLA-transgenic mice from lethal toxic shock syndrome [220]. More
recently, a chimeric molecule containing an immunodominant parasitic antigen of
Trypanosoma cruzi fused to a non-toxic staphylococcal superantigens SEG maintained
classical activation of macrophages and provided better control and protection against
parasitemia during early stages of T. cruzi infection [224]. Overall, these studies encourage
testing TCR-binding defective superantigens toxoids conjugated to specific antigens as

immune modulators against S. pyogenes and other pathogens.
1.10.3  Group A carbohydrate-based vaccines

All serotypes of S. pyogenes express the cell wall-anchored Lancefield group A
carbohydrate (GAC) containing an immunodominant GIcNAc side chain, which serves as
the basis of all rapid diagnostic testing for S. pyogenes infection. Due to its conservation
across all strains and the correlation between high serum titers of anti-GAC antibodies and
negative S. pyogenes throat cultures in children [225], the GAC is considered an attractive
molecule for a universal S. pyogenes vaccine. Passive immunization studies using rabbit
anti-GAC antibodies increases the survival of mice significantly following IP challenge
with multiple S. pyogenes strains [225,226]. Furthermore, active immunization studies
using intranasal GAC mixed with cholera toxin B, or subcutaneous conjugated GAC
vaccines, showed significantly reduced nasal colonization and mortality against multiple
S. pyogenes serotypes in murine nasal and systemic infections, respectively [225,227]. A
significant concern with a vaccine targeting the GAC is the potential for antibodies that
recognize the GICNAc side chain to have autoreactivity against human tissues, and thus,

GAC vaccine formulations have been designed to lack expression of GICNAc. Antibodies
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raised against the polyrhamnose core of GAC lacking GIcNAc have proven identical
efficacy in providing broad-spectrum opsonophagocytic activity and passive immunity
against IP challenge with S. pyogenes [226]. Furthermore, immunization with GAC lacking
GIcNAc and conjugated to arginine deiminase prevented bacterial persistence in skin
lesions and reduced dissemination into the blood and spleen following cutaneous challenge
in BALB/c mice [228]; however, vaccination did not increase survival following
subcutaneous injection in AIPLG1™ transgenic mice [228]. Collectively, these studies
highlight an important role for GAC-specific antibodies combatting S. pyogenes infection

and may provide a promising approach to address the diversity of S. pyogenes isolates.
1.10.4  Other vaccine candidates

S. pyogenes expresses many other cell wall-associated and secreted virulence determinants
that have undergone pre-clinical vaccine research with encouraging protective results,
however, none have progressed to clinical trials. ScpA (C5a peptidase) is found on the
surface of all S. pyogenes serotypes with a high degree of sequence similarity and is also
expressed in human isolates of group B, C, and G streptococci [229]. Antibodies against
ScpA have been detected in 90% of adult convalescent-phase sera, and >70% of adults had
measurable secretory ScpA-specific IgA in their saliva, demonstrating the high
immunogenicity of this virulence factor [230]. Deletion of scpA reduces the virulence of S.
pyogenes in the NALT and on the skin of mice [106,229], which provides strong support
to use ScpA as a vaccine target. Protection studies produced recombinant inactive ScpA
and demonstrated that subcutaneous or intranasal immunization of ScpA in mice induced
ScpA-specific serum IgG and salivary IgA antibodies and serotype-independent protection
against several serotypes following intranasal S. pyogenes challenge [229,231,232].

Additionally, S. pyogenes expresses a diverse number of fibronectin binding proteins that
are important in mediating adherence and internalization into host cells, and antibodies
directed against these adhesins are thought to prevent bacterial attachment and inhibit
colonization. Intranasal immunization with Sfb1 and cholera toxin B subunit as an adjuvant
induced protection against a lethal intranasal challenge with S. pyogenes [233], but failed

to limit bacterial growth in the blood or dissemination to the spleen and liver [234].
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Furthermore, immunization with either full-length FbA or its fibronectin binding domain
[235], or immunization with Fbp54 orally or subcutaneously [236] were found to
significantly reduce mortality following fatal S. pyogenes injections. Also expressed within
the FCT region is the pilus and the main protein component of the pilus is the T-antigen
subunit. Multivalent vaccines that consist of multiple fused T-antigen domains are
expected to provide over 95% strain coverage [237] and immunization with multivalent T-
antigen vaccines produced opsonophagocytic antibodies in rabbits and protected mice
against nasopharyngeal and invasive challenges [62,237,238]. An alternative vaccine
antigen that binds fibronectin is the cysteine protease SpeB, which cleaves fibronectin to
modulate S. pyogenes entry into host cells [239,240] and cleaves the IL-1B precursor to
produce active IL-1p [241]. Polyclonal antibodies raised against SpeB provide passive
immunity to mice and enhance survival during invasive infection [242]. Additionally, mice
actively immunized with SpeB [242], or SpeB fused to SpeA [220], showed significantly
reduced mortality from lethal S. pyogenes injection. These results, and the fact that nearly
all strains have ubiquitous expression of antigenically conserved SpeB, are noteworthy
features that suggest SpeB be considered to include within a multicomponent S. pyogenes

vaccine.

From the studies above, several highly conserved single antigens have demonstrated the
ability to induce protective immune responses in animal studies, yet protection is often
determined using particular infection models that may require a distinct set of immune
responses. A vaccine that targets multiple antigens involved in various mechanisms of
disease may offer enhanced protection against the diverse range of infections caused by S.
pyogenes. Five conserved virulence factors expressed by S. pyogenes were formulated as
a multicomponent vaccine, designated 5CP, which included sortase A [243], C5a peptidase
ScpA, the adhesion and division protein SpyAD, a fragment of the serine protease SpyCEP
[244], and SLO [245]. Intranasal immunization of mice with 5CP induced both local and
systemic immune responses across multiple serotypes that significantly protected against
S. pyogenes burden, reduced dermonecrotic lesions, and increased survival against
mucosal, skin, and systemic infection models [246]. Parenteral immunization with 5CP,
however, failed to reduce S. pyogenes burden in nasal tissue, despite induction of high

levels of serum 1gG [246]. A similar multicomponent vaccine candidate, Combo5,
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containing several of the same conserved antigens, including arginine deiminase, ScpA,
SpyCEP, SLO, and trigger factor, was tested against cutaneous murine skin infections and
pharyngeal infections in nonhuman primates (NHP). In BALB/c mice, Combo5 prevented
bacterial dissemination to the blood and spleen, but did not significantly reduce bacterial
persistence in skin lesions following superficial skin infection, and did not increase survival
following subcutaneous injection in AIPLG1™ transgenic mice [228]. In NHP, Combo5 did
not prevent S. pyogenes colonization, however, the vaccine did stimulate antibody
responses and reduced both pharyngitis and tonsillitis scores [247], highlighting the
important use of NHP pharyngeal infection models for assessing vaccine effectiveness.
Overall, a successful approach against S. pyogenes infections may stem from
multicomponent vaccine formulations that contain either multiple epidemiologically
relevant M protein subunits or M proteins conserved region peptides in combination with
other importantly conserved surface-bound or secreted antigens, which together, could
broaden the immune response against S. pyogenes and target several mechanisms of

disease.
1.11 Rationale and hypotheses

The ability of S. pyogenes to colonize and establish infection in humans relies on the
collection and collaboration of virulent determinants that overcome host barriers and adapt
to the various tissue environments encountered during infection. Despite embodying a
minority of the global burden, research on S. pyogenes pathogenesis has largely focused
on severe and invasive infection models. Moving away from extreme manifestations to
models that better represent natural routes of infection, such as the nasopharynx or skin,
are critical for understanding pathogenic processes that support initial steps of bacterial
colonization. During early infection stages, S. pyogenes exploits an assortment of surface
molecules that adhere to host tissue and subvert early immune defenses in effort to promote
the onset of infection, including the HA capsule and M protein. It remains unclear how HA
capsule and M protein expression support acute infections of the nasopharynx or skin, and
whether immune responses to the M protein provide significant protection within these
limited biological niches. Furthermore, the evaluation of multiple S. pyogenes

nasopharyngeal infections as a predisposing condition for developing cardiac defects
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remains largely unassessed. The work presented here will characterize the virulency of the
HA capsule and M protein during superficial infections and provide greater insight into the
efficacy of a M protein vaccine in preventing acute S. pyogenes infections. It is proposed
that HA capsule and M protein expression are necessary for S. pyogenes to establish
infection of the nasopharynx and skin in HLA-transgenic mice. We also speculate that
monovalent M protein vaccinations will protect mice from homologous S. pyogenes nasal
and skin challenges. Finally, since it is widely considered that the M protein is an
autoantigen and driver of destructive immune responses against the heart, we extend our
studies to characterize left ventricle heart function following repeated exposure to S.
pyogenes nasopharyngeal infections. We propose that expression of the M protein will be
critical for the development of cardiac dysfunction in our recurring infection model.
Together, these studies will provide greater mechanistic understandings into how S.
pyogenes avoids innate clearance to establish superficial infections and will provide
valuable considerations that will help guide future vaccine development strategies against

this globally prominent pathogen.
1.12 Specific aims

The specific aims of this research are distributed into the following chapters: In Chapter
2, we aim to examine the specific role of the HA capsule during acute infections of the
nasopharynx and skin in HLA-transgenic mice. In Chapter 3, we aim to assess the efficacy
of immunity induced by several different monovalent M proteins by investigating whether
M protein vaccination prevents nasopharyngeal and skin challenges by their homologous
strains. We also aim to characterize the necessity of M protein expression by S. pyogenes
MGAS8232 during acute infections. Lastly, in Chapter 4 we will explore a recurring S.
pyogenes infection model in HLA-transgenic mice and evaluate whether expression of the

M protein influences left ventricle cardiac function using echocardiogram imaging.
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Chapter 2: S. pyogenes hyaluronic acid capsule promotes
experimental nasal and skin infection in HLA-transgenic
mice by preventing neutrophil-mediated clearance
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2.1 Introduction
Streptococcus pyogenes is a globally prominent and human-adapted bacterial pathogen
responsible for an enormous burden of disease [11]. While S. pyogenes exists primarily as
an asymptomatic commensal in up to 12% of school-aged children [22], more than 600
million cases of pharyngitis and 100 million cases of skin infections are recorded each year,
and at least 18.1 million people worldwide currently suffer from serious post-infection
sequelae, resulting in approximately 517,000 annual deaths [10,11]. It is widely accepted
that most S. pyogenes strains that cause severe disease arise from benign pharyngeal or
skin infections, and thus, as both a major pathogen and common commensal in humans, S.
pyogenes has evolved various mechanisms to subvert the human immune system to

promote colonization and persistence, and to establish disease [4,123].

S. pyogenes produces a high molecular weight polysaccharide capsule comprised of
hyaluronic acid (HA) that presents distinct mucoid colony morphology when grown on
solid media. It is composed of repeating disaccharide units of glucuronic acid and GICNAc
and is structurally identical to HA found within the human ECM, thereby making the
capsule immunologically inert [248]. The capsule is produced by the hasABC genetic locus
that encodes a cluster of three genes involved in HA biosynthesis [249-251]. The first gene
in the operon, hasA, encodes hyaluronate synthase [77,252]; the second gene, hasB,
encodes UDP-glucose 6-dehydrogenase [253]; and the third gene, hasC, encodes UDP-
glucose pyrophosphorylase [254]. While the enzyme proteins encoded by hasB and hasC
are enzymatically active, they are not essential for HA synthesis by S. pyogenes [255,256].
Interestingly, expression of the hasA gene is the only fundamental gene required for the
production of the HA polymer from UDP-glucuronic and UDP-GICNAC sugar precursors
[77]. The amount of capsule produced can vary widely among individual strains, regulated
by growth conditions and in response to changes in the host environment. Maximal HA
capsule production occurs during early and mid-exponential phase in vitro, followed by
capsule shedding during stationary phase [250]. These observations are further supported
in vivo as introduction of S. pyogenes into the pharynx of non-human primates or into the

mouse peritoneum induces high levels of HA capsule gene transcription within 1-2 hours
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of inoculation [257], suggesting that capsule expression has an important function during

early stages of colonization.

Early pioneering studies using encapsulated M18 and M24 serotypes revealed that
transposon mutants lacking the HA capsule had ~100-fold increases in the LDsg using an
invasive intraperitoneal CD1 mouse infection model [258,259]. Additionally, the HA
capsule promoted chronic throat colonization, pneumonia, and secondary systemic
infections following intratracheal inoculation in mice [260]. These findings suggest that
encapsulation of S. pyogenes confers a powerful survival advantage during severe and
invasive infections in which animals succumb to overwhelming bacteremia. Research
using the M24 serotype in a pharyngeal colonization model also demonstrated that capsule
expression was strongly selected for in vivo [78], and pharyngeal colonization models in
non-human primates found that unencapsulated mutants were cleared more quickly from
the pharynx of baboons [84]. Taken together, encapsulation likely enhances S. pyogenes
pathogenesis, yet the mechanism whereby it promotes infection remains unclear. Prior
studies have shown that the HA capsule binds to the cell surface ligand CD44 to mediate
adherence to epithelium [79,80], which can further induce host cell signaling events that
disrupts tight junctions to promote invasion [81]. However, reduced binding efficiencies
by encapsulated strains have also been observed [80,85]. Removal of the capsule by genetic
inactivation of the has operon can also promote robust invasion of cultured epithelial cells,
although once internalized, S. pyogenes is rapidly killed [261]. Furthermore, by producing
a molecule ubiquitously expressed by its host, molecular mimicry enables S. pyogenes to
avoid detection by host immune surveillance and increases resistance to phagocytosis. In
several experiments, unencapsulated mutants display significant susceptibility to
complement-dependent phagocytic killing by human blood compared to their encapsulated
parental strains [125,259,262].

Although these results demonstrate that HA capsule production promotes invasive disease
and encourages survival and persistence in the pharynx, studies in human carriers and
primate models have identified mutations that reduced or eliminated capsule production in

long-term carriage isolates [263,264]. Furthermore, while most strains of S. pyogenes
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encode the has operon, the capsule is not universally present in all isolates. For example,
M4 and M22 serotypes, and some M89 serotypes, do not contain the hasABC operon and
thus cannot express HA capsule [265,266]. Therefore, the HA capsule may promote
colonization and dissemination by S. pyogenes, but prolonged carriage in humans may be
favoured by subsequent down-regulation or loss of capsule production. Regulation of HA
capsule expression may consequently offer a useful survival adaptation in environments
where defense against complement-mediated phagocytic killing is necessary to circumvent
the host innate immune response. Mutations that produce a truncated RoOCA
protein (regulator of Cov) present amplified expression of the has operon through
transcriptional activation of the repressor covR support this and have been identified in S.

pyogenes types emm18 and emm3 [83,267].

Overall, it is widely recognized that encapsulation can provide S. pyogenes with a survival
advantage and promote resistance to complement-mediated phagocytosis in vitro,
however, the mechanisms whereby the capsule promotes in vivo infection merits further
investigation [268]. In this work, we aimed to further evaluate the role of the HA capsule
in two non-invasive infection models using a precise genetic deletion of the hasA gene to
provide additional mechanistic insights into how S. pyogenes may avoid innate immune
clearance mechanisms in order to establish superficial infection. Herein, we demonstrate
using the encapsulated S. pyogenes MGAS8232 strain that the HA capsule is a key
virulence factor for non-invasive skin and nasopharyngeal infection. While removal of the
capsule allowed for enhanced invasion of host cells, we demonstrate that the key function
for both in vivo nasal and skin infections is to protect S. pyogenes from neutrophil-mediated
killing.
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2.2 Materials and Methods

All solutions and media were made using water purified with a MilliQ filtration system
(EMD Muillipore; Darmstadt, Germany).

2.2.1 Bacterial growth conditions

A complete list of bacterial strains used in this study can be found in Table 2.
2.2.1.1  Escherichia coli

Molecular cloning experiments utilized the E. coli XL1-Blue strain cultured in Luria-
Bertani (LB) broth (Thermo Fisher Scientific, Waltham, MA, USA) aerobically at 37°C,
or Brain Heart Infusion (BHI; BD Biosciences, Franklin Lakes, NJ, USA) media containing
1.5% (w/v) agar (Thermo Fisher Scientific). Media was supplemented with 150 pg mL*
erythromycin (Sigma-Aldrich Canada, Oakville, ON, Canada) when necessary. A
complete list of plasmids used in this study can be found in Table 2. Viable frozen stock

cultures were maintained and stored in LB broth plus 25% (v/v) glycerol.

2.2.1.2 Streptococcus pyogenes

S. pyogenes strains were grown under static conditions at either at either 30°C, 37°C, or
40°C in 10 mL tubes of Todd Hewitt broth (BD Biosciences; Franklin Lakes, NJ, USA)
supplemented with 1% (w/v) yeast extract (BD Biosciences) (THY). For solid media
preparation, 1.5% agar and/or 1 pg mL™? erythromycin were added to the media when
appropriate. Viable frozen stock cultures were created by addition of 25% (v/v) glycerol to
THY media.

2.2.2 Deoxyribonucleic acid manipulations

2.2.2.1  Polymerase chain reaction

All polymerase chain reaction (PCR) primers used in this study were designed through
New England Biolabs Tm Calculator (https://tmcalculator.neb.com/#!/main) and supplied
by Sigma-Aldrich or Integrated DNA Technologies (IDT) and are listed in Table 3.
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Table 2. Bacterial strains and plasmids used in Chapter 2.
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Strain/plasmid Description? Source

Streptococcus pyogenes

MGAS8232 M18 serotype isolated from a patient with acute [269]
rheumatic fever (GenBank accession: NC_003485.1)

MGAS8232 AhasA hasA deletion mutant derived from MGAS8232 This study

MGAS8232 AhasA MGASB8232 AhasA containing complementation This study

+hasA plasmid pDCerm expressing the hasA gene

Escherichia coli

XL1-Blue General cloning strain Stratagene

Plasmids

pG*host5 Temperature-sensitive Gram-positive/E. coli shuttle [270]
vector; Erm’

pG*host5::AhasA pG*host5 with hasA flanking regions inserted This study
Erm" derivative of streptococcus-E. coli shuttle [96]

pDCerm vector pDC123 (erm of Tn916AE) replacing cat
pDCerm expressing hasA gene and its native This study

pDCerm::hasA

promoter for plasmid-based complementation

@ Abbreviations: Erm" - erythromycin resistance; cat - chloramphenicol acetyltransferase
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Table 3. Primers used in Chapter 2.

Plasmid Primer Sequence (5'— 3')*
Primers for hasA deletion constructs

hasA up BamHI For CCC GGATCC TGTTTCCTTAATAAATAGTGTGAT

hasA up Pstl Rev CCC CTGCAG TAAAGTTTTTTTAAAAATAGGCACAATTACACC

hasA down Pstl For CCC CTGCAG AAAAAGGTCACTATTTTTAAATAATATATGCATCGAG
hasA down Kpnl Rev CCC GGTACC TTCACAAGAAACAATAATTCGGCTTGG

Primers for sequencing and screening

M13 For GTAAAACGACGGCCAG

M13 Rev GTCATAGCTGTTTCCTG

hasA Screen For CTCTAAACTGCCTAACAGTTGGATAACACTC
hasA Screen Rev GTGCAAATTTTTCTGCGTCTGCC

Primers for generating complements

hasA Comp Xhol For CCC CTCGAG GGGTGAAGTTTTTTTAATGGAAGCAC
hasA Comp Spel Rev CCC ACTAGTG AGGGAAGAATATCAACAATAGTGACTTCG

!Restriction sites (indicated in the primer name) are underlined in the primer sequence

Abbreviations: For, forward; Rev, reverse
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Primers were resuspended to a final concentration of 100 uM in MilliQ water. Reactions
were comprised of 1 x High-Fidelity buffer (Thermo Fisher Scientific), 2 mM magnesium
chloride (MgCl.; Thermo Fisher Scientific), 3 mM deoxyribonucleotide triphosphate
(dNTP) mixture (Roche, Basel, Switzerland), and utilized Phusion High-Fidelity DNA
polymerase [0.7 pL per 100 uL* reaction (Thermo Fisher Scientific)]. Forward and reverse
primers were added at a final concentration of 1 uM, and 1 uL template DNA was added
per 100 uL total reaction volume. All reactions were performed using a MJ Research PTC-
200 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) using the following gene
amplification conditions: 98°C for 5 minutes to preheat the thermocycler; 98 °C for 30
seconds for initial denaturation; 0.5°C per second to ramp up to the calculated melting
temperature (Tm); 30 seconds at the calculated melting temperature (Tm) to anneal primers;
0.5°C per second to ramp up to 72°C for amplification, 72°C for an extension time
calculated as 30 seconds per 1 kb; and repeat for a total of 36 cycles. The final extension
step was 72°C for 5 minutes and reactions were held at 4°C to indicate completed PCR
reactions. PCR products were visualized (see below) and purified using a QIAquick PCR

Purification kit (Qiagen) according to the manufacturer’s instructions and eluted in sterile

MilliQ water.

2.2.2.2 DNA visualization

DNA was visualized on 1% (w/v) agarose (Thermo Fisher Scientific) in 1 x TAE (40 mM
Tris-acetate, 1 mM EDTA) buffer. DNA Samples were mixed 5:1 with DNA loading dye
(40% [v/v] glycerol, 0.25% [w/v] bromophenol blue [International Biotechnologies; New
Haven, CT, USA]) prior to loading into pre-cast wells in the gel. A standard DNA
molecular weight ladder (1 kb; Invitrogen) was included in each gel as a size marker. The
PowerPac 200 Electrophoresis Power Supply and Chamber (Bio-Rad Laboratories Inc;
Hercules, CA, USA) was used to run the gel at 100 V for 1 hour. Agarose gels were stained
with 0.05% (v/v) ethidium bromide in TAE buffer for approximately 20 minutes and

visualized under ultraviolet light (Gel DocTM, Bio-Rad Laboratories Inc).
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2.2.2.3 Plasmid isolation from E. coli

Plasmid DNA was isolated from overnight stationary phase cultures of E. coli. Pelleted
bacteria were treated using QIAprep spin miniprep kit (Qiagen; Hilden, Germany) as per
manufacturer’s instructions. Plasmid DNA was eluted in sterile water. A complete list of

plasmids used in this study can be found in Table 2.

2.2.2.4  Preparation of E. coli competent cells

For preparation of rubidium chloride competent cells, an overnight culture of E. coli XL1-
Blue was grown in LB media aerobically and subcultured 1:100 in PSI broth (0.5% [w/V]
Bacto Yeast Extract [BD Biosciences], 2% [w/v] Bacto Tryptone [BD Biosciences], 0.5%
[w/v] magnesium sulphate, pH 7.6) and grown aerobically to an optical density at 600 nm
(ODgqo) of 0.5. Bacteria were incubated on ice for 15 minutes followed by centrifugation
at 4°C for 5 minutes at 5,000 x g. The cell pellet was resuspended in 0.4 x the original
volume of Tfbl buffer (100 mM rubidium chloride, 50 mM manganese chloride, 30 mM
potassium acetate, 10 mM calcium chloride, 15% [v/v] glycerol, pH 5.8) and chilled on ice
for 15 minutes. Cells were centrifuged again as mentioned above and resuspended in 0.04
x the original volume of Tfbll buffer (75 mM calcium chloride, 10 mM 3-(N-morpholino)
propanesulfonic acid [MOPS], 10 mM rubidium chloride, 15% [v/v] glycerol, pH 6.5) and
stored in 100 uL aliquots at -80°C until use.

2.2.25 E. coli transformation

Recombinant plasmids were transformed into rubidium chloride competent E. coli XL1
Blue cells using a heat-shock method. Briefly, competent cells were thawed on ice, ligation
reactions (~10 uL) were added to cells and cells incubated on ice for 30 minutes. Cells
were then placed in a 42°C water bath for 45 seconds and subsequently placed on ice for 2
minutes. Cells were transferred to a new tube with 900 uL LB broth and were incubated
aerobically for 1 hour at 37°C. Transformed cultures were then spread (~100 pL) onto LB

agar with appropriate antibiotics and grown overnight at 37°C.
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2.2.2.6  S. pyogenes genomic DNA extraction

For total genomic DNA extractions from S. pyogenes, 1 mL of overnight stationary phase
cultures centrifuged at 15,000 x g for 1 minute and washed with 0.2 mM sodium acetate.
Bacterial cells resuspended in 500 pl TE Glucose and add 50 ul of mutanolysin (Sigma-
Aldrich) and 200 pg of lysozyme (Thermo Fisher Scientific) for 1 hour at 37°C. Bacteria
were then centrifuged again and resuspended in 500 uL lysis buffer (50 mM EDTA, 0.2%
SDS) and left to incubate at 70°C for 1 hour prior to the addition of 50 pL of 5 M potassium
acetate for 10 minutes at -80°C. Cells were then pelleted at 15,000 x g for 10 minutes and
the supernatant was transferred to a new tube. Phenol-chloroform (800 ul) was added to
DNA and tubes were mixed by inverting for 1-2 minutes. The solution was centrifuged at
15,000 x g for 10 minutes and the top layer containing DNA was carefully transferred to a
new tube with 0.1x volume of 3M sodium acetate and mixed. Ice-cold 95% ethanol was
then added to the DNA solution and placed at-80°C for 10 minutes. Centrifugation was
repeated and bacterial DNA pellets were washed once with 1 mL ice-cold 70% ethanol.
The resulting DNA was left to air-dry and then resuspended in 100 uL sterile water with
and 10 ul of RNAse (Thermo Fisher Scientific) and left overnight at room temperature.

Samples were then kept at —20°C until use.

2.2.2.7 Preparation of S. pyogenes competent cells

Overnight cultures of S. pyogenes were inoculated 1:50 into THY broth supplemented with
0.6% glycine and incubated at 37°C. Hyaluronidase (1 mg mL™) was added after one hour
of incubation and bacteria were left to grow at 37°C until an ODsoo of ~0.2 was reached.
Cells were then pelleted at 6,000 x g for 5 minutes, washed once in 0.4 x the original
volume with ice-cold water with 15% [v/v] glycerol, and resuspended again in 0.04 x the
original volume in ice-cold water with 15% [v/v] glycerol. Competent cells were stored in

200 puL aliquots at -80°C until use.

2.2.2.8  S. pyogenes electroporation

Frozen electrocompetent S. pyogenes cells were thawed on ice, and thoroughly mixed with

1-2 pg of desired plasmid DNA. Cells were transferred to a 2 mm electroporation cuvette
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and pulsed exponentially at 2500 V and 600 Q using the Bio-Rad Gene Pulser Xcell. Cells
were transferred to 10 mL of THY and incubated at 37°C for 1-2 hours, followed by a sub-
inoculation of 1 pg mL™ erythromycin to the media. Cells were allowed to grow for an
additional 1-2 hours, followed by centrifugation at 6,000 x g and resuspension in 1 mL
THY. Cells were spread onto THY plates containing 1 pg mL? erythromycin and left at

37°C until colonies were visible.
2.2.2.9 Construction of deletion mutants

References to genomic loci are based on the genome of S. pyogenes MGAS8232, a type
M18 clinical isolate associated with acute rheumatic fever [269]. In-frame genetic deletion
in the gene encoding hasA was generated in the Gram-positive E. coli shuttle vector,
pG*host5 [270] (Table 2). Using appropriate PCR amplification primers (refer to Table
3), two fragments of base pairs flanking the upstream and downstream regions of hasA
were amplified from MGAS8232 genome and purified using the QIAquick PCR
Purification Kit (Qiagen). Both hasA PCR products and plasmid minipreps of pG*host5
were digested using restriction endonucleases (New England Biolabs, Ipswich, MA, USA),
mixed with 1 x T4 Ligase Buffer and 40 U T4 DNA Ligase (New England BioLabs Inc.)
with an insert:vector molar ratio of 5:1, and left overnight at room temperature. Ligation
reactions were directly transformed into rubidium chloride competent E. coli XL1-Blue

cells and confirmed by DNA sequencing.

The pG*host5 system contains a Gram-positive temperature-sensitive origin of DNA
replication and an erythromycin selection marker, which were used to target and replace
wildtype genes with its mutant gene via homologous recombination. Details of this process
have been previously described [156]. Briefly, deletion constructs (1-2 ug) were
electroporated in electrocompetent S. pyogenes MGAS8232 cells and grown at 30°C on
THY agar supplemented with 1 ug mL™ erythromycin. Visible colonies were cultured in
THY broth with erythromycin at 30°C for up to three days. Bacteria were streaked onto
THY agar with erythromycin and incubated at 40°C. At this temperature, pG*host5 is
unable to replicate, and thus, only cells that have integrated the plasmid remain resistant to

erythromycin and grow. Genomic DNA was extracted from individual colonies grown at
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40°C and plasmid integration was confirmed by PCR using integration screening primers
(Table 3). Bacteria with confirmed integrations were subcultured into THY broth without
antibiotics and grown at 30°C. Cultures were screened for the loss of the pG+host5 plasmid
by replicate plating colonies onto THY with and without erythromycin to identify clones
that lost erythromycin resistance, indicating that the plasmid was cured. Sensitive clones
were screened by genomic DNA isolation and PCR for the in-frame deletion construct and
verified by DNA sequencing.

2.2.2.10 Complementation of hasA mutant

For complementation of the hasA in-frame genetic deletion, DNA fragments containing
the hasA open reading frames and its native promoter were amplified from the S. pyogenes
MGAS8232 genome using complementation primers listed in Table 3. Amplified DNA
was purified, digested, and inserted into the pDCerm complementation plasmid and
confirmed by DNA sequencing. The pDCerm::hasA construct was electroporated into the
S. pyogenes MGAS8232 AhasA mutant strain, restoring capsule expression

morphologically with hasA re-expression.
2.2.3 DNA sequencing and analyses

DNA sequencing was completed by the John P. Robarts Research Institute sequencing
facility at Western University in London, Ontario, Canada. Sanger sequencing of PCR and

plasmid products were completed with either provided or designated primers (Table 3).

For whole genome sequencing, genomic DNA preparations from S. pyogenes MGAS8232
wildtype and AhasA strains were sent for paired end Illumina sequencing at the John P.
Robarts Research Institute sequencing facility (University of Western Ontario, London,
Ontario). lllumina short-read sequence data were used to generate de novo assemblies using
SPAdes v3.15 [271], which were annotated using Prokka v1.12 [272]. These assemblies
have been deposited at NCBI. Any sequence differences between the strains were

determined using Snippy v4.1 (https://github.com/tseemann/snippy). The publicly

available S. pyogenes MGAS8232 sequence was used as a reference (Bioproject:
PRINA286). SNPs unique to the AhasA mutant were reported.


https://github.com/tseemann/snippy
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2.2.4 Growth curves

S. pyogenes strains were grown from -80 °C freezer stocks and subcultured twice (1:100
dilution) in 10 mL tubes of THY at appropriate conditions stated above. Overnight cultures
were added to 100 mL of THY (1:20) and left at 30°C until early exponential phase of
growth was reached. ODgoo readings were measured by a spectrophotometer (DU® 530
Life Sciences UV/Vis Spectrophotometer; Beckman Coulter Canada LP; Mississauga, ON,
Canada). Once a logarithmic growth phase was determined, bacterial samples were
adjusted to ~0.02 and added to 96-well plates in triplicate, wells containing media only
controlled for background absorbances. ODeoo readings were measured every 15 minutes
for 20 hours using the Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski,
VT, USA).

