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Abstract (164 words) 36 

 37 

The re-emergence of scarlet fever poses a new global public health threat. The capacity of 38 

North-East Asian serotype M12 (emm12) Streptococcus pyogenes (group A Streptococcus, 39 

GAS) to cause scarlet fever has been linked epidemiologically to the presence of novel 40 

prophages, including prophage ΦHKU.vir encoding the secreted superantigens SSA and SpeC 41 

and the DNase Spd1. Here we report the comprehensive molecular characterization of 42 

ΦHKU.vir-encoded exotoxins. We demonstrate that streptolysin O (SLO)-induced glutathione 43 

efflux from host cellular stores is a previously unappreciated GAS virulence mechanism that 44 

promotes SSA release and activity, representing the first description of a thiol-activated 45 

bacterial superantigen. Spd1 is required for optimal growth in human blood, confers resistance 46 

to neutrophil killing, and degrades neutrophil extracellular traps (NETs). Investigating single, 47 

double and triple isogenic knockout mutants of the ΦHKU.vir-encoded exotoxins, we find that 48 

SpeC and Spd1 act synergistically to facilitate nasopharyngeal colonization in a mouse model. 49 

These results offer insight into the etiology and pathogenesis of scarlet fever-causing GAS 50 

mediated by phage ΦHKU.vir exotoxins.  51 
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Introduction 52 

 53 

Scarlet fever is a superantigen-mediated acute infectious disease caused by the human-adapted 54 

pathogen group A Streptococcus (GAS). Scarlet fever was a leading cause of death in children 55 

in the early 1900s, but its incidence steadily declined during the 20th century1,2. Large regional 56 

outbreaks of scarlet fever re-emerged in North-East Asia in 2011, and the United Kingdom in 57 

20143-10, with factors driving disease resurgence remaining a mystery. Alarmingly, recent 58 

studies report GAS outbreak strains in other countries11-13, heightening the need for global 59 

surveillance14. 60 

 61 

Potential triggers for these new scarlet fever epidemics remain unclear, but accumulating 62 

epidemiological evidence indicates that novel prophages and antibiotic resistance elements 63 

have played a significant role in the evolution, virulence and diversification of scarlet fever 64 

causing GAS strains in North-East Asia4,15-17. Detailed phylogenetic analyses of GAS outbreak 65 

isolates from mainland China and Hong Kong prove that the increase in scarlet fever cases was 66 

neither emm-type specific nor caused by the spread of a single scarlet fever producing clone. 67 

Instead, multiclonal scarlet fever outbreak strains are commonly associated with the acquisition 68 

of related exotoxin-carrying mobile genetic elements15,17. Prophages encoding combinations 69 

of the streptococcal superantigens SSA and SpeC, and the DNase Spd1, appear to play an 70 

important role in the evolutionary pathway that lead to the emergence of more virulent strains, 71 

particularly in North-East Asia4-6,15-18. However, robust evidence defining the mechanistic 72 

contribution of prophage-encoded exotoxins to the pathogenesis of scarlet fever is lacking. A 73 

universal feature of superantigens is their ability to cross-link major histocompatibility 74 

complex II molecules on antigen-presenting cells and the variable region of the b-chain of T 75 

cell receptor (TCR). This cross-linkage results in TCR Vb-specific activation of large 76 
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populations of human T cells, without prior antigen processing, rendering superantigens the 77 

most potent T cell mitogens known to date19. Recent studies suggest that such T cell activation 78 

contributes to the establishment of GAS infection at mucosal surfaces20,21. Here, we investigate 79 

the regulation of ΦHKU.vir encoded exotoxin genes ssa, speC and spd1, and their impact on 80 

the virulence of scarlet fever-causing GAS. Exotoxin-driven enhanced colonization provides 81 

an evidence-based hypothesis for the reemergence of scarlet fever globally. 82 

 83 

Results 84 

 85 

Regulation of ΦHKU.vir exotoxins  86 

The majority of GAS emm12 clones from scarlet fever outbreaks in North-East Asia carry 87 

superantigens SSA and SpeC and the DNase Spd1, as well as integrative and conjugative 88 

elements (ICE) encoding tetracycline (tetM) and macrolide (ermB) resistance4,15,17. Penicillin 89 

remains the treatment of choice for GAS pharyngitis. However, in many countries macrolides 90 

are commonly used as first-line therapy for upper respiratory tract infections in primary health-91 

care settings22. To investigate whether antibiotic treatment stress affects either prophage 92 

induction or superantigen expression, macrolide-resistant GAS emm12 scarlet fever isolate 93 

HKU16 harboring ΦHKU.vir and ICE–emm12 was grown in THY medium containing 94 

erythromycin (2 µg/ml), the recommended drug in patients with penicillin hypersensitivity23. 95 

RNA-seq analysis showed that erythromycin treatment did not affect the gene expression 96 

pattern of ΦHKU.vir (Fig. 1a), whereas expression of ICE-emm12-encoded ermB gene was 97 

significantly increased (supplementary Fig. S1). Mitomycin C, a DNA-damaging agent known 98 

to induce GAS prophage24, effectively induced ΦHKU.vir housekeeping and structural gene 99 

expression (Fig. 1a, supplementary Fig. S1). Similar to prophage-encoded virulence factor 100 
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cargo genes in emm3 GAS24, mitomycin C did not induce expression of the virulence cargo 101 

genes ssa, speC and spd1, pointing to differential control of exotoxin expression in ΦHKU.vir. 102 

 103 

Thiol-mediated induction of SSA release 104 

While there is good evidence that phage-associated exotoxins SpeC and Spd1 are induced 105 

during host-pathogen interactions25,26, comparatively less is known about the control of SSA 106 

expression. The ssa gene is frequently associated with scarlet fever isolates from North-East 107 

Asia15,17. As SSA production is detectable upon growth in a chemically-defined medium16, we 108 

undertook a limited small molecule screen that identified cysteine, but not any other amino 109 

acid, as a factor specifically increasing abundance of the exotoxin SSA in culture supernatants 110 

