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The streptococcal collagen-like proteins 1 and 2 (Scll and &2) are major surface
adhesins that are ubiquitous among group AStreptococcus (GAS). Invasive M3-type
strains, however, have evolved two unique conserved featas in the scll locus: (i) an
IS1548 element insertion in thescll promoter region and (ii) a nonsense mutation within
the scll coding sequence. Thescll transcript is drastically reduced in M3-type GAS,
contrasting with a high transcription level oécl1 allele in invasive M1-type GAS. This leads
to a lack of Scll expression in M3 strains. In contrast, whilscl2 transcription and Scl2
production are elevated in M3 strains, M1 GAS lack Scl2 surfae expression. M3-type
strains were shown to have reduced bio Im formation on inamhate surfaces coated with
cellular bronectin and laminin, and in human skin equivalgs. Repair of the nonsense
mutation and restoration of Scll expression on M3-GAS cellgestores bio Im formation
on cellular bronectin and laminin coatings. Inactivatiorof scll in bio Im-capable M28
and M41 strains results in larger skin lesions in a mouse modieindicating that lack of
Scll adhesin promotes bacterial spread over localized inftion. These studies suggest
the uniquely evolvedscll locus in the M3-type strains, which prevents surface expresion
of the major Scll adhesin, contributed to the emergence of th invasive M3-type strains.
Furthermore these studies provide insight into the molecal mechanisms mediating
colonization, bio Im formation, and pathogenesis of groupA streptococci.

Keywords: bio Im, M3-type streptococci, Streptococcus pyogenes , Scll, Scl2, ECM, colonization

INTRODUCTION

Group A StreptococcuéGAS) or Streptococcus pyogengsa human-speci ¢ Gram-positive
pathogen responsible for signi cant morbidity and mortalityorldwide (Carapetis et al., 2005;
Sims Sanyahumbi et al., 201@he clinical outcomes resulting from GAS infection rarfgem

super cial pharyngitis and impetigo to severe life-threatemnidiseases, such as streptococcal toxic
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shock syndrome and necrotizing fasciitis, as well as post-ukomski et al., 2001; Almengor and Mclver, 2D08cl1 binds
infectious sequelae, including rheumatic fever, rheumaticellular bronectin and laminin Caswell et al., 20}0and
heart disease, and post-streptococcal glomerulonephritisontributes to the formation of bio Im by strains of multiple
(Cunningham, 2000 Historically, GAS has been a signi cant M-types Qliver-Kozup et al., 2011, 20.35AS adherence and
cause of puerperal sepsis, scarlet fever, erysipelas, and gtigryn bio Im formation is enhanced on extracellular matrix (ECM)
(Stevens and Kaplan, 200@GAS strains are epidemiologically coatings and on broblast-deposited ECM networkefmbke
subtyped based on nucleotide sequence variation at %sm& et al., 2006; Oliver-Kozup et al., 2)13upporting a role for
of the emm gene, re ecting di erences in the hypervariable Scll in tissue-microcolony formation described during GAS
N-terminal region of the anti-phagocytic surface proteinskin infection (\kiyama et al., 2003 While the scllgene has
M. Over 240 M-types have been identied (http://www.cdc.been found in every GAS strain testeldukomski et al., 2000;
gov/abcs/index.html), and certain M-types have been shown tBasmussen et al., 2Q0Ghe scll.3allele in M3-type strains
have nonrandom associations with specic disease outcomdgrbors a null mutation within the coding sequendeikomski
(Cunningham, 2000; Shulman et al., 2D0&ince the 1980's et al., 200]) A rare natural reversion of this polymorphism was
there has been resurgence in invasive GAS diseases in the Udgnti ed in a small subset of M3 carrier strain&lpres et al.,
and other parts of the world. Numerous epidemiology studie015.
conducted in the U.S.Stevens et al., 1989; Musser et al., 1991; Scl2-protein expression is regulated during translation by
Cleary et al., 1992; Johnson et al., 1992; DiPersio et ab, 199arying numbers of short CAAAA repeats downstream of the
Cockerill et al., 1997 Canada Davies et al., 1996; Kaul et al., start codon that determine whether the protein-coding setee
1997; Sharkawy et al., 2002; Hollm-Delgado et al., RGid is in-frame or translation will be prematurely terminated
Europe Gaworzewska and Colman, 1988; Colman et al., 1998;ukomski et al., 2001; Rasmussen and Bjorck, p0gdnome
Lamagni et al., 2008; Meisal et al., 20have found associations sequencing indicates majority of the M3-type strain contain
between infections with M1- and M3-type strains and invasivan-frame scl2.3alleles Beres et al., 2004; Meisal et al., 2010
diseases. Speci cally, M3-type strains have been associdted wScl2 has been shown in some strains to bind the human
severe invasive diseaséusser et al., 1991; Lamagni et al., 2008thrombin-activatable brinolysis inhibitor Pahlman et al.,
and fatal outcomesGaworzewska and Colman, 1988; Colman2007j and contribute to adherence to broblast®aésmussen
etal., 1993; Sharkawy et al., 202 and Bjorck, 200), although its role in GAS pathogenesis is
These epidemiological observations have spurred signi canless understood. Recently, the crystal structure of the Scl2.3
whole genome sequencing e orts aimed at identi cation of theglobular domain, which is structurally conserved betweell Sc
underlying genetic basis for virulence in M3-type GAS. Theand Scl2, has been reportedoueglia et al., 2013, 2014
complete annotated genomes of invasive M3 strains MGAS3i&oviding insight into the potential binding interactions thi
and SSI-1 have been reportégkfes et al., 2002; Nakagawa et al host ligands.
2003. These studies have revealed that di ering phage elements, In this study, we show that invasive M3-type GAS harbor
insertion sequences, and the large-scale chromosomatsiove two unique conserved features of tkelllocus including the
identi ed in SSI-1, contributed to much of the genetic vditan  1S1548 insertion in the promoter region and the null mutation
between M3 and other M-types. Acquisition of prophages andn the coding sequence, which results in a secreted instéad o
SNP's drive the expansion of dierent M3 subclones duringcell-attached Scll protein. We demonstrate signi cantly deet
epidemic waves of infectiorBeres et al., 2004, 201®trains  expression patterns afclland scl2in M3-type GAS compared
causing pharyngitis and those causing invasive infectioes ato representative strains of M1-, M28-, and M41-types. We
derived from the same pool of M3 strainSifea et al., 20).1 demonstrate that the expression of the Scll adhesin is de cien
In addition, genetic variation in virulence regulatorscinding in serotype M3 strains, as opposed to M1-, M28-, and M41-
RopB and CovRS, which are “hot-spots” for the accumulatiortype strains. However, the Scl2 protein is upregulated in M3
of mutations, also contributes to the hypervirulence of M3strains compared to M1, M28, and M41 GAS. The M3 strains
strains @Beres et al.,, 2010; Carroll et al., 2011; Shea et dacked signi cant bio Ims on cellular bronectin and lamimi
2011; Olsen et al., 2012; Flores et al., 2013; Cao et al). 20bbatings, compared to M41-type GAS, and did not form tissue
The cause of the hyper-invasive phenotype of M3 strains isiicrocolonies in awounded pseudo-organ skin equivalent etod
multifactorial and involves multiple virulence factors d¢ovlled  of infection. Recombinant Scll.3 specically bound cellular
by complex regulatory networks that continually undergo bronectin and laminin, and restoration of surface expressi
remodeling. of Scll1.3 conferred signi cant bio Im formation by M3 stragn
The streptococcal collagen-like proteins 1 and 2, or Scllnactivation of Scll expression in bio Im-capable M28- and
and Scl2 (also known as SclA and ScIB), are major GAR41-type GAS resulted in larger skin lesions produced by
surface adhesins known to contribute to pathogenesis. Botthe mutants in a mouse model of subcutaneous infection,
Scl proteins contain an N-terminal variable region, followedsupporting a role for Scll in maintaining a localized infentio
by a collagen-like region containing Gly-X-Y repeats and @ur model advocates that the lack of surface-associated Scll
cell-wall-anchored C-terminal regionL(komski et al., 2000, adhesin in M3-type strains causes decreased tissue adherence
2001; Rasmussen et al., 2000; Rasmussen and Bjorck, 2@nd decreased capacity for stable microcolony formation,
Whatmore, 200). Transcription ofscllis positively regulated thus, promoting bacterial spread over localized nidus of
by the multiple gene regulator MgeRésmussen et al., 2000; infection.
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MATERIALS AND METHODS (Ambion). RNA quality was assessed in 1% agarose gel and
Bacterial Strains and Growth spectrophotometrically; A260/280 and A260/230 ratios> 48

. ~were considered acceptable. RNA was used immediately in
MGAS315 and MGAS10870 are fully sequenced invasivgyna synthesis or stored at 80 C for no more than