2.2.5 Trichloroacetic acid preparation

To obtain the secreted protein profile, overnight cultures of S. pyogenes were subcultured
1:20 into prewarmed THY 100 mL bottles and left at 37°C for 13 hours. Cells were
centrifuged at 10,000 x g for 15 minutes at 4°C and 90 mL of supernatant was added to
50% trichloroacetic acid (TCA) (Sigma-Aldrich) to a final concentration of 6%. The
mixture was chilled on ice for 30 minutes and then precipitated supernatants were spun at
10,000 x g for 10 minutes at 4°C. Pellets were washed with ice-cold acetone (Thermo
Fisher Scientific) and centrifuged at 10,000 x g for 10 minutes. The supernatants were
removed, and proteins were resuspended in 1 mL of 8M urea (BioShop Canada Inc;
Burlington, ON, Canada) and then stored at -20°C.

2.2.6 Extracellular matrix binding assay

Corning Costar 9018 high-binding 96-well plates (Corning; Kennebuck, ME, USA) were
coated with 1 ug of collagen type IV (Sigma-Aldrich) or fibronectin (Calbiochem, EMD
Millipore Corporation; Temecula, CA, USA) in carbonate-bicarbonate buffer (0.2M
sodium carbonate anhydrous, 0.2M sodium bicarbonate, pH = 9.6) and kept overnight at
4°C. Overnight streptococcal cultures were inoculated 1:20 into pre-warmed THY and
grown to mid exponential phase. Cultures were adjusted to ODsoo of 0.2, centrifuged at
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6,000 x g for 10 minutes, and then resuspended in PBS. While the bacteria were growing,
collagen and fibronectin-bound plates were washed three times with PBS and 0.05% (v/v)
tween-20 and incubated for 2 hours with 5% (w/v) skim milk at room temperature to block
non-specific binding. Plates were washed three times as described and 100 pL containing 10’
bacterial CFUs were added to the coated wells in triplicate and left at 37°C. After 2.5 hours,
plates were washed and fixed with 10% neutral buffered formalin (VWR International;
Randor, PA, USA) for 40 minutes. Plates were washed again and 50 puL of 0.5% (w/v) crystal
violet (Sigma-Aldrich) in 80% (v/v) sterile MilliQ water and 20% (v/v) methanol was added
for 5 minutes at room temperature. Plates were washed five times and the stain was solubilized
in 5% (v/v) acetic acid with mild agitation for 10 minutes. Colorimetric absorbances were
measured at ODs9o with the Synergy HTX Multi-Mode Microplate Reader (BioTek).

2.2.7 Human cell culturing

The Detroit 562 (ATCC CCL-138) human pharyngeal cell line (obtained from Dr. Joe
Mymryk, Western University) was grown and maintained at 37°C in 5% CO_ in minimal
essential medium (MEM) (Gibco-BRL, Life Technologies, NY, USA.). Cells were grown
in sterile 75 cm? tissue culture (TC)-treated flasks (Falcon, Corning; Corning, NY, USA)
in 14 mL of MEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Sigma-Aldrich), 100 pg mL* streptomycin (Life Technologies), and 100 U mL* penicillin
(Life Technologies) at 37°C in 5% CO2 and washed 3 times every other day with PBS
filtered through a 0.2 um PES filter (Nalgene™, Thermo Scientific, MA, USA).

The A549 lung epithelial pharyngeal cell line obtained from (obtained from Dr. Joe
Mymryk, Western University) was grown and maintained in Dulbecco’s modified eagle
medium (DMEM) (Gibco-BRL). Cells were grown in 14 mL of DMEM supplemented with
10% (v/v) heat-inactivated FBS (Sigma-Aldrich), 100 pg mL-1 streptomycin (Life
Technologies), and 100 U mL? penicillin (Life Technologies) at 37°C in 5% CO, and
washed 3 times every other day as described.

2.2.7.1  Adhesion assay

Detroit-562 and A549 cells were grown to confluence on 12 or 24 well TC-treated plates

(Falcon, Corning). On the day of the experiment, three wells were dissociated with 0.05%
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trypsin-EDTA and the average number of cells per well were calculated by trypan blue
exclusion (Gibco®, Life Technologies Inc, CA, USA) using a hemocytometer and used to
determine the number of bacteria required for a multiplicity of infection (MOI) of 100 per
well. During this time, overnight streptococcal cultures were subcultured into pre-warmed
THY and grown to ODeoo of 0.2 — 0.4. The appropriate volume of S. pyogenes was
centrifuged at 10,000 x g and pellets were resuspended in the respective serum- and
antibiotic-free media. Once cell monolayers were washed three times with filter-sterilized
PBS, bacteria (MOI = 100) were inoculated into wells for 2.5 hours at 37°C in 5% CO..
Background adherence levels were measured by inoculating bacteria into uncoated wells.
Following incubation, wells were washed three times with filter-sterilized PBS to clear
non-adherent bacteria, and cell monolayers were lysed by adding 500 pl of 0.01% Triton
X-100 (VWR International) for 5 minutes followed by disruption of the wells by scraping
with a 1 mL pipette tip. Solubilized wells were serially diluted ten-fold and plated onto

TSA 5% sheep blood agar plates to enumerate bacteria present.
2.2.7.2 Internalization assay

The internalization assay is a modification of the classical gentamycin protection assay
[273]. The assay follows the steps as outlined in Section 2.2.7.1 with S. pyogenes
inoculated onto a confluent monolayer of Detroit-562 cells for 2.5 hours. Non-adherent
bacteria were washed off as described, and MEM supplemented with 100pg mL™*
gentamycin (Sigma-Aldrich) was added to the wells for an additional 1.5 hours at 37°C in
5% CO to kill remaining extracellular bacteria. Cells were washed and lysed with 500 pL
of 0.01% Triton X-100 (VWR International) for 5 minutes. A 1 mL plastic pipette tip was
used to scrape off remaining debris from the bottom of the wells followed by serial dilution
and drop plating on TSA 5% sheep blood agar plates, which were left at 37°C overnight to

enumerate internalized bacteria.
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2.2.8 Ex vivo experiments

2.28.1 Ethics statement

The use of primary human lymphocytes was reviewed and approved by Western
University’s Research Ethics Board for Health Sciences Research Involving Human
Subjects. (Appendix 1). Informed written consent was obtained from all donors. Human
venous blood was taken from healthy volunteer donors in accordance with human subject
protocol 110859.

2.2.8.2  Whole blood survival assay

Overnight streptococcal cultures were added to pre-warmed THY broth in a 1:20 dilution
and grown to early exponential phase. ODsoo measurements were used to calculate the
number of bacteria in 1 mL of culture. The volume of bacteria necessary to prepare the
inoculation was calculated, measured, and spun at 6,000 x g for 10 minutes. Bacterial
supernatants were poured off and pellets were transferred to new 1.5 mL microfuge tubes
and spun at 21,000 x g for 1 minute. The residual supernatant was removed, and the pellet
was washed twice in 1 mL Hanks’ Balanced Saline Solution (HBSS; Life Technologies,
Carlsbad, CA, USA), and spun as above. The supernatant was again removed, and the pellet
was reconstituted in HBSS. Heparinized whole blood was collected in heparinized vacuum
tubes (BD Biosciences) from healthy adult volunteers and used within 2 hours of collection
for experiments. A volume of 10 pL containing 1000 bacterial CFU was added to 990 pL
whole human blood in 1.5 mL microfuge tubes and left to incubate at 37°C with rotation.
After 30, 60, 90, 120, and 180 minutes, blood tubes containing each streptococcal strain
were serially diluted ten-fold and drop plated in triplicate onto 5% TSA blood agar plates

at 37°C overnight to enumerate surviving bacteria in the blood at each selected time point.

2.2.8.3 Isolation of human polymorphonuclear neutrophils

Polymorphonuclear neutrophils (PMNs) were isolated using a Ficoll (GE-Healthcare)
Histopaque (Sigma-Aldrich) density gradient centrifugation method. Briefly, heparinized
blood from human donors was diluted with an equal volume of PBS (Wisent Bioproducts

Inc.) and layered carefully onto a dual Ficoll-Histopaque gradient and centrifuged at 396 x
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g for 20 minutes without braking. The PMN layer was collected and washed with cold
RPMI containing 0.05% human serum albumin (RPMI-HSA) and hypnotic lysis with
addition of 1 mL ice-cold water to remove residual erythrocytes. PMNs were then collected

in RPMI-HSA following centrifugation and adjusted to 4 x 10° cells mL™,

2.2.8.4  Neutrophil phagocytosis assay

Overnight streptococcal cultures were grown to early exponential phase and diluted to 10*
CFU mL™* in RPMI containing 10% (v/v) normal human serum for 30 minutes to assist
with bacterial opsonization. A bacterial suspension volume of 0.225 mL was co-cultured
with 0.025 mL of isolated human PMNs at 4 x 10° cells mL™? (1:10 bacterial CFU to
neutrophils) at 37°C with vigorous shaking. Control samples had no PMNs added to control
for growth of the bacteria. Viable bacteria in each reaction mixture were enumerated after
60 mins by lysing cells with 750 pl of 0.025% Triton X-100, followed by serial dilution
and plating onto 5% TSA blood agar plates overnight at 37°C. Percent bacterial survival
was calculated as the average bacterial CFUs in the presence of neutrophils divided by

bacterial CFUs in no PMN control samples.

2.2.9 In vivo experiments

2.29.1 Ethics statement

All mouse experiments were conducted in accordance with the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals. The Animal Use
Protocol (AUP) number 2020-041 was approved by the Animal Use Subcommittee at
Western University (London, ON, Canada) (Appendix 2).

2.2.9.2  Housing and breeding

Mice were bred and housed in the West Valley Barrier Facility (Western University,
London, ON, Canada) and moved to either the animal holding facility on the sixth floor of
the Dental Sciences Building (Western University, London, ON, Canada) or in Sieben’s

Drake Research Institute (Western University, London, ON, Canada) for undertaking of
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experiments. In both facilities, mice were housed under specific pathogen-free conditions

with food and water ad libitum.

2.2.9.3 Strains utilized

A list of all mice used in this study can be found in Appendix 3. Human MHC class Il
transgenic mice were bred from McCormick laboratory colonies specifically for this study
and were in a C57BL/6 (B6) background. B6 mice expressing the transgenic HLA-DR4
and DQ8 were obtained from the Kotb Laboratory and have been previously described
[154,156]. Mice expressing the DQ8 gene alone were outbred from HLA-DR4/DQ8 by
selecting for mice containing only the HLA-DQS8 allele. Herein, Human MHC class 1l

transgenic mice will be referred to as B61La mice.

2.2.9.4  S. pyogenes dose preparation and infection

Preparation of S. pyogenes MGAS8232 for nasal inoculation has been previously described
[156]. Briefly, S. pyogenes was grown in THY broth statically at 37°C and subcultured
1:100 for two days. On the third day, bacteria were subcultured 1:20 into pre-warmed 100
mL bottles of THY and grown to early exponential phase (ODeoo ~0.2 — 0.4). The
appropriate volume of bacteria necessary to prepare the inoculation dose was calculated
and centrifuged at 6,000 x g for 10 minutes and the supernatant was then removed. The
bacterial pellet was transferred to a 1.5 mL microfuge tube and spun at 21,000 x g for one
minute. The residual supernatant was removed, and the pellet was washed twice in 1 mL
HBSS (Wisent Bioproducts Inc) and resuspended in 150 uLL HBSS for murine inoculation.
One dose volume was serially diluted and plated to determine the concentration of the

bacterial inoculum.

2.2.9.5  Nasopharyngeal infection model

Mice were given 2 mg ml™ neomycin sulphate ad libitum in their drinking water two days
prior to infection to reduce the nasal microbiota. Mice were anesthetized using FORANE
(isoflurane, USP; Baxter Corporation; Mississauga, ON, Canada) and 7.5 pL of bacterial
inoculum was administered to each nostril with 15 uL containing 1 x 108 CFUs. The mice

were allowed to recover from the anesthetic and monitored for the duration of the
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experiment. Mice were euthanized 24- or 48-hours post-infection and and their complete
nasal turbinates (cNTSs), including the nasal-associated lymphoid tissue (NALT), nasal
turbines (NT), and maxillary sinuses (MS), were extracted and homogenized using a glass
homogenizer. Murine blood, spleen, liver, kidneys, lungs, and heart were also removed for
bacterial enumeration where indicated. Organs were serially diluted in HBSS and plated
on TSA supplemented with 5% sheep’s blood (BD Biosciences) for bacterial enumeration.
Counts less than 25 CFU per 100 uL of cNT were considered below the theoretical limit

of detection.

2.2.9.6 Skin infection model

The fur on the lower backs of B6nLa mice between 8-12 weeks old were removed by
shaving and hair removal cream the day before infections. S. pyogenes was grown and
prepared as stated above in Section 2.2.9.4 and resuspended to 5 x 10° CFU per mL in
HBSS. Mice were anesthetized and a 50 pL dose containing ~2.5 x 10" CFU was injected
subcutaneously into each lower flank. Each day following infection, mice were weighed
and lesions at the injection sites were measured using calipers. At 72 hours post-infection,
mice were sacrificed and the skin around each injection site was harvested, homogenized,
and plated on TSA with 5% sheep’s blood (BD Biosciences) overnight at 37°C for bacterial
enumeration. Bacterial burden was normalized to the weights of the skin excised and

presented as CFU per gram of skin.

2.2.9.7 Neutrophil Depletion

The function of neutrophils during acute infections by S. pyogenes was examined in B6xLa
mice between 8-12 weeks old. Mice were intraperitonially injected with 250 ug alLy6G
monoclonal antibody (clone 1A8) or 250 pg of isotype 1gG2a (BioXcell, NH, USA) at 24
hours prior to nasopharyngeal or skin infections. For 48-hour nasopharyngeal infections,
mice received a second injection of 250 pg a-Ly6G or isotype at 24 hours following S.
pyogenes exposure. Neomycin (2 g L) was added to water bottles 48 hours before nasal
inoculations and bacterial burden was assessed at either 24- or 48-hours following

infection. For skin infections, the fur on the lower backs of mice was removed 24-hours
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prior to subcutaneous inoculations and mice received a second injection of 250 pg a-Ly6G

or isotype 24 hours following skin infections.

2.2.9.8 Macrophage Depletion

The depletion of macrophages in B6xLa mice between 8-12 weeks old has been previously
described [274]. Briefly, 200 uL clodronate containing liposomes and control liposomes
[Clodrosome® + Encapsome® (Encapsula Nano Sciences)] were intraperitonially injected
in mice at both 48 and 4 hours prior to nasopharyngeal infection with S. pyogenes. Bacterial

burden in ctNTs were examined at both 24- and 48-hours following infection.

2.2.10  Multiplex cytokine array

Cytokine and chemokine concentrations were determined from cNTs of B6nLa mice
nasally infected with S. pyogenes. Uninfected cNT homogenates were collected for
background comparisons. Multiplex cytokine array (mouse cytokine/chemokine array 32-
Plex) was performed by Eve Technologies (Calgary, AB, Canada) and heat maps were
generated using GraphPad Prism (9.3.1). Data on heat maps are normalized median
cytokine responses (Xnormatized = [(X = Xmin)/(Xmax — Xmin)]) from cNT homogenates of all
nasally infected mice (n > 3). Statistical analyses were completed by the appropriate test

within groups, quantitative cytokine levels are shown in Appendix 5.
2.2.11  Statistical analyses

Data was analyzed using unpaired Student’s t-test, one-way analysis of variance (ANOVA)
with Kruskal-Wallis post-hoc test and Dunn’s multiple comparisons test, or two-way
ANOVA with Tukey’s or Dunnett’s multiple comparisons tests and Geisser’s Greenhouse
correction, as indicated. A P value less than 0.05 was determined to be statistically
significant, all analyses were completed using Prism software 9.3.1 (GraphPad Software,
Inc.; La Jolla, CA, USA).
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2.3 Results

2.3.1 Confirmation of HA capsule deletion and complementation in S.
pyogenes MGAS8232

In order to evaluate the influence of the HA capsule during experimental infection, we used
the pG*host5 integration plasmid [270] to generate a markerless 1,212-bp in-frame deletion
of hasA in the M18 serotype rheumatic fever isolate S. pyogenes MGAS8232 [269]. M18
serotypes are well known for being highly encapsulated, a phenotype that has been traced
to the mutations within the RocA regulatory protein [83]. The hasA deletion was confirmed
by PCR and DNA sequencing with primers that flanked the deleted hasA region (Table 3).
Compared to the wildtype MGAS8232 genome, the AhasA mutant strain featured a 1,212
bp deletion (Figure 1A). To further confirm the isogenic nature of the hasA mutant, whole
genome sequencing analysis was performed, which confirmed the correct AhasA deletion,
but also revealed two non-synonymous single nucleotide polymorphisms (SNPs) compared
to the wildtype MGAS8232 strain within the pstl gene encoding cytosolic protein enzyme
| in the phosphoenolpyruvate phosphotransferase system (PTS). These SNPs resulted in
two amino acid substitutions (Leu1ssPhe and SersgsPhe) (Table 4). Therefore, we generated
a complementation strain using the pDCerm plasmid [96] (Table 2) by expressing the hasA
gene and its native promoter in the hasA mutant background (MGAS8232 AhasA + hasA).
As predicted, MGAS8232 AhasA lost the large mucoid colony phenotype on sheep blood
agar compared to wildtype MGAS8232, and capsule production was restored in the hasA-
complemented strain by pDCerm::hasA (Figure 1B). Genomic deletion and
complementation of the HA capsule did not overtly affect the secreted protein profile of S.
pyogenes MGAS8232, demonstrated by SDS-PAGE (Figure 1C). The AhasA mutant
strain grew comparably to wildtype MGAS8232 in vitro, ensuring that hasA deletion did
not have any discernable growth defects (Figure 1D). The AhasA + hasA complement
strain, however, displayed slower exponential growth, likely due to the pDCerm expression

system (Figure 1D).
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Figure 1. Verification of hasA gene deletion and complementation in S. pyogenes
MGAS8232

In-frame genomic deletion of the hasA gene in S. pyogenes MGAS8232 was generated by
standard molecular cloning procedures and complemented back into the mutant by
pDCerm::hasA expression. A. Deletion of hasA confirmed by PCR using primers flanking
the homologous recombination site. PCR products were visualized on a 1% agarose gel
stained with ethidium bromide. B. Colony morphology differences on TSA + 5% sheep
blood agar. C. Secreted protein profiles after growth in THY for 18 hours, demonstrated
by SDS-PAGE on 12% acrylamide gel stained with Ready Blue. D. Growths in THY at
37°C were measured by ODgqo over 18 hours. Data is presented as mean £ SD of each

culture analyzed in triplicate (n = 3).
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Table 4. SNPs identified through genome wide comparisons of S. pyogenes
MGAS8232 wildtype and AhasA strains

Gene Locus Protein Gene Codon Reference Competing Nucleotide Amino
size. number nucleotide nucleotide incodon acid
(bp)® change

pstl*  spyM18 1384 AAL97979.1 1734 194 A T 1 L>F

pstl®  spyM18 1384 AAL97979.1 1734 306 C T 2 S>F

acytosolic enzyme | in the phosphoenolpyruvate-protein phosphotransferase system
b bp, base pairs



52

2.3.2 HA capsule expression promotes nasopharyngeal infection in
B6yLa mice

A major limitation to investigating S. pyogenes during acute infections is its human specific
tropism. We have recently shown that the use of HLA-transgenic mice enhances
streptococcal infections due to the selective specificity of superantigens for human MHC
class 1l molecules [156,275]. In this model S. pyogenes MGAS8232 infected cNTs of
HLA-transgenic mice ~10,000-fold higher than conventional B6 mice [156]. Since
superantigens do not bind mouse MHC-11 molecules efficiently, [156,276,277], this model
supports the human-specific tropism of S. pyogenes. We therefore sought to assess the HA
capsule using this established nasopharyngeal infection model. HLA-transgenic mice
(herein B6nLa mice) were nasally infected with ~108 CFU of live MGAS8232 wildtype or
AhasA strains and murine cNTs were excised 48 hours later for bacterial enumeration.
Infection with the AhasA mutant resulted in a ~1000-fold reduction in bacterial recovery
from the nasal mucosa at 48 hours compared to infection by wildtype S. pyogenes
MGAS8232 (Figure 2A). We then confirmed that capsule expression was specifically
required for the infection phenotype as B6xLa mice infected with the restored capsule
expressing strain AhasA +hasA had in a ~1000-fold increase in recovered bacteria
compared to the AhasA mutant, phenocopying wildtype infection (Figure 2A). Consistent
with the non-invasive nature of the model [156], mean bacterial dissemination of all strains
remained below the limit of detection in the lungs, liver, spleen, heart, and kidneys (Figure
3). We conclude that HA capsule expression improves S. pyogenes experimental
nasopharyngeal infection in B6nLa mice, and removal of the capsule does not increase
bacterial dissemination of S. pyogenes.

2.3.3 HA capsule expression amplifies cytokines that support monocyte
and neutrophil function in the nasopharyngeal environment.

To further assess the nasopharyngeal environment during S. pyogenes wildtype and AhasA
infections, we conducted a multiplex cytokine array to evaluate the levels of 32 cytokines
and chemokines using cNT homogenates at 48 hours post-infection. Any cytokine that

presented an average concentration above 20 pg ml within a treatment group was included
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in the heat map and presented as normalized median cNT cytokine responses (Figure 2B).
Quantitative data is shown in Appendix 5 for all 32 cytokines. As predicted, uninfected
mice demonstrated no apparent inflammatory signature from the cNT homogenates
whereas robust cytokine responses were evident in wildtype-infected mice and included:
Th1-type cytokines (IL-1a and IL-1B); Th17-type cytokines (IL-6 and IL-17); chemokines
(KC, IP-10, MCP-1, MIP-1a, MIP-1pB, MIG, MIP-2, LIF and LIX); and growth factors (G-
CSF) (Figure 2B, Appendix 5). In contrast, AhasA-infected cNTs presented a reduced
inflammatory signature and revealed similar cytokine expression profiles as uninfected
mice. Particularly, reductions were observed with pro-inflammatory cytokines, such as IL-
1B, IL-6, and IL-17, and those involved in monocyte and neutrophil recruitment, including
KC, IP-10, MCP-1, MIP-1B, MIG, and G-CSF (Figure 2B, Appendix 5). Restoring
capsule expression in the AhasA mutant background induced a moderately inflamed
environment, trending for greater concentrations of KC, MIP-1a, MIG, MIP-2, and G-CSF
compared to the AhasA mutant infection. Interestingly, IL-2, IL-12 (p40), IL-15, and IL-9
concentrations were higher in cNTs challenged with AhasA mutant compared to wildtype
or AhasA + hasA strains; however, concentrations for these cytokines did not drastically
differ from uninfected murine cNTs (Figure 2B, Appendix 5). There were also numerous
cytokines that did not show average concentrations above 20 pg ml? in any treatment
groups, were not different between treatment groups, or did not conform to any obvious
trends (Appendix 5). These results indicate that at 48 hours post-infection, HA capsule
expression is associated with higher concentrations of cytokines that support inflammation
and monocyte and neutrophil function. In the absence of its HA capsule, S. pyogenes cannot
remodel the nasopharynx to express favourable inflammatory responses that promote

infection.

2.3.4 Nasopharyngeal infection with S. pyogenes provokes neutrophil
influx in murine nasal turbinates

To gain further insight into the interaction between S. pyogenes and host immune cells
during nasopharyngeal infection, MGAS8232 wildtype and AhasA-infected cNTs were
harvested and cryopreserved for immunohistochemistry. Due to the possibility that AhasA

mutant would be completely cleared by 48 hours post-infection (Figure 2A), infected cNTs
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Figure 2. Hyaluronic acid expression by S. pyogenes promotes nasal infection in
B6HLA Mice

B6uLa mice were administered ~108 colony forming units (CFUs) of S. pyogenes
MGAS8232 wildtype, AhasA, or AhasA +hasA strains intranasally and sacrificed 48 hours
later. A. Data points represent CFUs from infected complete nasal turbinates (CNTs) of
individual B6xLa mice. Bars represent mean + SEM. Significance was determined by one-
way ANOVA with with Kruskal-Wallis post-hoc test (****, P <0.0001; **, P <0.01). The
horizontal dotted line indicates limit of detection. B. Heat-map of multiplex cytokine array
during S. pyogenes nasopharyngeal infection. Supernatants from infected cNT
homogenates were obtained for cytokine and chemokine analyses. Data shown represent
the normalized median cytokine responses (n > 3 per group). C. Immunohistochemistry of
murine cNTSs at 24 hours post-infection with S. pyogenes MGAS8232 wildtype and AhasA.
Sections were stained with a-CD3 (green) for T cells, a-B220 (blue) for B cells, a-S.
pyogenes (red), and a-Ly6G (white) for neutrophils. Panel is a close-up view from the

boxed section. Arrows indicate regions with internalized S. pyogenes.
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Figure 3. Deletion of the hasA gene in S. pyogenes MGAS8232 does not enhance
bacterial dissemination in B6uLa mice.

B6ua mice were nasally challenged with ~10% CFUs of S. pyogenes wildtype, AhasA, or
AhasA +hasA strains. Mice were sacrificed 48 hours later and indicated organs were
harvested, homogenized, and plated on TSA with 5% sheep blood agar to assess bacterial
dissemination. Bacterial CFUs were measured in the (A) lungs, (B) liver, (C) spleen, (D)
heart, and (E) kidneys. Data points represent CFUs of indicated organs from individual
mice (n > 4 per group). Bars represent mean + SEM. Horizontal dotted line indicates
theoretical limit of detection. Significance was determined by one-way ANOVA with

Dunnett’s multiple comparisons test, data not significant.
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were collected at 24 hours post-infection and sections were stained with a-S. pyogenes
(red), a-B220 (blue), a-CD3 (green), and a-Ly6G (white) fluorescent antibodies where
indicated. Sections revealed that S. pyogenes was present with robust a-Ly6G neutrophil
signals in both wildtype and AhasA-infected cNTs (Figure 2C). By 24 hours, neutrophils
infiltrated to the central areas where S. pyogenes resided, whether the HA capsule was
expressed or not (Figure 2C). Although few differences in immune cell percentages have
been detected within the cNTs of wildtype-infected B6nia mice by 48 hours [156],
previous examination of infected nasal passages demonstrated increased trends for
neutrophil populations (GR1") during wildtype S. pyogenes MGAS8232 infection [156],
entirely consistent with the immunofluorescence (Figure 2C). Notably, S. pyogenes
AhasA, but not wildtype, was detected within epithelial cells in some areas, denoted by
arrows in the right panel. Together, these observations are consistent with a model that
neutrophils are recruited to murine cNTs during both MGAS8232 wildtype and AhasA

nasopharyngeal infection.

2.3.5 Bacterial burden and lesion sizes are enhanced by HA capsule
expression during S. pyogenes skin infection

Pharyngeal colonization by S. pyogenes is believed to be the major reservoir for this
pathogen in developed countries, yet skin infections (impetigo) tend to be more prevalent
in resource-poor settings [278]. Since our findings indicate that experimental
nasopharyngeal infection by S. pyogenes is notably compromised by deletion of the HA
capsule, we next performed a novel skin infection model to further assess whether capsule
expression could promote experimental skin infection. To address this, B6xLa mice were
intradermally injected in each hind flank with 2.5 x 10" CFUs of wildtype, AhasA, or AhasA
+hasA strains. Animal weights and lesion sizes were measured daily, and at 72 hours post-
infection mice were sacrificed and the skin surrounding infection sites were harvested for
bacterial enumeration. We observed a ~10% weight decline in mice infected with wildtype
S. pyogenes, a striking contrast to mice infected with the AhasA strain that appeared to gain
weight over the 72-hour infection period (Figure 4A). The AhasA mutant strain revealed a
clear reduction in virulence through considerably smaller lesions and less inflamed tissue

over the infection period compared to wildtype-infected mice (Figures 4B and 4D).
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Figure 4. HA capsule expression enhances S. pyogenes burden and lesion sizes
during acute skin infection in B6HLA mMice.

B6rLa mice were administered ~5 x 107 CFUs of wildtype, AhasA, or AhasA +hasA S.
pyogenes MGAS8232 by intradermal injections in each hind flank. A. Weights of B6xLa
mice at 24-, 48-, and 72-hours following skin challenge. Data is represented as a percentage
of day 0 weight. Data points represent the mean weights £ SEM. B. Skin lesion areas of
mice following at 24-, 48-, and 72-hours post skin challenge. Data points represent mean
lesion areas = SD. C. Data points represent bacterial CFUs from individual skin abscesses
normalized to the weight of the excised skin tissue from mice at 72 hours. Bars represent
mean £ SEM. The horizontal dotted line indicates limit of detection. Significance was
determined by (A - B) two-way ANOVA with Dunnett’s multiple comparisons test and
Geisser’s Greenhouse correction (**, P < 0.01; ***, P < 0.001; **** P < 0.0001), or (C)
one-way ANOVA with Kruskal Wallis post-hoc test and Dunn’s multiple comparisons test
(**, P < 0.01; **** P < 0.0001). D. Representative skin lesion images at 72 hours

following skin challenge.
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Significantly reduced bacterial CFUs were also recovered from each AhasA-infected lesion
compared to wildtype-infected lesions (Figure 4C). Though weight loss and lesion sizes
were only partially restored in 4hasA + hasA-infected mice, plasmid-based
complementation of the HA capsule was effective at restoring bacterial burden, which was
comparable to wildtype bacterial recovery (Figures 4B-D). Overall, we demonstrate that
HA capsule expression in S. pyogenes supports virulence during acute skin infections in

B6HLA Mice.

2.3.6 The HA capsule blocks S. pyogenes adherence to pharyngeal tissue

As an organism successfully avoids mucocilliary clearance, it proceeds to target and adhere
to the underlying epithelial surface. Multiple studies have described the HA capsule as an
important adhesin [79,80], and therefore, we sought to evaluate and compare the adherence
of wildtype S. pyogenes with its unencapsulated mutant. Collagen type IV and fibronectin
make up a significant portion of the nasopharyngeal ECM, and such, bacterial binding to
these structures may contribute to streptococcal infection [97,279-281]. Collagen type IV
is the primary component of the ECM basement membrane that underlays epithelial cells,
and while only a minor component, fibronectin is frequently secreted to facilitate adhesion
and migration of host cells [282,283]. Bacterial binding characteristics were assessed by
incubating S. pyogenes with cell culture wells coated with either collage type IV or
fibronectin for 2.5 hours, followed by washing to remove unbound bacteria and staining
with crystal violet to visualize adherent bacteria. A decline in both fibronectin binding and
collagen type IV binding was observed for the AhasA mutant (Figure 5A, B). These results
demonstrate that under in vitro growth conditions, S. pyogenes can likely adhere to the

nasopharyngeal ECM through interactions with both collagen type IV and fibronectin.

Bacterial adherence properties were also evaluated using primary human cell lines,
including the lung epithelial cell lines A549 and the pharyngeal cell line Detroit-562
(D562). A549 cells have been shown to promote streptococcal adherence through M
protein-fibronectin interactions [284], and D562 cells express similar surface molecules
with non-transformed pharyngeal cells and also support induction of streptococcal
superantigens and DNAses that are otherwise unexpressed by S. pyogenes when cultured
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on its own [285,286]. Briefly, exponential phase bacteria were inoculated over confluent
cell monolayers for 2 hours and adherent bacteria were enumerated after unbound bacteria
were washed off and cells were lysed. There were no significant differences in adherent
bacteria between wildtype or AhasA S. pyogenes using A549 cells, and a slight but
significant increase in the amount of AhasA mutants that adhered to D562 cells (Figure
5D). Despite the ability to bind collagen type IV and fibronectin, these results conflict with
reports suggesting the HA capsule contributes substantially to bacterial adhesion
properties, and suggests that the HA capsule may function in part to mask adhesins on the
bacterial cell wall and obstruct adherence, at least with S. pyogenes MGAS8232 [78,79].