(Fig. 1b, supplementary Fig. S2). Cysteine is uniquely chemically reactive, due to its thiol-111 

containing side chain. We therefore examined whether SSA production was subject to thiol-112 

mediated regulation. Both dithiothreitol (DTT) and the reduced form of glutathione (GSH) 113 

increased SSA production in GAS culture supernatants (Fig. 1b). In contrast, oxidized 114 

glutathione (GSSG) did not enhance SSA levels. Higher SSA production was also detected in 115 

GAS cultures treated with thiol-free reducing agent tris(2-carboxyethyl)phosphine (TCEP), 116 

suggesting that exposure to reducing conditions enhances SSA production. The levels of 117 

secreted SpeC and Spd1 were unaffected by any of these treatments (Fig. 1b). Quantitative 118 

real-time PCR of the ssa and speC transcripts suggested that reducing agents are acting as post-119 

transcriptional enhancers of SSA release (Fig. 1c). To validate the requirement for thiols 120 

(reducing conditions) in SSA regulation, we also performed alkylation of cysteine with 121 

acrylamide prior to treatment, resulting in significant reduction of SSA, but not SpeC, release 122 

(supplementary Fig. S3a). 123 

 124 

SSA is a thiol-activated superantigen 125 
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SSA contains a surface-exposed Cys-26 residue that, based on the crystal structure of the 126 

homologous SpeA superantigen in complex with TCR Vb27, is predicted to lie within the TCR 127 

binding interface (supplementary Fig. S3b). Prior site-directed mutagenesis has revealed a role 128 

for Cys-26 in the mitogenic activity of SSA on human T	  cells by preventing disulphide-linked 129 

dimer formation between the surface-exposed Cys-26 residues of SSA28. Although a SSA 130 

dimer was not detectable in HKU16 culture supernatants (supplementary Fig. S3c), we detected 131 

dimer formation by purified recombinant SSA (supplementary Fig. S3d) which led us to 132 

investigate possible redox sensitivity of SSA activity. GSH, the major low-molecular-weight 133 

thiol in living cells, markedly increased the mitogenic potency of recombinant SSA on human 134 

T cells by ~10-fold as assessed by enhanced IL-2 production (Fig. 1d). However, thiol 135 

activation by GSH was absent in SSA carrying a cysteine-to-serine substitution at position 26 136 

(SSAC26S), underscoring a critical role for the Cys-26 residue in thiol-mediated activation. In 137 

contrast to SSA, the activity of SpeC, one of the most potent T cell mitogens29, was unaffected 138 

by GSH treatment (Fig. 1d). These data establish a unique role for thiols in SSA regulation and 139 

support a model where reducing agents not only increase levels of extracellular SSA monomer, 140 

but also directly enhance SSA-mediated T cell stimulation. To our knowledge, this is the first 141 

report of a thiol-activated superantigen. 142 

 143 

Streptolysin O (SLO) mediates the rapid release of host intracellular glutathione 144 

Like other species of pathogenic Gram-positive bacteria, GAS produces a cholesterol-145 

dependent cytolysin (CDC), streptolysin O (SLO), that perforates host cell membranes30. In 146 

contrast to plasma and other extracellular fluids that are low in thiol-based antioxidants, the 147 

cytosol of mammalian cells is a highly reducing compartment where thiols are present at high 148 

concentration. The most abundant non-protein thiol in mammalian cells is GSH, with 149 

intracellular concentrations typically in the millimolar range (~1-11 mM), compared to 150 
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extracellular concentrations in the low micromolar range31. This GSH concentration 151 

differential across the plasma membrane led us to speculate that host cell lysis by SLO, itself 152 

subject to thiol activation32, could provide extracellular GAS with access to the intracellular 153 

GSH pool, altering the redox environment and supporting SSA activation. 154 

 155 

To test this hypothesis, we first quantified glutathione release after treatment of whole human 156 

blood with increasing concentrations of purified SLO. SLO lysed red blood cells (Fig. 2a), and 157 

both haemoglobin and total glutathione (GSH + GSSG) accumulated rapidly in plasma in a 158 

dose-dependent manner (Fig. 2a). In the context of live GAS, wildtype (WT) scarlet fever-159 

associated strain HKU16 caused significant red blood cell hemolysis after 4 h growth in human 160 

blood (Fig. 2b), paralleled by a significant and substantial release of glutathione into plasma 161 

(Fig. 2c). In contrast, an isogenic GAS HKU16∆slo mutant did not induce hemolysis and 162 

plasma levels of glutathione were unchanged (Fig. 2b, c). 163 

 164 

GAS serotype M12 strains belong to emm pattern A–C and have been designated as “throat 165 

specialists”33. In this context, we used human pharyngeal cells (Detroit 562; D562) to study 166 

the effect of SLO-induced pore formation on glutathione release as a pharyngitis-relevant 167 

cellular model. Lactate-dehydrogenase (LDH) release into the media serves as a marker of host 168 

cell membrane integrity. As expected, SLO caused a dose-dependent release of LDH of ~ 50% 169 

at 6.25  µg/ml, confirming disruption of the cell membrane structure (Fig. 2d). Dose-dependent 170 

cell death following SLO exposure was again associated with a progressive increase in 171 

glutathione level in the media (Fig. 2d), indicating that SLO-induced membrane disruption was 172 

sufficient to trigger extracellular release of host cytosolic glutathione stores. Next, levels of 173 

LDH and glutathione released by D562 cells following infection with live GAS (multiplicity 174 

of infection = 20 bacterial colony forming units:cell) were measured. At 2 h post-infection, 175 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 17, 2020. ; https://doi.org/10.1101/2020.05.17.095000doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.17.095000


 9 

WT GAS HKU16 but not the HKU16∆slo mutant induced a significant increase in levels of 176 

secreted LDH and glutathione (Fig. 2e, f). The addition of purified pore-forming protein toxin 177 

