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Abstract

Group A Streptococcus (GAS) causes rare but life-threatening
syndromes of necrotizing fasciitis and toxic shock-like syn-
drome in humans. The GAS serotype M1T1 clone has glob-
ally disseminated, and mutations in the control of virulence
regulatory sensor kinase (covRS) operon correlate with se-
vere invasive disease. Here, a cohort of non-M1 GAS was
screened to determine whether mutation in covRS triggers
systemic dissemination in divergent M serotypes. A GAS dis-
ease model defining parameters governing invasive propen-

sity of differing M types is proposed. The vast majority of
GAS infection is benign. Nonetheless, many divergent M
types possess limited capacity to cause invasive infection.
M1T1 GAS readily switch to a covRS mutant form that is neu-
trophil resistant and frequently associated with systemic in-
fection. Whilst non-M1 GAS are shown in this study to less
frequently accumulate covRS mutations in vivo, such mu-
tants are isolated from invasive infections and exhibit neu-
trophil resistance and enhanced virulence. The reduced ca-
pacity of non-M1 GAS to switch to the hypervirulent covRS
mutant form provides an explanation for the comparatively
less frequent isolation of non-M1 serotypes from invasive
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Introduction

Group A Streptococcus (GAS) causes 700 million in-
fections each year, resulting in over 500,000 deaths. Inva-
sive GAS infections account for >600,000 disease epi-
sodes, incurring a death rate of approximately 25% [1].
Over the past 30 years, a resurgence of life-threatening
invasive GAS pathologies has been documented, in paral-
lel with the emergence of the globally disseminated M1T1
clone [2, 3]. The M1T1 clone remains the most frequently
isolated M serotype from cases of invasive GAS infection
and also from simple pharyngitis [4]. Nonetheless, other
GAS serotypes cause invasive infections in Western pop-
ulations, and GAS invasive disease in indigenous popula-
tions, such as Aboriginal communities of Northern Aus-
tralia, is often associated with multiple M serotypes [5].

Historically, it is documented that hyperencapsulated
GAS isolates are associated with invasive human infec-
tion and increased virulence in murine models [6-10].
Similarly, an inverse correlation has been described be-
tween SpeB production and disease severity in both hu-
man clinical disease and in murine models [11, 12]. In the
GAS M1T1 clone, mutations in the control of virulence
regulatory sensor kinase (covRS; alternatively designated
cstRS) operon are selected for in vivo, and result in up-
regulation of capsule, loss of SpeB expression, increased
disease severity in murine infection models and are more
frequently associated with severe human invasive disease
(10, 13-15].

The GAS M1T1 clone is distinguished from closely re-
lated M1 strains by the acquisition of the bacteriophage-
encoded DNase Sdal and superantigen SpeA [16, 17]. Hu-
man neutrophil-mediated killing of GAS selects for the
neutrophil-resistant covRS mutant form of M1T1. The ac-
quisition of the bacteriophage-encoded sdal gene provid-
ed MIT1 with enhanced capacity to switch to the covRS
mutant form [14], as Sdal mediates escape from neutro-
phil extracellular traps [18, 19]. The loss of SpeB-mediat-
ed proteolytic degradation in vivo, as a result of covRS
mutation, preserves expression of Sdal and other viru-
lence factors [20], allowing GAS to recruit and activate
the broad-spectrum human protease plasmin on the bac-
terial surface, resulting in extensive tissue destruction
and triggering systemic dissemination [11, 14].

While significant advances in the understanding of
GAS MITI invasive disease initiation have been made,
parameters governing invasive propensity of other M
types have not been elucidated. Recently, analysis of GAS
isolates of varying M type documented an association be-
tween invasive clinical isolates and mutations in genes
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encoding GAS global gene regulators (covRS/csrRS and
ropB/rgg) [21]. In this study, we have examined a set of
non-M1 serotype GAS isolates to determine whether
such mutations trigger systemic dissemination in diver-
gent M types. A model describing the invasive potential
of differing M types is proposed.

Materials and Methods

GAS Strains and Culture Conditions

Clinical GAS isolates examined in this study have been de-
scribed previously (table 1). Routine culture of GAS was conduct-
ed in stasis at 37°C in Todd-Hewitt broth supplemented with 1%
(w/v) yeast extract or on horse-blood agar. GAS cultures for use
in microarray experiments were propagated in Todd-Hewitt
broth supplemented with 1.5% (w/v) yeast extract.

SpeB Activity Assays

SpeB cysteine protease activity in cell-free stationary-phase
supernatants was determined using the chromogenic substrate
N-benzoyl-Pro-Phe-Arg-p-nitroanilide-hydrochloride (Sigma),
according to the method of Hytonen et al. [22]. To screen large
numbers of GAS colonies recovered following subcutaneous mu-
rine passage (n = 1,500), single colonies were transferred to des-
ignated grid locations on Columbia agar plates supplemented
with 15% (v/v) commercial skim milk (Devondale) and assayed
for secreted SpeB activity as described by Ashbaugh et al. [23].