2.3.7 S. pyogenes internalization into pharyngeal tissue is inhibited by
HA capsule expression

Histological examination of murine cNTs detected MGAS8232 AhasA, but not wildtype,
within epithelial cells during early stages of nasopharyngeal infection. Thus, we next aimed
to characterize the invasive proficiency of S. pyogenes MGAS8232 and assess the loss of
capsule expression on epithelial cell internalization. D562 cells were infected in a similar
fashion to the described adhesion assay and following the washing of non-adherent bacteria
the media was replaced and supplemented with gentamycin to target and kill extracellular
bacteria. In support of the histological findings, a dramatic ~1000-fold increase in AhasA
mutants were recovered from lysed D562 cells following gentamycin treatment (Figure
5E). Given this dramatic phenotype, we also evaluated the complemented strain (AhasA +
hasA) and found that the capsule complementation completely abolished the invasion
phenotype of the AhasA mutant (Figure 5E). These data demonstrate that the expression
of the HA capsule by S. pyogenes MGAS8232 acts to obstruct adhesion and repress

internalization into pharyngeal epithelial cells.

2.3.8 HA capsule prevents opsonophagocytosis Killing by neutrophils ex
VIVO
A critical step during early colonization events following attachment to pharyngeal or skin

epithelial cell surfaces include mechanisms to evade the host immune responses. S.

pyogenes resistance to bacteriolysis strategies were investigated through the Lancefield
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Figure 5. Expression of the hyaluronic acid capsule prevents internalization and
adherence to pharyngeal epithelial cells.

Binding of S. pyogenes to wells pre-coated with 1 pg of human ECM components (A)
fibronectin and (B) collagen type IV. Adhesion of S. pyogenes to (C) A549 lung epithelial
and (D) D562 pharyngeal epithelial cells. Confluent cell monolayers were treated with S.
pyogenes (MOI of 100) for 2 hours at 37°C + 5% CO.. Cells were washed with PBS and
lysed with Triton X-100 for enumerating remaining adherent bacteria. Bars represent the
mean CFUs = SEM (n = 3). Statistical differences evaluated by unpaired t-test (A — D) (**,
P <0.01; **** P < 0.0001). E. Internalization of S. pyogenes into D562 cells. Confluent
D562 cells were cultured with S. pyogenes (MOI of 100) for 2 hours at 37°C + 5% CO>
followed by 1 hour in media supplemented with 100 pg mL™ of gentamycin. Asterisks
indicate significant differences (*, P < 0.05; **** P < 0.0001) compared to wildtype

control by one-way ANOVA with Dunn’s multiple comparisons test (n = 3).
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human blood bactericidal assay to explore whether capsule expression improves immune
evasion by S. pyogenes. An inoculum of ~1000 CFU of each test strain was inoculated into
fresh heparinized human blood from multiple non-immune donors for 3 hours with rotation
at 37°C, with bacterial CFUs measured at 30, 60, 90, 120, and 180 minutes. Compared with
wildtype MGAS8232, growth and survival in whole human blood was markedly attenuated
(~3 logs) in the absence of capsule expression (Figure 6A). Upon earlier histological
assessment of infected murine nasal turbinates, neutrophils accumulated in regions
surrounding both S. pyogenes wildtype and 4hasA, yet AhasA strain had significantly less
bacterial burden by 48 hours post-infection (Figure 2A, 2C). Furthermore, a significant
decline in cytokines and chemokines involved in recruiting, modulating, and activating
neutrophils were detected at 48 hours post-infection with AhasA mutant strain (Figure 2B;
Appendix 3). Therefore, we next sought to examine how the HA capsule resists neutrophil
activity specifically. Unencapsulated bacteria were more sensitive to neutrophil-mediated
killing demonstrated by a significant decline in AhasA mutants that survived in the presence
of freshly isolated neutrophils (Figure 6B). Indeed, increased susceptibility in each
condition was rescued through complementation of capsule expression in the mutant strain
(Figure 6A, 6B). These results have outlined an important role in promoting resistance to
killing by neutrophils, and thus, suggests may provide an innate immune role for HA

capsule during early stages of acute infection.

2.3.9 Depletion of neutrophils in B6y._a mice restores S. pyogenes AhasA
bacterial load during nasopharyngeal infection.
Preventing opsonophagocytic bacterial clearance is one of the main proposed mechanisms
for the HA capsule and has been repeatedly investigated using various in vitro bacterial
survival assays [125,259,262]. Since neutrophil influx is a major feature of our
experimental nasopharyngeal model and during natural infections [7], we aimed to explore
the importance of neutrophils during nasopharyngeal infection and determine whether
preventing phagocyte-mediated killing is a key molecular process by which HA capsule
functions in this model. For this purpose, mice were depleted of neutrophils by
administering the a-Ly6G monoclonal antibody (Figure 6C), which effectively depletes

neutrophils from the peripheral blood of mice [287]. Mice were administered rat IgG2a as
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an isotype control. We examined the effect of depleting neutrophils at 24- and 48-hours
after nasal challenge with MGAS8232 wildtype or AhasA strains. Following the depletion
of neutrophils, no differences in the amount of MGAS8232 wildtype recovered from
infected cNTs were observed in neutrophil depleted mice compared to control mice at
either 24- or 48-hours post-infection (24 h, P = 0.5802; 48 h, P = 0.2803), indicating that
neutrophil depletion in this model does not impact nasopharyngeal infection by S. pyogenes
MGAS8232 (Figure 6D). As expected, isotype treated mice showed a reduction for the
AhasA mutant at both 24 hours (*, P < 0.05) and 48 hours (****, P < 0.0001) compared to
wildtype-infected control mice (Figure 6D). While there was no difference in recovery of
the AhasA mutant between control and neutrophil depleted mice at 24 hours post-infection
(p = 0.9808), there was a significant increase in the bacterial burden of AhasA mutants at
48 hours post-infection in neutrophil depleted mice compared to control mice (p < 0.05).
Furthermore, no statistical differences were observed between AhasA mutants recovered
from neutrophil depleted mice and control mice receiving wildtype S. pyogenes (p =
0.0989). Overall, these findings suggest neutrophil-mediated clearance mechanisms
contribute substantially to the lower burden of unencapsulated S. pyogenes in the

nasopharynx.

2.3.10 Macrophage depletion in B6y.a mice does not affect S. pyogenes
AhasA bacterial load during nasopharyngeal infection.

We next wanted to determine if preventing immune evasion by the HA capsule was specific
to neutrophils or if it was shared by other phagocytes. For this purpose, mice were depleted
of macrophages by administering clodronate containing liposomes, or empty control
liposomes, and infected intranasally with S. pyogenes (Figure 7A). Following treatment
with clodronate liposomes, similar amounts of wildtype S. pyogenes were recovered from
infected cNTs compared to control liposome-administered mice at both 24- and 48-hours
(24h, p = 0.6826; 48h, p = 0.8534), indicating that macrophage depletion did not impact
nasopharyngeal infection by wildtype S. pyogenes (Figure 7B). As expected, control
liposome-administered mice showed a reduction of the AhasA mutant at both 24 hours (p
< 0.01) and 48 hours (p < 0.05) compared to wildtype-infected control mice (Figure 7B).

At 24-hours, there was a trend of ~1 log-fold greater recovery of AhasA CFUs in
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Figure 6. The hyaluronic acid capsule is important for resisting ex vivo and in vivo
neutrophil-mediated Killing.

A. Whole human blood survival assay. Heparinized blood from human donors were
inoculated with ~10® CFUs of S. pyogenes MGAS832 at 37°C with rotation for 3 hours.
Data points represent mean CFUs £ SD at each timepoint. Statistical significance was
determine using two-way ANOVA with Dunnett’s multiple comparisons tests and
Geisser’s Greenhouse correction (***, P < 0.001). Horizontal line indicates limit of
detection B. Neutrophil survival assay. Neutrophils were isolated from human blood by
density centrifugation and inoculated with opsonized S. pyogenes at a multiplicity of
infection of 10. Surviving bacteria were enumerated after 60 mins at 37°C with rotation
and calculated as the difference between survival in the no neutrophil control and in the
presence of neutrophils. Each data point represents S. pyogenes CFUs from individual
donors. Data shown are the means of percent survival + SD. Statistical analyses were
performed using one-way ANOVA with Kruskal-Wallis post-hoc test and Dunn’s multiple
comparisons test (*, P < 0.05). C. Schematic outline for in vivo depletion of neutrophils by
intraperitoneal injection with 250 pg of aLy6G at 24 hours prior to and 24 hours post-
intranasal challenge with 108 CFUs of S. pyogenes wildtype or AhasA strains. Control mice
received isotype control a-rat IgG2a. D. Neutrophil effects on S. pyogenes survival in the
nasopharynx. Data points represent CFUs from the cNTs of individual mice 48 hours post-
nasal infection. Horizontal bars represent the means £ SEM. The horizontal dotted line
indicates limit of detection. Significance was determined by two-way ANOVA with
Tukey’s multiple comparisons (*, P < 0.05; **, P < 0.01; **** P <0.0001).



>
vy

ns
7 © Wildtype *
5 10°y & AhasA 3004 T
S 1051 & AhasA + hasA T 250+
1 £ 200-
g 10* g
g’ 3 Ug 150' A
:; 102 50 | |&
101 T T T T T T 1 0'
0 30 60 90 120 150 180 e v X
. . LS 9 9
Time (mins) SEL
N AR
Sy
<&
v

C

B64 mice
8-12 weeks

Sacrifice mice and harvest
nasal turbinates at

24h 48h

— - > —> 41
/4’% }/’§4, /* .:.‘... %% )/f§4 /’\‘\ ./‘

) v 5, * ‘ £) v »
Ve N %o X )

N Vi
-24 h IP injection with 0 h nasal inoculation with (/\\’ +24 hpi IP injection with Enumerate bacteria on TSA

isotype or aLy6G S. pyogenes MGAS8232 isotype or aLy6G + 5% sheep blood agar

S. pyogenes (CFU)
Qe
29
"
o




69

Figure 7. Depletion of macrophages in mice does not affect nasopharyngeal infection
by S. pyogenes.

A. Schematic outlining clodronate liposome-based depletion of macrophages in B6nLa
mice prior to of S. pyogenes nasopharyngeal infection with wildtype and AhasA strains
(~108 CFUs). B. Bacterial burden in murine cNTs at 48 hours post-infection are shown.
Each point represents S. pyogenes CFUs from individual mice, and the bar represents mean
+ SEM. Significant differences were determined by two-way ANOVA with Tukey’s
multiple comparisons (*, P < 0.05; **, P < 0.01).
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macrophage-depleted mice; however, this was not statistically greater than AhasA control
mice (p = 0.7883) and remained significantly lower than control wildtype-infected mice (p
< 0.05) (Figure 7B). At 48-hours, AhasA mutant CFUs from macrophage-depleted mice
remained significantly lower than control wildtype-infected mice (p < 0.01). Overall,
macrophage depletion by clodronate liposomes did not rescue the low infection phenotype
by the AhasA strain at either 24- or 48-hours and did not significantly influence infection
by wildtype S. pyogenes. These results suggest that protection against phagocytosis by
macrophages is not a key mechanism by which the HA capsule functions during

experimental nasopharyngeal infection.

2.3.11  Depletion of neutrophils in B6,.a mice recovers S. pyogenes
AhasA bacterial load during acute skin challenge

To examine whether a lack of neutrophils would similarly enhance infection by
unencapsulated S. pyogenes in the skin, B6xLa mice were depleted of neutrophils as
described and challenged with intradermal injections of 2.5x10” CFUs wildtype or AhasA
mutant S. pyogenes MGAS8232. Following neutrophil depletion, the weights of mice
within wildtype or AhasA mutant infection groups were not significantly different;
however, mice exposed to AhasA showed significantly less weight loss throughout the
infection compared to wildtype-infected mice (Figure 8A). Irrespective of depletion status,
mice infected with the AhasA mutant revealed considerably smaller lesions and less
inflamed injection sites over the infection period compared to wildtype-infected mice
(Figure 8B and 8D). Neutrophil depletion did not impact lesion sizes, or the amount of
wildtype S. pyogenes CFUs retrieved from each infected lesion. As expected, control mice
the isotype antibody showed a significant reduction of AhasA mutants within lesions at 72
hours (p < 0.001) compared to wildtype-infected control mice (Figure 8C). In contrast,
neutrophil depleted mice displayed a sharp increase in AhasA CFUs recovered from each
lesion compared to control mice that received infections with the AhasA mutant, despite
presenting with similar lesion sizes (Figure 8C and 8D). Overall, these data demonstrate
that the S. pyogenes HA capsule is important for resisting bacterial killing by neutrophils

during experimental skin infection.
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Figure 8. The HA capsule is important for resisting neutrophil-mediated killing in
the skin

B6rLa Mice were administered ~2.5 x 10" CFUs of S. pyogenes MGAS8232 wildtype,
AhasA, or AhasA +hasA intradermally in each hind flank. Mice received aLy6G or rat
IgG2a isotype control antibodies intraperitoneally 24 hours preceding and 24 hours
following skin challenge. A. Weights of B61La mice at 24-, 48-, and 72-hours following S.
pyogenes skin infection. Data is represented as a percentage of day 0 weight. Data points
represent the mean weights = SD. B. Skin lesion areas of mice following at 24-, 48-, and
72-hours after skin challenge. Data points represent the mean lesion areas = SD. C. Data
points represent CFUs from individually infected skin abscesses at 72 hours normalized to
the weight of the excised skin tissue from each mouse. Bars represent mean + SEM. The
horizontal dotted line indicates limit of detection. Significance was determined by (A - B)
two-way ANOVA with Dunnett’s multiple comparisons test and Geisser’s Greenhouse
correction and (*, P < 0.05, **, P < 0.01, ***, P <0.001;), or (C) one-way ANOVA with
Tukey’s multiple comparisons test (***, P < 0.001; (****, P < 0.0001). D. Representative

skin lesion images from B6xLa mice 72 hours following skin challenge.



73

* AhasA (oLy6G)

Wildtype (aLy6G)

e

T T T
(=] (=] (=]
o ©o (]

(zww) eaiy uoisa

AhsA (isotype)

-5 _ i

§85¢ . g

4823 7 =

=g8 o £ o)

< 3

w.A,w.u 2 =

B AR = rr

$553 32 g

YRR F =
—&—————+o =
o 1 O 1 © v O W

A
E
2
®
D



74

2.4 Discussion
S. pyogenes is a globally prominent bacterial pathogen capable of colonizing the upper
respiratory tracts and skin of human hosts where it can cause a wide spectrum of diseases.
This human-restricted bacteria maintains an arsenal of virulence factors to both offensively
and defensively sense variations in its external environmental and combat diverse selective
pressures as it adapts to various tissue sites within a host. Despite representing a minority
of cases, previous studies on S. pyogenes pathogenesis have largely focused on host-
pathogen interactions during invasive infections, where failure to control infection can
result in severe morbidity and mortality. As it is widely recognized that superficial
infections of the throat and skin, such as pharyngitis and impetigo, often precede these
extreme but rare invasive manifestations [264], findings from these studies are not
necessarily reflective of mechanisms elicited during natural routes of infection and may
inadvertently divert attention onto the coincidental effects of these virulence factors during
extreme cases. Therefore, bacterial molecular mechanisms and host immune responses
during acute infection stages within these limited biological niches are comparatively less

well understood.

Previous work by our team paved extraordinary breakthroughs in developing an
experimental nasal infection model in mice that reflects the human-specificity of S.
pyogenes. This work demonstrated that host sensitivity to superantigen-mediated V-
specific T cell activation induces an excessive inflammatory signature of the
nasopharyngeal environment that promotes infection [156,157], and thus, a sensitive model
that retains human-specific tropism with the use of transgenic mice expressing human
MHC-I1 molecules is critical for accurate understanding the course of pathogenesis and
streptococcal-host interactions. Additionally, IL-1B-mediated inflammation mediated by
the SpeB protease can promote S. pyogenes colonization of the nasopharynx [287].
Nevertheless, additional virulence factors may similarly contribute to infection in this
model. Once bacteria out-compete resident microflora and attach to the mucosal
epithelium, it must rapidly replicate while successfully avoiding the host’s attempt at
immune clearance. Consequently, S. pyogenes must remodel its external environment and

balance superantigen- and SpeB-mediated inflammation while tempering host immune
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clearance mechanisms at various stages of infection, each of which may be influenced by

strain-specific differences and tissue-specific cues that can affect the outcome of infection.

In the current study, we provide evidence that expression of the HA capsule promoted S.
pyogenes virulence in murine models of experimental nasal and skin infections. In absence
of capsule expression, a ~10,000-fold reduction in mean bacterial CFUs were uncovered
within infected nasal turbinates compared to wildtype-infected mice (Figure 2A). This
reduction was rescued through trans-complementation of the hasA gene, which showed
similar bacterial burden as wildtype infections (Figure 2A). Furthermore, we also
demonstrated a loss of virulence using an acute skin infection model. Mice injected
intradermally with the AhasA mutant presented no weight loss, smaller lesions, and
significantly less bacterial CFUs within infected skin lesions (Figure 4). The AhasA +hasA
capsule complement strain rescued the number of AhasA mutants recovered from the skin,
however, weight loss and lesion sizes were not fully re-established with this strain. The
moderate restoration of weight loss and lesion sizes may be explained by the incomplete
complementation of the hasA gene expressed in trans using the pDCerm plasmid, as
erythromycin was not used topically to maintain plasmid expression and replication over
the 72-hour infection period. This is supported by the observation of some capsule deficient
reversion colonies on plated skin homogenates (data not shown). Therefore, an alternative
method to plasmid complementation for the hasA gene should be fully explored to validate
the necessity of the HA capsule in establishing S. pyogenes skin infection. Nevertheless,
whole genome sequencing of the wildtype and AhasA strains revealed >99% identity at the
nucleotide level between the strains, with just two SNPs identified in the AhasA mutant
genome within the pstl gene of the phosphotransferase system (Table 4). In a mouse model
of soft tissue infection, a S. pyogenes M1T1 Apstl mutant displayed significantly larger and
more severe ulcerative lesions than wildtype-infected mice [288]. While we did not
investigate the consequence of these identified SNPs in the AhasA mutant, a functional
PTS has been shown to limit pathogenesis of S. pyogenes during skin infections and, thus,

would not account for the reduced virulence of the AhasA mutant in this model.
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The findings presented here illustrate an important role of the HA capsule during the
pathogenesis of acute infections by S. pyogenes; however, this may appear inconsistent
with some previous investigations for other encapsulated bacterial pathogens. For example,
reduced or eliminated capsule production appears to have advantages for the invasive
potential or persistence at mucosal surfaces across multiple bacterial species, including
Streptococcus agalactiae (Group B Streptococcus) [289], Streptococcus pneumoniae
[290], Neisseria meningitidis [291,292], and Haemophilus influenzae [293]. S.
pneumoniae, for example, varies capsule expression from its initial abundance to prevent
mucus-mediated clearance [294], yet it is subsequently downregulated to expose
underlying adherence molecules [295] and to promote biofilm formation [296,297].
Furthermore, our findings also contradict some previous reports where acapsular S.
pyogenes infected the pharynx as effectively as the parental strain in a baboon model of
pharyngeal infection [84], and that frameshift inactivating mutations in the hasA or hasB
genes that deplete capsule production contribute to persistence during asymptomatic
carriage [84,263]. However, contradicting evidence for the role of persistence with capsule
expression has been previously reported [83]. The use of different strains, and different
infections models, have likely have contributed to these disparate findings, and since not
all S. pyogenes strains encode the has operon [298], it is clear that the HA capsule is not
an essential virulence factor for all S. pyogenes isolates. Nevertheless, our work is entirely
consistent with prior work demonstrating an important selective advantage of the HA

capsule for survival within the nasopharyngeal environment [259-261].

Inflammation in the nasopharynx has been determined to be broadly beneficial for S.
pyogenes infection and may support several pathogenic benefits, including disrupting
membrane barrier function, promoting dissemination, enhancing nutrient acquisition, and
inhibiting competing microbes [299]. Prominent inflammatory T cell activation by SpeA
superantigen [157,300] and IL-1B-mediated inflammation by SpeB protease [287] can
promote S. pyogenes colonization of the nasopharynx. Analogous to previous reports, a
consistent inflammatory signature driven by increased concentrations of IL-1p and IL-6
persisted during wildtype and AhasA +hasA infections (Figure 2B; Appendix 5).

Increased levels of TNF-o and I1L-17 were also detected in mice inoculated with wildtype
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S. pyogenes but were not statistically significant (Appendix 5). Infection with
unencapsulated S. pyogenes, however, induced a cytokine and chemokine profile that
mimicked uninfected mice at 48 hours. Streptococcal nasal infections have previously been
shown to induce Tnl7 cellular expansion, marked by increased IL-6, TGF-, TNF-o and
IL-1p responses [287,301-303]. Although TGF-3 was not assessed in this study, increased
IL-6, TNF-a and IL-1p concentrations indirectly suggest that Th17 responses are induced
by wildtype infections and are absent in mice treated with the unencapsulated AhasA
mutant. Interestingly, concentrations of KC, IP-10, MCP-1, MIP-1a, MIG, and G-CSF
were reduced in AhasA-infected cNTs compared to wildtype and AhasA +hasA infections
at 48 hours post-infection (Appendix 5), yet histological examination revealed prominent
neutrophil signals at 24 hours following infection with both wildtype and AhasA strains
(Figure 2C). These results indicate that deletion of the HA capsule does not alter neutrophil
recruitment to sites of bacterial infection, but rather permits the rapid clearance of
unencapsulated bacteria, and thus, neutrophil-modulating cytokines are reduced by 48

hours as AhasA mutants are less abundant during later stages of infection.

During infection of the nasopharynx, the epithelium and mucus layer form the first
defensive barrier against invading pathogens where adherence to epithelial cells or exposed
ECM may be exploited to prevent mucosal-mediated removal. In this study, we report that
unencapsulated S. pyogenes display reduced binding to collagen type IV and fibronectin
ECM components, yet pharyngeal epithelial cell adhesion and internalization were
significantly greater compared to the encapsulated wildtype strain (Figure 5A-B, D). These
results present an apparent paradox: unencapsulated S. pyogenes mutants exhibit greater
adherence properties and become internalized with higher efficiency than encapsulated S.
pyogenes, however, encapsulation is evidently important during experimental models of
systemic and acute infections. While seemingly puzzling, fluctuating levels of HA capsule
expression may differentially contribute to adherence and consequently subsequent biofilm
formation. During early biofilm formation on keratinocytes, hasA transcription levels are
downregulated [304] and enzymatic removal of the capsule improves static biofilm
formation by many S. pyogenes isolates [305], suggesting that capsule expression masks
biofilm-associated adhesins. Contrarily, unencapsulated S. pyogenes HSC5 are unable to
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mature fully into a three-dimensional biofilm structure in a flow cell [306], suggesting that
a robust matrix of extracellular polysaccharides may be beneficial for later biofilm
formation. Together, a model where the capsule conceals important adhesins that promote
binding to epithelial cells is supported, however, mechanisms that disrupt host cellular
barriers to expose underlying ECM components may support the binding of encapsulated
S. pyogenes to the ECM and resist mucosal clearance. S. pyogenes may upregulate
secretion of the protease SpeB, which can directly degrade components of intercellular
junctions [307,308], or streptolysin S, which may activate the host protein calpain and
disrupt cell-to-cell linkages allowing S. pyogenes to travel across the epithelial barrier and
gain access to ECM proteins [309]. Interestingly, scanning electron microscopy has shown
that binding interactions between HA and host CD44 on epithelial cells may similarly
facilitate extracellular penetration across the epithelium. As HA binds CD44, localized
membrane projections (lamellipodia) prompt membrane destabilization of keratinocytes
and rupture intercellular bridges with neighbouring cells, which can permit penetration and
translocation of extracellular S. pyogenes through the epithelium [81]. The authors also
observed that unencapsulated mutants may bind cell surfaces, not localized with CD44, but
fail to translocate efficiently and remain trapped within membrane-bound vacuoles in the
superficial epidermis of keratinocytes. Gaining access to intracellular compartments can
protect from complement deposition, specific antibodies, and phagocytic leukocytes;
however, unencapsulated S. pyogenes are not more virulent in our experimental infection
models, are rapidly cleared from the nasal turbinates and skin lesions, and do not spread to
other organs (Figure 3). Therefore, entry into cells is unlikely a virulent mechanism, but
rather a failure of S. pyogenes to avoid ingestion by host cells, where encapsulation helps
resist internalization and enhances the capacity to invade tissues by an extracellular route
to promote S. pyogenes infection. While future work is needed to clarify adherence
properties of encapsulated and unencapsulated S. pyogenes, our work supports that any
capsule-mediated adherent properties are less important compared to the capsule’s potent
protective effect from ingestion and killing by host phagocytes.

Upon infection with S. pyogenes the immune system launches a complex innate response

that largely depends on the recruitment and activity of neutrophils, macrophages, and
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dendritic cells [108,310-313]. In this study we successfully demonstrated that the HA
capsule is a key structure that promotes resistance to neutrophil mediated killing ex vivo
(Figure 6A, 6B). These findings, accompanied by the marked infiltration of neutrophils
during nasopharyngeal infection (Figure 2C), led us to examine interactions between S.
pyogenes and neutrophils during acute infections. Neutrophils are the most abundant
among leukocytes involved in innate responses, acting as both professional detectors that
release inflammatory alarms to invading bacteria as well as direct killers via phagocytosis,
degranulation, and the formation of NETs. Given the key role of neutrophils in
orchestrating host-protective immune responses, it is not surprising that S. pyogenes has
evolved an impressive number of mechanisms to subvert their recruitment and activity
during infection (reviewed in Section 1.8.2), yet they appear to offer no compensation for
the loss of activity of the HA capsule during infection. Furthermore, while neutrophil influx
during severe infections is protective against S. pyogenes [108], we show that depleting
neutrophils or macrophages did not affect wildtype MGAS8232 acute infections. These
results are in stark contrast to findings where neutrophils are key for pathogenesis and
neutrophil ablation by o-Ly6G administration reduces S. pyogenes infection of the
nasopharynx [287,314], however, conventional C57BL/6 mice were used in these studies
with superantigen-mediated inflammation absent. In the presence of a superantigen-driven
inflammatory response capable of promoting infection [156], our analysis indicates that
neutrophils are not essential for S. pyogenes MGAS8232 to establish nasopharyngeal or
skin infections. Instead, expression of the HA capsule offered a clear survival advantage
that promotes a strong resistance to bacterial clearance by neutrophils. Unencapsulated
bacteria are no longer inhibited following the depletion of neutrophils by o-Ly6G
administration, which recovered the reduced burden by AhasA in both nasopharynx and
skin (Figure 6D, 8C). Despite having a major role in the identification and immune
response to pathogens, the function of DCs in response to capsule-mediated protection
were not investigated in this study due to the significant decrease of DCs in the cNTs of
wildtype S. pyogenes-treated mice shown previously [156,315]. Since all major innate
immune cells are thought to participate in host protection against S. pyogenes, more
research is needed to define specific roles, to examine crosstalk, and to address redundancy

in responses between individual cell types.



80

A major question that has yet to be answered is what mechanism of action the HA capsule
employs to resist neutrophil-mediated clearing. Since the HA capsule is identical to HA on
mammalian tissues, S. pyogenes may be avoiding bacterial detection through molecular
mimicry, which dampens neutrophil responses to avoid reactivity. Evidence from group
B Streptococcus revealed that the sialylated capsular polysaccharide binds to Siglec-9
lectin on neutrophils to subvert innate immune detection and evade neutrophil-based killing
[316], and thus, future work should determine whether the HA capsule on S. pyogenes
similarly engages a host inhibitory receptor. Interestingly, both encapsulated and
unencapsulated type 18 S. pyogenes are equally opsonized by C3 in either plasma or serum
[125], suggesting that the HA capsule does not inhibit complement activation or deposition
of complement fragments on the bacterial cell wall. Since opsonization does not necessarily
lead to phagocytic ingestion, the HA capsule may serve as a physical barrier that interferes
with leukocyte access to opsonic complement proteins deposited on the bacterial surface
[125]. Similarly, encapsulated Staphylococcus aureus resist phagocytosis despite the
deposition of C3 on its surface [317]. More recently, the HA capsule has been shown to
promote bacterial survival within NETSs by resisting a major component and antimicrobial
effector, cathelicidin antimicrobial peptide LL-37 [145]. Trapping host antimicrobial
peptides before they reach the bacterial cell wall is observed with other bacterial
polysaccharide capsules, including Klebsiella pneumoniae, Streptococcus pneumoniae,
and Pseudomonas aeruginosa, through the trapping of neutrophil alpha-defensin 1 (HNP-
1), beta-defensin 1, and lactoferrin [318,319]. Further work that investigates HA capsule

expression and S. pyogenes survival within NETs in vivo is needed.

Overall, our findings support the hypothesis that the HA capsule is a critical factor at early
stages of nasopharyngeal and skin infection. This work provides valuable insight into the
host-pathogen interaction of S. pyogenes, however, limitations in this study are considered.
Different strains of S. pyogenes harbour variations in global virulence factor expression,
and consequently, express varying amounts of HA capsule. It is likely that distinct
strategies to prevent phagocytic ingestion and killing are exploited among individual
strains. For example, mutations that produce a truncated RocA (regulator of Cov) protein

have amplified expression of the has operon through transcriptional activation of the
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repressor covR, and have been identified in S. pyogenes types emm18 and emm3 [83,267].
Thus, no single strain of S. pyogenes should be considered representative of the population
as a whole and future studies using additional encapsulated strains are recommended to
draw general conclusions on the mechanisms utilized by the HA capsule. The disadvantage
that only a limited number of strains are capable of colonizing the mouse nasopharynx due
to intrinsic differences in expressed virulence factors exists, and many may become
distributed in secondary organs. However, S. pyogenes MGAS8232 utilized in this study
proficiently infects the nasopharynx and remains localized to the infected tissue site [156].
Furthermore, the skin infection model utilized in this study may be considered distinct from
typical superficial S. pyogenes skin exposures. Intradermal injections forces S. pyogenes to
bypass the epidermal skin layers rather than allowing the skin barrier to innately become
damaged and broken from exposure to allow bacterial entry. Therefore, the role of the HA
capsule in permeating the epithelial skin barrier should be further explored. To conclude,
the results presented provide evidence that HA capsule expression by S. pyogenes
MGAS8232 promotes a strong resistance to killing by neutrophils during acute infection
models, and thus, defining strategies by which neutrophils can counteract HA capsule

resistance is warranted to combat this leading bacterial pathogen.
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Chapter 3: Parenteral vaccination of M proteins do not
protect against S. pyogenes acute nasopharyngeal or skin
infections in HLA-transgenic mice
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3.1 Introduction

Streptococcus pyogenes, also recognized as the Lancefield Group A Streptococcus, is a
human-adapted opportunistic pathogen that causes a substantial burden of acute and
chronic diseases worldwide. Although S. pyogenes subsists primarily in an asymptomatic
carrier state within the upper respiratory tract or on the skin [19,22,29], over 600 million
cases of pharyngitis, and 160 million cases of impetigo are reported each year [10].
Importantly, S. pyogenes is capable of breaching epithelial barriers and invading host
tissue, which can result in severe illnesses such as cellulitis, scarlet fever, puerperal sepsis,
bacteremia, pneumonia, streptococcal toxic shock syndrome (STSS), and necrotizing
fasciitis [4,123]. Serious postinfectious immune-mediated disorders, including acute
poststreptococcal glomerulonephritis (APSGN), acute rheumatic fever (ARF), and
rheumatic heart disease (RHD) may also develop as severe consequences to repeated acute
infections [8,50,123,320]. Conservative estimates indicate that there are more than 33.4
million prevalent cases of RHD globally, with more than 9.6 million Disability-Adjusted
Life Years (DALYS) lost, representing the sum of years of life lost due to premature
mortality and years lived with disability from RHD [13]. Together, these diseases account
for over half a million deaths per year, serving as a leading cause of infection-related

mortality worldwide [10,11].