M3-type strainsBeres et al., 2002, 201MGAS315 was isolated 1
from a patient with streptococcal toxic syndrome in the 1980's
(Musser etal., 199and MGAS10870 was isolated from a patientyatermination of transcription by gRT-PCR

with soft tissue infection in Ontario in 200B¢res et al., 20).0 Synthesis of cDNA was performed using iScript Select cDNA
Additional strains from epidemiologically diverse M-typesreve synthesis kit (Bio-Rad) with g of RNA per reaction and
used for comparison: MGAS6183 (M41), MGASS005 (M1), andhnqom primer mix. For each sample, a no reverse transcriptase
MGAS6143 (M28). The MGASE183cll; MGASE183 sclt,  .qhirol was performed, containing only RNA, reaction bu er,

and MGAS1087Dscltinactivated mutant strains have been ;.4 random primer mix, to ensure the absence of genomic
previously describedan etal., 2006a; Caswell etal., 2007; Florg§na. incubations were carried out on a Bio-Rad C1000 Touch
etal., 201p Group AStreptococcusiltures were grown in Todd- Thermal cycler: 25C Smin, 42C 30min, 85C 5min, and
Hewitt broth (Becton Dickinson and Co.) supplemented with .onA was stored at 20 C until used in gRT-PCR. gRT-
0.2% yeast extrac.t (THY medium) and. on Brain Heart Infu.sionpCR reactions were performed with 250nM primers using
agar (Becton Dickinson and Co.) at 37in an atmosphere ‘1‘”th SsoAdvanced SYBR Green Universal Supermix (Bio-Rad). For
5% CQ. For antibiotic sekictlon, erythromycin (&g rlnL ) each gRT-PCR reaction, template cDNA, diluted 1:20, control
chloramphenicol (16 le ), kanamycin (208 mL %), and  4enomic DNA, or no reverse transcriptase control were used.
spectinomycin (10éng mL ) were added to the medium. PCR was performed using the following conditions on a Bio-

Cloning experiments were performed in XL-1 Blue andr,q cEx96 Thermal cycler: 95 2min- [95 C 55, 60C 305]
TB1 E. colicells, while protein expression experiments were 5. [65C 95C, 5s, 0.5C/step]. Standard curves were
performed in BL21 and TBIE. colicells grown in Luria-  gonerated for each primer set using cDNA from MGAS315
Bertam media (Difco ITaboratorles) <l':1t . For gnnblot'c to determine the linear range and estimate reaction e cignc
sele(itlon, chloramphenicol (1 rlnL ), kanamycin (5009 Gene expression afcll scl2, emmand mgawas normalized
mL 1)' spectinomycin (106ng mL ), and ampicillin (100Mg  544inst the expression @ifA gene, which has previously been
mL %) were added to the medium. identi ed and validated as an appropriate endogenous control

(Virtaneva et al., 2005 The 11 Ct method was utilized to
PCR Assays compare gene expression between MGAS315 and other M3
Analytical PCR strains, as well as M1, M28, and M41-type strains. Data was
Detection of IS element upstream of scll in GAS strains averaged from three independent experiments, each continin
The presence of IS1548 upstreamsuailwas determined by three technical replicates. Statistical signi cance wasrdeted
PCR with primers 1S1548F and Scl1R using Qiagen Tag DNAsing an unpaired-test.
polymerase (Qiagen, Germantown, MD) as follows ®% min-
[95 C 1 min, 62C 1 min, 72C 1 min] 30cycles- 7, 10min. Recombinant Scl (rScl) Proteins
Sequences of primers used in all PCR assays are listed inStableCloning, Expression, and Puri cation of M3-Derived
rScl Proteins

PCR ampli cation of scl1.3 and scl2.3 alleles The rScl proteins were generated using Steeptag Il cloning,
PCR was performed on genomic DNA isolated from M3 strainexpression, and puri cation system (IBA-GmbH, Gottingen,
with primer pairs 232 Up/232 Rev foscll.3ampli cation  Germany). Proteins were expressed with a C-terminal a nity
and sequencing, and Scl2.3 F/R and SclUp/SclRev for lengtig and puri ed on StrepTactin sepharose, as describeda(
polymorphism analysis and sequencing safi2.3 respectively. et al., 2006} rScl proteins rScl1.3V and rScll1.3FL are derived
Ampli cation was performed using Qiagen Taq DNA polymerasefrom MGAS315, whereas rScl2.3 protein is derived from the M3
as follows:scl1.395C, 5min-[95C 1min, 55C 1min, 72C  strain MGAS3375. The recombinant Scl2.3V protein has been
1 min] x30 cycles- 72, 10 min;scl2.395 C, 5min-[95 C 1 min,  described previoushy5gueglia et al., 20).3onstruct containing
51 C1min,72C1min45s] 30cycles- 72, 10 min. AllPCR the recombinant full-length Scl1.3FL (rScll.3FL) protein was
products were analyzed in a 1% agarose gel with 1 kb Plus DNgreviously described~ores et al., 20)5Brie y, the scl1.3oding
ladder as a molecular size marker (Life Technologies, Granegion from MGAS315 was cloned into tle coliGAS shuttle

week.

Island, NY). vector pJRS525Vclver and Scott, 1997 generating plasmid
pSL501. PCR mutagenesis was used to convert the internal TAA

Quantitative Reverse Transcription PCR (QRT-PCR) stop codon into a GAA glutamate codon, resulting in plasmid

RNA isolation pSL502 with continuous full-lengtscl1.3Flallele. This sequence

Total RNA was isolated from the logarithmic phase (P was subsequently cloned into the pASK-IBA2 expression vector
0.5) GAS cultures using RNeasy Protect Bacteria Mini kifor recombinant Scl1.3FL protein production; each clone was
(Qiagen), employing an additional pretreatment step withveried by sequencing. Protein expression constructs atedis
250mg lysozyme, 10@g proteinase K, and 12.5 U mutanolysin in Table 1

per sample to augment cell wall disruption. Trace genomic Protein expression was induced by the addition of
DNA was removed by incubation with TurboDNase enzymeanhydrotetracycline at Ordg mL * for 3h. Cells were
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TABLE 1 | Constructs used in this study. ELISA (Caswell et al., 20)0rScl proteins were immobilized
onto StrepTactin® coated microplate wells (IBA GmbH)

Plasmid Descripti S ;
asmi escription ouree at 0.5mM at room temperature for 1.5h, then blocked with
pJRS525 E. coli/ S. pyogenesshuttle vector Mclver and Scott, 1997 Tris-bu ered _Sa“ne (TBS) containing 1% bOVII’)G serum albami
pSL230 PIRS525 withscl1.41 allele Caswell et al., 2007 (BSA) overnight at 4C. The cellular bronectin from human
pSL501 pIRS525 with scl1.3WT allele Flores et al., 2015 foreskin broblasts (Sigma) and murine laminin (Invitroggn
pPSL502 pPSL501 with repaired allelescll.3FL  Flores et al., 2015 were added to the wells atnjy per well and incubated at
bSL518 0SL502 with KarR in place of Sp®  This study room temperature for 1 h. Bound ECM proteins were detected
DASKIBAZ  E. coliexpression vector IBA, Géttingen with rapblt antl-lamlnln_ at 1:100 (Sigma) _and_antl- human
pSL154 PASK-IBA2 encoding rScl1.3V This study bronectin at 1:4000 (Sigma) polyclonal antibodies. Se@pd
pSL503 pASK-IBA2 encoding rScll.3FL Flores et al., 2015 anthOdy goat antl-rab_blt l9G (HL) HRP conjugate (B.IO_
pSL514 DASK-IBAZ with rSci2.3 This study Rad) was next used with 1-step ABTS substrate%@zthobis
0SB027 GFP-encoding plasmi;J Cramer et al. 2003 [3-ethylbenzothiazoline-6-sulfonic  acid]-diammonium al§

(ThermoScienti ¢). Absorption was measured using Spectramax
190 at a wavelength of 415 nm. Statistical analysis is based on

centrifuged and resuspended in high sucrose bu er (100 mpMhree independent experiments each containing three teethnic
Tris-HCI, 1mM EDTA, pH 8.0, 500 mM sucrose) or Cell Lytic replicates, using an unpairgetest. .

B Bu er (Sigma), for separation of the periplasmic fraction and 1N antibody inhibition assay, the IST-9 mAb targeting the
subsequent a nity puri cation. Proteins were dialyzed agatn C-C° loop of EDA domain was utilized@liver-Kozup et al.,
25mM HEPES, pH 8.0, and analyzed by SDS-PAGE stained wili9139- cFn was either untreated or pre-treated with increasing
RAPIDstain™ (G-Biosciences). Protein sequence was con rmedoncentrations of IST-9 blocking mAb (0.1-1), and added
using mass spectrometry (University of Nebraska MedicdP StrepTactin® -coated microplate wells immobilized with rScl
Center) and N-terminal Edman Degradation sequencing (lowdroteins, then incubated for 1h. Bound ECM proteins were

State University). detected as above.
Electron Microscopy of Rotary Shadowed rScl Design and synthesis of the G« clic peptide
Proteins The C-C cyclic peptide was designed based on the crystal

Electron microscopy visualization of the rotary shadowedstructure of the EDA domain of cFn (PDB code 1J8K). In
preparations of rScl1.3FL and rScl2.3 was used to assess Bagticular, the region, which was reported to be involved itlSc
domain organization of rScl proteins, as employed previouslinding, connecting to twob-strands C and €of EDA was
(Xu et al., 200R The rScl proteins were dialyzed against€longated to the whole C{®-hairpin by allowing the formation
0.1M ammonium bicarbonate and mixed with glycerol to athe electrostatic interaction between Arg33 and Glu45. The
nal concentration of 70% (vol:vol). Samples were nebulizederminal Tyr32 and Pro48 were mutated to Cys to stabilizeithe
onto mica chips with an airbrush and rotary-shadowed withhairpin by introducing a disul de bond (Figure S4). The obted
carbon/platinum using an electron beam gun. PhotomicrograptsequenceCRVTYSSPEDGIHELE (molecular weight: 1997.1
images were acquired using a transmission electron miogsc Da), endowed with a cyclic structure to mimic the structure

FEI G2 operated at 80 KV. of this region in EDA, was acetylated and amidated at the N-
and C-terminus, respectively. Synthesis of the designedgeepti
Mass Spectrometry Analysis was performed employing the solid phase method on ex®©!