Western Blot Analysis

Stationary-phase supernatant proteins were concentrated
37.5-fold in 100 mM Tris (pH 7.6) by precipitation with 10% tri-
chloroacetic acid. SpeB protein was then detected using Western
blot analysis essentially as previously described [11].

Quantification of Hyaluronic Acid Capsule Biomass

Overnight cultures in Todd-Hewitt broth supplemented with
1% (w/v) yeast extract were subinoculated 1:14 and grown to mid-
logarithmic phase (ODgg 0.6). Capsule extraction and quantifi-
cation were conducted using the method of Ashbaugh and Wes-
sels [24].

DNA Sequence Analysis of the covRS Locus

The method for mapping mutations in the GAS covRS operon
was as described previously [14]. Genomic DNA was isolated us-
ing the QTAGEN DNeasy Blood and Tissue Kit (Qiagen) accord-
ing to the manufacturer’s guidelines. For each operon, sequences
were assembled in Chromas Pro v1.33 (Technelysium Pty Ltd) and
aligned with the intact covRS operon of the M1T1 isolate 5448
(BioEdit v7.0.9.0; Ibis Biosciences).

Microarray Design and Production

An oligonucleotide microarray with probes representing M1
core ORFeome in addition to ORFs representing various M1, M3,
M18 and Streptococcus dysgalactiae prophages was used in this
study. The microarray was an expansion of one described previ-
ously [25]. Oligomers (70mers) were obtained from Dr. Kevin Mc-
Iver and Dr. June Scott, and printed in the Molecular Resource
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Table 1. Characteristics of GAS isolates and mutant strains utilized

Isolate emm type Isolate origin Clinical origin Reference or source
5448 1.0 USA invasive; STSS/NF [20]
5448AP 1.0 animal passage generated during murine passage [20]
NS13 53 Australia invasive; blood [37]
NS88.2 98.1 Australia invasive; blood [37]
NS179 9.1 Australia invasive; blood; pustules on foot [37]
NS210 22 Australia invasive; diabetic ulcer with fever [37]
NS223 91 Australia invasive; blood [37]
NS452 25 Australia invasive; cellulitis; wound [37]
NS455 52 Australia invasive; blood [37]
NS501 14 Australia invasive; blood [37]
A20 23 Japan invasive; blood [41]
NS730 90 Australia invasive; nf; pus from left hip [37]
NS733 90 Australia invasive; nf; wrist aspirate [37]
NS931 69 Australia invasive; nf; blood [37]
NS1133 101 Australia invasive; blood [37]
ALAB49 53 USA superficial; impetigo; skin lesion [42]
NS10 53 Australia superficial; throat swab [37]
NS14 102 Australia superficial; post-operative wound [37]
NS32 101 Australia superficial; wound infection [37]
NS50.1 108 Australia superficial; wound infection [37]
NS53 71 Australia superficial; fever [37]
NS59 53 Australia superficial; wound infection [37]
NS236 77 Australia superficial; sore throat; throat swab [37]
NS253 52 Australia superficial; wound infection [37]
NS265 56 Australia superficial; wound infection [37]
NS297 44/61 Australia superficial; skin sore [37]
NS474 58 Australia superficial; wound infection [37]
NS488 12 Australia superficial; sinusitis; pharyngeal pus [37]
NS836 ck249 Australia superficial; wound infection [37]
NS88.2rep 98.1 NA isogenic covS repaired NS88.2 strain this study
NS88.2covS 98.1 NA reverse complemented NS88.2 covS mutant this study

Clinical origin classified as invasive if infected tissue is normally sterile in a healthy host. STSS = Streptococcal toxic shock-like

syndrome; NF = necrotising fasciitis; NA = not applicable.

Center, University of Tennessee Health Science Center by the use
of MicroGrid II (Genomic Solutions). Additional 70mers, repre-
senting M1T1-specific prophages and prophage 3396 of S.
dysgalactiae, were designed in batch according to the same design
criteria applied for the other oligomers (Oligo Wiz 2.0, http://
www.cbs.dtu.dk/services/OligoWiz) and obtained from Integrat-
ed DNA Technologies.

DNA-DNA Microarray

DNA-DNA microarray experiments were conducted in dye-
flipped biological triplicates for each GAS isolate, and all steps
involving Alexa Fluor® dyes were conducted in the dark. RNA-
free genomic DNA was extracted from overnight liquid cultures
by a modified phenol-chloroform procedure [17] and randomly
sheared into <1-kb fragments using a Misonix 3000 cup-horn
sonicator and Branson Sonifier® 250. Sheared DNA samples were
fluorescently labeled with the BioPrime® Total Genomic Labeling
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System (Invitrogen) as described by the manufacturer. In each
hybridization reaction, equal amounts of Alexa Fluor® 3-labeled
and Alexa Fluor® 5-labeled samples from different pairs of iso-
lates were combined with hybridization buffer (Genisphere) and
applied to the microarray slide. Following incubation at 55°C for
16 h, glass slides were washed, dried via centrifugation and
scanned using a GenePix 4000B scanner (Axon Instruments Inc.).