It is widely accepted that most severe illnesses develop from benign pharyngeal or skin
infections, and therefore, preventing the colonization of these biological niches remains a
major goal to prevent all types of disease. While this bacterium remains uniformly
susceptible to current gold standard treatment strategies, including widespread use of
penicillin and other B-lactam antibiotics, treatment failure and resistance to macrolides,
clindamycin, and lincosamide are becoming an increasing problem worldwide [321-329].
Efforts to develop a S. pyogenes vaccine have been ongoing for almost 100 years [176] yet
there is no licensed vaccine available to prevent the vast severity of infections and
complications caused by S. pyogenes. Vaccine development has faced many challenges
including the lack of suitable and relevant infection models, complex antigenic variability,

inadequate epidemiological surveillance, and safety concerns based on the possibility a
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vaccine may elicit autoimmune responses, and thus, S. pyogenes vaccines are considered

“impeded vaccines.”

Vaccine candidates can be broadly divided into M protein-based and non-M protein-based
approaches. Many non-M protein potential candidates, including Cb5a peptidase
[231,232,246], streptococcal carbohydrate [225,226], fibronectin binding proteins
[234,236], SpeB cysteine protease [220,242], serine protease [244,246], sortase A
[243,246], exotoxins [156,157,221,222,242], and pili [62,330], have demonstrated
protective effects in animal infection models, yet none have progressed to clinical trials.
To date, the most advanced candidates focus on enhancing immunity against the cell wall-
anchored M protein. M proteins are alpha-helical coiled coil immunodominant surface
antigens consisting of highly variable N-terminal domains used for epidemiologic
molecular typing (emm-typing). M proteins are ‘“hallmark” S. pyogenes virulent
determinants that inhibit amplification of complement-mediated opsonization and uptake
by professional phagocytes by preventing the deposition of complement proteins on its
surface and facilitating their degradation [111,112,331,113-118,124,161]. M proteins have
also been recognized to promote adherence to host epithelial cells
[75,89,91,92,94,332,333]. Furthermore, bactericidal M protein antibodies can persist for
years after streptococcal infection [56], and are thought to provide serotype-specific
immunity against future infections. From these findings, M protein immunity became an
attractive target for vaccine researchers. In the 1970s, human volunteers immunized with
purified M protein preparations were protected from challenge infections [177,178],
indicating that type-specific immunity can prevent symptomatic streptococcal infections.
Since then, significant progress has been made in the design and clinical development of
multivalent M protein vaccines containing highly purified fused recombinant N-terminal
peptide regions from multiple streptococcal emm-types, and several have progressed to
early-stage human clinical trials [182,189,190]. Clinical trials determined that hexavalent
[182], 26-valent (StreptAvax) [188], and 30-valent [189] vaccines were safe and
immunogenic, and generated bactericidal antibodies against nearly all vaccine-containing
serotypes. StreptAvax to date is the most advanced S. pyogenes vaccine candidate with the

successful completion of a Phase Il clinical trial [190]. Although M proteins exhibit high
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genetic diversity, vaccine-encoded M peptides produce antibodies that recognize a number
of non-vaccine containing serotypes [187,188,192], suggesting that immune responses can
offer extended coverage to emm-types found in low-income settings where diversity of
circulating emm-types is high and disease is endemic [191].

Despite continuing efforts that target the surface M protein as a vaccine candidate, robust
data illustrating clear protection with serotype-specific immunity is lacking. Immunoassays
that quantitate serological responses, and functional opsonophagocytosis assays that
measure bactericidal activity are widely used to assess serotype-specific antibody
responses in vitro, however, protection against S. pyogenes colonization and acute
infections have not been established. To our knowledge, serotype-specific immune
responses have only shown to protect mice from systemic infection and death using
intraperitoneal challenge models [334,335]. Furthermore, recent epidemiological data has
suggested that prior exposure with the same M protein serotype does not influence future
infection [336]. Together, we consider that M protein immunizations followed by relevant
acute experimental infection models are critical to support, or possibly refute, the focus of
serotype-specific immunity. Since M protein function has primarily been studied in the
context of severe and invasive disease models, the biological role of the streptococcal M
protein during acute infections also remains largely unassessed. In the present study, we
aim to evaluate the efficacy of immunity induced by various monovalent M protein
preparations in mice and determine whether M protein immunizations prevent
nasopharyngeal and skin challenges by S. pyogenes. The strains used in this study are
clinical isolates from patients with diverse streptococcal illnesses, including toxic shock
syndrome (MGAS315), scarlet fever (HKU16), acute rheumatic fever (MGAS8232), and
invasive disease (NGAS979). We also extended our studies to characterize the necessity
of M18 protein expression by S. pyogenes MGAS8232 during these non-invasive infection
models. Evaluation of host responses to various M proteins in the context of acute
infections will provide valuable insight that will guide future vaccine development

strategies against S. pyogenes.
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3.2 Materials and Methods

3.2.1 Bacteria mutant production

A complete list of bacterial strains used in this chapter is found in Table 5. Details for
bacterial grown conditions and construction of deletion mutants are outlined in Section 2.2.
All S. pyogenes strains were grown in THY under static conditions at 37°C. In the current
work, in-frame deletion of the gene encoding the M18 protein was produced in S. pyogenes
MGAS8232. Primers were designed to amplify the upstream and downstream regions of
emm18 and replace the emm18 sequence in S. pyogenes MGAS8232 with the deletion
construct using the Gram-positive E. coli shuttle vector, pG*host5. Primers for emm18

mutant production are found in Table 6.

3.2.2 Protein production
3.2.21 Bacterial protein expression

Details on DNA manipulations are described in Section 2.2.2. A complete list of plasmids
and primers used in this study are described in Table 5 and Table 6 respectively. Briefly,
genes encoding M3, M12, M18, and M74 proteins were PCR amplified and inserted into
the pET-28a(+) vector with an engineered tobacco etch virus (TEV) protease cleavage site
and a His6-tag. Each M protein sequence was modified to lack the predicted signal peptide
(using SignalP 5.0 server) and ‘LPXTG’ cell wall sorting sequence. E. coli BL21 (DE3)
containing appropriate pET-28a(+) expression constructs (Table 5) were grown overnight
in LB broth supplemented with 50 ug mL* kanamycin. Overnight cultures were inoculated
1:100 into 1L LB broth containing 50 pg mL? kanamycin and grown for 3 hours
aerobically at 37°C. Bacteria were then induced with 200 puM isopropyl B-D-1-
thiogalactopyranoside (IPTG) and grown aerobically overnight at room temperature.
Overnight induced cultures were pelleted at 3,500 x g for 10 minutes and resuspended in
10 mL of 20 mM Tris base, 200 mM sodium chloride pH 7.5 buffer containing 10 pL
DNasel (Sigma-Aldrich) and 50 pL of 10 mg mL™ lysozyme (Thermo Fisher Scientific
Inc.). Bacteria were left shaking on ice for 30 minutes, followed by 3 rounds of sonication

with 50 pulses each, 40% duty cycle and output 4 on a Branson Sonifier (Emerson
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Strain/Plasmid Description Source

Streptococcus pyogenes

MGAS315 M3 serotype, isolated from a patient with streptococcal toxic [337]
shock syndrome in Texas, United States in late 1980°s (NCBI
RefSeq: NC_004070)

HKU16 M12 serotype, isolated from a patient with scarlet fever in [338]
the Hong Kong 2011 outbreak (NCBI RefSeq
NZ_AFRY01000001.1)

MGAS8232 M18 serotype isolated from a patient with acute rheumatic [269]
fever (GenBank accession: NC_003485.1)

MGAS8232 Aemm18 emm18 deletion mutant derived from MGAS8232 This study

NGAS979 M74 serotype, isolated from a patient with invasive disease [339]
in Ontario, Canada in 2016 (NCBI RefSeq:
NZ_CP028140.1)

Escherichia coli

XL1-Blue General cloning strain Stratagene

BL21 (DE3) Protein Expression Strain Novagene

M protein expression plasmid constructs

pET-28a(+)::TEV::M3 M3 protein inserted into the Ncol and BamHI sites of pET-  This study
28a(+)::TEV; Kan'

pET-28a(+)::TEV:IM12  M12 protein inserted into the Ncol and BamHI sites of pET-  This study
28a(+)::TEV; Kan'

pET-28a(+)::TEV::M18  M18 protein inserted into the Ncol and BamHI sites of pET-  This study
28a(+)::TEV; Kan"

pET-28a(+)::TEV::M74  M74 protein inserted into the Ncol and BamHI sites of pET-  This study
28a(+)::TEV; Kan'

Plasmids for cloning

pET-28a(+) Protein expression vector; N-terminal His-Tag®/thrombincut ~ Novagene
site; Kan'

pET-28a(+)::TEV pET-28a(+) plasmid with modified TEV protease cleavage = McCormick
site; Kan' lab

pG*host5 Temperature-sensitive Gram-positive/E. coli shuttle vector;  Appligene
Erm' [270]

pG*host5::Aemm18 pG*host5 with emm18 flanking regions inserted This study

Abbreviations: Erm', erythromycin resistance; Cat - chloramphenicol acetyltransferase; Kan',
kanamycin resistance; TEV, tobacco etch virus protease cleavage site
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Table 6. Primers used in Chapter 3.

Plasmid

Primer Sequence (5'— 3')?

Primers for M protein expression constructs

M3 Forward-Ncol

M3 Reverse-BamHlI

M12 Forward-Ncol

M12 Reverse-BamHI

M18-Forward-Ncol

M18-Reverse-BamHl|

M74 Forward-Ncol

M74 Reverse-BamHI

GGGCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGA
AAACTTGTATTTCCAAGGCGATGCTAGGAGTGTTAATGGAGAG
GGGGGATCC TTACTGTCTCTTAGTTTCCTTCATTGG

GGGCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGA
AAACTTGTATTTCCAAGGCGATCATAGTGATTTAGTCGCAGAA
GGGGGATCC TTACTGTCTCTTAGTTTCCTTCATTGG

GGGCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGA
AAACTTGTATTTCCAAGGCGCACCTCTTACTCGAGCTACAGCA
GGGGGATCC TTACTGTCTCTTAGTTTCCTTCATTGG

GGGCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGA
AAACTTGTATTTCCAAGGCTTCACGGTTACTAGGTCTATGACA

GGGGGATCC TTACTGTCTCTTAGTTTCCTTCATTGG

Primers for M protein gene chromosomal deletion constructs

emm18 up BamHI For
emm18 up Pstl Rev
emm18 down Pstl For

emm18 down Kpnl Rev

CCCGGATCC TTGATGAGTTAGATTGTTTGACAATTGATCTAGTAGAG
CCCCTGCAG TCTATTTGCATCTTTTCTAACCATTATTTGCTCC
CCCCTGCAG CTAAAACGCAAAGAAGAAAACTAAGCCTTTAGAA
CCCGGTACC TGTGTCGTCCTTTCCTGATGAGAG

Primers for sequencing and screening

M13 For

M13 Rev

T7 For

T7 Rev

emm18 Screen For

emm18 Screen Rev

GTAAAACGACGGCCAG
GTCATAGCTGTTTCCTG
TAATACGACTCACTATAGGG
CGCCAGGGTTTTCCCAGTCACGAC
CAGGAGTTTGTGGGGTTTTGGTTTC
CGGTAATTTTTTGAAAAAGTACATCGGTGAG

aUnderlined sequences in primers indicate restriction endonuclease sites used for cloning purposes.
Abbreviations: For, forward; Rev, reverse
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Industrial Automation; Eden Prairie, MN, USA) with icing between each round. Sonicated
cells were centrifuged at 10,000 x g at 4°C for 10 minutes and supernatants were collected

for gravity nickel column purification
3.2.2.2 Metal affinity column chromatography protein purification

Supernatants from sonicated bacterial lysates were applied to a charged (100 mM NiSQOa4)
NINTA affinity column (Novagen, EMD Millipore) and washed with 20 mM Tris base,
200 mM sodium chloride pH 7.5 buffer containing increasing concentrations of imidazole
(10 mL each of 15 mM and 30 mM; followed by 5 mL each of 60 mM and 200 mM
imidazole). Fractions were analyzed by SDS-PAGE (Figure 9) and fractions containing an
abundance of the protein of interest were pooled and dialyzed in 1L of 20 mM Tris base,
200 mM sodium chloride pH 7.5 three times for 1 hour per litre. The N-terminal His6-tags
were removed from proteins by the addition of auto-inactivation resistant Hiss-TEV [340]
for 48 hours at 4°C. The protein solution was reapplied to a charged Ni-NTA affinity
column (Novagen, EMD Millipore) to remove His6-TEV and obtain a purified protein
sample. Pure proteins were then dialyzed three times against 1 L of 20mM Tris base, 200
mM sodium chloride pH 7.5 buffer for one hour per litre. Protein homogeneity was
assessed by SDS-PAGE.

3.2.2.3  Protein quantification

Concentration of purified proteins were determined using Pierce™ BCA Protein Assay kit
(Thermo Fisher Scientific Inc.) according to manufacturer’s instructions. Briefly, the
protein of interest was mixed with bicinchoninic acid (BCA) for 30 minutes at 37°C.
Protein concentrations were determined through comparison to bovine serum albumin
(BSA) as a reference protein at standard concentrations. Colourimetric detection was
measured at an optical density of 562 nm using a Synergy™ H4 Hybrid Multi-Mode
Microplate Reader (BioTek, Fisher Scientific Inc.).
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3.2.3 Protein visualization

3.2.3.1  Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Protein samples were mixed 3:1 with 4 x Laemmeli buffer (240 mM Tris-HCI pH 6.8, 8%
[w/v] SDS, 40% [v/v] glycerol, 0.01% [w/v] bromophenol blue, 1% [v/v] PB-
mercaptoethanol) and boiled for 5 minutes. Samples were then loaded into 15%
polyacrylamide resolving gels (15% [v/v] acrylamide/bisacrylamide [37.5:1] aqueous
solution, 0.25% [v/v] 1.5 M Tris-HCI pH 8.8, 0.1% [w/v] SDS, 0.1 % [w/v] ammonium
persulfate [APS], 0.15% [v/v] tetramethylethylenediamine [TEMED]) with 5%
polyacrylamide stacking gel (5% [v/v] acrylamide/bisacrylamide [37.5:1] aqueous
solution, 25% [v/v] 0.5 M Tris-HCI pH 6.8, 1.3% [w/v] SDS, 0.1 % [w/v] APS, 0.2% [v/Vv]
TEMED). Samples ran for 30 minutes at 80 V and then 1 hour at 150 V (Mini-PROTEAN
System, Bio-Rad Laboratories Inc.) using Tris-Glycine electrophoresis buffer (192 mM
glycine, 25 mM Tris, 0.1% [w/v] SDS, pH 8.3). Polyacrylamide gels were stained for 1
hour with Ready Blue stain (Thermo Fisher Scientific). Protein sample molecular weights

were compared to PM008 protein marker (New England BioLabs Inc.)

3.2.3.2 Western blot

Protein samples from unstained SDS-PAGE gels were transferred onto polyvinylidine
difluoride (PVDF) membrane (EMD Millipore) that was presoaked in 100% methanol and
Western blot transfer buffer (20% [v/v] methanol, 48 mM Tris base, 39 mM glycine,
0.037% [wi/v] SDS) for 5 minutes each. The prepared PVDF membrane and SDS-PAGE

gel were assembled in a Mini Trans-Blot® Cell (Bio-Rad Laboratories Inc.) with Western
blot transfer buffer for 1 hour at 100 V or overnight at 25 V with a cold block at 37°C. The
PVDF membrane was then blocked for 30 minutes with 5% (w/v) skim milk powder in
Tris buffered saline (TBS; 100 mM Tris, 1.5 M sodium chloride, pH 7.5). Following
blocking, the membrane was incubated for 1 hour with appropriate primary antibody
(Appendix 4) diluted 1:10,000 in 1% (w/v) skim milk in TBS. To remove residual
antibody, PVDF membrane was washed three times in TBS with 0.01% (v/v) tween-20
(TBS-T) for 10 minutes per wash. Appropriate secondary antibody (Appendix 4) was
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Figure 9. M protein plasmid constructs and purification by nickel column
chromatography

A. All recombinant M protein genes were cloned into pET-28a(+) expression plasmids
with Hise purification tags and TEV cleavage tags. Recombinant proteins were designed to
lack the signal peptide sequence (predicted by SignalP-5.0 server) and the ‘LPXTG’ cell
wall sorting sequence. aa, amino acid. B — D. Protein expression was induced from E. coli
BL21 (DE3) using IPTG and M proteins were purified from cell lysates using nickel-
affinity column chromatography. B. Cell lysates were applied to a NiSOs-charged column
and fractions were eluted with increasing concentrations of imidazole. M protein-
containing fractions were pooled, dialysed to remove imidazole, and incubated with TEV
for 48 hours at 4°C. C. Samples were passed through a charged nickel column again to
remove cleaved Hise-tagged TEV. D. Fractions of purified, cleaved M proteins were
collected and dialyzed into Tris NaCl and diluted to the required concentration. All
visualization was done using 12% v/v SDS-PAGE. FT, flowthrough; P, purified M protein.

Column labels indicate millimolar concentration of imidazole in the wash buffers.
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diluted 1:10,000 in 1% (w/v) skim milk powder in TBS and incubated with the PVDF
membrane for 1 hour in the dark at room temperature. The membrane was washed three
times with TBS-T as above and imaged on a LI-COR® Odyssey Imaging System (LI-COR
Biosciences; Lincoln, NE, USA).

3.2.4 Antibody generation

Purified recombinant M18 protein in 20mM Tris, 200mM NaCl (pH 7.5), was sent to
ProSci Inc (Poway, CA, USA) for production of polyclonal rabbit anti-M18 antibodies.
New Zealand white rabbits were immunized with 200 pg of M18 protein with complete
Freund’s adjuvant (CFA) at week 0 and boosted with 100 ug M18 protein with incomplete
Freund’s adjuvant (IFA) at weeks 2, 4 and 6. Preimmunized serum was collected at week
0, followed by immunized serum collected at weeks 5 and 7 with terminal bleed taken at
week 8. Serum samples were assessed for anti-M18 antibody titers using enzyme-linked

immunosorbent assay (ELISA) and aliquoted and stored at -80°C until use.

3.2.4.1  Adhesion assay

Details for human cell culturing and epithelial cell adhesion assay procedures are outlined
in Section 2.2.7. Briefly, Detroit-562 and A549 cells were grown to confluence on 12 or
24 well TC-treated plates and exponential phase S. pyogenes were inoculated onto cells at
a MOI of 100 for 2.5 hours at 37°C in 5% CO2. Following incubation, non-adherent
bacteria were washed off and epithelial cells were lysed with Triton-X100 (VWR

International) and serially diluted ten-fold to enumerate remaining bacteria present.

3.2.5 Ex vivo experiments

3.25.1 Ethics statement

The use of primary human lymphocytes was reviewed and approved by Western
University’s Research Ethics Board for Health Sciences Research Involving Human

Subjects (Appendix 1). Informed written consent was obtained from all donors.
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3.25.2 Immune evasion assays

Experimental procedure details for whole blood survival assay, isolation of neutrophils,
and neutrophil survival assay are found in Section 2.2.8. Whole blood was collected in
heparinized vacuum tubes (BD Biosciences) from healthy adult volunteers and used
directly for determining whole blood survival or for density gradient separation and
isolation of PMNSs. For whole blood survival assay, ~1000 CFUs of S. pyogenes were
inoculated into whole human blood at 37°C and the number of surviving bacteria were
enumerated after 30, 60, 90, 120, and 180 minutes with rotation. For neutrophil survival
assay, S. pyogenes was added to 10% (v/v) normal serum for 30 minutes to assist with
bacterial opsonization prior to incubation with isolated human PMNs at 1:10. After 60
mins, PMNs were lysed, and survival was calculated as the average bacterial CFUs in the

presence of neutrophils divided by bacterial CFUs in no PMN control samples.

3.2.6 In vivo experiments

3.26.1 Ethics statement

All mouse experiments were approved by the Animal Use Subcommittee at Western
University (London, ON, Canada) under AUP number 2021-041-D (Appendix 2). A list
of all mice used in this study can be found in Appendix 3. All in vivo experimental
procedures were conducted in accordance with Canadian Council on Animal Care Guide

to the Care and Use of Experimental Animals.
3.2.6.2 Mice

Mice utilized in this study were conventional C57BL/6 (B6) mice and transgenic B6 mice
expressing HLA-DR4 and DQ8 (B6xLa mice) and are listed in Appendix 3. Transgenic
mice were bred by the McCormick laboratory as described in Section 2.2.9.2. Conventional

C57BI/6 mice were obtained from the Jackson Laboratory.
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3.2.6.3  Vaccination experiments

Vaccination of 6-8 week old B6xLa mice has been previously described [156] Briefly, mice
received 1 pg of recombinant protein in 200 uLL (100 uLL 20mM Tris base, 200 mM sodium
chloride, pH 7.5; 100 pL Imject™ Alum adjuvant [Thermo Fisher Scientific])
subcutaneously under isoflurane anesthetic. Control mice received saline solution (PBS)
and adjuvant only. Vaccinations followed a four-week schedule with subcutaneous
immunizations on days 0, 14, and 28. Where applicable, infection experiments occurred
two-weeks post vaccination on day 42 (see below) (Figure 10), followed by euthanasia
and collection of terminal bleeds for assessment of serum IgG antibody levels.

3.2.7 Antibody titer analysis

ELISA was performed to measure serum IgG antibody titers from terminal bleeds of mice
following immunizations. 96-well plates (Corning Costar 9018 [NY, USA]) were coated
with 100 pL of recombinant protein (10 pg mL™) ina 0.01 M sodium carbonate buffer (pH
9.6) and incubated overnight at room temperature wrapped in aluminum foil. The coating
solution was removed, and plates were washed three times in PBS (Wisent Bioproducts
Inc.; Saint-Bruno, QU, Canada) with 0.05% tween-20 (PBS-T). Plates were blocked with
200 uL of PBS with 0.02% tween-20 and 1% bovine serum albumin (BSA) for 2 hours at
room temperature and then washed three times. Serum samples were diluted 1:100 in PBS
containing 0.02% tween-20 and 0.01% BSA to a final volume of 100 uL per well followed
by 1:4 serial dilutions to a final concentration of 1:204,800. Plates were incubated at room
temperature for 2 hours and washed three times with PBS-T. Goat anti-mouse horseradish
peroxidase (HRP)-conjugated secondary antibody (Sigma-Aldrich) (Appendix 4) was
added at a dilution 1:10,000 to a final volume of 100 puL per well in PBS with 0.02% tween-
20 and 1% BSA and incubated at room temperature for 2 hours. Following rigorous
washing, 100 pL per well of tetramethylbenzidine (TMB) was added and plates were
developed for 15 minutes at room temp shieled from light. Colour change was neutralized
by adding 50 pL per well of 1 N H2SO4 and absorbances were measured at ODasso with
subtracting ODs7o readings to adjust for background fluorescence. Antibody titers were

calculated as the reciprocal of the lowest serum dilution with readings four-fold above
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Figure 10. Schedule for M protein vaccination and acute S. pyogenes infections in
B6HLA mice.

A. M protein vaccination with nasopharyngeal infection protocol. B6xLa mice were
subcutaneously vaccinated with 1 pug recombinant M protein in alum every 2 weeks for a total
of three injections. Two weeks following the last vaccination, mice were intranasally
challenged with the appropriate S. pyogenes strain. Mice were sacrificed 2 days later for
enumeration of bacteria within nasal turbinates. B. M protein vaccination with skin infection
protocol. Using the same vaccination schedule, mice were challenged with an intradermal
injection with the appropriate S. pyogenes strain. On each day following infection, mice
were weighed and lesions at injection sites were measured. At 3 days post-infection, mice
were sacrificed and the skin around each injection site was harvested for bacterial

enumeration.
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background.
3.2.8 Acute infections

Preparation of S. pyogenes for nasal and skin infections were completed according to
Section 2.2.9. For nasal inoculations, B6rLa mice were given 2 mg ml™t neomycin sulphate
in their drinking water, which was provided ad libitum, two days prior to infection. At
infection, mice were anesthetized using FORANE (isoflurane, USP; Baxter Corporation;
Mississauga, ON, Canada) and 7.5 uL of S. pyogenes inoculum was administered to each
nostril with 15 pL containing ~108 CFUs. Mice were sacrificed 48 hours post-infection and
cNTs were harvested for bacterial enumeration. Murine blood, spleen, liver, kidneys, lungs,
and heart were also removed for bacterial enumeration where indicated. For skin
inoculations, the fur on the lower backs of mice were removed by shaving and hair removal
cream the day before infections. At infection, mice were anesthetized and a 50 uL dose
containing ~2.5 x 107 CFUs were injected intradermally into each lower flank. Each day
following infection, mice were weighed and lesions at the injection sites were measured
using calipers. At 72 hours post-infection, mice were sacrificed and the skin around each
injection site was harvested for bacterial enumeration. Bacterial burden was normalized to

the weights of the skin excised and presented as CFU per gram of skin.
3.2.9 Multiplex cytokine array

Cytokine and chemokine concentrations in cNT homogenates of mice nasally infected with
S. pyogenes were measured according to Section 2.2.10 using the 32-Plex array from Eve
Technologies (Calgary, AB, Canada). Uninfected cNT homogenates were collected for
background comparisons. Data on heat maps is presented as normalized median cytokine
responses (Xnormatized = [(X - Xmin)/(Xmax — Xmin)]) from cNT homogenates of all nasally
infected mice (n > 3). Statistical analyses were completed by the appropriate test within

groups, quantitative cytokine levels are shown in Appendix 6.
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3.2.10  Statistical analyses

Data was analyzed using unpaired Mann-Whitney Student’s t-test, or one-way ANOVA
with Dunnett’s multiple comparisons, or two-way ANOVA with Siddk’s multiple
comparisons test and Geisser’s Greenhouse correction, as indicated. A P value less than
0.05 was determined to be statistically significant, all analyses were completed using Prism
software 9.3.1 (GraphPad Software, Inc.; La Jolla, CA, USA).
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3.3 Results

3.3.1 HLA dependence for S. pyogenes MGAS315, HKU16,
MGAS8232, and NGAS979 during nasopharyngeal infection

Previous work reported by our research team revealed that transgenic expression of HLA
class Il molecules in mice enhanced S. pyogenes MGAS8232 nasopharyngeal infection
compared to conventional B6 mice, with SpeA superantigen activity driving this response
[156]. To confirm that multiple streptococcal strains share this HLA-dependent phenotype,
we inoculated both conventional B6 and transgenic B6nia mice intranasally with
~108 bacterial CFUs of S. pyogenes MGAS315, HKU16, or NGAS979. Conventional B6
mice presented very low cNT bacterial burden for each streptococcal strain, however, all
strains notably infect the nasopharynx of B6xLa mice (Figure 11). Nasal infections with S.
pyogenes MGAS315, HKU16, and MGAS8232 demonstrated at least ~10,000-fold greater
bacterial recovery in B61La mice at 48 hours post-infection compared to B6 mice (Figure
11A-C), and S. pyogenes NGAS979 bacterial CFUs were enhanced by ~100-fold (Figure
11D). These findings support that transgenic expression of HLA molecules is important
for modeling nasopharyngeal infections in mice using S. pyogenes MGAS315, HKU16,
MGAS8232, and NGAS979 strains.

3.3.2 Skin infection in B6y.a mice by S. pyogenes MGAS315, HKU16,
MGAS8232, and NGAS979.

Since HLA-dependent phenotypes exist for each streptococcal strain, we next sought to
determine whether these strains were suitable to cause acute skin infections in B6xLa mice.
B6nLa mice were injected intradermally with ~2.5 x 107 CFUs of S. pyogenes MGAS315,
HKU16, MGAS8232, or NGAS979 in each hind flank on their lower backs and monitored
daily for weights and lesion sizes. Infected mice steadily lost weight at 24- and 48-hours
post-infection and showed signs of recovered weight by 72-hours (Figure 12A). S.
pyogenes MGAS315 and MGAS8232 provoked larger and more inflamed lesions
compared to HKU16 and NGAS979 (Figure 12D). MGAS8232 displayed peak lesion
sizes at 48-hours post-infection whereas lesions caused by MGAS315, HKU16, and
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Figure 11. HLA-dependent phenotype of S. pyogenes MGAS315, HKU16,
MGAS8232, and NGAS979 strains.

Conventional B6 and transgenic B6ua mice were intranasally administered ~108 CFUs of S.
pyogenes MGAS315, HKU16, MGASS8232, and NGAS979 strains. Data points represent
bacterial CFUs from nasal turbinates of individual mice 48 hours post-nasal challenge. Bars
represent mean + SD. Horizontal dotted line indicates limit of detection. Significance
determined by unpaired Mann-Whitney #-test (*, P < 0.05; *** P <0.001).
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NGAS979 grew steadily larger over the 72-hour period (Figure 12B). All strains presented
similar bacterial burdens with ~10° CFUs recovered from individual abscesses (Figure
12C). Despite variation in the size and appearance of lesions caused by each strain, S.
pyogenes MGAS315, HKU16, MGAS8232, and NGAS979 can all produce skin infections

in B6HLA mice with evidence of bacterial replication.
3.3.3 Generation and purification of recombinant M proteins

Expression constructs for the M3, M12, M18, and M74 proteins encoded by S. pyogenes
MGAS315, HKU16, MGAS8232, and NGAS979 were designed and produced in this
study. Recombinant protein constructs were generated by amplifying emm genes from their
respective S. pyogenes genomes with sequences designed to contain the extracellular
domains and lack the ~42 amino acid signal peptides and 'LPXTG" cell wall sorting
sequences. Primers were designed to add nucleic acid sequences for a Hise-Tag and a TEV
protease cleave site between the Hise-Tag, and recombinant M protein sequences, including
appropriate restriction enzyme sites for cloning into the pET-28a(+) expression vector
(Figure 9A; Table 6). Recombinant M protein constructs were expressed in E. coli BL21
(DE3) by IPTG induction and purified from cell lysates using two-step nickel-affinity
column chromatography (Figures 9B-D). Purified recombinant proteins were visualized
on SDS-PAGE (Figure 13).

3.34 Serum IgG antibodies generated against recombinant M proteins

do not prevent acute S. pyogenes nasopharyngeal infections

A major goal for a S. pyogenes vaccine is to prevent colonization and infection at all major
biological niches, which include the upper respiratory tract and the skin. We first sought to
determine whether parenteral vaccinations with recombinant M proteins would protect
B6rLa mice from nasopharyngeal infection. Mice were subcutaneously injected with 1 ug
of recombinant M protein in alum 3 times at two-week intervals before nasal challenge
with the appropriate S. pyogenes strain (Figure 10A). To our surprise, mice vaccinated
with any of M3, M12, M18, or M74 proteins presented no differences in nasopharyngeal

bacterial burdens compared to control mice following infection with their respective strain
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Figure 12. S. pyogenes MGAS315, HKU16, MGAS8232, and NGAS979 cause acute
skin infection in mice.