SLO (6.25 µg/ml) to D562 cells grown in the presence of HKU16∆slo markedly elevated 178 

extracellular LDH and glutathione to WT HKU16 levels during co-culture. To examine 179 

whether the lack of glutathione release following infection with HKU16∆slo (Fig. 2f) might 180 

impact other aspects of GAS biology, we measured growth in cell-free medium with and 181 

without glutathione supplementation. Supplementation with glutathione strongly promoted 182 

growth of WT GAS HKU16 in cell-free medium (Fig. 2g), showing that host-derived 183 

glutathione is utilized by GAS for other physiological pathways. Taken together, our data 184 

demonstrate that SLO is highly effective at triggering the release of significant amounts of 185 

glutathione from host cells, which is utilized for extracellular growth of GAS and likely 186 

provides a reducing extracellular microenvironment required for efficient SSA activation in 187 

vivo. 188 

 189 

ΦHKU.vir-encoded DNase Spd1 enhances fitness of HKU16 in human blood and 190 

promotes resistance to neutrophil killing 191 

Horizontal transmission of bacteriophage encoding DNase Sda1/SdaD2 has played a critical 192 

role in the emergence and global dissemination of the highly virulent M1T1 clone34-36. The 193 

phage-encoded DNase Spd1 is linked with the expansion of scarlet fever GAS in North-East 194 

Asia15. In contrast to Sda136, the contribution of Spd1 to GAS pathogenesis remains largely 195 

unexplored, although this nuclease has previously been shown to play a role in nasal shedding 196 

in emm3 GAS37. 197 

 198 

Unlike the knockout strains HKU16∆ssa and HKU16∆speC, DNase knockout strain 199 

HKU16∆spd1 showed significantly attenuated growth in human blood (Fig. 3a). Reinforcing 200 
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these results, complementation of HKU16∆spd1 with the WT spd1 gene (HKU16∆spd1++) 201 

fully restored growth in human blood (Fig. 3a). Neutrophils are the first immune cell 202 

responders to sites of bacterial infection, and thus play a critical role in controlling GAS 203 

infection. Examining the role of Spd1 in bacterial susceptibility to human neutrophil killing, 204 

knockout strain HKU16∆spd1 showed significantly reduced survival compared to the WT and 205 

complemented HKU16 strains (Fig. 3b). Formation of web-like lattices composed of chromatin 206 

and granular proteins, known as neutrophil extracellular traps (NETs), is a well-established 207 

antimicrobial mechanism38. Multiple pathogenic microorganisms, including GAS, secrete 208 

DNases to dissolve NETs and escape neutrophil mediated killing39. To determine the ability of 209 

Spd1 to facilitate NET degradation, we used phorbol-myristate acetate (PMA) to induce high 210 

levels of NETs from freshly isolated human neutrophils (Fig. 3c) that are sensitive to bovine 211 

pancreatic DNase I (Fig. 3c, d). We then incubated PMA-stimulated neutrophils with GFP-212 

expressing GAS for 30 min. NETs exposed to HKU16∆spd1 remained intact and covered a 213 

significantly greater area in the absence of Spd1 (64.1 ± 3.3 %) compared to NETs infected 214 

with WT HKU16 (24.5 ± 4.1 %) and HKU16∆spd1++ (21.9 ± 5.2 %) (Fig. 3e, f). Additionally, 215 

higher numbers of HKU16∆spd1 bacteria were immobilized within NETS compared to WT 216 

HKU16 and HKU16∆spd1++, while similar levels of NET degradation were displayed by WT 217 

HKU16 and HKU16∆spd1++ (Fig. 3e, f). These findings demonstrate that Spd1 promotes 218 

growth of HKU16 in whole blood, reduces susceptibility to neutrophil mediated killing and 219 

facilitates NET degradation. 220 

 221 

Role for fHKU.vir-encoded exotoxins in pharyngeal colonization 222 

Previous studies have shown that intranasal infection of mice with GAS can serve as a model 223 

to study pharyngeal infection in humans20,21,40,41. Humanized mice that express HLA-DR4 and 224 

HLA-DQ8 are susceptible to acute nasopharyngeal infection by SpeA-carrying emm18 225 
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GAS20,21. To evaluate the role of HKU16 exotoxins in nasopharyngeal infection, we 226 

investigated the ability of WT and isogenic mutants to colonize the nasopharynx of HLA-B6 227 

mice transgenic for human CD4 and HLA-DR4-DQ8 genes42. The growth phenotype of all 228 

single, double and triple HKU16 isogenic knockout mutants (Fig. 4a) was indistinguishable 229 

from the parental WT strain (Fig. 4b) and all mutant strains were defective for production of 230 

the targeted exotoxins SSA, SpeC, Spd1 and SLO (Fig. c). HLA-B6 mice were infected 231 

intranasally with WT HKU16 or isogenic mutants. At 48 h post-infection, significantly fewer 232 

bacterial colony forming units (CFUs) were recovered from the complete nasal turbinates of 233 

mice infected with HKU16∆speC/spd1 compared to WT HKU16 (Fig. 4d). Single isogenic 234 

mutant strains of ΦHKU.vir-encoded exotoxins did not show reduced colonization efficiency, 235 

suggesting that SpeC and Spd1 act synergistically to enhance nasopharyngeal infection, nor 236 

did the additional knockout of the ssa gene in the triple mutant strain HKU16∆ssa/speC/spd1 237 

further reduce colonization. The attenuated virulence phenotype of HKU16∆ssa/speC/spd1 238 

could be fully restored by genetic complementation with WT ssa, speC and spd1 genes 239 

(HKU16∆ssa/speC/spd1++) (Fig. 4d). Significantly fewer bacterial CFUs were also recovered 240 

from HKU16∆slo infected mice (Fig. 4d), confirming the importance of SLO for GAS 241 

pathogenicity as demonstrated in previous studies43-45.  242 
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Discussion 243 

 244 

Mainland China and Hong Kong have witnessed an ongoing outbreak of scarlet fever with 245 

~500,000 reported cases since 20114,14,15,17,46-49. Alarmingly, case numbers have again 246 

significantly increased in recent years posing a heightened global threat to public health 247 

(supplementary Fig. S4)12. Previous epidemiological surveillance studies have shown that 248 

emm12 is the most prevalent GAS emm genotype in clinical cases of scarlet fever in this 249 

region4,15,17. In contrast with the United Kingdom epidemic, the expansion of scarlet fever–250 

associated emm12 lineages in North-East Asia has been directly linked to acquisition of two 251 

genetic elements: the tetM- and ermB-carrying multidrug resistance element ICE-emm12 (and 252 

its derivatives) and the prophage ΦHKU.vir, encoding SSA, SpeC and the DNase Spd14,15,50. 253 