DNA Microarray Data Analysis

The GenePixPro 4.0 software (Axon Instruments Inc.) was
used for primary analysis of the scanned GenePix files. The fluo-
rescent intensities were then normalized to the median intensity
for each channel. Data from all probes representing the same gene
were averaged, and a mean hybridization score was calculated for
each gene. An average threshold of 40 median-normalized fluo-
rescence units was selected, under which a gene was called ‘ab-
sent’.
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Transcriptional Microarray

Overnight GAS cultures were sub-inoculated 1:10 into fresh
prewarmed media and grown to mid-logarithmic phase (ODgq
0.4). Bacteria were concentrated 20-fold in Buffer RLT (Qiagen)
containing (3-mercaptoethanol, lysed by mechanical disruption
in Lysing matrix B tubes (Q-Biogene) with a FastPrep FP120 Ho-
mogenizer (Q-Biogene) and flash frozen for storage at -80°C.
Bacterial RNA was extracted using the RNeasy Mini Kit (Qiagen),
treated with TURBO DNA-free™ DNase to remove contaminat-
ing genomic DNA (Ambion), re-concentrated on RNeasy col-
umns (Qiagen) and converted to dendrimer-labeled cDNA with
the Genisphere 3DNA Array 900MPX Kit as described by the cor-
responding manufacturer. Dendrimer-labeled ¢cDNA samples
from different pairs of isolates were combined and hybridized to
the microarray slide for 16 h at 55°C. Slides were washed to re-
move unbound cDNA andlabeled with dendrimer-targeted Alexa
Fluor 546 and Alexa Fluor 647 dyes for 5 h at 55°C. Following a
final wash to remove excess fluorescent dye, slides were coated in
DyeSaver 2 (Genisphere) to preserve the fluorescent signal, and
subsequently polished with toluene/acetone (3:1, v/v) to minimize
background fluorescence immediately prior to scanning in a
GenePix 4000B scanner (Axon Instruments Inc.). Scanned im-
ages were processed with GenePixPro 4.0 software (Axon Instru-
ments Inc.), and all transcriptional and statistical analyses under-
taken in silico using GeneSpring GX 10 (Agilent Technologies).
All transcriptional microarray data were submitted to the NCBI
Gene Expression Omnibus (GEO) according to the MIAME stan-
dards (GEO accession No. GSE23825).

Neutrophil Killing Assays

The capacity of GAS isolates to survive during co-incubation
with human neutrophils in vitro was determined as described by
Hollands et al. [25]. Briefly, 2 X 10* colony-forming units (CFU)
of mid-logarithmic-phase bacteria were incubated with 2 X 10°
neutrophils in RPMI with 2% heat-inactivated plasma for 30 min
at 37°C. The final percent survival was calculated following com-
parison to the same bacterial culture incubated under the same
conditions in the absence of neutrophils.

In vivo Phase-Switching

To examine the capacity for a phenotypic phase switch through
covRS mutation in vivo, sublethal doses of SpeB-positive GAS iso-
lates, in the order of 107 CFU per dose, were subcutaneously ad-
ministered in sterile 0.7% (w/v) NaCl to the right flank of C57BL/
J6 mice less than 8 months of age (10 animals per isolate). On the
third day after infection, mice were sacrificed by CO, asphyxia-
tion and the infected cutaneous lesions surgically removed. In
vivo passaged bacteria were recovered from murine lesions on
horse-blood agar and single colonies assayed for SpeB status as
outlined above.

Transgenic Murine Infection Model

Humanized plasminogen transgenic (7g+) AIbPLGI mice, het-
erozygous for the human plasminogen gene [26], served as the
animal model for determining GAS invasive potential as previ-
ously described [14]. GAS isolates were grown to logarithmic
phase (ODgyq 0.6), washed with sterile 0.7% (w/v) NaCl and ap-
propriately diluted to prepare the inoculum. Final dose of viable
bacteria was confirmed using a plate-based serial dilution cul-
tured on horse-blood agar. For each GAS isolate, a cohort of 10
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humanized mice were subcutaneously challenged in the right
flank and mortality was documented over a 10-day period.

Restoration of covS in NS88.2

The covS gene from NS88.2 was amplified using primers
pHYcovSF  (5'-gggggatccatggaaaatcagaaacaaaaacag-3’)  and
pHYcovSR (5'-ggggaattcctaactctctttagactgggec-3'). The resulting
amplicon was cloned into the temperature-sensitive vector
pHY304 using BamHI/EcoRI restriction-enzyme digestion and
ligation with T4 DNA ligase. Site-directed mutagenesis of the
adenine nucleotide at position 581 to guanine was performed
according to the method of Sanderson-Smith et al. [27], using
primers pHYcovsa581gF (5'-gccaaataactcaacaactagtagccaaaac-
agcagtcatge-3") and pHYcovsa58IgR (5'-gcaagactgctgttttggctact-
agttgttgagttatttgge-3'). The resulting plasmids (pHYcovS and
pHYrep) were transformed into Escherichia coli MC1061 using
standard electroporation procedures. Allelic replacement mu-
tants were constructed as described previously [28]. The covRS
operons of the isogenic mutants NS88.2rep and NS88.2covS were
sequenced as outlined above to confirm both the presence of the
desired mutation and the integrity of the covRS operon.