Samples from in-gel trypsin digested proteins were cleanedjusi scale initially following standard Fmoc strategi€se(ds and

a Millipore mC18 ZipTip, then resuspended in 0.1% formic acid.Noble, 1990 Due to aspartimide formation during traditional

Samples were fractionated on a Eksigent cHiPLC colummn(ii5 acylation reactions, peptide synthesis was carried out erimgoy
15 cm ChromXP C18-CL 8m 120 A), and resulting peptides microwave technologyv@anier, 2013 Cyclization was achieved

were sequenced using 5600 TripleTOF (typical gradient 2—60®y treating the peptide at 0.1 mg/mL (to avoid intermolecular

ACN in 60 min). Peptides identi ed were searched against thelisulphide formation) with bu er carbonate 50 mM, ptD

NCBI protein database with Protein Pilot software employingd, overnight. The peptide was puried by RP-HPLC and

the following settings: search e ort, thorough; taxonomypne. the identity and purity &97%) was assessed by LC-MS

Positive identi cation was considered as the identi catiof two  (data not shown).

or more unique peptides at high con dence95%, FDRD 0.05,

0.01, or 0.001, which matched the same protein entry in th&urface plasmon resonance (SPR) experiments

database searched. Real time binding assays were performed at @5on a
Biacore 3000 Surface Plasmon Resonance (SPR) instrument (GE
Binding of rScl Proteins to Extracellular Matrix Healthcare). For immobilization, rScl1.3FL protein contam
Proteins and Synthetic Peptide the C-terminal Streptag Il was injected at a concentration of
ELISA binding assays 40mM on streptavidin-coated sensor chip, SA Biacore, until the

Binding of rScl proteins to extracellular matrix proteins, desired level of immobilization was achieved (averagedevaf
cellular bronectin (cFn) and laminin (Lm), was tested by 100 RU). Binding assays were carried out by injecting the®C-C
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cyclic peptide at concentrations ranging between 10 and®20 M3 proteins was performed using the same sample preparations

Experiments were carried out in HBS bu er (10 mM HEPES,with rabbit polyclonal antibodies generated against thatated

150 mM NaCl, 3mM EDTA, pH 7.4). The association phasg)k rScl1.3WT protein (anti-Scll 1:15,000 dilution, reporteéiares

was followed for 270 s, whereas the dissociation phage (k et al., 201p and the rScl2.3V region (anti-rScl2.3V 1:2500;

was followed for 300 s. The reference chip sensorgrams wegenerated by ProteintecBqueglia et al., 20).4Horseradish

subtracted from sample sensorgrams. Experiments were darriperoxidase-conjugated goat anti-rabbit 1gG GH) secondary

out in duplicates. Kinetic parameters were estimated assgmirantibody (Bio-Rad), combined with Pierté ECL western

a 1:1 Langmuir binding model and using version 4.1 Evalumtio blotting substrate (Thermo Scienti ¢) was used for detewtio

Software (GE Healthcare). Images were acquired using a ChemiDoc Touch Imaging System
(Bio-Rad).

Fluorescence binding analysis

rScl1.3FL protein, at a concentration of 3M, was incubated

with increasing concentrations of C9%cyclic peptide (0—

300mM) at 25.0C, using z_an_excnanon waveleng_th of 298.0 w cytometry. Bacteria grown to an Of3oof 0.5 were harvested
nm and a uorescence emission wavelength ranging from 30

to 400 nm. The acquisition parameters were set as follows” centrifugation, and washed with ow cytometry bu er (stier

excitation and emission slits at 5 nm; 120 nm/min scan ratephOSph‘fﬂe_bu ered saline containing 10% Todd-Hewitt broth

1.00 nm data interval averaging time at 0.500s, PMT volta%é?upplemented with 0.2% yeast extract). Cells were incubatbd wi

Wi Al lyclonal antibodies against Scl1.3 and Scl2.3 describee albo
at “high.” Fluorescence values were recorded at 333 nm, and ;.. ) . ) -
. . . a dilution of 1:100 for 30 min on ice, then washed and incubate
subtracted from the uorescence intensity of the liganddr

protein, generating  uorescence. The uorescence values with Allophycocyanin (APC)-conjugated donkey anti-rabtg

were plotted against the peptide concentratioWil(iamson (HCL) (Jackson ImmunoResearch) for 30 min on ice. Cells
P 9 bep ' were washed and xed in 0.4% paraformaldehyde, and stored

2013. Experiments were carried out in duplicates. A control . . . -
. . . at 4 C until analysis. Before analysis, cells were washed twice
assay was carried out employing the buer as titrant to .
- ._and resuspended in ow cytometry bu er. Cells were analyzed
assess that the dilution e ect was under 3%, not aecting .
the results using a BD LSRFortessa, and 50,000 events were collected

per sample. Data was analyzed using the FCS Express Flow 5

Complementation of GAS Strains with software.

Full-Length Scl1.3FL ) _

For transcomplementation experiments, plasmid psSLs02Assessment of Bio Im Formation

encoding full-length cell-associated Scl1.3FL protein,s waCrystal Violet Staining Assay

electroporated into MGAS315 WT and MGAS618%l1 Wild-type, mutant, and complemented strains were grown to

electrocompetent cells. The pJRS525 vector was electroporaf@Beoo 0f 0.5 and seeded into 24-well culture plates coated with

as a control. Transformants were selected on BHI agdrCM at 2mg per well, then incubated at 3 with 5% CQ

containing 100ng mL 1 spectinomycin, and plasmids for 24h. Wells were washed with PBS followed by the addition

were re-sequenced. For MGAS10888I1 which contains of 0.5mL 1% crystal violet solution (Fisher Scienti c) déd

a spectinomycin resistance cassette in place otttk 3allele, in PBS and incubation at room temperature for 30 min. Wells

the spectinomycin resistance marker in pSL502 was replac#¢ere rinsed twice with PBS and stain was solubilized with 0.5

with a kanamycin resistance, generating the plasmid pSL5d8 amL of 75% ethanol. Spectrophotometric readings were taken for

colonies were selected on BHI agar containing m§omL 1 each sample at Ofgo Statistical analysis is shown based on

kanamycin. three independent experiments, each containing three tethni
replicates, using an unpairgeest.

Flow cytometry analysis
Surface detection of Scl1.3 and Scl2.3 proteins was detetijne

Determination of Scl1.3- and Scl2.3-Protein

Expression in Wild-Type and Complemented GAS Confocal Laser Scanning Microscopy (CLSM)
Strains To visualize GAS by CLSM, bacterial cells were transformed wit
Western blot analysis a GFP-encoding plasmid pSB0Z7rémer et al., 2003as before

Expression of the Scl1.3 and Scl2.3 proteins was determined @liver-Kozup et al., 20)1 Fifteen millimeter glass cover slips
western immunoblotting of the bacterial cell wall and cudur were placed into 24-well tissue culture plate wells and coated
supernatant protein fractions, as described befdrakpmski  with 2mg of cFn or Lm per well. Bacterial cultures grown to
et al., 2000, 2001Brie y, bacterial cultures were grown to an logarithmic-phase were added to the wells and allowed to form
ODeop of 0.5 and cells were harvested by centrifugation. Culturéio Ims for 24 h. Wells were rinsed with PBS and bacterial cells
supernatant proteins were precipitated with trichloroacetida were xed with 3% paraformaldehyde at room temperature for
(Sigma) to a nal concentration of 10% (vol:vol). The celllwa 30 min. Wells were washed again and coverslips were mounted
protein fraction was obtained after cell digestion with lggme onto slides using ProLong Gold Antifade Mountant (Thermo
and mutanolysin in a high sucrose bu er. A total of 1ig of  Scienti c). Confocal images were acquired using a 631.40
protein samples were separated by SDS-PAGE and transferrBthn-Apochromat objective and a Zeiss LSM 510 laser scanning
to a nitrocellulose membrane. Detection of Scl1.3, Sckhd8, confocal microscope.
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In vitro and In vivo GAS Infection Models experiments, mice were anesthetized and sacri ced by carvic
GAS Infection of In vitro Cultured Human Skin dislocation.
Equivalents