Consistent with these prior studies, the results presented here demonstrate a direct contribution 254 

of ΦHKU.vir acquisition to virulence phenotypes of the scarlet fever-causing emm12 reference 255 

strain HKU16. Using defined genetic knockouts, our data suggest that SpeC and the DNase 256 

Spd1 function synergistically to mediate nasopharyngeal colonization, offering an explanation 257 

as to why these genes form a conserved genetic module in a variety of distinct GAS prophage26. 258 

 259 

We also present new insight into the activation of the scarlet fever-associated superantigen 260 

SSA, which we reveal as a thiol-activated superantigen. By providing a mechanistic framework 261 

of how extracellular GAS gains access to highly abundant intracellular glutathione in vivo, we 262 

highlight the relationship between SLO-mediated membrane disruption and SSA activity (Fig. 263 

5). Data presented here extend previous studies showing that epithelial cell damage by SLO 264 

augments superantigen penetration, which allows for better interaction of superantigens with 265 

antigen presenting cells in underlying tissues51. Together, these studies suggest that SLO pore 266 
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formation promotes SSA activation, which may be an important driver in diseases associated 267 

with superantigen production, including scarlet fever. 268 

 269 

GAS encodes several glutathione-dependent proteins, yet the bacterium lacks genes for de novo 270 

glutathione synthesis. This paradox raises the possibility that GAS may coordinate a range of 271 

virulence factors through SLO-mediated GSH release. One such factor is glutathione 272 

peroxidase (GpoA)52, which plays a role in the adaptation of GAS to oxidative stress during 273 

inflammation following systemic infection53. Microbial acquisition of nutrients in vivo is a 274 

fundamental aspect of infectious disease pathogenesis, and intracellular bacterial pathogens 275 

capitalize on the ubiquitous and highly abundant cytosolic antioxidant GSH54,55. Our data 276 

support a hypothesis in which extracellular bacterial pathogens such as GAS may have evolved 277 

a mechanism to target and hijack host cytosolic glutathione, consistent with the absence of 278 

glutathione biosynthetic genes in the GAS genome. While a precise role for SSA in virulence 279 

was not conclusively established in the HLA-B6 mouse model, this work exemplifies an 280 

interconnected action of GAS virulence determinants such as SLO and SSA, opening new 281 

avenues to understand the evolution and emergence of pathogenic clones. As multiple bacterial 282 

pathogens encode functional homologs of SLO30, glutathione release by cholesterol-dependent 283 

cytolysins may constitute a generalized mechanism used by pathogenic bacteria to modulate 284 

their physiological response to host cells, including through the post-transcriptional activation 285 

of virulence-associated proteins. 286 

 287 

Our findings show that GAS HKU16 requires the ΦHKU.vir-encoded exotoxins SpeC and 288 

Spd1, and SLO, to efficiently colonize the HLA-B6 mouse model. We hypothesise that 289 

prophage-encoded exotoxin acquisition has enhanced colonization fitness of scarlet fever-290 

causing GAS emm12 clones in North-East Asia. The atypical presence of genes encoding 291 
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superantigens such as SSA in emm12 isolates56 could provide a framework allowing for clonal 292 

expansion of GAS in a naïve population. The spread of such prophage-containing GAS is 293 

therefore of great public health concern and heightened efforts are needed to instigate global 294 

surveillance systems. Recent evidence of interspecies transfer of speC- and spd1-containing 295 

prophage in the US should serve as a warning for the dissemination of these virulence-296 

enhancing genes into other pathogenic streptococci57. 297 
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Methods 316 

 317 

Bacterial strains, growth conditions and construction of HKU16 mutant strains 318 

The emm12 GAS scarlet fever isolate HKU164 and isogenic derivatives were routinely grown 319 

at 37°C on 5% horse blood agar or statically in Todd-Hewitt broth supplemented with 1% yeast 320 

extract (THY) or chemically defined medium (CDM; Gibco RPMI 1640 with L-glutamine and 321 

phenol red (Life Technologies; 11875-093) supplemented with 0.7% (w/v) D-Glucose, 1% 322 

(v/v)   BME vitamins (Sigma; B6891), 0.15 mM nucleobases (adenine, guanine, and uracil), 323 

and 0.02 mM HEPES, pH 7.4). To facilitate fluorescent microscopy experiments, GAS strains 324 

were transformed with GFP-expressing plasmid pLZ12Km2-P23R-TA:GFP (supplementary 325 

information). Escherichia coli (E. coli) strains MC1061 or XL1-blue, and BL21(DE3), were 326 

used for cloning and protein expression, respectively. E. coli was grown in Luria-Bertani 327 

medium (LB). Where required, spectinomycin was used at 100 µg/ml (both GAS and E. coli), 328 

ampicillin was used at 100 µg/ml (E. coli), and kanamycin was used at 50 µg/ml (E. coli). All 329 

bacterial strains and plasmids are listed in Table S1. Isogenic HKU16 mutants were generated 330 

using a highly-efficient plasmid (pLZts) for creating markerless isogenic mutants58. All PCR 331 

primer sequences are provided in Table S1. All gene deletions were confirmed by DNA 332 

sequence analysis (Australian Equine Genome Research Centre, University of Queensland, 333 

Brisbane, Australia). To examine fitness of WT and mutant strains, GAS were firstly grown 334 

overnight on horse blood agar. GAS were then inoculated into CDM to an optical density at 335 

600 nm (OD600) of 0.01. Late-exponential phase GAS grown in CDM (OD600 of 0.4) were 336 

resuspended in ATCC Eagle's Minimum Essential Medium (EMEM; ATCC302003) 337 

supplemented with 10% heat-inactivated fetal bovine serum (FBS). Bacteria were then 338 

inoculated into 96-well microtiter plates and the growth curves measured using the FLUOstar 339 

Omega Microplate Reader (BMG Labtech) at 37°C. 340 
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 341 

Transcriptomic analysis and quantitative gene expression studies 342 

Total RNA was routinely isolated from bacterial cells as follows. Two volumes of RNAprotect 343 

(Qiagen) was added to the cultures, and bacterial cells were collected by centrifugation at 344 