GAS Surface Plasmin Activity Assays

GAS were incubated in human plasma as described previous-
ly [11]. Overnight growth in Todd-Hewitt broth supplemented
with 1% (w/v) yeast extract was diluted to ODgg 0.5 and co-incu-
bated with human plasma at 37°C for 3 h. GAS were twice washed
with PBS, 0.01% gelatin and 0.01 M EDTA, prior to resuspension
in PBS and 0.01% gelatin. Plasmin activity was determined using
the chromogenic substrate Spectrozyme PL (American Diagnos-
tica).

Results

Expression of SpeB, Capsule Production and covRS

Mutation of Non-M1 GAS

A range of GAS clinical isolates of differing emm types
from invasive and benign infections were selected for this
study (table 1). The well-characterized M1T1 clinical iso-
late 5448 and the natural isogenic covS mutant 5448AP
[14] were included for comparison. With the exception of
3 strains, 5448 AP, NS88.2 and A20, each of the GAS iso-
lates described here expressed and secreted active SpeB at
the stationary phase of growth (fig. 1a, b). An inverse cor-
relation between SpeB expression and hyaluronic acid
capsule production was observed, with 5448AP, NS88.2
and A20 hyperencapsulated with respect to all SpeB-pos-
itive GAS isolates (fig. 1c). GAS M1T1 strain 5448AP con-
tains an adenine insertion at nucleotide position 887 in
the ORF of the covS gene, resulting in the premature
truncation of the translated CovS protein [14]. Corre-
spondingly, DNA sequence analysis of the SpeB-negative
hyperencapsulated strains NS88.2 and A20 revealed a
guanine to adenine substitution at position 581 in the

Maamary et al.
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Fig. 1. Molecular and phenotypic analyses of GAS isolates repre-
senting distinct M serotypes. a SpeB activity in cell-free station-
ary-phase supernatants of invasive (filled bars) and uncomplicat-
ed infection (open bars) GAS isolates. Isolate 5448 represents the
globally disseminated M1T1 clone, while 5448AP is a hyperviru-
lent animal passaged variant of 5448 [14]. b Western blot detec-
tion of SpeB in stationary-phase GAS supernatants. The 28-kDa
mature SpeB protease is indicated with an arrowhead. ¢ Hyal-

Invasive Pathogenesis of Non-M1 GAS

uronic acid capsule biomass of mid-logarithmic-phase invasive
(filled bars) and uncomplicated infection (open bars) GAS iso-
lates. d Schematic representation of the covRS operon. DNA se-
quence analysis confirmed the presence of inactivating covS mu-
tations in the SpeB-deficient isolates A20, NS88.2 and 5448AP.
The nature and nucleotide positions of the mutations in each iso-
late are indicated by the corresponding arrowheads.
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positions 1,215 and 1,219 of the A20 covS gene (fig. 1d).
Each mutation results in premature truncation of the
translated CovS protein.

DNA Microarray and Transcriptomic Analyses

Three GAS strains with intact covRS (5448, ALAB49
and NS730) and 3 covS mutant forms (5448AP, NS88.2
and A20) were subjected to DNA microarray and tran-
scriptomic analyses. DNA microarray identified 1,580
genes representing the core genome of the 6 GAS strains
under examination (online suppl. table 1 and online
suppl. fig. 1, www.karger.com/doi/10.1159/000317640).
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The bacteriophage-encoded sdal gene, which confers on
MIT1 GAS the capacity to switch to the covRS mutant
form at high frequency [14], was not present in the ge-
nomes of the non-M1 GAS strains (online suppl. table 1
and online suppl. fig. 1). Only ubiquitous genes were in-
cluded in subsequent transcriptomic analyses undertak-
en on GAS strains grown to mid-logarithmic phase. The
virulence-related genes found to be strongly upregulated
in the covS mutant strains, in comparison to the covRS
intact strain 5448, include genes of the has operon (hasA,
hasB and hasC; capsule biosynthesis), slo (streptolysin O)
and the spyA exotoxin. Corroborating studies on M1T1
covS mutation [13], the positive regulators of SpeB activ-
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Fig. 3. Characterization of the covRS intact isolates ALAB49
(M53) and NS730 (M90), and the covS mutant isolates NS88.2
(M98.1) and A20 (M23), in comparison with the M1T1 reference
strains 5448 and 5448AP. a The percent survival of GAS isolates
during co-culture with human neutrophils in vitro. b The capac-
ity of SpeB-positive isolates to phase-switch to a SpeB-negative
phenotype was assessed following a 3-day subcutaneous passage

ity and expression ropA and ropB [29, 30], in addition to
genes of the sag operon (sagB, sagC and sagH), involved
in streptolysin S production [31], were found to be down-
regulated in the covS mutant strains studied here (fig. 2a).
No significant SpeB expression was detected at the mid-
logarithmic phase of growth, in accordance with previ-
ous studies [32]. Principal component analysis of these
transcriptomic data revealed 2 distinct clusters of covRS
intact strains and covS mutant forms (fig. 2b). These data