Wounded full-thickness skin equivalents, EpiDerm-FT (MekT
Boston, MA) were used. The tissues are discs 8 mm in diameté:fz,ESULTS

which are provided in transwells. A 3-mm wound is generatedNB_Type GAS Contain Unique Insertion of

by performing a punch biopsy to remove the keratinocyte .
layer. Immediately upon arrival, tissues were equilibrated iISl548 Element and Nonsense Mutation

antibiotic-free manufacturer's medium overnight at & in ~ Within the scl1.3 Locus
atmosphere with 5% C£© Wounds were infected with 18  Since the resurgence of invasive GAS infections in the 1980s
of GFP-expressing log-phase group A streptococcal inocula argdhd an advent of molecular epidemiology fostered by large-
incubated in a humid environment at 3T with 5% CQ in  scale sequencing, signi cant e orts have been made to dehee t
daily-fresh media; a total of 4 experiments were performed antholecular basis for the invasive phenotype of M3-type strains.
variables included the inoculum size of 310° 1.8 10’ In parallel to these advances, we identi ed two unique germmi
CFU and collection time points between 1 and 5 days. Tissudgits in the scl1.3locus, encoding streptococcal collagen-like
designated for histopathological evaluation were xed i#d0 protein 1: (i) the presence of an insertional sequence element
formalin, whereas tissues for two-photon uorescence (TPF}S1548, inthe promoter region and (i) the presence of a norsens
microscopy imaging were xed in 4% paraformaldehyde formutation within the coding sequence etll.3allele that was
several hours and then transferred to petri dishes contgninabsentin other M-types.
PBS. For visualization of glycocalyx produced by GAS strains Studies employingngainactivated mutants have indicated
tissues were permeabilized with 0.1% Triton X-100 in PBS that Scll expression was positively regulated by the GAS-global
and blocked with 0.05% Triton X-100 in 1 PBS with 1% transcriptional regulator, Mga{asmussen et al., 2000; Lukomski
BSA before staining with concanavalin A- tetramethylrhodlae et al., 200). Two putative Mga binding sites were identi ed
(Molecular Probes). Tissues were then rinsed and stored B PBIpstream of thescl1coding sequence in the M1-type strain SF370
at 4 C until TPF imaging was performed. For TPF analysisand experiments demonstrated that the Mga binding site distal
an Olympus 60 /1.2NA water dipping objective was used.to scllwas responsible for transcription activatioAl(nengor
Fixed tissues were imaged by two-photon microscopy with thend Mclver, 200} Identical Mga binding sites | and Il were
Ti:sapphire laser (Mira, Coherent) intensity at 60 mW and inputalso identi ed upstream a$cl1.3n the sequenced M3-type strain
wavelength of 850 nm. Laser scanning images were collectedMGAS315 with 1S1548 element inserted 38 bp upstream of the
0.5 1mm incremental depths using Scanimage (Janelia Farmgjstal Mga I-binding siteigure 1A). To determine if the IS1548
HHMI). Images were saved in a single TIFF le with 16 bit depth.insertion was speci ¢ to M3 strains, we BLAST-searched this
Deconvolution of the images was performed using AutoQuanglement in 45 completed GAS genomes representing 21 di erent
3 and 3D models of z-stacks were generated using Imarlé-types. We observed the presence of 1S1548 in all strains

software. searched with varying locations and occurrences from 1 tpe2
genome Figure 1B). However, the 1S1548 insertion upstream
Mouse Model of Soft Tissue Infection of the scll.3allele was only found in the sequenced genomes

Animal experiments were conducted in compliance with theof M3-type strains MGAS315, SSI-1, and M3-b. Interestingly, a
regulations and standards under the Animal Welfare Act, theomplete 1S1548 element was not present upstreastldf3in
Public Health Service Policy on Humane Care and Use dhe recently reported genome of the M3 strain STAB902, which
Laboratory Animals, and the Guide for the Care and Useepresents a non-invasive isolateofiano et al., 20)4instead,
of Laboratory Animals. The protocol was approved by thea 34-bp remnant of 1S1548, including the inverted repeat and
West Virginia University Institutional Animal Care and Use additional 14 bp, was found. Based on this bioinformaticsagat
Committee (IACUC). we examined the presence of the 1IS1548 element upstresatilof
Subcutaneous infections of mice were carried out as destrib by PCR in a panel of 40 M3-type strains, using primers located
previously [ukomski et al., 1999 Briey, 5-week-old male, intheS1548 andcll.3equences (IS1548F and Scll1R, Table S1).
immunocompetent, hairless mice (strain Crl:SKHABR) were All M3-type strains examined were positive for the IS1548.3
used (Charles River, Wilmington, MA). Groups of 10-15 miceamplicon, while M1, M41, and M28-type controls were negative
anesthetized with iso urane were infected subcutaneouwsly (Figure 10, demonstrating a broad and conserved presence of
the right ank with 10° GAS CFU of WT orscltmutant the IS1548 insertion in this location among M3-type GAS.
strains, and mice were observed for 14 days. The weight and The nonsense mutation in the 11th Gly-X-Y repeat in the
abscess dimensions (length [L] and width [W]) of each mousé&cl1.3-CL collagenous regioRigure 1A, red box), presumably
were recorded daily during the rst week and every otherresults in a truncated secreted variant, which consists of the
day thereafter. To analyze dierences between mice infecte8cl1-V variable region and 10 Gly-X-Y repeats but lacks the
with WT and scltmutant GAS, the area of each abscess wasell wall anchor. This polymorphism was originally identi ed in
calculated with the equation for the area (A) of an sphericalve M3-type invasive GAS strains but was absent in 45 other
ellipsoid: A D p(L/2) (W/2); statistical di erences were strains analyzed, representing 20 di erent M-typesifomski
calculated using the studentstest. At the conclusion of the et al., 200D It was later shown in 98.7% of 479 sequenced
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A |Sﬂ8F *Pscl1-l Pscl1-Il SCLR Strain M-type | No. of Upstream of
7 7 SEiG) insertions | scl/1 allele?
[Mga T—{Mga e 4 M1 GAS (SF370) | M1 6 -
MGAS476 M1 8 -
MGAS5005 M1 9 -
" 7 AGTCARRRRRAGTAACATTTCAR 7 TCCGEATGCCCTCGACTT Tocanee: - HKU488 M1 7 -
' ' ' : ——WigaT ' ' 5448 M1 7 -
TooRY P TRaEG TS sa KK WPKKSL P RKDP QM LOLKTRAASAKY MTB314 ™M 7 -
zcz 2 TEIRTRA TRERREACTATIATARAT seTTATT 220 M1 g z
t 260
MgaTl AP1 M1 5 -
NCTC8198 M1 5 -
- MTB313 M1 7 -
MGAS10270 M2 2 -
MGAS315 M3 3 +
5 SSI-1 M3 3 +
M3-b M3 3 +
o o . - LT STAB902 M3 2 -
e bttt ; R S ) MGAS10750 M4 9 =
cL MEW427 M4 5 -
WY 6 T Y P KEENSQEELKNFETEERLKEI LDOLIEKGATKGDKGETGS
TAGCCGGTCCAGT: A TARAG GTGGCGCACARGGT cGAGGYTARE GCGGTGAGCAAGGATTTCAAGGTCTTARAGGT ARGGTGATA ATCC19615 M5/49 4 -
S PSS e + OSBRI B St el et ek et s ouu et MGAS10394 M6 2 -
GGTGA GGTGARACCGGAGCTCARGGETCCAGTAGGCCCACARGGTGARGCAGGCARGCCAGETGARC! cc AAGAGCCCAGRAGTGACCCCARCGCCAGARATGCCAGAGCARCCAGG JRS4 M6 2 -
; i : : : i i i i i t bt 920 MGAS2096 M12 7 -
“WM MGAS9429 M12 8 B
G BWGET HA EE PR 5660 ENE B aE &R kG EN PR VG E® 4 e HKU360 M2 |7 B
o . — HSC5 M14 3 -
+ t t t t t t t t t t + 1040 M23ND M23 1 i
FDAARGOS_149 | M24 9 -
K'sS K E v TP AP EKPADKEANGTPERRNGHNMAK MGASGE180 M28 2 -
& e MEW123 M28 4 -
M28PF1 M28 4 -
B AT G EQ AN P FFTAAANY AV MTTAGYLAVTKREKENHN STABT00T5 V28 p -
c ® 1E1 M44 1 -
> 0 YL NGO A A Vo U oN L O D STAB901 M44 1 -
x N DLANANSN
S 3PP S WEEF S P P G NZ131 s[4 -
1650 Alab49 M53 12 -
1'000 MGAS15252 M59 5 -
850 MGAS1882 M59 6 -
NGAS596 M82 7 -
7F7 M83 2 -
P22k o0 4D DN DR NP a0 A STAB1102 M3 | 2 -
O NN CASPAOPNANAN AN
@ ’b\ '\Q '\Q '\Q{1/'\61/'\61"\61/'\Q '\Q '\Q ’\Qq"\0 '\Q '\Q '\Q '\Qq/'\Q NGAS327 M83 2 -
1,650 NGAS743 M87 12 B
1,000 H293 M89 6 -
850 NGAS638 M101 |3 B
NGAS322 Mi114 [ 7 -
FIGURE 1 | M3-type GAS strains harbor unique polymorphismsint  he scl1.3 locus. (A) Schematic representation and nucleotide sequence are baskon the
scl1.3 locus in the M3-type strain MGAS315 genome. Thescl1.3 promoter region contains two putative Mga binding sites, Bcl1-1 with Mga | and Pscl1-1I with Mga II.
1S1548 is inserted 38 bp upstream of the preferred *Bcl1-1/Mga | promoter, which was shown to be necessary foiscll transcription. Transcriptional start site (solid
dot), 10and 35 boxes are shown upstream ofscl1.3 coding sequence. Scll regions are designated as follows: SSsignal sequence; V, variable region; CL,
collagen-like region; L, linker region; WM, wall-membrangegion; LPATG, cell-wall anchor. The null mutation in the 1 Gly-X-Y repeat of the CL region is depicted by
the red box, presumably resulting in a truncated secreted S&.3 protein. Relative location of primers, 1IS1548F and ScR, used to generate amplicons in(C) are
shown. (B) 1S1548 insertion upstream ofscl1.3 is unique to M3 genomes. BLAST search in the NCBI nucleotiden(/nt) database using 1S1548 (1317 bp) sequence as|
query identi ed insertions in 45 GAS genomes representing 2ifferent M-types. Only genomes of M3-type strains harboreé 1IS1548 element upstream of thescll
allele (bold text)(C) 1S1548 insertion upstream ofscl1.3 is conserved among M3 strains. Genomic DNA was isolated frora collection of 40 M3-type strains and
analyzed by PCR for the presence of 1S1548 upstream dfcl1 using primers 1IS1548F and Scl1R (located in conservescll signal sequence). Additional M1-, M41-,
and M28-type control strains, and a no template control (NTTare included. Expected amplicon size, 963 bp; M, 1 kb Plus DN Ladder. MGAS designation applies to
all strain numbers shown above gel wells, with the exceptionf strain AM3.