5,000  ×  g for 25  min at 4°C. The dry cell pellet was stored at −80°C overnight. Total RNA was 345 

extracted using the RNeasy minikit (Qiagen) with an additional mechanical lysis step using 346 

lysing matrix B tubes (MP Biomedicals). RNA samples were treated with Turbo DNase 347 

(Ambion) to eliminate contaminating genomic DNA and quantified using a NanoDrop 348 

instrument (Thermo Scientific). One microgram of RNA was converted to cDNA using the 349 

SuperScript VILO cDNA synthesis kit (Invitrogen). Resulting cDNA libraries were used for 350 

downstream analyses. RNA sequencing samples were taken from bacterial cultures grown in 351 

THY to late-exponential growth phase (OD600 of ~0.7-0.8). Erythromycin was used at a 352 

concentration of 2 µg/ml. Mitomycin C was added to early-exponential cultures (OD600 of 353 

0.25) at a concentration of 0.2 µg/ml. RNA-sequencing was performed from Ribo-zero (rRNA 354 

depleted) Illumina libraries on a single Illumina HiSeq 2500 lane using v4 chemistry from 75 355 

base pair paired-end reads. Reads were mapped to the HKU16 reference genome (alternatively 356 

termed HKU QMH11M0907901, GenBank accession number NZ_AFRY01000001) with 357 

BWA MEM (version 0.7.16). Relative read counts (per gene) and differential gene expression 358 

was determined using DESeq259 (v. 1.26.0) in R (v. 3.6.0). Genes with less than 10 reads across 359 

all conditions and samples were removed. P-values were calculated using Wald test and 360 

adjusted for multiple testing using Benjamini-Hichberg/false discovery rate. Read counts were 361 

visualized using the Integrative Genomics Viewer (IGV) and volcano plots were constructed 362 

using ggplot2 (v.3.2.1). To quantify gene expression, total RNA was isolated from bacterial 363 

cells harvested at late-exponential growth phase (OD600 of 0.4) in CDM grown in the presence 364 

or absence of 2 mM redox-active compounds (L-Cysteine (Cys), dithiothreitol (DTT), reduced 365 
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glutathione (GSH), oxidized glutathione (GSSG), and tris(2-carboxyethyl)phosphine (TCEP). 366 

Reverse transcription-PCR (RT-PCR) was performed using the primers specified in Table S1, 367 

using SYBR green master mix (Applied Biosystems) according to the manufacturer's 368 

instructions. All data were analyzed using ViiA7 software (Applied Biosystems). Relative gene 369 

expression was calculated using the threshold cycle (2−ΔΔCT) method with gyrA as the reference 370 

housekeeping gene60. All reactions were performed in triplicate from 3 independently isolated 371 

RNA samples. 372 

 373 

Purification of streptococcal antigens and polyclonal antiserum production 374 

The gene encoding for the DNase Spd1, including nucleotides encoding the predicted signal 375 

peptide, was PCR amplified from genomic DNA of HKU16 and cloned into NdeI and HindIII 376 

sites of pET-28a. Point mutation of the active site residue Asn145 (Asn145Ala)61 was 377 

introduced using the QuikChange II site-directed mutagenesis kit (Agilent) to inactivate the 378 

Spd1 DNase (see Supplementary Table S2 for primer sequences). WT Spd1 and inactivated 379 

Spd1 were produced by 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)-induced 380 

expression in E. coli BL21(DE3), purified via nickel affinity chromatography, and His6 tags 381 

cleaved with His6-tagged tobacco etch virus (TEV) protease. The expression plasmids for WT 382 

SLO (pET-15b-SLO)43 and inactivated SLO carrying P427L and W535A mutations (pET-15b-383 

SLOmut)62 were used to produce recombinant protein in E. coli BL21(DE3) following the same 384 

procedure as for Spd1. Recombinant proteins were analyzed for purity on 12% separating 385 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Inactivated Spd1 386 

and SLO were used to raise antisera in mice. Briefly, 4 - 6 weeks old BALB/c mice (n = 10) 387 

were immunized subcutaneously on days 0, 14, 21, and 28 with 30 µg of total protein 388 

adjuvanted with alum (Alhydrogel [2%]; Brenntag) at a 1:1 ratio. One week following the last 389 
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injection, mice were sacrificed and serum was collected for antibody titer analysis using 390 

ELISA. 391 

 392 

Detection of exotoxins in GAS supernatants 393 

Bacteria were routinely grown to late-exponential growth phase in CDM or THY where 394 

indicated. Filter-sterilized culture supernatants were precipitated with 10% trichloroacetic acid 395 

(TCA). TCA precipitates were resuspended in loading buffer (normalized to OD600) in the 396 

presence or absence of 100 mM DTT. Samples were boiled for 10 min, subjected to SDS-397 

PAGE, and then transferred to polyvinylidene difluoride (PVDF) membranes for detection of 398 

immuno-reactive bands using a LI-COR Odyssey Imaging System (LI-COR Biosciences). The 399 

primary antibodies used for the detection of SpeC and SSA protein in GAS culture supernatants 400 

were rabbit antibody to SpeC (PCI333, Toxin Technology; 1:1,000 dilution) and affinity-401 

purified rabbit antibody to SSA (produced by Mimotopes; 1:500 dilution)15. The murine 402 

primary antibody dilutions used for the detection of Spd1 and SLO were 1:1,000 and 1:2,000, 403 

respectively. Anti-rabbit IgG (H+L) (DyLight™ 800 4X PEG Conjugate, NEB) or anti-mouse 404 

IgG (H+L) (DyLight™ 800 4X PEG Conjugate, NEB) were used as the secondary antibodies. 405 