B6ia mice were administered ~2.5 x 10" CFUs of S. pyogenes MGAS315, HKUI16,
MGASS8232, or NGAS979 intradermally in each hind flank. A. Weights of mice at 24-, 48-,
and 72-hours following S. pyogenes skin challenge. Weights represented as a percentage (%)
of day 0 weight. B. Skin lesion areas at 24-, 48-, and 72-hours post-infection. Bars represent
mean + SD. C. Data points represent bacterial CFUs from individual infected skin abscesses
normalized to the weight of the excised skin tissue from mice at 72-hours. Bars represent mean
+ SD. Horizontal line indicates limit of detection. Significance analysed by one-way ANOVA;
data not significant. D. Photographic representation of skin lesions at 72-hours post-skin

challenge with S. pyogenes.
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Figure 13. Purified recombinant M proteins.

Recombinant M3, M12, M18, and M74 proteins were induced from E. coli BL21 (DE3)
by IPTG and purified by nickel column chromatography. Protein visualization was shown
using 12% v/v SDS-PAGE stained with Ready Blue.



kba MWL

rM3

rM12

rM18

rM74

75 -

63—

-—

~—

43-1 -

35 M
s

b

107



108

(Figure 14). Serum analyses of all experimental mice confirmed that vaccinations with
recombinant M proteins generated significantly high serum levels of M protein-specific
IgG antibodies compared to control mice (Figure 14), and therefore, these results indicate
that serum IgG antibodies against streptococcal M proteins are not protective against

nasopharyngeal infection in B61La mice.

3.35 Serum IgG antibodies generated against recombinant M proteins

do not prevent acute S. pyogenes skin infections

It was next investigated whether M protein-specific IgG antibodies induced by parenteral
vaccinations could protect against the other major reservoir of acute S. pyogenes infections,
the skin. The vaccination regime was repeated in B6x.a mice, followed by intradermal skin
challenge with appropriate S. pyogenes strains two weeks succeeding the final
immunization (Figure 10B). Mice vaccinated with recombinant M proteins displayed no
discernable protective phenotype against skin infection by their respective S. pyogenes
strain. Vaccinated mice revealed comparable weight loss and lesion size development over
the course of infection compared to control PBS-immunized mice (Figure 15A, 15B).
Bacterial loads within lesions were also similar between control and M protein-vaccinated
mice (Figure 15C) despite mice demonstrating significantly higher serum M protein-
specific IgG levels post-vaccination (Figure 15D). These results further indicate that serum
IgG antibodies against streptococcal M proteins are not protective against acute skin

infections by S. pyogenes in B6HLa mice.

3.3.6 Generation of a M18 protein-knockout mutant strain in S. pyogenes
MGAS8232

M proteins are thought to promote virulence through adhesion and immune evasion
mechanisms, and such, the lack of protection following immunization was unexpected.
Therefore, we sought to examine the effect of knocking out expression of the M protein on
acute infections. Standard molecular cloning techniques were used to generate an in-frame
clean deletion of the M18 protein, encoded by the emm18 gene, within the S. pyogenes

MGAS8232 genome. The deletion mutant was confirmed by DNA sequencing and
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Figure 14. Subcutaneous vaccination with monovalent M proteins do not protect
against S. pyogenes nasopharyngeal infection in B61La mice.

B6nLa mice were immunized subcutaneously with 1 pg of recombinant (A) M3, (B) M12,
(C) M18, or (D) M74 protein in alum three times at 2-week intervals, or PBS in alum for
control mice. At 2 weeks post-vaccination, mice were intranasally challenged with ~10® CFUs
of the homologous S. pyogenes strain and sacrificed 48 hours later for bacterial enumeration.
CFU data points represent bacterial recovery from cNTs of individual immunized mice. Bars
represent mean CFUs + SD. The horizontal line indicates limit of detection. Significance
determined by unpaired Mann-Whitney #-test, data not significant. Serum anti-M protein IgG
titers from (A) M3, (B) M12, (C) M18, or (D) M74 protein-vaccinated and control mice.
Antibody titers were calculated as the reciprocal of the lowest serum dilution with readings
four-fold above background. Bars represent mean + SD serum IgG titers calculated for
individual mice by ELISA. Significance determined by unpaired Mann-Whitney #-test (**, P
<0.01).
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Figure 15. Subcutaneous vaccination with recombinant intact M proteins do not
prevent acute skin infection by S. pyogenes in B6HLa mice

B6nLa mice were immunized subcutaneously with 1 pg of recombinant M proteins in alum
three times at 2-week intervals or PBS in alum for control mice. Mice were administered ~2.5
x 107 CFUs of homologous S. pyogenes strains intradermally in each hind flank 2-weeks post-
vaccination and sacrificed 72 hours later for bacterial enumeration. A. Weights of mice at 24-,
48-, and 72-hours following skin challenge. Weights represented as a percentage (%) of day 0
weight. B. Skin lesion areas at 24-, 48-, and 72-hours post-infection. Bars represent mean +
SD. For each vaccine experiment significance was determined by (A - B) two-way ANOVA
with Sidak’s multiple comparisons test and Geisser’s Greenhouse correction, data not
significant. C. Bacterial CFUs from individual lesions normalized to the weight of skin
excised. Bars represent mean + SD. Significance was determined by unpaired Mann-Whitney
t-tests, data not significant. D. M protein-specific IgG antibody serum titers. Antibody titers
were calculated as the reciprocal of the lowest serum dilution with readings four-fold above
background. Data points represent IgG titers calculated for each individual mouse by ELISA.
Bars represent mean + SD. Significance was determined by unpaired Student’s ¢ test (*, P <

0.05; **, P<0.01). E. Representative images of skin lesions at 72 hours post-infection.
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validated using PCR amplification with primers flanking the deleted region. Compared to
the wildtype MGAS8232 genome, the Aemm18 mutant strain contained a 1,167 bp deletion
within the emm18 encoded region (data not shown). Recombinant M18 protein was used
to immunize rabbits (Pro Sci Incorporated) and produce polyclonal rabbit serum containing
o-M18 antibodies. Expression of the M18 protein from wildtype MGAS8232 was
illustrated by Western blot using rabbit o.-M18 serum, which also emphasized the absence
of M18 expression in the Aemm18 mutant compared to wildtype and AhasA strains (Figure
16A). Furthermore, deletion of the emm18 gene did not impact the secreted protein profile,
which was assessed through trichloroacetic acid preparations of wildtype and Aemm18
MGASS8232 and visualized by SDS-PAGE (Figure 16B). Bacterial growth was similar
between wildtype and Aemm18 strains in vitro in THY media, which ensured that the
deleted emm18 gene had no detrimental effect on the growth rate of S. pyogenes (Figure
16C).

3.3.7 Characterization of S. pyogenes MGAS8232 Aemm18 in vitro

Bacterial adherence properties of wildtype and Aemm18 MGAS8232 were then evaluated
using A549 lung epithelial cells and D562 pharyngeal cells. Briefly, we incubated
exponential phase bacteria over confluent monolayers for two hours, washed off non-
adherent bacteria, and then lysed cells to determine the remaining adherent bacteria. There
were no significant differences in the amount of adherent wildtype or Aemm18 adherent
bacteria recovered from A549 and D562 cells (Figure 16D, E), suggesting that M18
protein expression does not mediate adherence to these epithelial cells. Additionally, the
Lancefield human blood bactericidal assay was used explore the contribution of the M18
protein to bacterial immune evasion. Following the inoculation of wildtype or Aemm18
cultures into fresh heparinized human blood, the Aemm18 mutant had reduced growth and
survival of compared to wildtype MGAS8232 in whole human blood (Figure 16F),
supporting that M18 protein resists killing in blood. We next sought to examine how the
M18 protein contributes to survival against neutrophils specifically and found that Aemm18
mutant was more sensitive to neutrophil-mediated killing than wildtype MGAS8232. This

was demonstrated by a significant decline in the survival of Aemm18 in the presence of
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freshly isolated neutrophils (Figure 16G). These results outline an important feature by the

M18 protein in promoting resistance to neutrophil Killing.

3.3.8 M18 protein expression by S. pyogenes MGAS8232 does not

promote nasopharyngeal infection in B6y.a mice

Although M protein-specific antibodies offered no defense from nasopharyngeal and skin
infections, we next pursued to investigate whether S. pyogenes requires this surface protein
at all during these acute infection models. We first assessed the necessity of the M18
protein during nasopharyngeal infection and infected mice with ~108 CFUs of wildtype or
Aemml18 MGAS8232. Nasal turbinates were collected 48 hours post-infection to assess
nasopharyngeal bacterial burdens and cytokine responses during infection. Consistent with
previous findings, mice presented high bacterial loads of wildtype S. pyogenes MGAS8232
in their nasopharynx, and this was not significantly different than the number of bacteria
recovered from Aemml8-infected mice (Figure 17A), suggesting that M18 protein
expression is not essential to establish nasopharyngeal infection of B6n.a mice. Consistent
with the non-invasive nature of the model [156], mean bacterial dissemination of S.
pyogenes wildtype and Aemm18 remained below the limit of detection in the lungs, liver,
spleen, heart, and kidneys (Figure 18), concluding that removal of the M18 protein does

not increase S. pyogenes dissemination.

Cytokine responses in ctNT homogenates were then assessed by a multiplex cytokine array
to evaluate the levels of 32 cytokines during infection. Any cytokine that presented an
average concentration above 20 pg ml within a treatment group was included in the heat
map and presented as normalized median cNT cytokine responses (Figure 17B).
Quantitative cytokine data is shown in the supplemental data (Appendix 6). As shown
previously, uninfected mice do not naturally express an inflammatory signature within their
CNTs, whereas concentrations of Thl-type cytokines (IL-la and IL-1B); Thl17-type
cytokines (IL-6 and IL-17); chemokines (KC, IP-10, MCP-1, MIP-1a, MIP-1p, MIG, MIP-
2, LIF and LIX); and growth factors (G-CSF) are vigorously induced during wildtype S.
pyogenes infections (Appendix 6). Interestingly, infection by the Aemml8 mutant

paralleled a wildtype-induced inflammatory environment
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Figure 16. Generation and characterization of the S. pyogenes Aemm18 mutant
strain.

A. Western Blot using rabbit anti-M18 polyclonal serum demonstrated absence of M18
protein from the Aemm18 mutant strain. B. S. pyogenes wildtype and Aemm18 strains were
grown in THY for 18-hours and the secreted protein profiles were assessed by SDS-PAGE
on 12% acrylamide gel stained with Coomassie. C. Growths of S. pyogenes wildtype and
Aemm18 in THY at 37°C was measured by ODgqy Over the course of 18 hours. Data is
presented as mean + SD of each culture analyzed in triplicate. D. Adhesion of S. pyogenes
to D562 pharyngeal epithelial cells. E. Adhesion of S. pyogenes to A549 lung epithelial
cells. Confluent cell monolayers were treated with S. pyogenes (MOI of 100) for 2 hours
at 37°C + 5% CO2. Non-adherent bacteria were washed with PBS, and cells were lysed
with Triton X-100 for enumerating remaining adherent bacteria. Data was evaluated using
unpaired t-test, data not significant (n = 3). F. Whole human blood survival assay.
Heparinized blood from human donors were incubated with ~10% bacterial CFUs of
wildtype or Aemm18 S. pyogenes MGAS832 at 37°C with rotation for 3 hours. Data points
represent geometric mean CFUs + SD. Horizontal line indicates limit of detection. G.
Neutrophil survival assay. Neutrophils were isolated from human blood by density
centrifugation and inoculated with opsonized wildtype and Aemm18 strains at a MOI of
10. Surviving bacteria were determined after 60 min at 37°C with rotation and was
calculated as the difference between surviving bacteria with no neutrophils and in the
presence of neutrophils. Data shown are the means of percent survival £ SD (n > 3 per
group). Statistical analyses were performed using unpaired Mann-Whitney t-test (*, P <
0.05).
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Figure 17. M18 protein expression by S. pyogenes MGAS8232 is expendable during
acute nasopharyngeal infection in B61La mice

A. Nasopharyngeal burden from S pyogenes MGAS8232 wildtype and Aemm18 infections.
B6muia mice were administered ~10% CFUs of S. pyogenes intranasally. Data points represent
bacterial CFUs from cNTs of individual mice 48 hours post-nasal challenge. Bars represent
mean = SD. Horizontal dotted line indicates limit of detection. Significance determined by
unpaired Mann-Whitney t-test (P = 0.2381, data not significant). B. Heat-map of cNT
cytokine and chemokine responses during S. pyogenes MGAS8232 wildtype and Aemm18
nasopharyngeal infections. Data shown represent normalized median cytokine responses

from infected cNTs (n > 3 per group).
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Figure 18. Deletion of the emm18 gene in S. pyogenes MGAS8232 does not enhance
bacterial dissemination in B6uLa mice.

B6nLa mice were nasally challenged with S. pyogenes MGAS8232 and sacrificed 48 hours
later. Organs were harvested, homogenized, and plated on TSA with 5% sheep blood agar
to determine bacterial dissemination. Bacterial CFUs were measured in the (A) lungs, (B)
liver, (C) spleen, (D) heart, and (E) kidneys. Bars represent mean + SD. Horizontal dotted
line indicates limit of detection. Significance determined by unpaired Mann-Whitney t-test,

data not significant (n > 5).
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with no significant cytokine differences (Figure 17B; Appendix 6). These results suggest
that removal of the M18 protein continues to support inflammation within the nasopharynx

and does not alter bacterial burden during nasopharyngeal infection.

3.3.9 M18 protein expression by S. pyogenes MGAS8232 does not

promote bacterial density during skin infection

We next aimed to assess whether M protein expression promotes infection by the
other major reservoir of S. pyogenes, the skin. B61La mice were injected intradermally in
each hind flank with wildtype or A.emm18 and showed weight loss at 24- and 48-hours and
exhibited signs of recovery by 72-hours (Figure 19A). Although lesions from d4emm18-
infected mice showed dramatically reduced areas over the course of the infection compared
to wildtype-infected mice (Figure 19B, 19D), they revealed no differences in bacterial load
within these lesions at 72-hours (Figure 19C). Unexpectantly, 4emm18-infected mice
trended for greater bacterial recovery within lesions, however, bacterial CFUs were not
significantly higher than wildtype-infected mice (Figure 19D). Overall, we conclude that
expression of M18 protein does not offer a competitive advantage for S. pyogenes

MGAS8232 to establish acute infections of the nasopharynx or skin in B6nLa mice.
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Figure 19. M18 protein expression by S. pyogenes MGAS8232 does not promote
bacterial density during skin infection in B61La mice.

B6ia mice were intradermally administered ~2.5 x 107 CFUs in each hind flank with S.
pyogenes MGAS8232 wildtype or Aemm18. A. Weights of B6ura mice at 24-, 48-, and 72-
hours following skin challenge. Weights represented as a percentage (%) of day 0 weight. B.
Skin lesion areas following skin challenge at 24-, 48-, and 72-hours post-infection. Bars
represent mean + SD. Significance determined by two-way Sidak ANOVA (¥*** P <0.0001).
C. Bacterial CFUs from individual infected skin abscesses normalized to the weight of excised
skin tissue at 72 hours. Bars represent mean + SD. Significance determined by unpaired #-test
(P=0.2720, data not significant). D. Photographic representation of skin lesions at 72-hours
post-skin challenge with S. pyogenes MGAS8232 wildtype and Aemm18 strains.
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3.4 Discussion

Protective immunity against S. pyogenes has historically been ascribed to the accumulation
of protective antibodies against type-specific regions of the M protein. Vaccines consisting
of four [180], six [181,182], eight [183], twenty-six [184—186], and thirty [187] N-terminal
peptides from various serotypes have demonstrated bactericidal responses, yet protection
from disease has not been established. In the present study, mice were immunized with
distinct monovalent M protein vaccines and subjected to acute experimental infections to
either provide support or possibly refute the focus of serotype-specific immunity. Since
pharyngitis and impetigo are the most common manifestations, we evaluated the
effectiveness of monovalent M protein vaccines in preventing experimental
nasopharyngeal and skin infections. While this work supports that M protein vaccination
induces high systemic levels of M protein-specific 1gG, these responses fail to prevent
infection by S. pyogenes in the nasopharynx and skin of B6x.a mice. We also show that
genetic deletion of the M18 protein in S. pyogenes MGAS8232 did not reduce
nasopharyngeal or skin bioburdens. Our findings indicate that peripheral antibodies raised
against M proteins are not protective against acute experimental infections and suggest that
subcutaneous M protein vaccinations may not be optimal strategies for S. pyogenes vaccine
development.

In the current study, we leveraged our previously described robust B6x.a model [157] to
further our understanding of streptococcal-host interactions with a focused goal to evaluate
serotype-mediated protection. M3 serotypes, including MGAS315, are common causes of
pharyngeal and severe invasive infections globally with unusual high rates of morbidity
and mortality [341]. The M12 serotype HKU16 strain is representative of a massive scarlet
fever outbreak in the Far East [143,342], and the M18 serotype MGAS8232 strain is a
pharyngeal isolate from an acute rheumatic fever outbreak in Utah [269]. Lastly, NGAS979
is an M74 serotype skin isolate from Thunder Bay, representative of an explosive invasive
strain that expanded across Canada beginning in 2015 [339]. Notably, each of these strains
infect the nasopharynx of mice in an HLA-dependent manner (Figure 11), which
reinforces that HLA expression is important for modeling infections in mice across a

number of contemporary S. pyogenes strains. Pharyngeal colonization is considered the
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major reservoir for S. pyogenes in developed countries and skin infections (impetigo) are
much more prevalent in resource poor settings [278], and thus, the ability to cause acute
skin infection in B6nLa mice was next examined. MGAS315 and MGAS8232 produced
larger lesions and prompted greater weight loss over the 72-hour infection period compared
to mice injected with HKU16 or NGAS979 strains, but bacterial recovery by each strain
was comparable (Figure 12). Since NGAS979 belongs to emm-type pattern D typically
associated with skin tropism [343], it was anticipated to cause more severe soft tissue
infections, however, lesions were smaller than those caused by MGAS315 and MGAS8232
strains and bacterial burden remained confined to the injection site (data not shown). The
B6hLa infection model does have limitations whereby many superantigens are not
functionally active, likely due to the inability of most streptococcal superantigens to target
mouse Vs [156,157], however, S. pyogenes NGAS979 encodes SpeA [339] which has
been shown to promote infection in B6uLa mice [156]. Furthermore, the role of
plasminogen remains an important issue for all murine models as streptokinase activates
human, but not mouse, plasminogen. By binding human plasminogen, streptokinase clears
fibrin clots and ECM components in skin tissue, permitting bacteria to enter deeper tissue
and blood more readily [167]. Since streptokinase is not active in B6nia mice, this may
represent a limitation for this model in S. pyogenes skin pathogenesis. In our skin infection
model, S. pyogenes does not enter the blood and spread to other organs (data not shown)
and it remains possible that these strains have reduced virulence in absence of human
plasminogen, yet the plasminogen system is only one of many factors implicated in skin
invasion [344]. Additionally, intradermal injections force bacteria to bypass the epidermal
skin layer and may not reflect the superficial aspect of S. pyogenes skin infections as it is
known to enter only broken skin [345]. Models that more closely mimic physiological
conditions under natural conditions, such as the skin scarification method [345], should be
considered for future studies. Nevertheless, each of the strains used in this study were able
to colonize and cause acute nasopharyngeal and skin infections in B6xLa mice, and this led
us to explore whether M protein-based immunizations generated antibody-mediated

protection using these models.
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As expected, M3, M12, M18, and M74 immunizations mounted robust systemic M protein-
specific 1gG titers, but these M protein antibodies were not protective against acute
nasopharyngeal or skin infections in these non-invasive models (Figure 14, Figure 15).
Previous vaccine studies have shown that humoral responses against M protein can prevent
severe disease [334,335], and the results of this study were therefore unexpected. The
discrepancy of immunological protection may be explained by the route of vaccine
administration. Similar reported studies reveal that parenteral immunization fails to reduce
mucosal infection by S. pyogenes, despite induction of high levels of serum 1gG [246,335],
yet the same vaccine administered by the intranasal route was able to induce protection
against intranasal S. pyogenes challenges [246,335]. Interestingly, early human clinical
trials using monovalent M3 and M12 protein immunizations significantly reduced rates of
throat colonization and clinical illness in only recipients of intranasal vaccination compared
with patients immunized systemically [178], and serum antibody responses were not
reliable indicators of resistance against pharyngitis or colonization [178]. Recently,
Influenza immunization studies demonstrated enhanced antiviral immunity when a protein-
based vaccine was administered only intranasally and not by alternate parenteral routes
[346], and this was correlated with local IgA secretion rather than circulating antibodies
alone [346]. The lack of protection by parenteral immunization may be due to the absence
of mucosal recall responses at the targeted site of infection. Parenterally vaccinated mice
fail to mount Th17/IgA responses in lungs compared to intranasally vaccinated mice [335],
and since lymphocytes primed in the lungs have strong tropism to airways, parenteral
immunization may not induce T cell responses with mucosal homing markers [347-349].
Multiple studies demonstrate important protective roles for Th17 cells against intranasal S.
pyogenes infections [243,301,303], however, priming must occur in the mucosal
compartment in order to promote protective immune responses locally. Mucosal
immunizations activate antigen-responsive T cells that differentiate into tissue-resident
memory T cells (Trm) and respond rapidly to antigen rechallenge, recruiting neutrophils to
limit subsequent pathogen exposure [350]. Alternatively, they can be ‘pulled’ to the
infected compartment shortly after their priming. This has been accomplished by adding
an intranasal booster immunization to a vaccination strategy that already involves

parenteral immunizations, which ‘pulls’ systemic antigen primed Th17 cells to the targeted
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mucosal site to increase resident Th17 memory T cells and accelerate local IgA recall

responses; boosting the effects from parenteral vaccination [351,352].

The results of this study are in striking contrast to our previous vaccination work that
demonstrate protective effects using subcutaneous immunizations with SpeA. In this work,
immunization of B6xLa mice with inactive SpeA toxoid in alum generated serum anti-
SpeA IgG antibody titers that prevented experimental nasopharyngeal infection by S.
pyogenes MGAS8232 [157]. Furthermore, passive immunization with anti-SpeA
antibodies prevented nasopharyngeal infection [157], and thus, a protective role for
systemic 1gG alone cannot be excluded for prevention against acute S. pyogenes infections.
Likewise, parenteral immunizations have resulted in remarkable protection against a
number of mucosal pathogens, including Haemophilus influenzae type b, Streptococcus
pneumoniae, and Neisseria meningitidis [353], capable of inducing mucosal effector cells
and highly neutralizing antibodies. It was recently demonstrated that protective
pneumococcal-responsive IL-17A'CD4* Trm cells accumulate in the nasopharynx
following either intranasal or subcutaneous vaccination of killed pneumococci [350].
While cellular responses following subcutaneous immunizations were not characterized in
this study, it cannot be excluded that they could still be contributing to immune responses
against S. pyogenes via parenteral immunization. Together, protection against upper
respiratory tract and skin infections is a requirement for any S. pyogenes vaccine, and a
subcutaneous-based immunization strategy that induces significant M protein 1gG
antibodies in serum may not be sufficient by itself to provide immunity against S. pyogenes.
It will be important to determine in future experiments if intranasal routes of M protein
immunizations are more optimal to induce protective serotype-based immunity, and if

local, rather than systemic, responses mediate this protection.

An overarching concern with M protein-based vaccines is that there are over 220 known
streptococcal emm-types identified with varying distributions worldwide, and this presents
a possible complication of low coverage for type-specific vaccines. Particularly, the
diversity of emm-types circulating in low-income countries, where disease is endemic,
differs considerably between regions [191,354]. Recent findings have shown that the 30-
valent vaccine would protect against the majority of invasive- and pharyngitis-associated
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emm-types in North America and Europe and produce cross-reactive antibodies that
recognize other additional emm-types [37,184,192,355], however, targeting the
hypervariable N-terminal region of M proteins does not protect against all globally
circulating S. pyogenes serotypes [356]. Therefore, it is considered unlikely that a
universally protective vaccine will ever arise from just targeting the hypervariable
immunogenic region of the M protein. Furthermore, the absence of dominating serotypes
through vaccination may select for and replace vaccine-containing serotypes with
expanding emm-types not included in the vaccine, known as serotype replacement. This
would result in a new skewed serotype distribution that would erode the benefit of
vaccination and make it difficult and costly to tackle the remaining burden of disease. In
resource-poor settings, it is not uncommon for individuals to be co-colonized with multiple
strains of S. pyogenes at once [357]. If vaccine and non-vaccine containing serotypes
compete in a single host, this could unmask minor serotypes that would now benefit from
removal of competitors and increase in prevalence. Another important consideration for M
protein-based vaccines is the opportunity for antigenic drift. High-frequency, intragenic
recombinational events have been reported to occur within repeat regions of M proteins,
which has the possibility of producing size variant derivatives of a particular strain and
may even generate new serotypes. In the type 6 M protein from S. pyogenes D471,
recombination events within the A-repeat block of M6 led to a significant decline in the
opsonization ability of monoclonal antibodies directed at this region [358]. Furthermore,
sequence variations have been identified in nonrepeating N-terminal regions of several
strains identified serologically as the same M1 serotype [359,360], which may ultimately
affect the efficacy of opsonic antibodies due to antigenic drift. An alternative approach to
is to target cryptic epitopes found within the highly conserved C-repeat domain of the M
protein, which has the potential to induce protection against most, if not all, S. pyogenes
strains. Antibodies against highly conserved epitopes may not be considered a result of
natural infection [361], but their immunogenicity is enhanced when fused to highly
immunogenic carrier proteins. Extensive studies, particularly of the J8 vaccine candidate,
show induction of opsonic antibodies, long-term B cell memory, and protection against
nasal  [205,206], skin [199,202], and systemic infections in  mice
[158,197,198,200,202,207]. The efficacy of the J8-DT vaccine, however, is greatly
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impaired against CovR/S mutants, including the global epidemic hypervirulent strain
M1T1 [202].

Furthermore, a remaining major hurdle for M protein-based vaccines is the theoretical
possibility of inducing autoantibodies. Although historical studies that administered crude
whole M protein preparations to human volunteers demonstrated reduced pharyngeal
colonization [177,178,362], there were reports of increased ARF incidences for some
immunized participants [363]. This led to a U.S. federal ban on testing S. pyogenes
vaccines in humans that lasted for over 30 years [364]. Identifying protective from
autoimmune epitopes has since remained a focus of M protein vaccine strategies so that
vaccine preparations would not activate autoimmune responses. Multiple studies have
shown that vaccine formulations targeting type-specific hypervariable N-terminus epitopes
are least likely to cross-react with host tissues [181,188,189], and epitopes located in the
middle of the mature M proteins, including B and C repeat regions, are more likely to
express cross-reactivity [365-370]. However, passive transfer of hypervariable A-repeat
region-specific T cells from M5 immunized rats produced valvulitis in naive rats [366].
Consequently, M protein-based immunizations are unlikely to be universally safe from
inducing cross-reactive immune responses, and thus, a vaccine composed of other
conserved antigens or multiple bacterial components known to be crucial for infection and

survival of S. pyogenes may be more successful candidates.

Our findings demonstrated that serum antibodies against the M protein did not prevent
acute infections, and this led us to further analyze the necessity of M protein expression
during acute infections in B6xLa mice. Chromosomal deletion of the emm18 gene was
created in S. pyogenes MGAS8232 and used to infect the nasopharynx and skin of mice.
We discovered that removal of M18 protein had no impact on bacterial burden as Aemm18
mutant recovery was similar to wildtype at both sites of infection (Figure 17, Figure 19).
Interestingly, Aemm18 mutant displayed significantly smaller skin lesions throughout the
72-hour skin infection model (Figure 19), although this did not correlate to lower bacterial
load within infected lesions. Previous studies demonstrate that M proteins induce potent

inflammatory responses by stimulating T cell proliferation [371] and monocyte and
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neutrophil activation [372-375] to promote the secretion of IL-1p, IL-6, TNF-a, and IFNy.
M proteins have also been shown to form complexes with fibrinogen that bind B2 integrins
and induce the release of heparin-binding protein from neutrophils and monocytes to
promote vascular leakage [372,373], as well as activate NLRP3 inflammasome activation
[374]. Conversely, it has also been shown that the B- and C-repeat regions of the M5
protein may have a role in modulating inflammatory potential through induction of anti-
inflammatory 1L-10 secretion by macrophages, however, IL-10 secretion had no effect on
the output of IL-6, TNFa and IL-1pB [375]. We propose that robust tissue inflammation
induced by M protein expression likely contributes to larger lesion sizes observed in this
study and recent reports showing that keratinocytes recognize soluble M protein asa PAMP
to release innate inflammatory response alarms [376] support this. Nevertheless, our
studies do not support significant proinflammatory cytokine induction by the M protein as
no significant differences in proinflammatory cytokines were observed in the nasopharynx
of mice inoculated with MGAS8232 wildtype and Aemm18 strains (Figure 17; Appendix
6), however, cytokine levels within infected skin lesions were not measured. Our
experiments also demonstrate the profound effect of resisting phagocytosis by M18 protein
expression, while adherence to pharyngeal epithelial cells was unchanged by Aemm18
(Figure 16). Although its role as a major streptococcal adhesin has been under great debate
(reviewed in [70]), evidence that M proteins inhibit complement deposition and prevent
opsonophagocytosis has received overwhelming support (reviewed in [124]). Though it
remains possible that functionally redundant bacterial components may compensate for
deletion of the M protein during acute infections, important limitations to the presented
models are considered. B6HLa-transgenic mice may be sensitive to proinflammatory effects
triggered by superantigens; however, M proteins promote S. pyogenes virulence by binding
several human-specific, but not mouse, complement inhibitors. Consequently, B61La mice
are unlikely the most suitable model to fully recapitulate pathogenic mechanisms of M
proteins with the innate immune system. Transgenic mouse models that express human
C4BP and/or human Factor H demonstrate reduced S. pyogenes uptake by neutrophils and
greater bacterial burden and dissemination during invasive disease compared to wildtype
BALB/c mice [161], and thus, may be more appropriate to model M protein human-specific

interactions with complement inhibitors. Furthermore, binding human plasminogen
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promotes the degradation of fibrin clots, connective tissue, and the ECM [166]; and
introduction of the human plasminogen transgene into mice has been shown to promote M
protein-mediated pathogenesis during invasive disease [172]. Further experimentation
using mice that are humanized in ways relevant to M protein function may be required to
fully elucidate the mechanism of M proteins during acute nasopharyngeal and skin
infections, however, the contribution of superantigen activity cannot be accounted for

within these models.