invasive M3-type isolates-(ores et al., 20)5We performed conserved among M3-type GAS. Based on these results, we
targeted PCR ampli cation a$cll.¥rom 46 additional M3-type hypothesized M3 strains produce a truncated, but potentially
strains and observed identical amplicon sizes in all of thenbiologically active Scl1.3 variant, which is secreted autstef
(Figure S1A). Sequencing showed that all tested strairmhed being cell-attached.

an identicalscll.3allele, containing 25 Gly-X-Y repeats in the . L .

collagenous domain with the null mutation in the 11th repeatSCI1.3 Expression Is Diminished in M3-Type

(Data Sheet 1). A complete lack of genetic variation withinGAS

scl1.3is surprising and diers from the length variation that Original reports showedclltranscripts in northern blots, as

is commonly observed amonscl alleles from other M-types well as full-length Scl1 proteins (both cell-associated alidfre®
(Lukomski et al., 2000; Rasmussen et al., 2000; Whatmor&). 20Gfractions) in western blots for strains @mmtypes 1, 28, 52,
These results demonstrate that the 1S1548 insertion antl nuhnd 41 (ukomski et al., 2000, 2001; Rasmussen et al., 2000;
mutation we identi ed in thescll.3locus are unique to and Caswell et al., 200.7To analyze the expression of the truncated
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Scll.3 protein in M3-type GAS, western blot analysis waprotein was not detected by anti-Scll antibodies, whereas the
performed on cell-wall (CW samples) and culture-supernatantScl1.3V positive control, corresponding to the V region dfis®
(Sup samples) protein fractions of several M3-type strains growvariant, produced the expected immunoreactive band &3

to exponential phase={gure 2A). The expected truncated Scl1.3kDa. In an additional control experiment, the same panel of

N
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FIGURE 2 | Assessment of Scl1.3 expression. (A) Assessment of Scl1.3 production by M3-type GAS. Cell wall (@/) and culture supernatant (Sup) protein
fractions prepared from exponential phase cultures of seval M3-type strains were analyzed by western immunoblottiy using anti-Scll rabbit polyclonal antibody.
Recombinant protein rScl1.3V, corresponding to the variale region of Scl1.3, was used as a positive control. Expectedholecular masses: Scl1.3, 11.4 kDa; rScl1.3V,
8.3 kDa. M, PageRuIeTM Plus Prestained Protein Ladder(B) Detection of Scl1.3 on the surface of M3-type GAS. Flow cytoratry analysis of several M3-type strains
is shown using anti-Scll antibody described in par(A) (color-shaded histograms) or a secondary only control (2sample, black outlined histogram). Median
uorescence intensities (MFI) are shown in parentheses for eh strain. (C) Assessment ofscll transcription. Fold-change ofscll transcript levels are shown
compared to scl1.3 transcription in M3-type strain MGAS315. gRT-PCR was perfoned on RNA obtained from exponential phase cultures. Restd are shown from
three independent experiments, each performed in triplida wells. Standard errors and statistical analysis were coputed from averaged Ct values for each
biological replicate prior to normalization against the etbgenous reference genetufA; *P 0.05, *P  0.01, **P  0.001 (student's t-test). (D) Assessment ofmga
and emm transcription. Relative expression levels ahga and emm genes were compared between MGAS315 and four additional M3tsains or the M1 strain
MGAS5005. Results are shown from three independent experiemts, each performed in triplicate wells. Standard errorsrad statistical analysis were computed from
averaged Ct values for each biological replicate prior to normalizatn against the endogenous reference geneufA; **P  0.01. (E) Assessment of M3-protein
production by M3-type GAS. The same cell wall (CW) and cultarsupernatant (Sup) protein samples prepared from exponeral phase cultures of M3-type strains
(used inA) were analyzed by western immunoblotting, using anti-M3 jptein rabbit polyclonal antibody. Expected molecular mass65 kDa. M, PageRulefM Plus
Prestained Protein Ladder.
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M3 strains was tested for Scl1.3 on the cell surface using owhereas samples obtained from strain MGAS335, which contains
cytometry Figure 2B). No shift in median uorescence intensity an out-of-frame scl2.3 allele, generated no immunoreactive
was observed in M3 strains incubated with anti-Scl1 antibodyand; rScl2.3V control produced the expected 10.1-kDa band
compared to a secondary-only antibody control, indicatingek  (Figure 3A). Mass spectrometry con rmed the identity of the
of Scll on the cell surface among M3 strains. presumed immunoreactive Scl2.3-protein band from MGAS315

Given the unique 1S1548¢l1.3 location and the lack (Table S3). Consistently, Scl2.3 was detected on the swface
of truncated Scll1.3 products in culture supernatants, weall ve M3 strains containing in-framescl2.3alleles by ow
investigatedscll.3expression by gRT-PCR. Total RNA wascytometry, with a positive shift in median uorescence inséy
isolated from exponential phase cultures of 5 M3-type strainganging in 67- to 131-fold change, as compared to the secgndar
as well as from previously characterized control strainemam  only antibody control Figure 3B). We next compared thecl2
types 1, 28, and 41 (komski et al., 2000, 2001; Rasmussen et atranscription level in M3 strain MGAS315 witttl2transcription
2000; Caswell et al., 200'Expression okcllfrom each strain levels in M1-, M28-, and M41-type strains. In striking contrast
was compared tescll.3transcription in M3 strain MGAS315 to the pattern of scll.3transcription, scl2 transcripts were
(Figure 20). Each non-M3-type strain tested had signi cantly signi cantly decreased in the M1-type strain by 13-fold, adl we
higher transcription level of respectivazllallele compared to as in the M28 (6-fold) and M41 (3-fold) straing-igure 3C).
MGAS315. The M1 strain had the most increased expressiofhdditionally, there was no signi cant di erence betweest|2
by 21-fold, while M28 and M41 strains exhibited 6- and 8-expression in MGAS315 and the M3 strains MGAS158, 335,
fold higherscllexpression, respectively. Interestingly, #otl.3 1313, and 10870 (Table S4). These results con rm that the M3
transcripts examined in four additional M3-type MGAS strainsscl2.3llele is transcribed at high levels, resulting in consibliera
158, 335, 1313, and 10870 were signi cantly reduced as cadparexpression of the Scl2.3 protein. These results suggestesidi2a
to MGAS315, with a range of 25- to 45-fold decrease. Overall, wes an important biological function in M3 strains and warrashte
observed that M3-type GAS harboring the IS element upstreasubsequent experiments assessing Scl2.3 function.
of scll.have drastically decreassal1.3ranscript levels and lack
the Scll protein product, as assessed by western blot and ow . . .
cytometry. GAS Infection Disseminates through

Sincescllis regulated by the transcriptional activator Mga, Human Tissue and Inhibits Wound Healing
we investigated whether the decreasetl.3transcripts in M3 A wounded human skin equivalent, devoid of an in ammatory
strains were due to lack ofmga gene expression in these component, was utilized as a “mechanistic model” of GAS éssu
strains. In parallel, we assessed transcript levels ddrtimagene  colonization. The epidermal wound of each skin equivalens wa
encoding the M surface protein, a key virulence factor refgala infected with GFP-expressing M3-type invasive strain MGAS315
by Mga. For comparison, we included the M1 strain, whichor M41-type non-invasive strain MGAS6183, and analyzed
had signi cantly increasedcllexpression compared to the M3 after 1-5 days by standard histopathology (H&E and Gram's
strains. With the exception of MGAS335, which had signi cgntl stain) and using TPF microscopy. H&E of uninfected tissue
downregulatecngaandemmexpression, we found no signi cant controls harvested at day 0 showed the absence of a kergtéoc
di erences in eithermga or emm gene expression between layer where the punch biopsy was performefig(re 4A).
MGAS315 and the other M3 strains or M1 straiRigure 2D).  Complete healing of the wound was observed after 5 days,
Furthermore, M3 protein was highly expressed, as it was found iwith a newly-generated intact keratinocyte layer covering
both cell wall and supernatant fractions, except for the MGAS33punch biopsy site Kigure 4B). In contrast, tissue infected with
strain, consistent with transcription dataFigure 2. These either GAS strain exhibited delayed wound closure as late
results demonstrate that the striking downregulationsuil.3 as day 5 post-infectionFgures 4E,H. H&E staining of skin
in M3-type GAS is not due to decreasedga expression or equivalents infected with either M3 or M41 after 24 h revealed
non-functional Mga protein, a@mmis normally expressed in bacterial colonization of the exposed dermal surface, as well

these strains. as bacterial invasion into puncture-associated defeceneliig
_ deep into the dermal layer, largely located at the wound edges
scl2.3 Is Expressed in M3-Type GAS (Figures 4D,Q. Notably, extensive bacterial growth and spread