 406 

Recombinant superantigen purification 407 

The SSA gene, lacking nucleotides encoding the predicted signal peptide, was PCR amplified 408 

from the S. pyogenes HKU16 chromosome using primers listed in Table S1 and cloned into 409 

the NcoI and BamHI sites of a modified pET-41a protein expression vector that encodes an 410 

engineered tobacco etch virus (TEV) protease site to remove purification tags63. The C26S 411 

mutation was introduced into the ssa gene as above using primers listed in Table S1. Cloning 412 

of SpeC into the pET-41a vector was carried out as previously described20. Expression of the 413 
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recombinant SSA and SpeC proteins was induced with 0.2 mM IPTG in E. coli BL21(DE3) 414 

and purified as described above. 415 

 416 

Superantigen activity as assessed by T cell proliferation assay 417 

Human PBMCs isolated from freshly drawn heparinized venous blood from a healthy adult 418 

volunteer were resuspended in complete RPMI (cRPMI; RPMI1640, 10% FBS, 0.1 mM 419 

minimal essential media non-essential amino acids, 2 mM L-glutamine, 1 mM sodium 420 

pyruvate, 100 U/ml penicillin, 100 ug/ml streptomycin) and seeded at 200,000 cells per well 421 

in a 96-well plate. Sterile-filtered GSH dissolved in cRPMI (final concentration of 2 mM), or 422 

cRPMI alone, were added to each well 30 minutes prior to the addition of 10-fold serial 423 

dilutions of recombinant superantigens. Cells were incubated at 37°C in 5% CO2 for 18 h. 424 

Spent cell culture supernatant was harvested and analyzed for human IL-2 by ELISA according 425 

to the manufacturer's instructions (eBiosciences). 426 

 427 

Ex vivo whole blood model  428 

Freshly drawn heparinized venous blood from a healthy adult volunteer was aliquoted (180 µl) 429 

into wells of a 96-well plate. To validate hemolytic activity of SLO, increasing concentrations 430 

of recombinant WT SLO were added to give a final volume of 200 µl per well and incubated 431 

at 37˚C for 2 h with 5% CO2. For bacterial infections, GAS strains were grown to late-432 

exponential growth phase in CDM (OD600 of 0.4), resuspended in Hanks Balanced Salt 433 

Solution (HBSS) at ~ 1 × 108 CFU/ml, and then added to whole blood to give a final volume 434 

of 200 µl (~ 2 × 106 CFU). Growth of GAS strains was assessed 2 h post-infection by plating 435 

serial dilutions for enumeration of CFUs. Plasma samples for detection of hemolysis and 436 

glutathione release were obtained 4 h post-infection by centrifugation at 4,800 × g for 15 min 437 
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at 4˚C. Controls included for each experiment were whole blood treated with HBSS (mock), 438 

or blood lyzed with 0.1% Triton X-100. 439 

 440 

Co-culture of S. pyogenes with human pharyngeal cells  441 

Human nasopharyngeal carcinoma epithelial cells Detroit 562 (D562; ATCC CCL-138, Lot 442 

70004014) were cultured at 37°C under a 5% CO2/20% O2 atmosphere in EMEM 443 

supplemented with 10% FBS in tissue culture vessels (Greiner Bio-one). At 90% confluency, 444 

cells were trypsinized and handled according to manufacturer's instructions. D562 cells were 445 

utilized for experiments at passage 8 and seeded at a density of ~ 1.2 × 105 viable cells per well 446 

in 24-well tissue culture plates, or ~ 2.5 × 105 viable cells per well in 12-well plates 24 h prior 447 

to infection to allow the formation of confluent monolayers. Cells were grown at 37°C under 448 

5% CO2 until they formed a confluent monolayer. Immediately prior to infection, the cell 449 

culture medium was removed, and replaced with fresh medium. Increasing concentrations of 450 

recombinant WT SLO were added to cell monolayers and incubated for 2 h. GAS strains were 451 

grown to late-exponential growth phase in CDM (OD600 of 0.4), resuspended in cell culture 452 

medium, and then added to cell monolayers at a multiplicity of infection of 20. Controls 453 

included for each experiment were cells not exposed to bacteria or SLO (mock), or cells lyzed 454 

with 0.2% Triton X-100. At 2 h post-infection, plates were centrifuged at 500 × g for 5 min, 455 

then media was aspirated and stored at -80˚C until further processing. 456 

 457 

Quantitative assessment of cell death and glutathione release 458 

SLO-induced hemolysis in whole blood was determined after collecting plasma samples and 459 

diluting 1:10 in PBS. The amount of hemoglobin was measured spectrophotometrically at 405 460 

nm. D562 membrane disruption was quantified by measuring lactate dehydrogenase (LDH) 461 

release from cell supernatants, using CytoTox96 Non-Radioactive Cytotoxicity Assay 462 
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(Promega; G1781), as per the manufacturer's instructions. Sample absorbance was measured 463 

spectrophotometrically at 490 nm. Glutathione release was measured using the GSH-Glo 464 

glutathione assay (Promega; V6912), as per the manufacturer's instructions, with the 465 

modification of mixing undiluted samples 1:1 with 2 mM TCEP in wells of a white 96-well 466 

plate (Greiner Bio-one) prior to use. Luminescent intensity of each sample was measured using 467 

a FLUOstar Omega Microplate Reader (BMG Labtech). Sample readings were analyzed by 468 

Prism 7 software and divided by the positive control for cell lysis to give a percentage of total 469 

hemolysis and cell death (LDH) for each sample. 470 

 471 

Neutrophil killing assay 472 

Human neutrophils were isolated from fresh heparinized whole blood using PolymorphPrep 473 

density gradient centrifugation (Axis-Shield) as per manufacturer’s instructions. Following 474 

neutrophil harvest, hypotonic lysis was performed to remove residual erythrocytes. Purified 475 

neutrophils were infected with GAS at a multiplicity of infection of 10 (1 × 106 cells/ml 476 

neutrophils:1 × 105 bacterial CFU/ml), centrifuged for 5 min at 370 × g to synchronize 477 

phagocytosis, and then incubated for 30 min at 37°C under 5% CO2. Control wells contained 478 

bacteria only. Infected neutrophils were then lysed and serially diluted in sterile Milli-Q water, 479 

then plated on THY agar. Following overnight incubation at 37°C, bacterial survival was 480 

calculated as the average total number of CFUs following incubation in the presence of 481 

neutrophils divided by CFUs in control wells. 482 

 483 

NETs degradation assay 484 

Freshly isolated purified human neutrophils were seeded on 12 mm Poly-D-lysine-coated (0.01 485 

% solution overnight; Sigma-Aldrich; P7405) coverslips at a concentration of 1 x 106 cells/ml 486 

(5 × 105 cells/mL per well) in a 24-well tissue culture plate. Neutrophils were stimulated with 487 
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25 nM phorbol 12-myristate 13-acetate (PMA) (Cayman Chemical; 10008014), centrifuged for 488 