To conclude, several M protein monovalent immunizations were performed in this study
to assess their ability to generate M protein-specific antibodies in vivo and to determine
whether these humoral responses were protective against acute S. pyogenes infections in
B6HLA mice. While this work supports the induction of significant M protein-specific I1gG
antibodies following immunizations, these responses fail to prevent experimental
nasopharyngeal and skin infections by homologous S. pyogenes strains. Our findings also
reveal that genetic deletion of M18 protein in S. pyogenes MGAS8232 did not reduce
bacterial burdens in nasal turbinates or skin lesions of mice. Although the majority of S.
pyogenes vaccine research focuses on enhancing immunity against streptococcal M
proteins, this study indicates that parenteral M protein immunizations are not protective
against acute infections and are, therefore, not optimal approaches for vaccine
consideration. From this work, future studies should focus on defining M protein immune
responses using multiple routes of vaccine administration, and to determine whether the
functional activity of M proteins is enhanced and necessary for acute infections in the
presence of human complement inhibitors. Recent advances in controlled human infection
models [377,378] may overcome barriers to describing the importance of M protein in the
establishment of acute infections and for defining the efficacy of M protein-based vaccines.
Analyzing M proteins from these perspectives will have wide-reaching implications on

therapeutic approaches against this globally prominent pathogen.
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Chapter 4: Repeated nasopharyngeal challenges with S.
pyogenes MGASS8232 impairs left ventricle function in

HLA-transgenic mice
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4.1 Introduction
S. pyogenes is a major bacterial pathogen that continues to cause a vast amount of human
illness worldwide, ranging from mild localized infections to life threatening diseases.
Importantly, ineffective treatment or recurring S. pyogenes infections can provoke
autoimmune post-infection sequelae whereby the host’s immune system not only generates
a response against the invading organism but also against self-antigens [4]. Acute
rheumatic fever (ARF) is a delayed multifactorial inflammatory illness that generally
appears around 2-3 weeks following S. pyogenes pharyngeal and possibly skin infections
[8,45,47,320,379]. Together with a positive throat culture or serological evidence of prior
S. pyogenes infection, diagnosis of ARF involves various combinations of minor and major
manifestations that reflect tissue involvement, and these manifestations are outlined in the
updated Jones criteria (Table 1). Clinical presentations include fever, joint swelling and
pain, chorea, subcutaneous nodules on the skin, and carditis. While most clinical features
eventually resolve, inflammation and damage to cardiac valves can persist and result in
valvular regurgitation or stenosis, and this chronic valvular autoimmune damage is
classified as rheumatic heart disease (RHD). Subsequent or repeated streptococcal
infections can exacerbate ARF symptoms and valve injury, therefore, secondary antibiotic
prophylaxis may reduce the risk of ARF recurrences and slow the progression and severity
of disease in patients with established RHD [46,380]. Determinants of ARF and RHD
progression are poorly understood, and initial clinical presentations can range from

asymptomatic valvular dysfunction to heart failure.

For most human autoimmune diseases, a defining exogenous trigger required for the
development of disease is not known, however, prior pharyngitis by S. pyogenes is wildly
accepted as playing a causal role for development of ARF and RHD [11]. In susceptible
individuals, host responses intended to clear streptococcal infections also inadvertently
recognize and express immunological cross-reactivity to host tissue through a process
known as molecular mimicry. Molecular mimicry occurs when antibody or T cell epitopes
are shared between the host and microorganism, which occurs when distinct molecules
present either identical or homologous amino acid sequences, or when epitopes are shared

by entirely different chemical structures [381]. If cross-reactivity is sufficiently robust, or
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if specific autoreactive targets are not normally “visible” to the immune system, there may
be a loss of self-tolerance resulting in autoimmune manifestations. In cases of ARF, cross-
reactive host antigens can reside in the skin, joints, brain, and heart; however, chronic
autoimmune responses against heart valves are the most severe and can lead to RHD and
possibly cardiac failure. In support of the molecular mimicry hypothesis, researchers have
defined antibody-mediated cross-reactivity as initiators of cardiac autoimmune responses,
followed by cellular infiltration of the endocardium and valve tissue. Autoantibodies that
react with the valve endothelium form immune complexes and upregulate vascular cell
adhesion protein 1 (VCAML1) on the valve surface, which attracts VLA-4 on activated T
cells [382-384] and leads to extravasation of autoreactive T cells into the valve.
Granulomatous lesions containing both T cells and macrophages can form as a result of
this inflammatory process and are mainly mediated by CD4" T cells [366,385-388].
Persistent inflammatory responses at the valve tissue can destabilize its structural integrity
and consequently result in valve dysfunction [389,390]. Examination of humoral responses
from ARF/RHD patients and animal models revealed that antibodies that recognize the S.
pyogenes surface M protein cross-react with similar a-helical coiled-coil host structures,
including myosin, tropomyosin, laminin, vimentin, and keratin [381]. Mutations that
specifically destabilize the a-helical structure of the M protein prevent its recognition by
streptococcal antibodies that cross-react with cardiac myosin [391], supporting that o-
helical protein epitopes are important targets of autoantibodies. Similarly, autoreactive T
cells isolated from either the peripheral blood or rheumatic mitral valves of ARF and RHD
patients have also been shown to react strongly and proliferate in response to M protein
and host myosin peptide stimulation [392-394]. Kirvan and colleagues demonstrated that
rat T cell lines specific for streptococcal M5 protein can passively transfer valvulitis into
naive rat recipients, characterized by infiltration of CD4" cells and upregulation of VCAM-
1 at the valve endothelium [366]. Autoantibodies that target a-helical structures have also
demonstrated cross-reactivity with the immunodominant epitope of the surface group A
carbohydrate antigen, N-acetyl-B-D-glucosamine (GIcNAc) [395-398]. Although once
thought to be conflicting, cross-reactive monoclonal antibodies that arise from molecular
mimicry can be polyreactive and recognize epitopes shared by multiple antigens, and thus,

epitope redundancy may be an important factor in autoimmune disease development [381].
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Since no other known natural host or environmental reservoir of S. pyogenes exists, post-
streptococcal autoimmune complications are strictly a human condition and modeling these
disease complications in animals is particularly challenging. One major barrier in the field
of ARF/RHD research has been the lack of a universally accepted and valid animal model.
A suitable model requires initiation and progression of the pathological mechanisms to be
identical or similar in the animal compared with the human condition. Early experimental
work assumed that direct injury to cardiac tissues was produced by S. pyogenes toxins, and
these studies introduced whole bacteria or crude streptococcal preparations into a variety
of animals, including mice, rats, rabbits, guinea pigs, swine, sheep, etc., (reviewed in
[399]). Despite numerous attempts, these animals did not present the representative
pathology and a relevant animal model for ARF/RHD remained elusive for many years.
Currently, the dominant in vivo valvulitis model utilizes the Lewis rat
[366,370,386,387,400,401]. This model employs an immunization of 500 pg of
recombinant M protein emulsified in CFA followed by 2 injections of heat killed B.
pertussis cells as a Thl-polarizing co-adjuvant at days 1 and 3, a booster immunization at
day 7 with M protein in IFA, and rats sacrificed at week 3 [366,370,386,387,400,401].
Although the Lewis rat model does not use a live infection, it was the first model to induce
hallmark pathological features of the mitral valve, including infiltration of CD4" cells and
macrophages, upregulation of VCAM-1, and the induction of granulomatous Aschoff
bodies [366,386,387]. Autoantibodies that cross-react with various regions of recombinant
M5 protein and cardiac myosin were also produced in these animals [387,401]. Together,
these observations demonstrated that M protein immune responses stimulate pathological
features that closely reflect the human condition, and this model was termed the rat
autoimmune valvulitis (RAV) model [386].

While the RAV model has been instrumental in characterizing key aspects involved in the
in ARF/RHD responses, the model design and its portrayal of autoimmune development
contains limitations. Immunopathological features are detected in the RAV model, but it
has not been validated whether animals develop measurable impairments to cardiac
function. Recently, electrocardiogram changes including prolongated P-R intervals and

echocardiographic identification of mitral valve thickening has been observed [401],
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however, extensive characterization of left ventricle function has not been fully
demonstrated. With the advantage of a safe, non-invasive, and reproducible technique,
echocardiography has become an essential tool for grading the severity of valvular disease
and for assessing left ventricle diastolic and systolic functions. In 2001, a WHO expert
consultation on ARF and RHD established a consensus for echocardiographic diagnosis of
subclinical RHD to enhance its early detection and prevent its advanced disease state [380].
Echocardiographic screening has shown a significant (up to 50-fold) increase in RHD
detection in multiple studies of school-aged children compared to conventional methods
[402-405]. Furthermore, since the RAV model does not use a live bacterial infection, the
omittance of additional bacterial components expressed during infection may provide a
secondary signal for disease induction, such as innate immune activation and significant
cytokine production. Together, the availability of an animal model that involves live S.
pyogenes infections, demonstrates key valvular pathological features, and assesses cardiac
function through echocardiographic screening is crucial to further our complete

understanding of the ARF and RHD disease process.

Although animal models of RHD exist (reviewed in [406]), key mechanisms of disease
development remain incomplete due to the lack of a live and relevant infection model. A
robust mouse model would be extraordinarily powerful due to the availability of
genetically engineered mice, along with genetically defined bacterial strains to evaluate
specific S. pyogenes virulence factors in disease development. Furthermore, repetitive
infections, particularly of the nasopharynx, as a predisposing condition to development of
ARF/RHD also remains largely unassessed. In our study, we aim to investigate a
genetically susceptible mouse model that involves repeated nasopharyngeal infections with
S. pyogenes and echocardiogram imaging to evaluate left ventricle function. We further
aim to examine the role of the streptococcal M protein on cardiac function by comparing
the use of a mutant strain that lacks M protein expression on its surface. Analysis of M
protein responses in the context of cardiac imaging will provide valuable insight into the
mechanism of valve damage following live infections and will guide future research that

assess autoimmune responses triggered by S. pyogenes infections.
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4.2 Materials and Methods

4.2.1 Bacterial growth conditions

A complete list of bacterial strains used in this chapter are found in Table 7. Molecular
cloning experiments utilized E. coli XL1-Blue with growth conditions outlined in Section

2.2.1. S. pyogenes was grown under the same conditions outlined in Section 2.2.1.
4.2.2 Construction of deletion mutants

Details on DNA manipulations are described in Section 2.2.2. A complete list of plasmids
and primers used in this chapter are described in Table 7 and Table 8 respectively. Briefly,
standard molecular cloning techniques were used to generate an in-frame clean deletion of
the M18 protein and GIcNAc, encoded by the emm18 and gacl genes respectively, within
the S. pyogenes MGAS8232 genome. Primers were designed to amplify the upstream and
downstream regions of emm18 and gacl and replace the wildtype genomic sequences with
the deletion constructs through homologous recombination using the Gram-positive E. coli
shuttle vector pG*host5. All mutants were confirmed by PCR and DNA sequencing.

4.2.3 In vivo experiments

4231 Ethics statement

All mouse experiments were conducted in accordance with the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals. The Animal Use
Protocol (AUP) numbers 2017-024-D, and 2020-041-D were approved by the Animal Use
Subcommittee at Western University (London, ON, Canada) (Appendix 2).

4.2.3.2 Mice

Mice utilized in this study were transgenic C57BL/6 (B6) mice expressing HLA-DR4 and
DQ8 (herein referred to as B6nLa mice) as listed in Appendix 3 and were bred as described
in Section 2.2.9.
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Strain/Plasmid Description Source

Streptococcus pyogenes

MGAS8232 M18 serotype isolated from a patient with acute [269]
rheumatic fever (GenBank accession: NC_003485.1)

MGAS8232 Aeemm18  emml8 deletion mutant derived from MGAS8232 This study

MGAS8232 Agacl gacl deletion mutant derived from MGAS8232 This study

Escherichia coli

XL1-Blue General cloning strain Stratagene

Plasmids for cloning

pG*host5 Temperature-sensitive Gram-positive/E. coli shuttle Appligene
vector; Erm’ [270]

pG*host5::Aemm18 pG*host5 with emm18 flanking regions inserted This study

pG*host5::Agacl pG*host5 with gacl flanking regions inserted This study

Abbreviations: Erm" - erythromycin resistance
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Table 8. Primers used in Chapter 4.

Primer

Primer Sequence (5'— 3')?

Primers for emm18 chromosomal deletion construct

Emm18 up BamHI For
Emm18 up Pstl Rev
Emm18 down Pstl For
Emm18 down Kpnl Rev

CCCGGATCC TTGATGAGTTAGATTGTTTGACAATTGATCTAGTAGAG
CCCCTGCAG TCTATTTGCATCTTTTCTAACCATTATTTGCTCC
CCCCTGCAG CTAAAACGCAAAGAAGAAAACTAAGCCTTTAGAA
CCCGGTACC TGTGTCGTCCTTTCCTGATGAGAG

Primers for gacl chromosomal deletion construct

gacl up BamHI For
gacl up Pstl Rev
gacl down Pstl For

gacl down Kpnl Rev

CCCGGATCC GGCCAAACCTCATACGATTAGTG

CCCCTGCAG AGGAATAATGATTAACTTTTTCACGAAAACTTCTCC
CCCCTGCAG GTTAGATTGAAAGGAAATCGTTAAAATGACGGTAA
CCCGGTACC CGAATGACCAATGTCATAATACATTAT

Primers for sequencing and screening

M13 For

M13 Rev

T7 For

T7 Rev

emm18 Screen For
emm18 Screen Rev
gacl Screen For

gacl Screen Rev

GTAAAACGACGGCCAG
GTCATAGCTGTTTCCTG
TAATACGACTCACTATAGGG
CGCCAGGGTTTTCCCAGTCACGAC
CAGGAGTTTGTGGGGTTTTGGTTTC
CGGTAATTTTTTGAAAAAGTACATCGGTGAG
ATTTTTCTTCTTCAGTATCTGTTCTT
ACTGTTTTGAAATGAAATATTACTTAATAA

aUnderlined sequences in primers indicate restriction endonuclease sites used for cloning purposes.

Abbreviations: For, forward; Rev, reverse
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4.2.3.3  Repetitive infection model

Details on S. pyogenes dose preparation and nasopharyngeal inoculation are described in
detail in Sections 2.2.9. In this study, baseline echocardiograms were performed on B6Hia
mice prior to receiving five nasopharyngeal challenges two weeks apart. Mice were imaged
again at week 9 and sacrificed at week 10 or subjected to two additional nasopharyngeal
challenges (two weeks apart), followed by echocardiogram acquisition at week 13 and
sacrifice at week 14. At euthanasia, terminal bleeds were collected for antibody assessment.

A schematic of the repetitive infection model is illustrated in Figure 20.
4.2.4 Antibody titer analyses

Serums from terminal bleeds were used to assess IgG antibody levels by ELISA following

repetitive infection by S. pyogenes as described in detail in Section 3.2.7.
4.2.5 Multiplex cytokine array

For cardiac cytokine array, serums of mice following repeated infections were diluted 2-
fold and sent to Eve Technologies (Calgary, AB, Canada) for the evaluation of 9 cytokine
concentrations involved in cardiac injury. Cytokine concentrations are found in Figure 26
and Appendix 7. Cytokine and chemokine concentrations in ctNT homogenates of mice
nasally infected with S. pyogenes were measured according to Section 2.2.10 using the 32-
Plex array from Eve Technologies (Calgary, AB, Canada). Uninfected cNT homogenates
were collected for background comparisons. Data on heat maps is presented as normalized
median cytokine responses (Xnormalized = [(X = Xmin)/(Xmax — Xmin)]) from ctNT homogenates
of all nasally infected mice (n > 3). Statistical analyses were completed by completed by
one-way ANOVA with Kruskal-Wallis post-hoc test and Dunn’s multiple comparisons

test. Quantitative cytokine levels are shown in Appendix 8.
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Figure 20. Model of repeated S. pyogenes nasopharyngeal infections in B6HLa mice.

B6rLa Mice were exposed to recurrent nasopharyngeal infections of ~108 CFUs of S.
pyogenes MGAS8232 wildtype or Aemml8 every other week for 13 weeks.
Echocardiogram images were taken by the VisualSonics Vevo3100 ultrasound imaging
system at week 0, week 9, and week 13. Image analyses were kept blind until the end of

the study. At week 14, mice were sacrificed, and their serum and hearts were harvested.
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4.2.7 Echocardiogram imaging

4.27.1  Animal set-up

Echocardiography was performed to measure basic cardiac function in mice as previously
described [407,408]. Briefly, we used an ultra-high frequency linear array transducer
(MX550S, 25-55 MHz, center transmit 40Hz, axial resolution 40 pm) coupled to a Vevo®
3100 high resolution imaging system (FUJIFILM VisualSonics; Toronto, Ontario,
Canada). Animals were sedated with 3% isoflurane (Baxter International, Deerfield,
Illinois, USA) and secured in a supine position on the Vevo mouse handling platform
(FUJIFILM VisualSonics; Toronto, Ontario, Canada). The platform was set to 42°C and a
heat lamp was closely secured to help maintain core temperature at 37°C. Continuous
monitoring of body temperature by a rectal probe was used to aid in heat regulation.
Following the removal of fur on the chest by over-the-counter hair removal cream (Nair™),
ultrasound gel (Parker Laboratories Fairfield, New Jersey, USA) was applied on the
chest. For examination, isoflurane concentrations were reduced to 1-2% to achieve
comparable heart rates (HR) during image acquisition. HR were kept consistent between
experimental groups (400-500 bpm) and were continuously monitored by
electrocardiogram (ECG) recordings obtained from the limb electrodes on mouse handling
platform to minimize cardio-depressive effects from the anesthetic. HR values were
obtained and reported in real-time together with images. Photographic representation for

echocardiogram imaging set-up of an anesthetized mouse is shown in Figure 21.

4.2.7.2  Cardiac image acquisition

All animals were scanned and recorded in the parasternal long-axis (PSLAX) view for
visualization of the left ventricle (LV) in its maximum dimension from apex to base. B-
mode cine loops were recorded and stored for LV image analyses. Particular attention to
avoid truncated views or foreshortening of the LV was taken. All animals were scanned in
short-axis (SAX) view, taken at the midpapillary level of the LV by rotating transducer
position in PSLAX view 90° clockwise. The papillary muscles served as anatomical
landmarks for standardized views. M-mode images were assessed in SAX view to

determine wall thicknesses. Additionally, all animals were scanned in the apical four-
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Figure 21. Echocardiogram image acquisition of an anesthetized mouse.

Preparation of a mouse for an echocardiogram exam using the Vevo® 3100 high resolution
imaging system. An anesthetized mouse is placed in a supine position on the pre-warmed
mouse handling platform in a nose cone to maintain 1-2% isoflurane sedation level. A
rectal probe is inserted into the mouse for continuous monitoring of physiological body
temperature with a heat lamp secured close by to aid in heat regulation. The mouse’s paws
are taped down on or near the electrode pads on the handling platform and electrode cream
is used to for ECG monitoring. Heart rates were continuously reported in real-time by ECG
recordings. Following the removal of fur on the chest by hair removal cream (Nair™),

ultrasound gel is applied, and a MX550S transducer is used for cardiac examinations.
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chamber view to allow for recording of colour and pulsed-wave (PW) Doppler flow
velocities across the mitral valve. The view was obtained by placing the transducer over
the apex and pointing it towards the animal’s right shoulder, allowing the beam to cross
both ventricles, both atria, and their respective walls and septa. The left atrium (LA) was
routinely used as an anatomical marker to locate the mitral valve annulus, which separates
the LA and LV. The sample volume was placed parallel to the blood flow and close to the
tip of the mitral leaflets where velocity appeared the highest to record maximal transmitral
flow velocities. For all image acquisitions, image depth, width and gain settings were used
to optimize image quality. All images were acquired are stored digitally in a raw format
(DICOM) for further offline analyses.

4.2.8 Echocardiogram analyses

Image analyses were performed by a single blind observer using the dedicated software
package VevoLAB Version 5.5.6 (FUJIFILM VisualSonics, Toronto, Ontario, Canada).
Despite the high heart rates of rodents, VevoLAB software displays acquired high-
resolution images in adjustable slow-motion loops, permitting suitable analyses.

Parameters assessed in each image mode are demonstrated in Figure 22.
4.2.8.1  Apical four-chamber image analyses

As in humans, LV diastolic function was assessed in mice with B-mode to visualize the
apical four-chamber view. Colour and PW Doppler mode were used to extract the direction
and velocity of flow. Colour Doppler allowed visualization of the general direction of
blood flow, with movement toward the transducer indicated in red, and movement away
from the transducer indicated in blue. LV filling velocity was assessed by the ratio between
early and late diastolic transmitral Doppler flow velocities. The E wave represents the
transmitral blood flow velocity during early LV filling phase (passive filling velocity),
while the A wave represents the transmitral blood flow velocity during the atrial contraction
phase (active filling velocity). The E/A ratio provides important information regarding the
filling dynamics of the LV. The apical four-chamber plane allows extraction of values for

E and A velocities, their ratios, mitral valve E wave deceleration time (DT), isovolumetric
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Figure 22. Echocardiographic views of the left side of a mouse heart.

Echocardiogram images of B6HLa mice were acquired using the Vevo3100 imaging system
under 1-2% isoflurane anaesthetic. Representative echocardiographic images of (A)
parasternal long-axis (B), parasternal short-axis in M-mode (C), apical four chamber view
and (D), pulsed-wave Doppler of mitral valve inflow. LV, left ventricle; LA, left atrium;
RV, right ventricle; Ao, aorta; LVAW;s, left ventricle anterior wall in systole; LVAW;d,
left ventricle anterior wall in diastole; LVPW;s, left ventricle posterior wall in systole;
LVPW:;d, left ventricle posterior wall in diastole; LVID;s, left ventricle internal diameter
in systole; LVID;d, left ventricle internal diameter in diastole; RA, right atrium; MV, mitral
valve; E wave, MV early velocity; A wave, MV atrial velocity; NFT, non-flow time; IVRT,
isovolumetric relaxation time; IVCT, isovolumetric contraction time; AET, aortic ejection
time; MV decel, MV deceleration).



148

A Long axis view Long axis view B

(diastole) (systole) Parameters assessed in Mmode

i}
!

_NFT_J %\ AET_ |
NWIIVRT  IVCT™



149

relaxation time (IVRT), isovolumetric contraction time (IVCT), mitral valve orifice,

ejection time (ET) and myocardial performance index (MPI; TEI index).
4.2.8.2 Parasternal long-axis and short axis image analyses

Parameters of diastolic function (ejection fraction, EF; cardiac output, CO) were assessed
manually in B-mode images derived from PSLAX views by using the LV trace tool in
VevoLAB to trace the LV area in both end-diastole and end-systole positions from LV
outflow tract to apex. The end of diastole corresponds to the frame in which the LV reaches
its maximal extension, while the end of systole corresponds to the minimal size of the LV
area. Calculations of 2DE-assessed cardiac volumes and EF were generated by VevolLab
from LV traces. All B-mode cine loops were traced three times and averaged to account
for inter-beat variability. M-mode images from the midpapillary region of the LV in SAX
were analyzed for fractional shortening (FS), LV wall thickness and diameter through
manual tracing of the endocardial and epicardial borders. Special care was taken to select
cardiac cycles in which no deep breathing occurred to avoid plane movement of the

myocardium.

4.2.8.3  Adhesion assay

Details for human cell culturing and epithelial cell adhesion assay procedures are outlined
in Section 2.2.7. Briefly, Detroit-562 and A549 cells were grown to confluence on 12 or
24 well TC-treated plates and exponential phase S. pyogenes were inoculated onto cells at
a MOI of 100 for 2.5 hours at 37°C in 5% CO>. Following incubation, non-adherent
bacteria were washed off and epithelial cells were lysed and serially diluted to enumerate

remaining bacteria present.

4.2.9 Ex vivo experiments

4.29.1  Splenocyte preparation

Spleens were obtained from euthanized mice and immediately stored on ice in 5 mL of
complete RPMI (cRPMI) media (RPMI-1640 [Life Technologies Inc.] supplemented with

0.1 mM minimal essential medium non-essential amino acids [Life Technologies Inc.],
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10% [v/v] heat-inactivated FBS [Sigma-Aldrich], 100 units mL™ penicillin [Life
Technologies Inc.], 100 pg mL™ streptomycin [Life Technologies Inc.], 1 mM sodium
pyruvate [Life Technologies Inc.], and 2 mM L-glutamine [Life Technologies
Inc.]).Spleens were gently pressed through a sterile 0.2 pum nylon mesh filter and the single-
cell suspension was centrifuged at 450 x g for 5 minutes. The cell supernatant was
removed, and the pellet was loosened via racking. Red blood cells were lysed by addition
of 1 mL ammonium chloride potassium (ACK) lysing buffer (Thermo Fisher Scientific
Inc.) for 30 seconds. To stop lysis, 10 mL of PBS, pH 7.5 was added and the cells were
spun as above. Cells were resuspended in 7 mL PBS and poured through a sterile 0.2 um
nylon mesh filter to remove cell debris, and the filter was additionally washed with 7 mL
of PBS to ensure collection of all living cells. Cells were centrifuged as above, and the
supernatant was discarded. Pelleted cells were loosened by racking and resuspended in 4
mL of cRPMI, and live cells were counted using Trypan Blue (Life Technologies Inc.)
exclusion and resuspended to a concentration of 1.1 x 10° cells mL™ as required for the

indicated assay.

4.29.2 Mouse splenocyte activation assay

Mouse splenocytes were seeded at 2 x 10° splenocytes per well in a 96-well plate and were
stimulated with 10-fold dilutions of recombinant proteins at the indicated concentrations
and left to incubate at 37°C with 5% CO, for 18 hours. Cells were spun, and supernatants
were removed and stored at -20°C until further experimentation. To assess T cell activation,
IL-2 was measured using ELISA (mouse IL-2 ELISA Ready-Set-Go! Kit [Thermo Fisher
Scientific Inc.]) according to manufacturer’s instructions. Appropriate capture antibody
was coated onto 96-well high-bind plates (Corning Costar 9018) overnight at 4°C in
supplied carbonate capture buffer. Plates were washed twice with PBS-T wash buffer (PBS
with 0.05% [v/v] tween-20) and blocked for 2 hours at room temperature with ELISA assay
diluent. Plates were washed as above and supernatant from stimulated cells was added for
two hours at room temperature. Plates were washed as above three times and the supplied
detection antibody was added for hour. Plates were washed five times as above and
supplied TMB was then added for 15 minutes to allow for colour change. Colour reaction

was stopped with addition of 1 M H2SOa4. All plates were read on a Synergy H4 plate reader
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(BioTek Instruments Inc.) by assessing absorbance at ODuasp and subtracting ODsqo.
Concentrations were determined by comparing supernatant concentrations to supplied

standards with a limit of detection at 3.125 ng mL™.

4.29.3 Ethics statement

The use of primary human lymphocytes was reviewed and approved by Western
University’s Research Ethics Board for Health Sciences Research Involving Human

Subjects (Appendix 1). Informed written consent was obtained from all donors.
4.2.9.4 Immune evasion assays

Experimental procedure details for whole blood survival assay, isolation of neutrophils,
and neutrophil survival assay are found in Section 2.2.8. Whole blood was collected in
heparinized vacuum tubes (BD Biosciences) from healthy adult volunteers and used
directly for determining survival in blood or for density gradient separation and isolation
of PMNs. For whole blood survival, ~1000 CFUs of S. pyogenes were inoculated into
human blood at 37°C with rotation and the number of surviving bacteria were determined
after 30, 60, 90, 120, and 180 minutes. For neutrophil survival assay, S. pyogenes was
opsonized with 10% (v/v) human serum for 30 minutes prior to inoculation into isolated
human PMNs at 1:10. After 60 mins PMNs were lysed, and survival was calculated as the
average bacterial CFUs in the presence of neutrophils divided by bacterial CFUs in no

PMN control samples.
4.2.10  Statistical analyses

Data was analyzed using unpaired Student’s t-test, one-way ANOVA with Dunnett’s
multiple comparisons post-hoc test, or two-way ANOVA with Geisser’s Greenhouse or
Dunnett’s multiple comparison test, as indicated. A P value less than 0.05 was determined
to be statistically significant, all analyses were completed using Prism software 9.3.1
(GraphPad Software, Inc.; La Jolla, CA, USA).
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4.3 Results

4.3.1.1  Murine left ventricle structural dimensions remain unchanged

following recurring S. pyogenes MGAS8232 infections

A novel murine infection model was designed to simulate repetitive strep throat episodes
through sequential nasal infections in B6nLa mice (Figure 20). Using this model, we
sought to identify whether repeated exposure to nasopharyngeal infections by S. pyogenes
MGAS8232, a bacterial isolate from a patient with ARF [269], incites modifications to
cardiac function in mice. B6nLa mice were repetitively inoculated intranasally with either
PBS (sham), S. pyogenes MGAS8232 wildtype, or MGAS8232 Aemm18 that lacks
expression of M18 protein on its surface. M-mode echocardiography performed on the LV
was acquired by rapid succession of B-mode scans along a single plane displayed over
time, which showed motion of the myocardial walls as they contract during systole and
relax during diastole (Figure 22B). M-mode images provided high temporal resolutions of
the motions of the LV wall for assessment of chamber architecture and insight into LV
contractile patterns and physiology. Dimensions obtained included LV internal diameters
(LVID) and LV anterior wall and posterior wall thicknesses (LVAW and LVPW
respectively) at systole and diastole, which was then be used to derive other structural
parameters, such as LV mass. After 9 and 13 weeks of biweekly challenges with
MGAS8232 wildtype or Aemm18, we observed no changes to LV volumes, LVIDs, or
thickness of LVAW or LVVPW during systole or diastole compared to control mice (Figure
23A-H). Similarly, LV masses were not significantly changed among all treatment groups
at weeks 9 and 13 (Figure 231). From these data, we conclude that repetitive infections

with S. pyogenes MGAS8232 does not initiate LV structural modifications in B6na mice.

4.3.1.2  Reduced left ventricle systolic function in B6y.a mice following

repeated S. pyogenes MGAS8232 exposure

In cine loops obtained from PSLAX images (Figure 22A), the LV endocardium was
manually traced in systole and diastole to evaluate multiple systolic parameters of LV

function. These parameters include ejection fractions, which measures the percentage of
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Figure 23. Longitudinal changes of left ventricle structural dimensions in B6HLA
mice following repeated S. pyogenes MGAS8232 nasopharyngeal infections.
Acquisition of PSLAX and PSAX at baseline, week 9, and week 13 following biweekly
nasopharyngeal infections with ~10® CFUs of S. pyogenes MGAS8232 wildtype and
Aemm18. Sham mice were inoculated with PBS. Image analyses provided left ventricle
structural dimensions including (A) left ventricle internal diameter at end-systole
(LVID;s), (B) left ventricle internal diameter at end-diastole (LVID;d), (C) left ventricle
end-systolic volume (LV Vol;s), (D) left ventricle end-diastolic volume (LV Vol;d), (E)
left ventricle anterior wall thickness at end systole (LVAW;s), (F) left ventricle anterior
wall thickness at end diastole (LVAW:;d), (G) left ventricle posterior wall thickness at end
systole (LVAW;s), (H) left ventricle posterior wall thickness at end diastole (LVAW;d),
and (1) left ventricle mass (LV Mass). Data shown are mean + SD for n > 4 per treatment

group. Significance determined by Tukey’s two-way ANOVA.
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blood that leaves the heart each time it contracts, stroke volume, which measures the
amount of blood your heart pumps each time it beats, cardiac output, which measures the
volume of blood pumped by the heart per minute, and fractional shortening, which
measures the percent change in LV diameter during systole. The LV of mice repetitively
exposed to wildtype S. pyogenes revealed significantly weakened ejection fractions at both
weeks 9 and 13 compared to control mice at each timepoint and when compared to baseline
measurements (Figure 24A). The ejection fractions of mice repeatedly exposed to
Aemm18, however, did not decrease over time and were similar to control mice at both
weeks 9 and 13 (Figure 24A). Although not statistically different than control mice, mice
receiving multiple wildtype infections trended for reduced stroke volumes and cardiac
outputs at week 13 compared to those receiving Aemm18 infections (Figure 24B, 24C).
Percent fractional shortening remained unchanged across all treatment groups over time
(Figure 23D). HR were obtained by ECG and were maintained within an appropriate
physiologic range during image acquisition for all ages of mice (Figure 24E). Together,
these results suggest repeated exposure to S. pyogenes MGAS8232 wildtype may reduce

myocardium contractibility in mice.