Invasive Pathogenesis of Non-M1 GAS

in C57BL/J6 mice. Each data point represents the percent of SpeB-
negative covRS mutants recovered from the infection site of each
mouse (n = 10 mice per strain). Subcutaneous infection of human-
ized plasminogen transgenic AIbPLGI (n = 10) 5448 (3.9 X 10’
CFU/dose) (c), ALAB49 (3.7 x 10 CFU/dose) (d), NS730 (2.2 X
108 CFU/dose) (e), 5448AP (5.1 x 107 CFU/dose) (f), NS88.2 (2.0
x 107 CFU/dose) (g) and A20 (1.2 X 10% CFU/dose) (h).

suggest that differing M types harboring covS mutations
express related transcriptomic profiles.

Neutrophil Resistance, SpeB Switching and Virulence

In comparison with the covRS intact strains 5448,
NS730 and ALAB49, the hyperencapsulated covS mutant
strains 5448AP, NS88.2 and A20 displayed enhanced re-
sistance to human neutrophil killing (fig. 3a). Of the
covRS intact strains, the MIT1 strain 5448 readily

J Innate Immun 7
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switched to the SpeB-negative covRS mutant form in vivo
(fig. 3b), in accordance with previous studies [11, 14, 20].
However, the covRS intact non-M1 strains NS730 and
ALAB49 only infrequently switch to a covRS mutant form
in vivo (fig. 3b). Utilizing the humanized plasminogen
transgenic mouse line AIbPLGI, we assessed the viru-
lence of both covRS intact and mutant GAS strains. The
MIT1 strain 5448, which has the capacity to switch at a
high frequency to the covRS mutant form in vivo, was
virulent in this mouse model (fig. 3¢), corroborating pre-
vious work [11, 14]. The covRS intact strains NS730 and
ALAB49, which infrequently switch to the covRS mutant
form (fig. 3b), failed to establish a lethal infection (fig. 3d,
e). Each of the covS mutant strains, 5448 AP, NS88.2 and
A20, were highly virulent (fig. 3f-h). These data suggest
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man neutrophils in vitro. f The capacity of the SpeB-positive
NS88.2rep to phase-switch to a SpeB-negative phenotype follow-
inga 3-day subcutaneous passage in C57BL/J6 mice. g Subcutane-
ous infection of humanised plasminogen transgenic AIbPLGI
mice (n = 10 mice per strain) with NS88.2 (1.0 X 107 CFU/dose),
NS88.2rep (1.3 X 107 CFU/dose) and NS88.2covS (9.8 X 10° CFU/
dose).

that while covRS mutation may occur only infrequently
in non-M1 GAS, such covRS mutant forms are hypervir-
ulent.

Repair of the covS Mutation in GAS Strain NS88.2

and Phenotypic Characterization

In order to investigate whether low-frequency switch-
ing of non-M1 GAS results in the hypervirulent covRS
mutant form, the non-M1 GAS strain NS88.2 harboring
a covS mutation was chosen. The adenine nucleotide
point mutation at position 581 in the NS88.2 covS gene
(fig. 1d) was converted to guanine by allelic replacement
mutagenesis to construct strain NS88.2rep, with an intact
or ‘repaired’ covS gene. Then, in order to fulfill Koch’s
molecular postulates [33], allelic replacement mutagene-
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sis was undertaken on NS88.2rep to restore the original
adenine nucleotide point mutation, resulting in strain
NS88.2c0vS.

Repair of the covS mutation restored SpeB expression
and activity in NS88.2rep, while NS88.2 and NS88.2covS
remained SpeB-negative (fig.4a,b). NS88.2and NS88.2covS
were hyperencapsulated in comparison to NS88.2rep
(fig. 4¢), and acquired substantial surface plasmin activ-
ity following incubation in human plasma (fig. 4d). Both
NS88.2 and NS88.2covS also displayed enhanced resis-
tance to killing by human neutrophils (fig. 4e). The covS
intact NS88.2rep displayed onlylimited capacity to switch
to the more virulent covRS mutant form (fig. 4f) and was
not virulent in comparison to NS88.2 and NS88.2covS in
AIbPLGI mice (fig. 4g). These data support the hypothe-
sis that non-M1 GAS serotypes switch less frequently to
the hypervirulent covRS mutant form, providing an ex-
planation for the comparatively less frequent isolation of
non-M1 serotypes from invasive human infections.

Discussion

Severe group A streptococcal invasive disease pro-
gresses rapidly and results in high patient morbidity, with
approximately one quarter of cases being fatal despite the
susceptibility of the pathogen to antibiotic treatment [1,
34]. Host genetic factors [35] and the human fibrinolytic
protease plasmin [26, 36] have both been documented as
contributing to GAS invasive disease potential. Whilst
progression of GAS disease from benign mucosal infec-
tions to invasive disease occurs infrequently, the MIT1
clone is clinically and epidemiologically associated with
deep tissue infections in Western countries [4]. Muta-
tions in the M1T1 covRS locus result in a hyperencapsu-
lated, SpeB-negative, hypervirulent phenotype, and are
correlated with invasive diagnosis in patients [10, 12, 13].
The capacity of M1T1 to switch to the covRS mutant form
at high frequency may result from acquisition of the
phage borne sdal gene by M1T1 which confers resistance
to neutrophil killing [14].