5 min at 370 × g, and incubated for 3 h at 37°C under 5% CO2 to induce NET formation. Cell 489 

culture media was then removed, and the PMA-stimulated neutrophils were infected with 490 

fluorescent GAS strains diluted in RPMI media containing 2% heat inactivated autologous 491 

human plasma and 5 mM MgCl2 at a multiplicity of infection of 10 (1 × 107 bacterial CFU/ml: 492 

1 × 106 cells/ml PMN). Infected plates were centrifuged at 370 × g for 5 min to promote cell 493 

interaction and then incubated for an additional 30 min at 37°C under 5% CO2. Bovine pancreas 494 

DNase I at 5 µg/ml (Sigma; D5025) was used as a positive control to confirm NET degradation, 495 

while wells containing medium was used to confirm the formation of NETs. Cells were washed 496 

once with PBS, followed by fixation with 4% paraformaldehyde for 15 min at room 497 

temperature. After two washes, cells were incubated with 1 mM SYTOX Orange Nucleic Acid 498 

Stain (Molecular Probes; S11368) for 15 min in the dark at room temperature to stain for NETs. 499 

After washing in 5% (v/v) PBS, coverslips were embedded in Fluorescent Mounting medium 500 

(Dako; S30230) on microscopic glass slides and dried overnight in the dark at room 501 

temperature. Slides were stored at 4˚C until images were acquired. Samples were recorded 502 

using a Leica TCS SP8 Lightning confocal laser scanning microscope (Leica Microsystems) 503 

with a 63 × oil immersion objective. GFP and SYTOX Orange were excited with 488 and 561 504 

nm lasers, respectively, with images captured using sequential scanning. For each sample, a 505 

minimum of five randomly selected images per independent experiment performed in duplicate 506 

were acquired. For figure production, images were processed using ImageJ software (version 507 

1.8.0) and the Enhance Local Contrast function was used to improve images for better 508 

visualization. For quantification of NET DNA degradation, the cell imaging analysis software 509 

CellProfiler (version 3.1.9) was employed. The percentage area of NETs per image was 510 

calculated as the area of neutrophil nuclei subtracted from the total area stained with SYTOX 511 

Orange. Images used for NET quantification were unenhanced. 512 
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 513 

HLA-B6 murine nasopharyngeal colonization model 514 

For nasopharyngeal infection20,21, sex- and age-matched (9- to 13-week-old) transgenic 515 

C57BL/6J mice expressing human major histocompatibility complex II molecules DR4/DQ8 516 

and human CD4 (HLA-B6)42 were infected with ~ 1 × 108 CFU per 15 µl using 7.5 µl to 517 

inoculate each nostril under methoxyflurane inhalation anesthetic. For infection, bacteria were 518 

cultured to late-exponential growth phase (OD600 of 0.4) in CDM supplemented with 2 mM 519 

of L-Cys, washed and concentrated in CDM. Sham-treated mice only received CDM. Mice 520 

were sacrificed 48 h post-infection, and the combined nasal turbinates, including the nasal 521 

associated lymphoid tissue and nasal turbinates, were removed. Tissue was homogenized in 522 

HBSS in lysing matrix F tubes (MP Biomedicals), serially diluted, and plated on horse blood 523 

agar for enumeration of beta-hemolytic CFUs. 524 

 525 

Statistical analysis 526 

All statistical analysis was completed using Prism software (GraphPad). Significance was 527 

calculated using, where indicated, the Student’s t test, one-way ANOVA with Dunnett’s 528 

multiple comparisons post-hoc test, and the Kruskal-Wallis test with the Dunn’s multiple 529 

comparisons post-hoc test. A p value less than 0.05 was determined to be statistically 530 

significant. 531 

 532 

Accession codes 533 

Illumina read data are available on NCBI under the sample accession numbers relating to the 534 

three conditions (in triplicate): THY (ERS1091539, ERS1091548, ERS1091557); THY plus 535 

erythromycin (ERS1091542, ERS1091551, ERS1091560); THY plus mitomycin C 536 

(ERS1091545, ERS1091554, ERS1091563). 537 
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 538 

Ethics statement 539 

The human ethics protocol for the isolation of human blood from healthy volunteers for use in 540 

T cell activation assays was approved by the Health Sciences Research Ethics Board at Western 541 

University (Ontario, Canada) (Protocol #110859). Human blood donation for use in whole 542 

blood proliferation assays, neutrophil killing assays and NET degradation assays were 543 

conducted in accordance with the Australian National statement on ethical conduct in human 544 

research64, in compliance with the regulations governing experimentation on humans, and was 545 

approved by the University of Queensland medical research ethics committee (2010001586) 546 

and the University of Wollongong Human Research Ethics Committee (HE08/250). Animal 547 

experiments were performed according to the Australian code of practice for the care and use 548 

of animals for scientific purposes. Permission was obtained from the University of Queensland 549 

ethics committee to undertake this work (SCMB/140/16/NHMRC). 550 

  551 
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Figures 718 

Figure 1: 719 

 720 

Figure 1: Post-transcriptional thiol-based regulation of SSA. (a) RNAseq expression profile 721 

of ΦHKU.vir in the macrolide- and tetracycline-resistant GAS emm12 isolate HKU16, grown 722 

in THY broth with sub-inhibitory concentrations of erythromycin (Erm) and mitomycin C 723 

(MitC). The plots illustrate the overall coverage distribution displaying the total number of 724 

sequenced reads. The region that encodes exotoxin genes (ssa in yellow, speC in red and spd1 725 

in blue) is indicated. (b) Immunoblot detection of SSA, SpeC and Spd1 in culture supernatants 726 

of HKU16 grown in a chemically defined medium (CDM) in the presence of various redox-727 

active compounds. Western blot signal intensities were quantified with ImageJ. Statistical 728 

significance is displayed as *p<0.01 and **p<0.001 by one-way ANOVA (n = 4). (c) 729 
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 33 

Quantitative real-time PCR of ssa and speC transcripts in HKU16 grown in CDM treated with 730 

2 mM of the indicated redox-active compounds. (d) Superantigen (SAg) activation of human 731 