4.3.2 Reduced left ventricle diastolic function in B6y.a mice following

repeated S. pyogenes MGAS8232 exposure

Transmitral inflow Doppler obtained in apical 4-chamber view (Figure 22C) is useful for
measuring blood flow across the mitral valve and evaluation of LV diastolic function in
mice. Doppler indexes were measured in VevoLAB after all images were acquired and
included peak early and late mitral inflow velocities (E-wave, A-wave), the ratio of peak
early to late filling velocities of mitral inflow (E/A), deceleration time (DT) of the E-wave,
deceleration of the E-wave (MV Decel), and isovolumetric relaxation time (IVRT) (Figure
22D). Additional systolic parameters, such as isovolumetric contraction time (IVCT),
ejection time (ET), and no flow times (NFT) were also measured (Figure 22D). These
measurements enable calculations of myocardial performance index (MPI), MV orifice, and
MV pressure half time (PHT).
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Figure 24. Reduced ejection fractions in B6xLa mice following multiple S. pyogenes
MGAS8232 nasopharyngeal infections.

Echocardiogram analyses of mice taken at baseline, week 9, and week 13 following
biweekly nasopharyngeal infections with ~108 CFUs of S. pyogenes MGAS8232 wildtype
and Aemm18 mutant. Sham mice were inoculated with PBS. Left ventricle systolic function
assessed by (A) percent ejection fraction, (B) fractional shortening, (C) stroke volume, and
(D) cardiac output. (E) Heart rates of anesthetized mice during image acquisition. Data
shown are mean + SD for n > 4 per treatment group. Significance determined by Tukey’s
two-way ANOVA (*, P <0.05; **, P < 0.01).
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Peak blood flow velocities across the mitral valve revealed elevated left atrial pressure in
mice repetitively infected with wildtype MGAS8232 compared to control mice at both
weeks 9 and 13. This was illustrated by significantly higher E/A ratios, which represents
disrupted pressure differences between the left atria and ventricle during early and late
diastole (Figure 25A). Notably, mice repeatedly challenged with the Aemm18 mutant did
not demonstrate any differences in E/A ratios compared to control mice at week 9 or 13
(Figure 25A). Restrictive filling of the LV in wildtype-infected mice likely arose from the
reduction of peak late-diastolic transmitral velocities A-waves, which were statistically
lower than control and Aemm18-infected mice at 13 weeks (Figure 25C). Peak early
diastolic transmitral velocities, E-waves, remained constant among the treatment groups
following repeated infections (Figure 25B). Other PW Doppler parameters, including IVRT,
MV decel, DT, AET, NFT, and MPI, were similarly unaffected from multiple infections
(Figure 25D, F-J). IVCT was elongated in mice receiving wildtype S. pyogenes infections
at weeks 9 and 13 but was only significantly longer than control and Aemm18-infected mice
at week 9 (Figure 25E). MV orifice areas and MV PHT did not statistically differ between
control mice and mice receiving S. pyogenes infections (Figure 25K, L). Together, these
results suggest that repetitive exposure to M18 protein may induce defects to cardiac
function as LV filling dynamics were altered in B6nLa mice receiving S. pyogenes

MGAS8232 wildtype, but not Aemm18 mutant infections.

4.3.3 Multiple nasopharyngeal challenges with S. pyogenes do not

trigger cardiomyocyte damage

While severe abnormalities in RHD are due to valvular problems rather than myocardial
damage, the involvement of myocarditis is often observed during acute stages of disease
development. Myocarditis is characterized by myocyte necrosis and indicators for
identifying myocardial injury include elevated serum levels of cardiac troponin T (cTnT)
and cardiac troponin 1 (cTnl) as they are released by damaged myocytes. We next aimed
to elucidate whether myocardial damage was evident together with reduced EF and
elevated E/A ratios in wildtype S. pyogenes-infected mice. Cytokines that indicate
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Figure 25. Elevated mitral valve E/A ratios in B6HLA mice receiving multiple S.
pyogenes MGAS8232 nasopharyngeal infections.

Pulsed-wave Doppler echocardiography revealed diastolic parameters in mice at weeks 0,
9, and 13, following biweekly nasopharyngeal infections with S. pyogenes MGAS8232
wildtype and Aemm18 (108 CFUs). Sham mice were inoculated with PBS. (A) E/A ratios
of peak early- and late-diastolic transmitral velocities; (B) mitral valve early velocity (E-
wave); (C) mitral valve atrial velocity (A-wave); (D) isovolumetric contraction time
(IVCT); (E) isovolumetric relaxation time (IVRT); (F) non-flow time (NFT); (G) aortic
ejection time (AET); (H) MV deceleration time; (I) MV deceleration acceleration; (J)
mitral valve orifice area; (K) myocardial performance index (MPI); and (L) mitral valve
pressure half time (PHT). Data points represent values from individual B6xia mice. Bars
represent mean £ SD for n > 4 per treatment group. Significance determined by Tukey’s
two-way ANOVA, (*, P <0.05; **, P <0.01).
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myocardial tissue injury, including cTnT and cTnl, were measured in endpoint serums
collected at weeks 9 and 13 by a highly sensitive multiplex cardiac cytokine array (Eve
Technologies) and compared to control PBS-inoculated mice at both time points. There
were no differences in levels of serum cTnT or cTnl at either week 9 or 13 in control mice
or mice that received multiple infections with S. pyogenes wildtype or Aemm18 (Figure
26A, 26B). Serum concentrations of other cytokines associated with myocardial injury,
including sCD40L, CXCL16, Endocan-I, Light, Oncostatin-M, PLGF-2, and Follistatin,
were similarly measured by and presented no differences at both weeks 9 and 13 in S.
pyogenes-infected or control mice (Appendix 7). Normal serum levels of cTnT and cTnl
demonstrate that inflammation rather than myocardial necrosis is likely responsible for
subverted left atrial pressures in mice repeatedly challenged with wildtype S. pyogenes
nasopharyngeal infections.

4.3.4 Suppression of S. pyogenes-specific antibodies following repeated

nasopharyngeal infections

The central role of immunity to a pathogen is to prevent reinfection with the same organism
through production of neutralizing antibodies, yet little is known about the induction of
strain-specific responses and immunological outcomes from multiple streptococcal
infections. The presence of M type-specific antibodies in patients many years after
infection provides evidence that life-long strain-specific immunity can develop following
S. pyogenes infection, however, not all individuals demonstrate type-specific antibodies
after a known symptomatic exposure [409]. While it is assumed that S. pyogenes-specific
antibodies arise with subsequent exposure, it is not entirely understood or demonstrated
whether immunity is acquired or persists following sequential challenges with the same
streptococcal strain. To determine whether repeated nasopharyngeal infections could boost
S. pyogenes-specific antibody responses, IgG responses to M18 protein and SpeA
superantigen were measured by ELISA using endpoint serums collected from all mice at
weeks 10 and 14. Interestingly, multiple nasopharyngeal challenges with MGAS8232
wildtype did not significantly increase serum IgG responses to M18 protein or SpeA at
week 10 or week 14 (Figure 27). M18 and SpeA IgG titers demonstrated an increased

trend from week 10 to week 14 in wildtype and Aemm18-infected mice, however, titers
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Figure 26. B61La mice repeatedly infected with S. pyogenes MGAS8232 do not
express increased serum levels of cardiac troponin-I or troponin-T.

Multiplex cytokine array from serums of mice repeatedly exposed to biweekly MGAS8232
wildtype and Aemm18 mutant nasopharyngeal infections at weeks 10 and 14. Control mice
received PBS inoculations. Data points represent the mean £ SEM of serum cardiac (A)
troponin-1 and (B) troponin-T concentrations (pg mL™!) from individual mice (n > 3 mice
per group). Significance was determined by Tukey’s two-way ANOVA, data not

significant.
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were not statistically higher than control PBS-inoculated mice (Figure 27). Therefore,
multiple infections with S. pyogenes MGAS8232 did not enhance serum M18 protein or
SpeA-specific 1gG responses, indicating that serotype-specific immunity does not develop

following reinfection with the same strain in our model.

4.3.5 B6uLa Mice are protected against subsequent S. pyogenes nasal

challenge following two sequential infections

To explore whether sequential infections would prevent reinfection with the same strain,
mice received two nasal challenges with S. pyogenes MGAS8232 two weeks apart, which
allowed mice to fully clear the bacteria within their nasal turbinates before subsequent
challenge [156]. Two weeks following their second infection, mice were rechallenged with
a third infection by the same strain, and nasal turbinates were collected 48 hours later to
measure colonizing bacteria. Surprisingly, mice demonstrated a 10,000-fold reduction in
bacterial burden compared to naive mice receiving their first and only challenge (Figure
28). Although multiple infections with S. pyogenes did not amplify M18 or SpeA-specific
serum IgG levels (Figure 27), two sequential infections provide resistance to rechallenge
by the same strain. These observations suggest that either M18 protein and SpeA-specific
immunity is not essential to prevent reinfection and are not generated with repeated

infections, or protection against S. pyogenes infection is not antibody-mediated.

4.3.6 T cell unresponsiveness following repeated S. pyogenes

MGAS8232 nasopharyngeal infections.

M18 protein and SpeA IgG titers were not significantly elevated after multiple
nasopharyngeal infections, and thus, we next considered an alternative explanation for the
protective effects observed with subsequent challenge. Following repeated infections, T
cell responsiveness to streptococcal superantigens were evaluated by a splenocyte
activation assay. While conventional B6 mice are not typically sensitive to streptococcal
superantigen stimulation, our research group has previously shown that B6nLa mice
demonstrate enhanced splenocyte proliferation with SpeA stimulation targeting mouse

TCR VB8™ T cells and streptococcal mitogenic exotoxin Z (SmeZ) superantigen targeting
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Figure 27. Sequential S. pyogenes MGAS8232 nasopharyngeal challenges do not
amplify M18 protein- and SpeA-specific 1gG serum levels.

B6HLA were exposed to multiple biweekly nasal infections with S. pyogenes MGAS8232
wildtype or Aemm18. Serums were collected at 10 and 14 weeks following initial challenge
and used to assess IgG titers to (A) M18 protein and (B) SpeA using ELISA (n > 3). Data
points represent the geometrics means = SEM from individual mice. Antibody titers were
calculated as the reciprocal of the lowest serum dilution with readings four-fold above
background. Significance determined by one-way ANOVA with Dunnett’s post-hoc test,

data not significant.
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Figure 28. Protection against S. pyogenes nasopharyngeal challenge following two
sequential infections.

B6rLa Mmice were infected intranasally twice with ~108 CFUs S. pyogenes MGAS8232
wildtype at two weeks apart, and then rechallenged to the same strain two weeks later.
Protection against subsequent S. pyogenes infection was examined by measuring bacterial
burden in cNTs 48 hours after the third nasopharyngeal challenge (S. pyogenes x3)
compared to naive mice with no prior exposure (S. pyogenes x1). Data is shown as mean
bacterial CFUs = SEM recovered from individual mice (n > 4). Horizontal line indicates
limit of detection. Significance was determined by unpaired Mann-Whitney t-test (**, P <
0.01).
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mouse TCR VB11* T cells [156,157]. T cell activation by the M18 protein, however, has
not been previously defined. Splenocytes from control mice and mice repeatedly infected
with MGAS8232 wildtype or Aemm18 were processed and incubated with increasing
concentrations of SpeA, SmeZ, or M18 protein for 18 hours. Culture supernatants were
then analyzed for IL-2 as a marker for T cell activation using ELISA. As expected,
uninfected mice exhibited high IL-2 concentrations following SpeA stimulation and were
activated by SmeZ to a lesser extent (Figure 29A), however, mice that received repeated
MGAS8232 wildtype or Aemm18 infections responded poorly to SpeA stimulation (Figure
29B, 29C). Responses to SmeZ stimulation were unchanged following multiple S.
pyogenes infections. This data suggests that sequential S. pyogenes infections may impair
VB8* T cell activation, but other subsets (i.e., VB11) remain responsive. Splenocytes from
control mice showed very little activation from increasing M18 protein stimulation, with
levels of IL-2 gradually amplifying with increasing M18 protein stimulant concentrations
to levels similar to SmeZ stimulated cells (Figure 29A). Mice that received multiple
infections with MGAS8232 wildtype or Aemm18 showed no significant difference in T
cell activation from M18 protein stimulation compared to uninfected mice (Figure 29),
demonstrating that repeated exposure to the M18 protein specifically did not subvert T cell

responses.

4.3.7 Generation and characterization of a S. pyogenes Agacl mutant

strain lacking expression of the GICNAC side chain

A long-term goal of our research is to identify S. pyogenes antigens that play a role in
immunological cross-reactivity and lead to valvular damage. Since echocardiogram
imaging denoted that expression of M18 protein by S. pyogenes MGAS8232 reduced LV
function in mice with repeated infections, this repetitive infection model is now equipped
to study the importance of additional virulence factors in disease development. Patients
with ARF and valvular heart disease have demonstrated elevated levels of antibodies that
recognize and bind GIcNAc, immunodominant side chain of the Lancefield GAC, which
similarly shares cross-reactive epitopes with several host proteins [395-398]. Therefore,

molecular mimicry by the GIcNAc side chain may contribute to autoimmune responses
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Figure 29. Activation of murine splenocytes by streptococcal superantigens and M18
protein following multiple S. pyogenes MGAS8232 nasopharyngeal infections.

B6HLA mice were exposed to biweekly (A) PBS inoculations or nasopharyngeal infections
with S. pyogenes MGAS8232 (B) wildtype or (C) Aemm18 strains and sacrificed at week
14. Murine splenocytes were then stimulated with indicated concentrations of SpeA and
SmeZ superantigens, or M18 protein for 18 hours. IL-2 concentrations were measured in
culture supernatants by ELISA as a marker for T cell activation. Data represents mean +
SEM of triplicate values from mice exposed to each treatment (n > 3). Protein stimulants

are indicated in the colour-coded legends.
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that promote cardiac dysfunction. In order to determine whether the GICNAc side chain
stimulates valve damage, the specific role of the GIcNAc side chain must first be assessed
in B6HLa mice. An isogenic mutant of the GICNAc side chain in S. pyogenes MGAS8232
was generated by an in-frame genetic deletion of the glycosyltransferase encoded by the
gacl gene [226]. The deletion mutant was confirmed by DNA sequencing and validated
using PCR amplification using screening primers within the deleted region (Table 8).
Compared to the wildtype MGAS8232, and Aemm18, genomes, the Agacl mutant strain
contained a 567 bp deletion within the gacl encoded region (Figure 30A). Bacterial
growths in vitro and TCA preparations were similar between wildtype and Agacl strains,
which ensured that deletion of the gacl gene had no detrimental effect on the growth
patterns or secreted protein profile of S. pyogenes MGAS8232 (Figure 30B, 30C).
Bacterial adherence was then evaluated using A549 lung and D562 pharyngeal epithelial
cells, and no differences in the number of adherent bacteria were recovered from either
wildtype or Agacl inoculated cells (Figure 30D, 30E). Additionally, wildtype and Agacl
strains were inoculated into fresh heparinized human blood and isolated neutrophils to
further characterize immune evasion properties of GICNAc. Growth and survival of Agacl
was comparable with wildtype MGAS8232 in whole human blood (Figure 30F) and while
Agacl survival was reduced compared to wildtype in the presence of neutrophils, it was not
statistically significant (Figure 30G). These results indicate that the GICNAc side chain
does not substantially contribute to adherence or immune evasion properties by S. pyogenes
MGAS8232 under these conditions.

4.3.8 The GIcNACc side chain contributes to S. pyogenes MGAS8232

nasopharyngeal infection in B6y. mice but is not essential.

Before determining if the Agacl mutant impairs cardiac function in mice, the role of the
GIcNACc side chain during acute nasopharyngeal infection must first be assessed. B6Hia
mice were infected with ~108 CFUs of S. pyogenes MGAS8232 wildtype or Agacl and
cNTs were collected 48 hours later to assess bacterial burden and cytokine responses during
infection. Consistent with previous findings, mice expressed high loads of S pyogenes in

the nasal turbinates of wildtype-infected mice, yet Agacl bacterial recovery was variable
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Figure 30. Generation and characterization of the S. pyogenes MGAS8232 Agacl
mutant strain.

(A) Primers flanking the gacl gene demonstrated a 567 bp deletion by PCR from the Agacl
mutant genome compared to S. pyogenes MGAS8232 wildtype, and Aemm18 strains (B)
Secreted protein profiles of S. pyogenes from TCA preparations after 18 hours of growth
in THY. SDS-PAGE on 12% acrylamide gel stained with Ready Blue. (C) S. pyogenes
growths in vitro in THY at 37°C measured by ODgqy absorbances over 18 hours. Data is
presented as mean + SD of each culture analyzed in triplicate (n = 3). Adhesion of S.
pyogenes to (D) A549 lung and (E) D562 pharyngeal epithelial cells. Confluent cell
monolayers were treated with S. pyogenes (MOI of 100) for 2 hours at 37°C + 5% CO».
Cells were washed with PBS and lysed with Triton X-100 to examine adherent bacteria.
(F) Whole human blood survival assay. Heparinized blood from human donors were
inoculated with ~10° CFUs of S. pyogenes wildtype or Agacl at 37°C with rotation for 3-
hours. Data points represent geometric mean CFUs * SD. (G) Neutrophil survival assay.
Neutrophils were isolated from human blood by density centrifugation and inoculated with
S. pyogenes (MOI of 10) for 60 min at 37°C with rotation. Results were calculated as the
difference between surviving bacteria in the no neutrophil control and in the presence of
neutrophils. Data shown are the means %survival + SD (n > 3 per group). All statistical

analyses were performed using unpaired Mann-Whitney t-test.
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and revealed a statistically detectable attenuation of bacterial CFUs (*, P =0.0481) (Figure
31A). These results suggest that GIcNAc side chain contributes to nasopharyngeal
infection by S. pyogenes MGAS8232 but is likely not essential. Cytokine responses within
cNTs of Agacl-infected mice were then assessed by a multiplex cytokine array for the
presence of 32 cytokines and chemokines. Any cytokine that presented an average
concentration above 20 pg ml™* within a treatment group was included in the heat map and
presented as normalized median cNT cytokine responses (Figure 31B). Quantitative data
is shown in the Appendices (Appendix 8). Concentrations of Th1l-type cytokines (IL-1a
and IL-1B); Th17-type cytokines (IL-6 and IL-17); chemokines (KC, IP-10, MCP-1, MIP-
la, MIP-1B, MIG, MIP-2, LIF and LIX); and growth factors (G-CSF) were vigorously
induced during wildtype S. pyogenes infections (Figure 31B, Appendix 8). Interestingly,
infection by the Agacl mutant mostly paralleled an inflammatory environment with no
significant differences in any cytokine concentration compared to infection with wildtype
S. pyogenes (Figure 31B, Appendix 8). Reductions in IL-6 and IL-17 concentrations, and
increased levels of KC, MIP-1a, and VEGF are noted, but were not statistically different
than concentrations found during wildtype infection. These results suggest that removal of
the GIcNAc side chain in S. pyogenes MGAS8232 continues to support inflammation
within the nasopharynx, despite detectable reductions in bacterial burden. Consistent with
the non-invasive nature of the model [156], mean bacterial dissemination of MGAS8232
wildtype remained below the limit of detection in the lungs, liver, spleen, heart, and
kidneys (Figure 32). Infection with the Agacl mutant detected six cases of S. pyogenes
above the limit of detection in the lungs and four cases of in liver (Figure 32), however,
these counts did not significantly increase the mean bacterial recovery within the lungs or
liver compared to MGAS8232 wildtype. There was no recovery of the Agacl in the spleen,
heart, or kidneys (Figure 32) and thus, removal of the GIcNAc side chain did not overtly
increase bacterial dissemination of S. pyogenes following acute nasopharyngeal infection.
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Figure 31. Deletion of the gacl gene in S. pyogenes MGAS8232 results in a detectable
reduction to nasopharyngeal burden.

B6ura mice were administered ~10% CFUs of S. pyogenes MGAS8232 wildtype or Agacl
intranasally. (A) Data points represent bacterial CFUs recovered from cNTs of individual mice
48 hours post-nasal challenge. Bars represent median CFUs. Horizontal dotted line indicates
limit of detection. Significance determined by unpaired Mann-Whitney t-test (*, P < 0.05).
(B) Heat-map of multiplex cytokine array from cNT homogenates during infection. Data
shown are presented as normalized median cytokine responses from each treatment group

(n > 3 per group).
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Figure 32. Nasopharyngeal infection with S. pyogenes MGAS8232 Agacl does not
enhance bacterial dissemination in B6uLa mice.

B6mamice were nasally challenged with ~108 CFUs of S. pyogenes wildtype or Agacl strains.
Mice were sacrificed 48 hours later, and organs were harvested, homogenized, and plated
on TSA with 5% sheep blood agar to assess bacterial dissemination. Bacterial CFUs were
measured in the (A) lungs, (B) liver, (C) spleen, (D) heart, and (E) kidneys. Data points
represent bacterial CFUs in indicated organs from individual mice (n > 4 per group). Bars
represent mean + SEM. Horizontal dotted line indicates theoretical limit of detection.

Significance was determined by unpaired Student’s t-test, data not significant.
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4.4 Discussion

Despite a documented decline in industrialized countries over the past 6 decades [44], ARF
and RHD remain as important causes of cardiovascular morbidity and mortality worldwide
today [46]. While current rodent models have helped describe inflammatory responses
involved in valve pathogenesis, there is an urgent need for models to not only support
productive infection by S. pyogenes, but also assess the outcomes on heart function to
accurately evaluate clinical features of disease progression. In the current study,
echocardiography was used to assess LV features and determine whether the M18 protein
expression drives cardiac disease development following repeated S. pyogenes MGAS8232
nasopharyngeal infections. Our principal findings revealed that repeated S. pyogenes
MGAS8232 infections resulted in elevated E/A ratios and reduced ejection fractions
compared to control mice, while mice exposed to MGAS8232 Aemm18 presented no
changes to LV parameters. To date, this would be the first report that cardiac function is
influenced by multiple homologous infections with S. pyogenes, and the first study

associating M protein expression with defects to LV function through live infections.

Monitoring LV function is a key element in understanding the pathophysiology of cardiac
disease models during experimental studies. RHD is a chronic and progressive form of
damage to mitral valves that provokes defective diastolic filling mechanisms and lead to
deficient pumping mechanisms and systolic dysfunction. Diastole is the relaxation phase
of the heart that facilitates normal LV filling, provides sufficient blood volumes, and
maintains normal cardiac output. As in humans, diastolic function in mice is evaluated by
blood flow across the mitral valve, measured by the ratio between early (E) and late (A)
transmitral blood flow velocities (E/A), IVRT, and E-wave deceleration time
[407,408,410,411]. Since increased LV filling pressures can lead to myocardial stiffness
and result in diastolic dysfunction, E/A ratios provide important information about LV
filling dynamics and diastolic impairments. Following biweekly nasopharyngeal infections
with S. pyogenes MGAS8232, echocardiography demonstrated significantly higher E/A
ratios (from ~1.38 at t = 0 weeks, to ~1.62 at t=9 weeks, and ~1.67 at at t= 13 weeks)
compared to control mice receiving PBS inoculations (Figure 25A), suggesting that LV
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filling dynamics have modified. Important implications are considered when assessing
these velocities as they are highly dependent on HR and anesthesia [407,408,410]. In this
study, mean HR of wildtype-infected mice were comparable with Aemm18-infected and
control mice (Figure 24E), highlighting that E- and A-wave differences were not due to
manipulation of HR between treatment groups. Particularly, A-waves had slightly reduced
at 9 weeks and had significantly reduced by week 13 following repeated MGAS8232
wildtype infections (Figure 25C). A-waves and E-waves were otherwise unchanged across
treatment groups over time (Figure 25B, C). Since the A-wave is produced by atrial
contraction and smaller A-waves can arise from a ‘stiffer’ LV, these observations suggest
that MGAS8232 wildtype, but not Aemm18, may induce myocardial stiffness and modify
LV filling dynamics across the mitral valve. Diastolic dysfunction can also develop from
abnormal LV relaxation due to distorted IVRT or E-wave deceleration times, however, we
detected no statistical differences in these parameters between treatment groups (Figure
25D, H).

New diastolic guidelines by the American Society of Echocardiography and European
Society of Cardiology recommend that if E/A ratios are >0.8 but <2 additional signals with
greater reliability should be acquired alongside E/A for accurate assessment, including
annular tissue velocities and left atrium size [407,410]. The emergence of tissue Doppler
imaging (TDI) allowed for myocardial tissue to be evaluated as moving targets where
myocardial motion can be determined by measuring peak early (e’) and late (a’) mitral
annular velocities in diastole. Movement of the mitral annulus is recommended to more
appropriately estimate diastolic dysfunction as it directly reflects left atrium pressure and
indirectly reflects LV end-diastolic pressure, which is indicative of myocardial stiffness
[407,408,410]. Mitral E/e’ measurements were not obtained in this work due to the
acquisition of TDI software after initiation of the study. Furthermore, it is recommended
that precaution be taken when interpreting E and e’ values as their myocardial velocities
are less reliable under certain pathological conditions, such as significant mitral
regurgitation, mitral annular calcification, and mitral stenosis [407]. Mitral regurgitation is
typically diagnosed by the presence of turbulent flows in colour Doppler, which displays a
mosaic of blood flow colours across the mitral valve [46,48,407,408,410,412]. While
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advanced RHD is known to involve regurgitation, no mouse in this study exhibited the
classic mosaic blood flow across the mitral valve with colour Doppler, suggesting that
mitral regurgitation was not apparent at the times of image acquisition at weeks 9 and 13.
Advanced RHD also involves mitral valve inflammation and fibrosis that can result in
valve thickening on echocardiography [48,412], and is present in 56-100% of rheumatic
carditis patients [44]. As a result, the mitral valve can become stiff and disrupt left atrial
pressure in response to chronic pressure overload. Neither wildtype nor Aemm18-infected
mice showed evidence of mitral valve thickening following S. pyogenes exposure as mitral
valve orifice areas did not statistically differ from control mice (Figure 25J). Thus, in the
absence of regurgitation or significant valve thickening, E/e’ should be used in future

studies to support our findings.

Another major finding of this study was that mice sequentially challenged with S. pyogenes
MGAS8232 demonstrated significantly reduced ejection fractions, indicating defective
systolic pumping mechanisms. Systole is the contraction phase of the heart that ensures the
arteries are supplied with an adequate amount of oxygenated blood. Ejection fractions are
valuable indications of LV function as it measures changes in LV volumes between systole
and diastole. Ejection fractions significantly declined ~15% at 9 weeks and ~22% at 13
weeks (from 61.7% at t=0 weeks, to 46.6 at t=9 weeks, to ~39.8% at t = 13 weeks)
(Figure 24A). Whether longer exposure to S. pyogenes results in further reductions will
require deeper investigation. In contrast, mice infected with Aemm18 demonstrated only a
~2% decline in ejection fractions at both weeks 9 and 13 (from 61.8% at t=0 weeks, to
59.0 at t=9 weeks, to ~59.1% at t = 13 weeks). Other systolic variables, including
fractional shortening, stroke volume, and cardiac output were also obtained from these
images and calculated from measurements of LV wall thickness and chamber dimensions.
Fractional shortening remained unchanged among treatment groups over time (Figure
24D), and stroke volumes and cardiac outputs were only significantly reduced at week 13
compared to Aemm18-infected mice and did not statistically differ from control mice
(Figure 24B, C). These results suggest that wildtype-infected mice may be starting to
present reduced myocardium contractibility over time, however, the data is not

significantly different than control mice. The IVCT period, when the mitral valve closes
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and before LV ejection, was significantly prolonged in wildtype-infected mice compared
to control mice and Aemm18-infected mice (Figure 24E). When defects in LV filling
become apparent and LV function deteriorates, the IVCT period will become elongated
due to a reduced rate of myocardial contractability and systolic dysfunction [407,408,413].
While wildtype-infected mice showed significantly longer IVCTs at week 9, ICVTs at
week 13 were not significantly larger than control mice. Taken together, reduced ejection
fractions suggest that multiple S. pyogenes infections impairs systolic function, which may
progress over time shown by reductions in stroke volumes and cardiac outputs.
Furthermore, LV images in M-mode were used to measure thickness of the anterior and
posterior walls and LV internal diameters during systole and diastole, however, these
dimensions were unchanged in mice across all treatment groups (Figure 23E-H) and were
within normal ranges for echocardiographic architectural dimensions of healthy mice
[407].

Importantly, implications for echocardiographic assessments are considered. When
compared to reference values for control/healthy C57BL/6 mice obtained by over 300
echocardiogram exams performed across 10 different laboratories, E/A ratios of 1.52 + 0.40
for heart rates >450 bpm and 1.42 £ 0.26 for heart rates <450 bpm are considered “normal”
[407]. While wildtype-infected mice exhibited significantly greater E/A ratios compared to
Aemm18-infected and control mice, most values reported are still within the referenced
normal range for C57BL/6 mice. Therefore, while we did see a difference across treatment
groups, associating these values to specific disease state and cardiac dysfunction is
premature. Inferences for ejection fractions were similarly considered and referenced to
“normal” values. Nearly all heart rates at week 13 were above 450 bpm and contained
ejection fraction values well below the normal range (71% + 11) following wildtype S.
pyogenes exposure [407]. There was a wide range of values reported for most
echocardiographic parameters assessed, including control healthy mice, and this is likely,
in part, due to the low level of experience with echocardiographic image acquisition and
analyses by the primary investigator. Nevertheless, the primary investigator remained
blinded to the treatment groups during acquisition and analyses to prevent potential biases

with manual measurements.
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Since reductions to LV diastolic and systolic functions following recurring S. pyogenes
infections were observed, we next determined whether myocardial damage was also
present. Continued alterations to LV filling dynamics can result in left atrial enlargement
and increased wall stress, which may predispose patients to varying degrees of
endocardium, myocardium, and/or pericardium injury. The existence of primary
myocardial involvement in the occurrence of ARF episodes or RHD (rheumatic
myocarditis) remains controversial. Granulomatous lesions have been observed in the
ventricular myocardium of ARF and RHD patients [385,386,414] and in rodents with
valvulitis in the RAV model [386,401], however, significant myocyte necrosis is usually
not shown. Serum levels of cardiac troponins have emerged as very specific and sensitive
markers of myocardial damage in both humans and animal myocarditis models as they are
released by damaged myocytes during cardiac injury. Using endpoint serums collected at
week 14, levels of cTnl and cTnT were non-invasively measured, and mice exposed to
MGAS8232 wildtype expressed no differences in cTnl and cTnT serum levels compared
to Aemm18-infected or control mice (Figure 26). These results show that myocyte necrosis
was not detected using this methodology following multiple S. pyogenes infections, and
that myocardial injury, and such myocardial damage, does not sufficiently account for the
occurrence of altered LV function in this model. These data are in accordance with a study
of 95 ARF patients that detected no changes of cTnl levels or echocardiographic
myocardial deformities in patients presenting varying stages of carditis, suggesting that
there is not significant myocardial involvement during ARF [415]. Furthermore,
echocardiographic analysis of LV function has been shown to normalize following valve
replacement surgery in ARF patients with active carditis and congestive heart failure [416],
which supports the absence of a significant role for myocarditis during valvular disease.
Cardiac troponin levels are typically a time-dependant phenomenon with a half-life of 2
hours in serum [417] however, persistent cTnT elevations can remain present for up to 14
days due to the slow dissociation of cTnT from sarcomeres and release from the cells
during necrosis [417,418]. In our study, the delay between echocardiogram assessment at
week 13 and endpoint blood collection was 1 week only, and thus, we believe that the
negative predictive levels of cardiac troponins over time did not limit the validity of these

results at this timepoint. This final blood draw, however, occurred 2 weeks following the
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last streptococcal infection, therefore, cTnl and cTnT levels should also be measured at an
earlier timepoint to further corroborate these findings. Although this study reported the
systematic use of echocardiography and cTnl assessment to detect the presence myocardial
damage, immunohistologic evidence is required to support the absence of myocardial
damage and confirm that altered LV function is related only to the extent of valvular

damage.