The contribution of similar mutations in covRS to in-
vasive disease potential of non-M1 GAS remains largely
unknown. Many differing M types have been associated
with invasive infections [21, 34, 37, 38]. A naturally occur-
ring mutation in the covR gene of an M3 isolate from a
case of streptococcal toxic shock-like syndrome has been
described. This covR mutation was associated with in-
creased capsule expression and enhanced virulence [39].
Mutation in covR, associated with enhanced expression

Invasive Pathogenesis of Non-M1 GAS

of the interleukin-8 cleaving protease SpyCEP, has also
been observed in an M81 serotype GAS isolated from a
lethal case of bacteremia and necrotizing fasciitis [40]. A
correlation between mutation in global gene regulators
(covRS and ropB) and invasive pathology has been docu-
mented in a range of M types. In comparison to muta-
tions in ropB, inactivation of covS is clinically predomi-
nant and results in greater virulence in murine infection
models [21].

In this study, a variety of non-M1 GAS strains from
invasive disease episodes were examined, including iso-
lates representing the emm sequence types 14, 22, 23, 25,
52, 53, 69, 90, 91, 98.1 and 101. These included SpeB-pos-
itive isolates and SpeB-negative covS mutant forms. We
propose that divergent M types with intact covRS possess
an underlying capacity to cause invasive infection. In
each serotype background, the covRS mutant form repre-
sents a more virulent state, which has greater propensity
to cause invasive infection.

Using allelic replacement mutagenesis, we demon-
strate that repair of the covS defect in the invasive emm98.1
GAS strain NS88.2 (covS mutant form) renders the iso-
genic covS intact strain NS§88.2rep SpeB-positive, suscep-
tible to neutrophil killing and less able to accumulate sur-
face plasmin activity following growth in human plasma.
The covS intact NS88.2rep strain was also found to be
avirulent in the humanized plasminogen transgenic
mouse model. In comparison to the M1T1 GAS covS in-
tact strain 5448, we propose that the lack of virulence of
NS88.2rep is due to the reduced capacity of this strain to
switch to the invasive covRS mutant form in vivo. The
lower frequency of switching to the covS mutant form
limits the number of these invasive variants at the site of
local infection. This lower frequency of switching may
reflect the absence of the sdal gene in this genetic back-
ground. The reduced capacity of non-M1 GAS serotypes
to switch to the hypervirulent covRS mutant form may
provide an explanation for the comparatively less fre-
quent isolation of non-M1 serotypes from invasive hu-
man infections.

Acknowledgments

P.M. and A.H. are the recipients of Australian Postgraduate
Awards. ].C. is the recipient of an Australian National Health and
Medical Research Council Overseas Biomedical Training Fellow-
ship (514639). This work was funded by NIH grant AI077780
(V.N., M\W.), National Health and Medical Research Council of
Australia Grant 573401 (M.W.) and an Australian International
Science Linkages grant CG110095 (M.W., M.K., V.N., A.H.).

J Innate Immun 9



—_

10

11

References

Carapetis JR, Steer AC, Mulholland EK, We-
ber M: The global burden of group A strep-
tococcal diseases. Lancet Infect Dis 2005;5:
685-694.

Tart AH, Walker MJ, Musser JM: New un-
derstanding of the group A Streptococcus
pathogenesis cycle. Trends Microbiol 2007;
15:318-325.

Musser JM, Kapur V, Szeto ], Pan X, Swanson
DS, Martin DR: Genetic diversity and rela-
tionships among Streptococcus pyogenes
strains expressing serotype M1 protein - re-
cent intercontinental spread of a subclone
causing episodes of invasive disease. Infect
Immun 1995;63:994-1003.

Aziz RK, Kotb M: Rise and persistence of
global M1T1 clone of Streptococcus pyogenes.
Emerg Infect Dis 2008;14:1511-1517.
Hassell M, Fagan P, Carson P, Currie BJ:
Streptococcal necrotising fasciitis from di-
verse strains of Streptococcus pyogenes in
tropical northern Australia: case series and
comparison with the literature. BMC Infect
Dis 2004;4:60.

Ravins M, Jaffe J, Hanski E, Shetzigovski I,
Natanson-Yaron S, Moses AE: Characteriza-
tion of a mouse-passaged, highly encapsu-
lated variant of group A Streptococcus in in
vitro and in vivo studies. ] Infect Dis 2000;
182:1702-1711.

Moses AE, Wessels MR, Zalcman K, Alberti
S, Natanson-Yaron S, Menes T, Hanski E:
Relative contributions of hyaluronic acid
capsule and M protein to virulence in a mu-
coid strain of the group A Streptococcus. In-
fect Immun 1997;65:64-71.