PBMCs (2 × 105 cells per well) with SSA (circular), SSAC26S (square), and SpeC (triangular) 732 

at the indicated concentrations in absence (black; dash-dot line) or presence of 2 mM of GSH 733 

(white; dotted line), using human IL-2 as a readout. Bars represent the mean ± SEM. Statistical 734 

significance is displayed as *p<0.01 and **p<0.001 by Student’s t test.  735 
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Figure 2: 736 

 737 

Figure 2: The cytotoxic activity of SLO causes the release of host cytosolic glutathione. (a) 738 

Dose-dependent hemolytic activity of purified recombinant SLO (rSLO) in whole human blood 739 

is accompanied by an extracellular accumulation of glutathione. Hemolysis is expressed as 740 

percentage ± SD with respect to the positive control (cells treated with 0.1% Triton X-100 (TX-741 

100)). (b) Hemolytic activity of indicated HKU16 strains is expressed as percentage ± SD with 742 

respect to the positive control (cells treated with 0.1% TX-100). Blood treated with HBSS 743 

(mock) served as a negative control. (c) Extracellular accumulation of glutathione in blood 744 

infected with indicated HKU16 strains. Blood treated with HBSS (mock) served as a negative 745 
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control. (d) Release of lactate dehydrogenase (LDH) (closed circles) and glutathione (open 746 

circles) by D562 cells treated with varying concentrations of recombinant SLO. The release of 747 

LDH and glutathione into the culture medium was assessed after 2 h of treatment. LDH release 748 

is expressed as percentage ± SD with respect to the positive control (cells treated with 0.2% 749 

TX-100). Cells treated with growth medium (mock) served as a negative control. LDH (e) and 750 

glutathione (f) release by D562 cells challenged with indicated HKU16 strains at a multiplicity 751 

of infection of 20:1 (bacterial CFU:cells), assessed at 2 h post-infection. Where indicated, rSLO 752 

was added to HKU16∆slo-infected cells at a concentration of 6.25 µg/ml. (g) Growth curves 753 

of HKU16 in D562 cell-free culture medium (EMEM + 10% FBS) supplemented with 2 mM 754 

of GSH. Statistical significance is displayed as ****p<0.0001 by one-way ANOVA.  755 
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Figure 3: 756 

 757 

Figure 3: The ΦHKU.vir-encoded DNase Spd1 promotes resistance to neutrophil killing. (a) 758 

Growth rate of indicated HKU16 strains in whole human blood. Statistical significance is 759 

displayed as ****p<0.0001 by one-way ANOVA (b) Human neutrophil killing assay. The data 760 

represent means ± SEM of six independent experiments. Statistical significance is displayed as 761 

****p<0.0001 by one-way ANOVA (c) Purified human neutrophils were stimulated with 25 762 

nM PMA for 3 h to induce neutrophil extracellular traps (NETs). NETs were detected using the 763 

extracellular DNA stain SYTOX Orange (red) and images captured using confocal microscopy. 764 

Panels show formation of NETs (left) and NET degradation following incubation with bovine 765 

pancreatic DNase I as a positive control (right). (d) NET quantification of PMA-stimulated 766 

neutrophils in the absence or presence of DNase I. Statistical significance is displayed as 767 

***p<0.001 by Student’s t-test. (e) Representative images of PMA-stimulated neutrophils 768 
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following infection with GFP fluorescent GAS (green) for 30 min at a multiplicity of infection 769 

of 10 (bacterial CFU:neutrophil). Scale bars represent 50 µm. (f) NET quantification of PMA-770 

stimulated neutrophils following incubation with GAS. NET quantification is expressed as a 771 

percentage of total SYTOX Orange stained area calculated from a minimum of five randomly 772 

selected microscopic fields. Error bars represent means ± SEM from three independent 773 

experiments. Statistical significance is displayed as ***p<0.001 by one-way ANOVA.  774 
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Figure 4: 775 

 776 

Figure 4: FHKU.vir-encoded exotoxins and SLO are critical for HKU16 nasopharyngeal 777 

infection. (a) Illustration of the genetic in-frame deletions of ΦHKU.vir-encoded exotoxins in 778 

HKU16 as described in Materials and Methods. (b) Growth curves of indicated HKU16 strains 779 

in CDM. (c) Immunoblot detection of SSA, SpeC, Spd1 and SLO expression from indicated 780 

HKU16 strains. The molecular mass of each protein (kDa) is indicated to the right. (d) 781 

Individual ‘humanized’ B6 mice that express HLA-DR4, HLA-DQ8 and CD4 were nasally 782 

inoculated with ∼1 × 108 bacterial colony forming units (CFU) with indicated HKU16 strains 783 

and nasopharyngeal CFUs were assessed at 48 h post-infection. Each symbol represents CFUs 784 

from an individual mouse (n ³ 12). Presented is the geometric mean with 95% confidence 785 

interval. Significance was calculated using the Kruskal-Wallis test with the Dunn’s multiple 786 

comparisons post-hoc test (**p<0.001).  787 
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Figure 5: 788 

 789 

Figure 5: Proposed mechanistic model outlining inter-relationships between SLO mediated 790 

cytotoxicity towards epithelial cells and SSA superantigen potency. (1) During initial bacterial 791 

colonization, GAS secretes the DNase Spd1 to escape neutrophil clearance, allowing GAS to 792 

establish infection. (2) As infection progresses, SLO binds to host cell membranes and then 793 

oligomerizes to form large pores which induces the release of lactate dehydrogenase (LDH) 794 

and GSH from perforated host cells as well as cation influx65,66. In contrast to cations, 795 

glutathione exists at a much higher concentration in the intracellular compartment than the 796 

extracellular space (~1000-fold) causing a significant difference in redox potential across the 797 

plasma membrane of eukaryotic cells. This gradient makes the extracellular and intracellular 798 

areas, respectively, oxidative and reductive. GSH efflux from perforated cells serves as a 799 

stimulus for SSA release, reduces SSA dimers and activates SSA monomers. (3) Thiol-800 

activated SSA, in conjunction with other superantigens like SpeC, then crosslinks major 801 

histocompatibility complex II molecules on antigen-presenting cells (APCs) and the variable 802 

region of the b-chain of T cell receptor (TCR) to induce an overwhelming T cell response with 803 

uncontrolled cytokine release. 804 
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