Scl2 shares a similar structure with Scll butits biologioatfion ~ was largely con ned to tissue crevices in the dermis, wierea
is poorly understood. One study demonstrated in a di erent M- the presence of large bacterial colonies directly below theng
type background that isogenic mutant devoid of Scl2.55 waria bed was rarely seen on microscopic examination. By day 5 of
had lower adhesion to human skin broblastRgsmussen and infection, bacterial invasion via these dermal defectemrded
Bjorck, 200); however, the Scl2.3 variant present in M3-typeto the bottom of the dermis for both strains, presenting both
GAS has not been investigated for expression and ECM bindingertical and lateral spread of bacterikiqures 4E,H. Gram
Therefore, we next assesset?.35¢l2.3 expression in M3 strains. stain of infected tissues showed the formation of super cial
PCR ampli cation and sequencing showed that the majority oftolonies near dermal surfaces, as well as bio Im formation on
M3 strains contained in-framscl2.3llele (Figure S1B, Table S2).the surface of exposed dermi&igures 4J-NJ. Additionally,
Western blot analysis of cell wall (CW samples) andepidermal tissue neighboring the wound bed exhibited0%
supernatant (Sup) protein fractions found Scl2.3 protein waslecreased thickness of the viable keratinocyte layer guéis
expressed by M3 strains MGAS315, 10870, 158, 9517, and 13h&cted with MGAS315 and MGAS6183 by day 5, relative
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FIGURE 3 | Characterization of the scl2.3 locus in M3-type GAS. (A) Assessment of Scl2.3 production by M3-type GAS. The same célwall (CW) and culture
supernatant (Sup) protein samples prepared from exponerati phase cultures of several M3-type strains (used iRigures 2A,E ) were analyzed by western
immunoblotting, using anti-rScl2.3V rabbit polyclonal atibody. Recombinant protein rScl2.3V, corresponding to tle variable region of Scl2.3 protein, was used as a
positive control. Expected molecular masses based on MGASEG: Scl2.3, 52.5 kDa; rScl2.3V, 10.1 kDa. Aberrant migratio of detected Scl2.3 variants is
characteristic of Scl proteins. M, PageRuI(-:TlM Plus Prestained Protein Ladder(B) Detection of Scl2.3 on the surface of M3-type GAS. Flow cytoratry analysis of
several M3-type strains is shown using anti-rScl2.3V rabbpolyclonal antibody (color-shaded histograms) or a secathary-only control (2 sample, black outlined
histogram). Median uorescence intensities (MFI) are shown parentheses for each strain(C) Assessment ofscl2 transcription. Fold-change ofscl2 transcription
levels are shown compared toscl2.3 transcription in M3-type MGAS315. qRT-PCR was performed omeverse-transcribed RNA obtained from exponential phase
cultures. Results are shown from three independent experients, each performed in triplicate wells. Standard errorsrad statistical analysis were computed from
averaged Ct values for each biological replicate prior to normalizain against the endogenous reference geneufA; *P  0.05, P 0.01 (student's t-test).

to uninfected tissuesF{gures 4C,F,). This suggests bacterial robust bio Im in vitro on ECM coatings. In addition, M3 GAS
infection of the wound a ects epidermal cells distant from the disseminates in a form of scattered chains or single celtsutjin
site of infection in this model. the tissue.

TPF analysis was the performed on whole infected skin . .
equivalents on day 5 post-infection in order to assess batter M3-Type GAS Strains form Poor Bio Ims
spread directly below the wound bed. This method alloweddn Extracellular Matrix Coatings
us to visualize bacterial structures within tissue that everlt was previously reported that M3-type strains have no
not apparent in H&E or Gram-stained sections. Tissuesubstantial bio Im formationin vitro on an inanimate surface
microcolonies were observed in samples infected with M4{Oliver-Kozup et al., 20)1 Here, we tested bio Im formation
GAS Figure 4N), whereas M3 cells had a scattered appearanan cellular bronectin (cFn) and laminin (Lm) coatings by a
(Figure 4P). TRITC-concanavalin A (TRITC-conA) was utilized panel of representative M3 strains isolated from invasivescase
to visualize glycocalyx associated with bacteria. TRIT@Aco of GAS disease, as compared to the non-invasive bio Im-capabl
stain colocalized with bacterial microcolonies formed et M41-type model strain MGAS6183. As expected, wells coated
M41 GAS Figure 40, Figure S3), indicating microcolonies with either cFn or Lm supported robust bio Im formation
were encased in a glycocalyx, much like a classic bio Im. Iy the M41 strain, whereas signi cantly less bacterial bissna
contrast, TRITC-conA stain was associated with scattered M3vas measured for all M3-type GAS on both ECM coatings
GAS chains located at the bottom cell layer in MGAS315-ief@ct (Figure 5A). There was also no correlation between Scl2
skin equivalents Kigure 4Q). These results indicate that M41 expression and bio Im formation. We hypothesized that M3-
GAS, but not the M3 GAS, forms microcolonies in the tissueype GAS, devoid of Scll adhesin, have decreased binding to
during a human skin infection that are encased in a glycocaly cFn and Lm ECM components, thus, preventing the formation
consistent with the observation that M41, but not M3, GAS formsof tissue microcolonies, and that restoration of full-lém&cl1.3
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i N e

uninfected

MGAS315

MGAS6183

FIGURE 4 | In vitro skin equivalent model of GAS infection. (A-I)

H&E stained sections of uninfected A—C) or infected (D—I) wounded skin equivalents at 40x
magni cation; scale bar: 1000 mm. Uninfected wound at day 0(A) shows a lack of the epidermal layer where biopsy punch was péormed, which healed by day 5
(B). At day 1, infection of wounded skin equivalents with M3 and M1 GAS revealed super cial colonization of the wound bed, as wll as invasion into the defects

formed at the wound edge D,G, arrows). By day 5, bacteria had disseminated throughoutdsue laterally and vertically (arrows), reaching the bottoof the dermis

layer (E,H). (C,F,1) H&E stained sections of the keratinocyte layer of intact skisurrounding the biopsy punch; scale bar: 200mm. The thickness of the viable

(Continued)
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FIGURE 4 | Continued

keratinocyte layer outside the wound €, double arrow) was signi cantly reduced in tissues infectedvith M3 (F) and M41 (1) by day 5. (J,L) Gram stained sections of
wounded tissue, corresponding to boxed areas in(D,H), show tissue microcolonies (arrows) and super cial bacteail colonization (arrowheads).), scale bar: 400 mm;
L, scale bar: 200mm). (K,M) 1000x magni cation micrographs of surface bio Ims shown in(J,L) (scale bar: 10mm). (N-Q) Two-photon uorescence microscopy
analysis of infected skin equivalents. Vertical dissemitian through the wound bed and glycocalyx formation by the GP-expressing M41-(N,O) and M3-type (P,Q)
GAS at day 5. 3D projections of z-stacks are shown from the topview of the z-stack (top panels) or the side view (bottom paris). Multi-channel images show GFP
uorescence of GAS cells(N,P) and TRITC-conA stain of glycocalyXO,Q). All images were acquired at 600x magni cation.

(Scl1.3FL) on the GAS cell surface will confer binding tothoscyclic peptide and 1 uorescence intensity was plotted against
ECM, as well as bio Im capaciiy vivo (Figure 5B). peptide concentrationKigure 6D). Data were tted with a 1:1
model of interaction, providing &Kp D 44.54 9 mM, in
. . agreement with SPR datRi(jsso et al., 20)5

Full-Length Recombinant Scl1.3 Binds We next assessed binding of rScl1.3FL and rScl2.3 proteins to
Cellular Fibronectin and Laminin laminin (Lm) by ELISA. We determined rScl1.3FL had signi tan
To test this hypothesis, we: (i) constructed Scl1.3- and.$cl2 Lm binding, whereas rScl2.3 had ndEigure 6B, consistent
derived recombinant proteins, (ii) characterized theinustiural  with previous ndings that Scll-derived recombinant proteins,
organization, and (iii) assessed their ECM-binding capesiti but not the Scl2-derived, bind ECM protein€éswell et al.,

First, rScl1.3FL and rScl2.3 proteins were assessed foy purit01(. Collectively, these results demonstrate speci ¢ binding of
and integrity by SDS-PAGH-{gure 6A). The expected 20.6-kDa Scl1.3FL to the EDA domain of cFn and to Lm and its capacity of
rScll.3FL migrated at34 kDa, which is consistent with previous being surface adhesin.
reports of aberrant migration of rScl proteinsuykomski et al.,