Johnson DR, Stevens DL, Kaplan EL: Epide-
miologic analysis of group A streptococcal
serotypes associated with severe systemic in-
fections, rheumatic fever, or uncomplicated
pharyngitis. J Infect Dis 1992;166:374-382.
Marcon MJ, Hribar MM, Hosier DM, Powell
DA, Brady MT, Hamoudi AC, Kaplan EL:
Occurrence of mucoid M-18 Streptococcus
pyogenes in a central Ohio pediatric popula-
tion. J Clin Microbiol 1988;26:1539-1542.
Engleberg NC, Heath A, Miller A, Rivera C,
DiRita VJ: Spontaneous mutations in the
CsrRS two-component regulatory system of
Streptococcus pyogenes result in enhanced
virulence in a murine model of skin and soft
tissue infection. J Infect Dis 2001;183:1043—
1054.

Cole JN, McArthur JD, McKay FC, Sander-
son-Smith ML, Cork AJ, Ranson M, Rohde
M, Itzek A, Sun H, Ginsburg D, Kotb M,
Nizet V, Chhatwal GS, Walker MJ: Trigger
for group A streptococcal M1T1 invasive dis-
ease. FASEB ] 2006;20:1745-1747.

12

13

14

15

16

17

18

19

20

21

Kansal RG, McGreer A, Low DE, Norrby-
Teglund A, Kotb M: Inverse relation between
disease severity and expression of the strep-
tococcal cysteine protease, SpeB, among
clonal M1T1 isolates recovered from invasive
group A streptococcal infection cases. Infect
Immun 2000;68:6362-6369.

Sumby P, Whitney AR, Graviss EA, DeLeo
FR, Musser JM: Genome-wide analysis of
group A streptococci reveals a mutation that
modulates global phenotype and disease
specificity. PLoS Pathog 2006;2:e5.

Walker MJ, Hollands A, Sanderson-Smith
M, Cole N, Kirk JK, Henningham A, McAr-
thur JD, Dinkla K, Aziz RK, Kansal RG,
Simpson AJ, Buchanan JT, Chhatwal GS,
Kotb M, Nizet V: DNase Sdal provides selec-
tion pressure for a genetic and phenotypic
switch promoting invasive group A strepto-
coccal infection. Nat Med 2007;13:981-985.
Levin JC, Wessels MR: Identification of
csrR/csrS, a genetic locus that regulates hyal-
uronic acid capsule synthesis in group A
Streptococcus. Mol Microbiol 1998;30:209-
219.

Sumby P, Porcella SF, Madrigal AG, Barbian
KD, Virtaneva K, Ricklefs SM, Sturdevant
DE, Graham MR, Vuopio-Varkila J, Hoe NP,
Musser JM: Evolutionary origin and emer-
gence of a highly successful clone of serotype
M1 group A Streptococcus involved multiple
horizontal gene transfer events. J Infect Dis
2005;192:771-782.

Aziz RK, Edwards RA, Taylor WW, Low DE,
McGreer A, Kotb M: Mosaic prophages with
horizontally acquired genes account for the
emergence and diversification of the globally
disseminated M1T1 clone of Streptococcus
pyogenes. ] Bacteriol 2005;187:3311-3318.
Sumby P, Barbian KD, Gardner DJ, Whitney
AR, Welty DM, Long RD, Bailey JR, Parnell
MJ, Hoe NP, Adams GG, Deleo FR, Musser
JM: Extracellular deoxyribonuclease made
by group A Streptococcus assists pathogene-
sis by enhancing evasion of the innate im-
mune response. Proc Natl Acad Sci USA
2005;102:1679-1684.

Buchanan JT, Simpson A, Aziz R, Liu G,
Kristian S, Kotb M, Feramisco J, Nizet V:
DNase expression allows the pathogen group
A Streptococcus to escape killing in neutro-
phil extracellular traps. Curr Biol 2006;16:
396-400.

Aziz RK, Pabst MJ, Jeng A, Kansal R, Low
DE, Nizet V, Kotb M: Invasive M1T1 group
A Streptococcus undergoes a phase-shift in
vivo to prevent proteolytic degradation of
multiple virulence factors by SpeB. Mol Mi-
crobiol 2004;51:123-134.

Ikebe T, Ato M, Matsumura T, Hasegawa H,
Sata T, Kobayashi K, Watanabe H: Highly
frequent mutations in negative regulators of
multiple virulence genes in group A strepto-
coccal toxic shock syndrome isolates. PLoS
Pathog 2010;6:¢1000832.

10

J Innate Immun

22

23

24

25

26

27

28

29

30

31

32

33

Hyténen J, Haataja S, Gerlach D, Podbielski
A, Finne J: The SpeB virulence factor of
Streptococcus pyogenes, a multifunctional
secreted and cell surface molecule with
strepadhesin, laminin-binding and cysteine
protease activity. Mol Microbiol 2001;39:
512-519.

Ashbaugh CD, Warren HB, Carey V], Wes-
sels MR: Molecular analysis of the role of the
group A streptococcal cysteine protease, hy-
aluronicacid capsule, and M protein ina mu-
rine model of human invasive soft-tissue in-
fection. J Clin Invest 1998;102:550-560.
Ashbaugh CD, Wessels MR: Absence of a
cysteine protease effect on bacterial viru-
lence in two murine models of human inva-
sive group A streptococcal infection. Infect
Immun 2001;69:6683-6688.