During ARF and RHD, cross-reacting antibodies are believed to initiate host tissue injury
by binding to the valve endothelium to promote inflammation, neovascularization,
lymphocyte infiltration, and valve scarring [397,398]. In support of the molecular mimicry
hypothesis, antibody responses against both the streptococcal M protein and host myosin
have been previously identified in ARF and RHD patients and in rodent models [419-421].
Furthermore, using superantigen-neutralization activity as a readout, serum samples from
a cohort of ARF/RHD patients revealed neutralizing antibodies for 10 distinct
superantigens and 2 variants of the SmeZ superantigen compared with non-ARF/RHD
individuals and healthy controls [422]. In the current study, mice repeatedly exposed to S.
pyogenes MGAS8232 infections did not demonstrate significantly increased serum 1gG
responses to either the M18 protein or SpeA compared to control mice at weeks 10 and 14
(Figure 27), despite evidence that multiple nasopharyngeal challenges offer protection
against subsequent infection (Figure 28). Early studies demonstrated the presence and
persistence of M type-specific antibodies in patients convalescing from pharyngitis that
last for as long as 32 years after an infection [56], and have even been identified in a
recovered ARF patient 45 years later [409]. These reports led to the belief that M protein-
specific antibodies persist for extended periods of time, possibly even conferring lifelong
type-specific immunity. Recently, Pandey et al., demonstrated that two homologous
pyoderma infections within a 3-week period does indeed establish specific memory B cell
responses that are enduring and protective [361]. Repeated infections with either the same
or different strains also led to a broadening of the antibody repertoire, shown by the
induction of antibodies to the IL-8 protease, SpyCEP [361]. Since it is widely believed that
additional S. pyogenes exposures can enhance antibody responses, it was hypothesized that

mice sequentially exposed to the same streptococcal strain would indeed present higher
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strain-specific antibody levels. While our results were unexpected, there are reports of
children that do not develop type-specific antibodies following known streptococcal
infections [423], and reports of just 12% of children with pyoderma developing antibodies
against the infecting strain [424]. One explanation for the detection of low M18 and SpeA
antibody levels may be due to binding of their antigens during an active infection, which
may temporarily deplete antibodies from the serum, rendering interpretation of antibody
titers difficult during an active infection. Following repeated pyoderma challenges with the
MO1 serotype S. pyogenes NS27 in BALB/c mice, M91-specific IgG levels had risen, and
then quickly declined in mice in the days following each infection [361]. In this study,
however, endpoint serum samples from mice were collected two weeks after their last S.
pyogenes challenge and are unlikely to explain low peripheral titers. Besides, B6HLa mice
clear S. pyogenes MGAS8232 from their cNTs within 6 days following inoculation, and
thus, mice in this study were not actively infected with S. pyogenes during serum collection.
Furthermore, 1gG titers to the M91 N-terminal peptide were generally low both during and
following sequential pyoderma infections compared to levels measured following
immunization [361]. Our observations may also be explained by hyperimmune
stimulation. Given that superantigens function to activate T cells in a TCR V-specific
manner, studies have analyzed T lymphocyte populations with specific TCR Vf regions
from ARF/RHD patients as an indirect readout of possible superantigen activity and to
determine whether superantigen-mediated T cell activation influences RHD progression.
A cohort of ARF/RHD patients showed an increased percentage of peripheral blood CD3*
T cells with a reduced percentage of VB2*CD8" T cells compared with healthy controls,
and the authors hypothesized that anergic or apoptotic responses to exogenous superantigen
were responsible [425]. Bhatnagar et al., similarly demonstrated diminished IL-2 levels
from CD8" T cells, but not CD4* T cells, isolated from ARF/RHD patients with SpeA
treatment [426]. Focusing on T cells that infiltrated heart valves in RHD patients, increased
VB-specific responses were detected in 8 of 15 RHD valves, with no alterations in control
valves [427]. Contrarily, other studies detected no alterations in 19 V3 gene families from
9 patients with ARF at admission, or at 6-weeks or 6-months post-admission [428]. By
targeting T cells, superantigens stimulate uncontrolled cytokine responses that

simultaneously recruit and then subvert the activity of effector cells, impeding the host’s
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ability to combat infections. Human tonsils exposed to superantigens develop B cell
apoptosis with marked reductions in Ig synthesis [429]. Impaired antibody responses
against S. pyogenes have similarly been identified in patients with recurrent streptococcal
tonsillitis [430]. Patients displayed significantly reduced SpeA titers, SpeA perturbation of
germinal center T follicular helper cell populations, and SpeA-induced killing of germinal
center B cells through aberrant granzyme B and perforin expression [430]. Furthermore, it
was recently shown that immunization with wildtype SpeA rendered VB8™* T cells poorly
responsive, ultimately protecting mice from nasopharyngeal infection [157]. Since SpeA
exposure is known to induce VB-specific T-cell unresponsiveness [157], these studies
suggest that repeated superantigen exposure during sequential nasopharyngeal infections
may have profound perturbations on the host adaptive immune system. In our study,
splenocytes from both wildtype and Aemm18-infected mice exhibited reduced IL-2 levels
with SpeA stimulation compared to uninfected mice (Figure 29), which supports this
indication. Further research using flow cytometry to study the impact of sequential
infections on V8™ T cell populations is necessary to confirm these findings. As noted by
other investigators, VP analysis of T cell populations may not provide definitive answers
as ARF symptoms often develop weeks after pharyngitis and pathogenic T cells may not
skew in the periphery [428], however, elevated amounts of both peripheral B and T
lymphocytes have been identified in ARF patients compared to those with uncomplicated
pharyngitis [431]. After an ARF episode, T cell expansion peaked at ~6 weeks and declined
by ~12 weeks, and no expansion of T cells were identified the periphery of RHD patients
[431]. Based on this data, analysis of numerically different V-specific T cell populations
may have to be analyzed at specific times following infection and studied both in the
periphery and heart. Splenocyte proliferation assays in this study also revealed that
wildtype and Aemm18-infected mice did not show increased T cell activation in response
to M18 protein stimulation (Figure 29B, C). These results conflict with previous
investigations where both peripheral blood and valve-infiltrating human T cells from
ARF/RHD patients react strongly and proliferate from M protein stimulation, and also
cross-reacted with both myocardium and valve-derived proteins [392-394,432-435].
While T cells in our study were unresponsive to SpeA, splenocytes from wildtype-infected

mice secreted twice the amount of IL-2 compared to control mice from stimulation with
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10° and 108 pg mL™* of M18 protein (Figure 29), suggesting that T cell responses are not
completely inert against the M protein. Why Aemml8-infected mice similarly
demonstrated increasing T cell activation with M18 stimulation, despite not being exposed
to the protein during infections requires further in-depth analyses of the antigen-
specificities of activated T cell clones from these mice and their cross-reactive properties.
Further characterization of T cell responses to M protein, other bacterial antigens, and other
possible host autoantigens are needed to elucidate potential autoimmune T cell responses
following S. pyogenes infections. In light of the described findings, it seems likely that
repeated exposure to superantigens induced abnormal T cell-dependent responses that may
be provoking unresponsiveness. This superantigen-induced unresponsiveness could be a
host defensive strategy to balance immunity and tolerance that minimizes superantigen
activation and escapes harmful attacks by autoreactive lymphocytes. This may provide a
reason for why splenocytes are not easily activated into clonal expression after sequential
S. pyogenes infections. Although anergy is under complex regulation, and it remains
unknown how long this anergic state may last in vivo, superantigen-induced anergy could
be of help in understanding, or possibly combatting, the pathophysiological mechanisms
in ARF and RHD.

Since many ARF patients have no indication of a preceding S. pyogenes infection, correct
diagnosis of ARF relies heavily on serologic evidence, such as elevated antibody responses
to SLO or DNase B [44]. Serological evidence may also be useful when streptococcal
cultures are not recovered from patients presenting ARF symptoms, likely due to cardiac
symptoms occurring at least two weeks following a streptococcal infection [44].
Antibodies against the streptococcal GAC have been shown to remain elevated for at least
1 year and even up to 20 years in patients with valvulitis, and correlate with poor prognosis
of valvular heart disease [396]. Removal of inflamed valves from rheumatic patients has
also been associated with a significant decline in anti-GAC antibodies from patient serum
[436]. Due to similar alpha-helical structures and glycosylated proteins, antibodies from
patients with ARF have also been shown to cross-react with GIcNAc [395-398], which
may support a role for anti-GAC antibodies in immunological cross-reactivity against the

heart. Together, measuring antibody responses against SLO, DNase B, or GIcNAc would
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indicate whether antibodies developed against S. pyogenes following multiple infections,

and for potential insights into cross-reactive immune responses.

The results of this study have important implications for S. pyogenes infections and LV
heart function; however, it is difficult to arrive at any conclusions regarding the induction
of autoimmunity. This assumption warrants further investigations that explore
immunological responses to host antigens. The fact that immune responses to cardiac
myosin can induce myocarditis in animal models in the absence of infection [400,437-442]
strengthens the role of cardiac myosin as an immunodominant host autoantigen, and thus,
antibody and T cell responses to cardiac myosin need to be further explored. However,
antibodies against myosin are not sufficient to induce experimental autoimmune
myocarditis (EAM) via passive transfer, and immune responses to myosin do not develop
initially in EAM but later in the disease process [437,443,444]. Furthermore, myosin is an
intracellular protein present in the myocardium and not in valvular tissue, and anti-myosin
antibodies do not recognize intact myocytes [443], therefore, initial damage through
another cardiac antigen likely comes first. Autoantibodies that recognize cardiac myosin
have been shown to cross-react with laminin, an ECM glycoprotein located in the valve
endothelial underlying basement membrane [398]. Following endothelial cell disruption
and exposure of the underlying ECM, laminin becomes exposed and may contribute to
binding of cross-reactive antibodies and subsequent inflammation of valvular tissue.
Autoantibodies against collagen types | and IV have similarly been demonstrated in ARF
patients [420], yet streptococcal proteins that are cross-reactive with collagen have not been
identified [420,445]. One theory describes the generation of anti-collagen antibodies as a
mechanism independent from molecular mimicry. Streptococcal M proteins may bind and
aggregate collagen directly, via the peptide-associated with rheumatic fever (PARF) amino
acid sequence, promoting conformational changes in collagen structure that influence
collagen presentation and cause it to be recognized as an autoantigen [445-448].
Furthermore, valve endothelial damage that exposes the underlying ECM may trigger
production of autoantibodies against basement-membrane collagen, initiating the
pathological process. Collagen, the principal protein component of the valve ECM, is

mainly found as densely packed interweaving bundles of fibers that provide the valve with
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structural and mechanical strength, and thus, disruption of collagen organization
compromises the structural integrity of heart valves leading to valve pathology [389].
Rheumatic patients have higher deposition of collagen on their mitral valves with evidence
of fibrosis and valve thickening when compared to non-rheumatic mitral valves [449].
Collectively, studies have demonstrated that immune responses to host myosin, laminin,
and collagen are evident in ARF and RHD patients and their role in disease pathology
warrants deeper investigation. Since myosin, laminin, and collagen are typically
immunologically inaccessible in healthy hearts, they are unlikely to be initial targets of
autoimmune disease development. It may be possible that cellular infiltration of
inflammatory T cells and macrophages releases a cytokine storm (via superantigen
stimulation) and stimulates valvular interstitial cells to overexpress fibrillar collagen,
leading to valve structural disarray [390]. Repeated immunological disruption of the
valvular endothelium and ECM would expose hidden antigens, triggering epitope
spreading to myosin, laminin, and collagen, which then dominate succeeding

autoimmunity.

The pathogenesis of ARF and RHD results from three principal risk factors: exposure to a
specific S. pyogenes strain and usually a throat infection, a genetically susceptible host,
and an aberrant immune response that triggers autoimmunity [47,50,381,450]. Our model
included inoculating B61La mice with sequential biweekly nasal infections of S. pyogenes
MGAS8232 (Figure 20), which was designed to mimic the recurrent acute infections that
precede ARF, exacerbate ARF symptoms, and lead to RHD. Firstly, S. pyogenes
MGAS8232 is a serotype M18 strain and pharyngeal isolate from a patient with ARF
[269,451], and is therefore assumed to express distinct “rheumatogenic” properties that
stimulate autoimmune consequences. Although several M protein serotypes have been
historically associated with ARF, M18 serotypes have been connected to ARF outbreaks
in the U.S. for decades [269,452-454], with rates of ARF disappearing as the proportion
of circulating emm18-types declined [454]. Secondly, several studies have implicated HLA
class 11 molecules to confer increased susceptibility of developing ARF and RHD, and in
our model, we utilized transgenic C57BI/6 mice expressing HLA-DR4/DQ8 alleles.
Associations between HLA class 1l alleles and ARF/RHD have encountered HLA-DR4
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alleles in significantly higher frequencies in Caucasian American [455,456] and Saudi
Arabian populations [457] with ARF/RHD, however, discrepancies exist as to which
alleles confer susceptibility across various population groups around the world [50,458—
460]. The role of specific MHC class Il molecules in ARF/RHD development may be
driven entirely by their ability to present particular autoreactive peptides, however, the
ability of MHC class Il molecules to function as receptors for streptococcal superantigens
may also contribute to the activation and dysregulation of autoreactive T cells. Thymic
negative selection of self-reactive T cells is a key element of central immune tolerance but
autoreactive T cells can escape this process and populate the peripheral immune system
[461,462]. Since superantigens “force” the activation of a large percentage of exposed T
cells, it is reasonable to hypothesize that some of the T cells targeted by superantigens will
be self-reactive. Therefore, we envision a potential scenario where susceptible HLA alleles
present antigenic peptides to peripheral T cells that have escaped immune tolerance and
superantigens activate and exacerbate these autoreactive T cell responses, which then
cross-react with antigens they are unable to identify as self and initiate the autoimmune
process. It has long been proposed that superantigens may be important triggers for a
variety of autoimmune diseases [463-465] and risk factors for invasive streptococcal
disease have been linked to differential superantigen inflammatory responses driven by
different HLA alleles [152—-154]. Therefore, it is of great interest to evaluate animal models
that express these human factors to account for the potential susceptibility of disease
development. Taken together, transgenic rodent models that express HLA molecules may
represent more appropriate and susceptible in vivo models for both S. pyogenes infection

and autoimmune disease development.

The dominant model currently used to investigate ARF/RHD pathology is the RAV model,
which contributed substantially to our current understanding of the central autoimmune
theories supporting ARF/RHD features. This model provided evidence that immune
responses against cardiac myosin can develop following immunization with streptococcal
M5 and M6 proteins, however, important limitations and unanswered questions still
remain. The molecular mimicry theory of RHD disease development assumes that epitope

mimicry of a single antigen between pathogens, such as M protein, and human proteins,
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such as myosin, is both necessary and sufficient to induce autoimmune disease. This mono-
causal theory implies that incidences of RHD would then be directly related to the number
of genetically susceptible individuals and their probability of acquiring an infection capable
of triggering autoimmune disease, yet only a fraction of those infected with S. pyogenes
infection develop autoimmune sequalae [460]. Genetic predisposition may account for part
of the susceptibility to RHD, but it does not explain the large proportion of individuals who
develop immunity to a molecular mimic (M protein) following infection and yet do not
develop disease. Therefore, molecular mimicry may be necessary to provoke
autoimmunity, but incidences of RHD following exposure to S. pyogenes suggests that it
is not sufficient. This might explain why purified M protein or myosin by themselves
without an adjuvant are inadequate to produce valvulitis experimentally [466,467]. If
autoimmune diseases are multi-causal and induced by a combination of molecular mimicry
and bystander activation, then two or more immunological events are required to induce
autoimmune disease, which supports the lower prevalence of RHD worldwide. Presence
of an appropriate cofactor at the time a molecular mimic is encountered, such as those
provided by cytokines or infectious triggers of innate immune responses, can determine
how autoreactive T cells are co-stimulated with cross-reactive antigens to influence
whether any particular immunological trigger abrogates ongoing autoimmune processes
[466]. Bystanders can lower the threshold of antigen stimulation required to induce
autoimmune responses and increase the rate at which autoimmune disease develops. In our
study of recurrent infections, streptococcal superantigens are active in B6xLa mice, and
nasopharyngeal infection by S. pyogenes MGAS8232 stimulates significant release of Thl-
type cytokines and activation of polyclonal T cells [156,157]. It is possible that some T
cells targeted by superantigens will include subsets of autoreactive cells that drive
autoimmune development with re-exposure and T cell reactivation. However, this theory
implies that any immunological stimulus (infection, or adjuvant) would provide a
bystander effect for any given antigen, but adjuvants in the RAV model are not
interchangeable. Replacing CFA with IFA, Emulsigen®, or Montanide ISA50V adjuvants,
failed to induce valvulitis using S. pyogenes M5 protein [468] and were unsuitable
alternatives to CFA. The use of CFA is mandatory in some experimental models of

autoimmune diseases and it is thought that the mycobacterial components produce a
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specific rather than non-specific form of immune responses, such as promoting DC
maturation, signaling Thl skewing, and strong delayed-type hypersensitivity against
autoantigens [469]. As adjuvants were not used in this study, repeated mitogenic exposure
to superantigens during biweekly infections could support bystander activation to the M
protein. Superantigens have been shown to exaggerate animal models of autoimmunity,
including rheumatoid arthritis [470,471] and multiple sclerosis [472,473]. Chronic
cutaneous lupus erythematous patients, compared with acute cutaneous lupus erythematous
patients, exhibited oligo-clonal expansion of VB8* and VB13* T cells from skin lesions
[474]. Type | diabetes patients have also demonstrated an expanded VB7* population in the
pancreas with diverse CDR3p sequences and without Va skewing [475]. Thus, in multiple
autoimmune settings, T cells from affected autoimmune patients may often exhibit altered
VP profiles with polyclonal V-restricted responses, which is consistent with superantigen-
induced responses. Although Vp profiles were not investigated in this study, murine
splenocytes showed reduced activation by SpeA at week 14 and no difference in SmeZ
responsiveness, which supports that specific T cell populations may be exhausted
following multiple infections by S. pyogenes. Overall, there is a complex network of factors
in the pathogenesis of autoimmune diseases, in which the role of superantigens has not yet
been elucidated but may play an important role. More work is needed to define how general
or specific bystander requirements must be in order to determine whether superantigens
have a role in ARF/RHD.

This work provides valuable insight into the physiological consequences from repeated
exposure to acute S. pyogenes nasopharyngeal infections. Although our model is suitable
to represent nasopharyngeal infections in mice, it is still not completely analogous to strep
throat in humans. Future studies should assess antibody and T cell-mediated responses
following multiple S. pyogenes infections with the same or multiple strains, as well as in a
more human-like model, such as non-human primates [476]. Moreover, while this study
focused on just one strain of S. pyogenes, future work should assess other isolates,
including M5 and M6 serotypes, that have previously demonstrated cross-reactivity to
cardiac proteins [366,370,386,387,400]. It will be important to assess cardiac function

following infections with various strains and their respective M protein mutants to confirm
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that M protein expression directly provokes cardiac complications. Furthermore, due to
limitations in murine colony breeding, a minimal number of animals were used in these
experiments and future work should utilize a greater number of animals to reach profound
biological significance. Lastly, ARF is multifactorial in origin and can affect multiple
organs including the heart, brain, joints, connective tissues and skin [46,320,381], and
patients may develop various combinations of clinical symptoms. Approximately 30% of
ARF patients present both cardiac and neurobehavioral complications [10], and arthritis is
observed in up to 70% of patients with ARF [399]. Therefore, an animal model that exhibits
several of the Jones diagnostic characteristics observed in ARF (Table 1) would be
advantageous to accurately identify early immune responses involved in the multiple
complications associated with ARF, and to evaluate therapeutic interventions, and the
safety and efficacy of vaccine candidates.

To conclude, this work demonstrated that repeated nasal infections with S. pyogenes
MGAS8232 resulted in elevated E/A ratios and reduced ejection fractions compared to
control mice and Aemm18 mutant infections. This was illustrated by echocardiographic
detection of significantly higher E/A ratios and reduced ejection fractions in following
MGAS8232 wildtype infections. The lack of elevated cardiac troponin serum levels
suggested that myocardial damage was not present and unable to explain the defects in LV
function. While we showed that antibody levels to M18 protein and SpeA were not
significantly elevated from multiple infections, T cell responsiveness was perturbed, which
likely prevented subsequent infections. To our knowledge, this thesis presents the first use
of echocardiogram imaging to detect changes to LV function in mice following repeated
S. pyogenes infections. From this work, there is now a template to assess other strains and
various antigens through mutagenesis, which offers a different approach to current animal
models of valvulitis that use M protein immunizations. We concluded this work with the
construction of a S. pyogenes Agacl mutant that will be used in future studies to investigate
the role of GIcNAc in LV dysfunction following repeated infections. Findings from our
work may help guide future research that investigates the safety and efficacy of vaccine
candidates that may have remarkable advancements in preventing the ~300,000 deaths and
~10.5 million DALY S associated with ARF and RHD each year [477].
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Chapter 5: Conclusions
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5.1 Conclusions

On a global scale, S. pyogenes is responsible for an enormous burden of morbidity and
mortality and a vaccine that is safe and effective at preventing the vast range of infections
caused by this organism would have a substantial impact on the health of millions of people
worldwide. Since no licensed vaccine is currently available it is crucial to develop a better
understanding of the factors that influence infection, and therefore, this thesis aimed to
explore the biological role of the HA capsule and M protein by S. pyogenes MGAS8232
during early stages of nasopharyngeal and skin infections. This work also aimed to
characterize the efficacy of a M protein vaccine in preventing acute S. pyogenes infections
and determine whether M protein expression influences left ventricle cardiac function
using echocardiogram imaging. Together, this work provided key understandings on how
S. pyogenes exploits host-pathogen interactions to successfully colonize and establish
infection within these limited biological niches and insights on the physiological

complications following acute infections.

In Chapter 2, our findings support the hypothesis that HA capsule expression is crucial for
S. pyogenes MGAS8232 pathogenesis by promoting a strong resistance to immune
clearance by neutrophils in murine models of experimental nasal and skin infections. In
absence of capsule expression, infection with AhasA revealed a 10,000-fold reduction in
bacterial CFUs recovered from nasal turbinates compared to wildtype-infected mice, which
was rescued through trans-complementation of the hasA gene (Figure 2A). Furthermore,
mice injected intradermally with AhasA presented no weight loss, smaller lesions, and
significantly less bacterial CFUs in skin lesions than wildtype-infected mice (Figure 4).
Similarly, infection with the HA capsule complement strain rescued the number of AhasA
CFUs recovered from the skin. While future work is needed to clarify adherence properties
of encapsulated and unencapsulated S. pyogenes in vivo, we showed that any capsule-
mediated adherent properties are less important than providing protection from neutrophil
killing during acute infections. We demonstrated that MGAS8232 AhasA had attenuated
survival in human blood and with neutrophils in vitro compared to wildtype and capsule
complement strains (Figure 6A, 6B), and depleting neutrophils in vivo through a-Ly6G

administration recovered the reduced burden by AhasA in both nasopharynx and skin
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(Figure 6D, 8C). Future studies using additional strains are recommended to draw general
conclusions, define specific molecular mechanisms utilized by the HA capsule to resist
neutrophil-mediated clearance, and to explore possible redundant mechanisms across

individual immune cell types.

In Chapter 3, our findings unexpectantly refute the hypothesis that serotype-specific
immunity against the M protein prevents superficial S. pyogenes infections by homologous
strains. While this work provided support that parenteral immunizations with M3, M12,
M18, and M74 proteins induced robust systemic M protein-specific 1gG, these responses
failed to prevent infection by S. pyogenes in the nasopharynx and skin of B6xLa mice
(Figure 14, Figure 15). Since protection against upper respiratory tract and skin infections
IS a requirement for any S. pyogenes vaccine, induction of systemic M protein 1gG is not
sufficient by itself to provide immunity against S. pyogenes. Thus, the results of this study
indicate that subcutaneous M protein immunizations are not optimal for vaccine
consideration and future studies should focus on defining protective M protein immune
responses using multiple routes of vaccine administration. The findings of this chapter also
reveal that genetic deletion of M18 protein in S. pyogenes MGAS8232 had no impact on
bacterial burden in nasal turbinates or skin lesions of mice as Aemm18 mutant recovery
was similar to wildtype at both sites of infection (Figure 17, Figure 19). While it remains
possible that functionally redundant bacterial components may compensate for deletion of
M18 protein during acute infections, M proteins bind several human-specific complement
inhibitors to promote bacterial immune evasion. Therefore, future experimentation should
utilize mice that are humanized in ways more relevant to M protein function to fully
elucidate the necessity of M protein during acute nasopharyngeal and skin infections, and
to further explore whether M protein immunizations are protective against acute S.

pyogenes infections.

Lastly, in Chapter 4 we implemented a recurring S. pyogenes infection model to evaluate
whether M protein expression is a possible driver of cardiac disease development by using
echocardiography to assess LV features in mice. The principal findings of this chapter
revealed that repeated biweekly nasopharyngeal exposure to S. pyogenes MGAS8232

elevated left atrial pressures, illustrated by significantly elevated E/A ratios, and weakened
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ejection fractions in mice compared to control inoculations of PBS or infections with
MGAS8232 Aemm18 (Figure 24, Figure 25). These findings are the first to report that left
ventricle function is directly influenced by multiple homologous infections with S.
pyogenes and that M18 protein expression is associated with modifications to these
parameters. It will be important to assess cardiac function following infections with various
strains and their respective M protein mutants to confirm that M protein expression
specifically provokes cardiac defects. Interestingly, the lack of elevated cardiac troponin
serum levels suggested that myocardial damage was not present and could not explain the
LV defects (Figure 26). Our findings also demonstrate that M18 protein and SpeA IgG
responses were not significantly elevated following multiple infections (Figure 27), which
may be due to superantigen-induced T cell unresponsiveness (Figure 29). Analysis of
numerically different V-specific T cell populations at specific times in both the periphery
and heart following sequential infections is needed to corroborate these findings. While the
results of this study have important implications for S. pyogenes infections and initiation
of severe heart complications, it is difficult to arrive at any conclusions regarding the
induction of autoimmunity. Future studies should focus on assessing host responses to both
bacterial and host antigens following multiple infections to determine whether host
immunity becomes perturbed with multiple S. pyogenes exposures, and for insights into
possible cross-reactive immune responses. From the work presented in this chapter, there
is now a differentiated live infection model to assess various bacterial components in
disease development, and we conclude this work with construction of a S. pyogenes
MGAS8232 Agacl mutant strain for future studies to examine GICNAC expression as

another possible contributor to cardiac complications following repeated infections.

Together, the work presented in this thesis has provided greater mechanistic
understandings into how S. pyogenes exploits its surface virulent determinants to avoid
innate clearance and reveals physiological insights on the development of severe
complications following multiple superficial infections. This work has also provided
valuable immune considerations that will help guide future vaccine development strategies

against this globally prominent pathogen.
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Appendix 1: Human ethics approval certification

E).‘.'a Western Research Ethics
® Research

Western University Health Science Research Ethics Board
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Date: June 29, 2016
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Appendix 2: Animal ethic approval certification

Western
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Strain

Characteristic

Source

C57Bl/6

HLA-DR4/DQ8

HLA-DQ8

Inbred black mice

C57BI/6 mice null for endogenous H2° MHC
class Il and transgenic for human HLA-DR4
and HLA-DQS8 alleles

C57BI/6 mice null for endogenous H2° MHC
class Il and transgenic for human HLA-DQ8
allele

Jackson
Laboratories

McCormick lab
breeding colony

McCormick lab
breeding colony
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Target Conjugate Clone Purpose Source
M18 N/A Polyclonal (Rabbit) Western blots ProSci
SpeA N/A Polyclonal (Rabbit) Western blots ProSci
Rabbit 1IgG IRDye800 Polyclonal (Donkey)  Western blots Rockland
Ly6G N/A 1A8 Neutrophil depletion BioXCell
IgG2a N/A Cl1.18.4 Isotype control BioXCell
Mouse 1gG HRP Polyclonal (Goat) IgG titers Sigma-

Aldrich
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Appendix 5: Cytokine responses from nasal turbinates of B61La mice during
infection with S. pyogenes MGAS8232 wildtype, AhasA, and AhasA +hasA strains.
Mice were inoculated with HBSS as sham control (black bars) or infected intranasally with
108 CFUs of S. pyogenes MGAS8232 wildtype, AhasA, or AhasA +hasA strains. Mice were
sacrificed 48 hours post-infection and cNT homogenates were analyzed for multiple
cytokines and chemokines (Thl-type [A]; Th2-type cytokines [B]; Treg cytokines [C];
Th17 cytokines [D]; chemokines [E]; or growth factors [F]). Data represents mean £ SEM
of cNT cytokine/chemokine concentrations (pg mL™") from individual mice (n > 3 mice
per group). Significance was determined by one-way ANOVA with Dunnett’s multiple
comparison post hoc test (*, P < 0.05; **, P <0.01; ***, P <0.001).
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Appendix 6: Cytokine responses from nasal turbinates of B6HLa mice during infection
with S. pyogenes MGAS8232 wildtype and Aemm18 strains

Mice were inoculated with HBSS as sham control or infected intranasally with 108 CFUs
of S. pyogenes MGAS8232 wildtype or Aemm18 strains. Mice were sacrificed 48 hours
post-infection and cNT homogenates were analyzed for multiple cytokines and chemokines
(Thl-type [A]; Th2-type cytokines [B]; Treg cytokines [C]; Thl7 cytokines [D];
chemokines [E]; or growth factors [F]). Data represents mean + SEM of cNT
cytokine/chemokine concentrations (pg mL ") from individual mice (n >3 mice per group).
Data was analyzed by one-way ANOVA with Dunnett’s multiple comparison post hoc test

(data not significant).
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Appendix 7: Mice repetitively infected with S. pyogenes MGAS8232 do not express
increased serum levels of cytokines that indicate damaged cardiomyocytes.

Multiplex cytokine array using endpoint serums of mice repeatedly exposed to biweekly S.
pyogenes MGAS8232 wildtype and Aemm18 nasopharyngeal infections at weeks 10 and
14. Control mice received PBS inoculations. Data points represent mean + SEM serum
cytokine concentrations (pg mL™!) from individual mice (n > 3 mice per group).

Significance was determined by Tukey’s two-way ANOVA (*, P < 0.05).
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Appendix 8: Cytokine responses from nasal turbinates of B6HLa mice during infection
with S. pyogenes MGAS8232 wildtype and Agacl.

Mice were inoculated with HBSS as sham control or infected intranasally with 108 CFUs
of S. pyogenes MGAS8232 wildtype or Agacl strains. Mice were sacrificed 48 hours post-
infection and cNT homogenates were analyzed for multiple cytokines and chemokines
(Thl-type [A]; Th2-type cytokines [B]; Treg cytokines [C]; Th17 cytokines [D]; chemokines
[E]; or growth factors [F]). Data represents mean + SEM cytokine/chemokine concentration
(pg mL™") from individual mice (n > 3 mice per group). Data was analyzed by one-way

ANOVA with Dunnett’s multiple comparison post hoc test (data not significant).
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