2000, 200y, whereas the rScl2.3 protein migrated accordinq_|0m0|ogous Complementation of M3

to the expected molecular mass of 16.2 kDa; both protein . .
were veri ed by mass spectrometry (Table S3). Rotary shadowe%tralns with Full Length Surface Exposed

rScl1.3FL and rScl2.3 constructs, exhibited the chariatier ©Cl1.3 Adhesin Confers Bio Im Formation
lollipop-like structural organization (Figure S2), as ohaet for 0on ECM
previously characterized rScl proteinéu(et al., 2002; Han et al., To assess the e ect of cell-surface Scl1.3FL expression on the
2006h. Interestingly, rScl1.3FL formed aggregates that wereapacity to form bio Im, anin-trans complementation of two
mediated by the intermolecular interactions between tlebglar  representative invasive M3 strains was performed, MGAS315
domains; such interactions, however, were not observeddssi  wild-type (WT) strain, naturally lacking Scll1.3 expressiongd an
rScl2.3 molecules. The appearance of Scl1-Scll aggreggliesim a previously generatescltinactivated mutant of MGAS10870
an attractive hypothesis that V-to-V-region interactionstveen (10870 scl), with plasmids pSL502 (8pand pSL518 (KR,
the Scll molecules, but not between the Scl2 molecules, oespectively, both encoding the full-length Scl1.3FL protein.
the surface of neighboring GAS chains may support bioImAs a control, MGAS315 was complemented with a shuttle
structure, as proposed in our moddtigure 5B). vector pJRS525. The cell wall-associated expression of Scl1.3FL
It has been established that Scll proteins selectively bind complemented M3-type GAS was rst tested by western
cellular, but not plasma, bronectin and lamininCaswell blot analysis of the cell wall protein fractions and on the
et al.,, 201)) and that selective cFn binding is achieved byGAS-cell surface by ow cytometry. An expected35-kDa
a unique binding mechanism involving the C2@op of the immunoreactive band in complemented strains was observed,
extra domain A in cFn (EDA-cFn)@liver-Kozup et al., 2003 which was absent in the parent strain&idure 7A). Mass
Here, we pre-incubated cFn with increasing concentratiohs aspectrometry analysis of the corresponding bands extracted fr
EDA-blocking IST-9 mAb (0.1, 118g), then added to wells the gel conrmed they represented the Scll1.3FL protein, with
containing immobilized rScl proteins and allowed for bindin  ve unique peptides identi ed with 17% sequence coverage for
We observed signi cant dose-dependent inhibition of cFncomplemented MGAS315 and four unique peptides identi ed
binding to rScll.3FL, with a 36% inhibition at v and a with 11% sequence coverage for complemented MGAS10870
60% inhibition at 1.0ng of IST-9 Figure 6B). In addition, the (Table S3). A 6.8-fold increase in median uorescence iritgns
rScl2.3 protein did not bind cFn, which is consistent with ourof Scll.3FL-complemented MGAS315 cells was measured by
previous data employing several di erent rScl2 proteifisg¢well  ow cytometry, as compared to the vector-complemented and
et al., 201 Surface plasmon resonance (SPR) measurementé¢T control strains Figure 7B). The Scll.3FL-complemented
of binding a nity between rScl1.3FL and EDA-derived C2C 10870 scllexhibited a 2.2-fold increase in median uorescence
cyclic peptide provided a dissociation constantkyf D 63.3 intensity, as compared to the mutant contréligure 7B). These
mM (Figure 6Q). To corroborate the rScll.3FL-EDA binding results indicate the Scl1.3FL is indeed expressed and surfac
a nity, anin-solution uorescence binding assay was penfioed, exposed in the complemented M3-type strains.
in which the variation in tryptophan uorescence of rScl1.3FL  Bio Im formation by the complemented and parent strains
was recorded as a measure of positive binding to the®C-Gvas then assessed after 24 h following crystal violet stinin
cyclic peptide. Tryptophan uorescence emission at 333 nnand using confocal laser scanning microscopy (CLSM). Scld.3FL
showed a dose-response quenching upon addition of the?C-@xpressing MGAS315 showed signi cantly increased biomass
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FIGURE 5 | In vitro bio Im formation and hypothetical model of

microcolony formation by invasive M3-type GAS. (A) Limited in vitro

bio Im formation by invasive M3 strains on coatings with celilar bronectin

and laminin. Invasive M3-type strains were compared to a nomvasive

bio Im-capable M41-type strain MGAS 6183. Crystal violet saining was used

to assess biomass formed after 24 h of growth in wells coated vth cellular

bronectin (cFn) and laminin (Lm); results represent averag values from at
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FIGURE 5 | Continued

least 3 independent experiments performed in triplicate ws. *P  0.01
(student's t-test). (B) Hypothesis model. Top: Infection of wounded skin with
wild-type M3-type GAS. Inherent lack of surface-expressed 81.3 causes
decreased binding to cFn and Lm expressed in wounded tissueand reduces
bio Im and tissue microcolony formation by M3-type bacteria(red circles).
Bottom: In-trans complementation of M3-type GAS with full-length
cell-associated Scll1.3, Scl1.3FL, restores binding to cFmand Lm in tissue,
which confers bio Im and tissue microcolony formation durig infection.

on both cFn and Lm coatings compared to the WT parent
organism, as well as vector-complemented control; 3.6 or
2.5- and 2.5 or 2.1-fold Of)p increases on cFn and Lm,
respectively, were measured compared to MGAS315 WT or
to vector-complemented MGAS315-igure 7C). Signi cantly
thicker bio Im formed by Scll.3FL-complemented MGAS315
was imaged by CLSM. We observed on average a 2.84vld (
D 0.0002) and 2.6-foldR D 0.0002) increased bio Im thickness
on cFn and Lm, respectively, compared to MGAS315 WT, and a
2.0-fold P D 0.0036) and 4.8-foldA D 2.1 10 %) increased

bio Im thickness on cFn and Lm, respectively, compared to
vector-complemented MGAS31%igures 7D,E representative
images). Similar results were obtained for the complemented
10870 scll mutant, which had 1.7-fold increase in biomass
staining on both cFn and Lm compared to the MGAS10870 WT
strain, and 2.2- and 2.6-fold increase in biomass stainingfem
and Lm, respectively, compared to the 10888|1mutant strain
(Figure 70Q. CLSM data, however, could not be rendered for
MGAS10870 strains due to poor GFP expression for unknown
reasons. Altogether, it was demonstrated that null mutation
the scllgene, which ablates surface Scll1.3 protein and is unique
to M3-type GAS, is responsible for the decreased bio Im capacity
since restoration of the full-length surface-exposed Sclh8sid
signi cantly fosters stable bio Im formation.

Heterologous Complementation of M41
scll Mutant Strain with Full-Length
Surface-Exposed Scl1.3 Restores Bio Im

Formation on ECM
In a previous study we showed thatll.4dinactivation in a
non-invasive bio Im-rich M41 strain MGAS6183 resulted in
signi cantly decreased bioIm capacity, which was restored
to wild-type level by complementation with surface Scll.41
(Oliver-Kozup et al., 2003 Notably, this M41 strain expresses
at least one additional major Fn-binding protein, protein F2
(Caswell et al., 200,7which binds both plasma and cellular
bronectin by a mechanism dierent from Scl1Sela et al.,
1993. Here, we hypothesized that expression of rScl1.3FL in the
heterologous M41 GAS will confer bio Im formation. Western
immunoblotting of the cell wall protein fractions detectedeth
35-kDa immunoreactive band, corresponding to full-length
Scll1.3, associated with complemented cells, while the M4l
mutant and WT cells were signal-negativeigure 8A). Mass
spectrometry of the corresponding band extracted from the gel
con rmed Scl1.3FL expression, with 3 unique peptides idemtj e
covering 13% of the amino acid sequence (Table S3). In additi
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FIGURE 6 | Construction and binding characterization of rec ombinant
full-length Scl1.3FL and Scl2.3 proteins. (A)  Af nity puri ed rScl1.3FL and
rScl2.3 proteins were analyzed by 4-20% gradient SDS-PAGExpected
molecular masses: rScl1.3FL, 20.6 kDa and rScl2.3, 16.2 kDa(B-D) Binding
of rScl1.3FL to extra domain A (EDA) of cellular bronectin(B) IST-9 antibody
inhibition identi es rScl1.3FL binding to the C—@Ioop of EDA-cFN. Inhibition of
rScl1.3FL binding to EDA-cFn was tested by ELISA following princubation of
cFn with blocking IST-9 mAb speci ¢ to the C—Coloop. Signi cance of
inhibition by 0.1 and 1.0mg of IST-9 mAb was determined by student'st-test
as compared to the untreated cFn. A lack of signi cant cFn binihg by rScl2.3
was evident, as compared to rScl1.3FL-cFn binding; studerk t-test. (C)
rScl1.3FL binding to a cyclic peptide mimicking the C-€loop of EDA using
surface plasmon resonance. Overlay of sensorgrams for thaeteraction
between immobilized rScl1.3FL and EDA-derived C-8cyclic peptide is
shown. The experimental curves corresponding to differentoncentrations of
peptide (10-500mM) were tted according to a single binding model with 1:1
stoichiometry. (D) rScl1.3FL binding to a C—C9cyc|ic peptide using tryptophan
uorescence assay. Tryptophan uorescence quenching analys shows the
dose-response curve of the uorescence values of rScl1.3FL 8333 nm
plotted against the concentration values of C-@cyclic peptide. (E) Laminin
binding to rScl1.3FL and rScl2.3 by ELISA. Recombinant rSclmpteins were
immobilized onto Strep-Tactin-coated wells and incubatedvith laminin. Bound
laminin was detected with speci ¢ primary pAbs and HRP-conjgated
secondary Abs. Laminin binding was compared between rScIBFL and
rSc2.3 and evaluated statistically using studentg-test. Results for(B,E)
represent averaged values from at least 3 independent expenents performed
in triplicate wells. #  0.05, *P  0.01, ***P 0.001.

Similarly to complementation with homologous Scll1.41
protein, the heterologous complementation of the M4kl1
mutant with Scll.3FL also restored biolm to M41 WT
levels on cFn and LmHKigures 8B—D. Crystal violet staining
showed increased bacterial biomassg(re 8B) and confocal
microscopy revealed signi cantly thicker bio Ims, on avge3-
fold increased, as compared to the parental M4gllmutant
strain on both cFn Figure 80 and Lm (Figure 8D) coatings
(cFn,PD 0.0105; LmP D 0.0011).