Hollands A, Aziz RK, Kansal RG, Kotb M,
Nizet V, Walker MJ: A naturally occuring
mutation in ropB suppresses SpeB expression
and reduces M1T1 group A streptococcal
systemic virulence. PLoS One 2008;3:e4102.
Sun H, Ringdahl U, Homeister JW, Fay WP,
Engleberg NC, Yang AY, Rozek LS, Wang X,
Sjobring U, Ginsburg D: Plasminogen is a
critical host pathogenicity factor for group A
streptococcal infection. Science 2004;305:
1283-1286.

Sanderson-Smith ML, Walker MJ, Ranson
M: The maintenance of high affinity plas-
minogen binding by group A streptococcal
plasminogen-binding M-like protein is me-
diated by arginine and histidine residues
within the al and a2 repeat domains. J Biol
Chem 2006;281:25965-25971.
Sanderson-Smith ML, Dinkla K, Cole JN,
Cork AJ, Maamary PG, McArthur JD,
Chhatwal GS, Walker MJ: M protein-medi-
ated plasminogen binding is essential for the
virulence of an invasive Streptococcus pyo-
genes isolate. FASEB ] 2008;22:2715-2722.
Lyon WR, Gibson CM, Caparon MG: A role
for Trigger Factor and an Rgg-like regulator
in the transcription, secretion and process-
ing of the cysteine proteinase of Streptococ-
cus pyogenes. EMBO ] 1998;17:6263-6275.
Neely MN, Lyon WR, Runft DL, Caparon M:
Role of RopB in growth phase expression of
the SpeB cysteine protease of Streptococcus
pyogenes. ] Bacteriol 2003;185:5166-5174.
Nizet V, Beall B, Bast DJ, Datta V, Kilburn L,
Low DE, De Azavedo JCS: Genetic locus for
streptolysin S production by group A Strep-
tococcus. Infect Immun 2000;68:4245-4254.
Unnikrishnan M, Cohen J, Sriskandan S:
Growth-phase-dependent expression of vir-
ulence factors in an M1T1 clinical isolate of
Streptococcus pyogenes. Infect Immun 1999;
67:5495-5499.

Falkow S: Molecular Koch’s postulates ap-
plied to microbial pathogenicity. Rev Infect
Dis 1988;10:5274-S276.

Maamary et al.



34

35

36

Cunningham MW: Pathogenesis of group A
streptococcal infections. Clin Microbiol Rev
2000513:470-511.

Kotb M, Norrby-Teglund A, McGeer A, El-
Sherbini H, Dorak MT, Khurshid A, Green
K, Peeples J, Wade ], Thomson G, Schwartz
B, Low DE: An immunogenetic and molecu-
lar basis for differences in outcomes of inva-
sive group A streptococcal infections. Nat
Med 2002;8:1398-1404.

Walker MJ, McArthur JD, McKay F, Ranson
M: Is plasminogen deployed as a Streptococ-
cus pyogenes virulence factor? Trends Micro-
biol 2005;13:308-313.

Invasive Pathogenesis of Non-M1 GAS

37

38

39

McKay FC, McArthur JD, Sanderson-Smith
ML, Gardam S, Currie BJ, Sriprakash KS,
Fagan PK, Towers R]J, Batzloff MR, Chhat-
wal GS, Ranson M, Walker MJ: Plasminogen
binding by group A streptococcal isolates
from a region of hyperendemicity for strep-
tococcal skin infection and a high incidence
of invasive infection. Infect Immun 2004;72:
364-370.

Fiorentino TR, Beall B, Mshar P, Bessen DE:
A genetic-based evaluation of the principal
tissue reservoir for group A streptococci iso-
lated from normally sterile sites. ] Infect Dis
1997;176:177-182.

Miyoshi-Akiyama T, Ikebe T, Watanabe H,
Uchiyama T, Kirikae T, Kawamura Y: Use of
DNA arrays to identify a mutation in the
negative regulator, csrR, responsible for the
high virulence of a naturally occurring type
M3 group A Streptococcus clinical isolate. ]
Infect Dis 2006;193:1677-1684.

40

41

42

Turner CE, Kurupati P, Jones MD, Edwards
RJ, Sriskandan S: Emerging role of the inter-
leukin-8 cleaving enzyme SpyCEP in clinical
Streptococcus pyogenes infection. ] Infect Dis
2009;200:555-563.

Okamoto H, Shoin S, Minami M, Koshimur
S, Shimizu R: Experimental anticancer stud-
ies 30. Factors influencing streptolysin S-
forming ability of streptococci having anti-
cancer activity. Jpn ] Exp Med 1966;36:161.
Svensson MD, Sjébring U, Luo F, Bessen DE:
Roles of the plasminogen activator streptoki-
nase and the plasminogen-associated M pro-
tein in an experimental model for strep-
tococcal impetigo. Microbiol 2002;148:
3933-3945.

J Innate Immun

11