Expression of Scll Adhesin Attenuates

GAS during Subcutaneous Infection

We have previously shown that an M3 strain harboring a carrier
scll.3allele, producing a shorter cell-attached Scll1.3 variant,
had an attenuated phenotype in a murine model of necrotizing
fasciitis {lores et al., 20)5Here, we tested our hypothesis that
Scll adhesin in bio Im-rich M28 and M41 background promotes
stable colonization and localized infection, using a murékén
infection model. Hairless, immunocompetent SKH1 mice were
subcutaneously infected with10° GAS CFU of the M28 and
M41 wild-type (WT) or their isogenicscltinactivated mutant
(scld strains {Han et al., 2006a; Caswell et al., 20@nd mice
were assessed for changes in gross pathology of the skin.

Skin lesions caused by both the WT asdllstrains were
observed as early as 48 h post-infection, and the lesions began
to regress after day 7 with complete resolution of the lesigpn b
the completion of the experiment. The areas of the skin lesions
calculated for mice infected with thgcllmutant strains were
signi cantly larger than those of WT-infected mic&igure 9A;

96 h time-point is shown); images of lesions of representative
mice demonstrate di erences in lesion severity between WT-
andscltGAS infected mice for both the M28- and M41-infected
groups Figure 9B). Thus, thein vivo data, using GAS strains
expressing surface Scll proteins and producing rich bio Ims,
support our hypothesis that decreased adhesion and bio Im
formation, due to the absence of Scl1.3 on the surface of M3
strains, bears an inverse correlation to the invasive paént

the infecting GAS strain.

DISCUSSION

Since the resurgence of invasive GAS disease in the 1980's,
and emergence of invasive M3-type isolates, signi cant e orts
have been made to determine the molecular basis for the
invasive phenotype of M3-type strains. Numerous whole-genome
sequencing projects have identi ed speci c genomic featules

M3 strains that were correlated with their potential to cause
invasive infections. In this study, we show that Scl1-negdi3-

type GAS have reduced adhesion and bio Im formation within
host tissue, and therefore are predisposed to invasive spread o
super cial infection Figure 10.

we showed the expression of the larger Scl1.41 variant ingthe cUNique Topography and Expression

wall of M41 WT, but not in the scllmutant, by re-probing a
portion of the blot with anti-rScl1.41 antibody, using rSd1

protein as a positive control.

Patterns of scl Loci
First, the insertion of 1S1548 element in the promoter region
of scllexclusively found in the M3-type strains is an intriguing
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FIGURE 7 | Homologous complementation of M3-type GAS with full-l ength surface-expressed Scl1.3 protein confers bio Im formati on. (A) Western
blot detection of full-length Scl1.3 in cell wall fraction®f MGAS315 and MGAS10870 scll complemented in-trans with the scl1.3FL allele. Parent strains were
included as negative controls and rScl1.3FL was used as a pasve control for detection.(B) Flow cytometry detection of Scl1.3FL on the GAS cell surface_eft:
Fluorescence intensity of Scl1.3FL-complemented MGAS318VT strain was compared to vector-complemented or WT parent gain. Right: Fluorescence intensity of
Scl1.3FL-complemented MGAS10870 scll was compared to WT and scll parent strains. Median uorescence intensities are shown iparentheses for
(Continued)
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FIGURE 7 | Continued

each strain. (C) Crystal violet assessment of bacterial biomass after 24 h arowth in cFn- or Lm-coated wells. MGAS315 WT complementedn-trans with pJRS525
(SpcR vector) or pSL502 {Table 1) harboring thescl1.3FL allele was compared to WT parental strain. Spectinomycin sistant MGAS10870 scll mutant was
complemented in-trans with KanR pSL518 (Table 1), harboring thescl1.3FL allele. Bio Im biomass of the complemented strain was compagd to MGAS10870 WT
and scll-inactivated parental strains. Results represent averagevalues from at least 3 independent experiments performeditriplicate wells. P 0.05, **P  0.01,
*p - 0.001; students t-test. (D,E) Confocal laser scanning microscopy analysis of bio Im formigon by GFP-expressing MGAS315 vector andscl1.3FL-
complemented strains. Bio Ims were grown for 24 h on cFn-coaed (D) or Lm-coated (E) coverslips. Maximum intensity projections of GAS bio Ims wi
cross-sectional views (left panels) are representative afstacks from 10 elds within a single experiment. Average weical thickness is indicated in micrometers. 3D
projections of z-stacks (right panels) are shown from the dée view.

FIGURE 8 | Heterologous complementation of  scl1-de cient mutant of M41-type GAS with full-length Scl1.3 rest ores bio Im formation. (A)  Left blot:
western blot detection of full-length Scl1.3 protein in célwall fraction of M41 scll::scl1.3FL using anti-Scll polyclonal antibody. The M41 scll and M41 WT strains
were included as negative controls, and rScl1.3FL was inctied as a positive control. Right blot: western blot detectia of Scl1.41 in M41 scll and M41 WT strains
using anti-rScl1.41 antibody and rScl1.41 as a positive commol. (B) Crystal violet assessment of bio Im biomass after 24 h of groth in cFn- or Lm-coated wells. M41
scll-inactivated (M41 scll) mutant was complementedin-trans with either homologousscl1.41 allele harbored on pSL230 or with heterologouscl1.3FL allele
harbored on pSL502 {Table 1). M41 WT, scll mutant and two complemented mutant strains were assessed fobio Im formation and statistical signi cance was
assessed by studentst-test as compared to M41 scll; *P  0.05, *P  0.01. (C,D) Confocal laser scanning microscopy analysis of bio Im formgéon by
GFP-expressing M41 scll or M41 scll::scl1.3FL Bio Ims were grown for 24 h on cFn-coated (C) or Lm-coated (D) coverslips. Maximum intensity projections of
GAS bio Ims with cross-sectional views (top panels) are regsentative of z-stacks from 10 elds within a single experimet. Average vertical thickness is indicated in
micrometers. 3D projections of z-stacks (bottom panels) & shown from the side view.
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circulating strains exist with this polymorphism. We hypothesi
that the proximity of the 1S1548 insertion to the Mga | binding
site in M3 strains a ectsscll.3transcription. Comparative
gRT-PCR analysis showed signi cantly higher levelssofl
transcription, particularly in M1, as well as in M28 and M41
strains, relative to M3-type strains analyzed.

Variation in the Mga coding sequence and autoregulated
mga promoter has been reported to signi cantly a ect Mga-
dependent gene expression and virulence properties in GAS
(Flores et al., 2013; Cao et al., 2014; Sanson et al.). Z8dr5
example, a 12-bp deletion of a single repeat in the VNTR region
of the mgapromoter is present in M3 carrier strains and absent
in the invasive M3 strains, causing a downregulation of Mga
expression and Mga-regulated genes in the carrier strailusds
et al., 2013 We identi ed an analogous 12-bp deletion in the
VNTR of the mgapromoter of the M1-type MGAS5005 and in
M3 strains, MGAS335 and MGAS1313, but not in MGAS315,
MGAS158, and MGAS10870. It is likely that the variation
observed in the VNTR region impacts Mga expression but
could not, alone, explain di erences Btlltranscription patterns
observed in this work. Consequently, gRT-PCR analysesesthow
mgaand emmtranscripts €mmis second downstream target of
Mga within the Mga regulon) were expressed at similar levels in
MGAS5005 and M3 strains, except for the MGAS335, indicating
a mechanism ofsclldownregulation in M3 strains, which is
independent from the level of Mga transcription. The presence
of emmtranscripts and M3-protein products indicate that Mga is
present and functional in the majority of M3 strains testeddan
therefore the polymorphism we observed in thmgapromoter

FIGURE 9 | Skin pathology of SKH1 hairless mice infected did not a ect Mga expression or activity of Mga-controlledl1.3
subcutaneously with wild-type and  scll-inactivated mutants of M28- promoter. Altogether our data hint at the insertion of thel ;I8
and M41-type GAS. (A) Mean area of skin lesions in mice infected with M28- ! o . K .

or M41-type isogenic GAS strains. The severity of skin lesis was compared in the downregulatlon ofscll.Sexpressmn, speci Ca”y in M3-
following infection with wild-type (WT) oscl1-mutant (scl1) GAS; 96-h type GAS, although additional studies are required to rmly
time-point is shown. The mean lesion area and standard devign were establish whether the IS element insertion is responsible.
calculated and compared between experimental groups. Dataepresents It is intriguing that scl1and scI2expression patterns were
mean lesion size from at least 10 mice per experimental groufstatistical . .

differences were calculated using the studentg-test; **P  0.01, ***P drastlc;ally di _erent bgtwe.en Ml and MS3-type GAS, both
0.001. (B) Gross pathology of the skin lesions. Digital images of the gk associated with invasive infections. Tlsell.3transcr|pt was
lesions of representative animals infected with either WTrscl1l-mutant GAS. decreased by 21-fold in MGAS315, and even further in the
The images show skin lesions developed after 96 h post-infdon, and scale remaining M3 strains studied (additional 20- to 45-fold), as

bar represents 10 mm.

compared to the M1-type strain MGAS5005. The upregulation
of scllin M1-type GAS has previously been shown in invasive
M1 isolates, including MGAS5005, as compared to pharyngeal
observation, given the abundance of 1S1548 insertionssacroM1 isolates fumby et al., 2006 Studies comparing wild-type
GAS genomes representing a variety of M-types. IS elemersd isogenicscll.1mutants in M1l-type GAS reported that
are known to cause genomic rearrangements and a ect th8cll.1 contributed to immune evasion by inhibiting neutrdph
expression of important genes that contribute to bacteriakxtracellular trap production and by protecting bacteria frime
virulence (Mahillon et al., 1990 For example, the insertion cathelicidin LL-37 Dohrmann et al., 2014 We conclude the

of 1S1548 elementGranlund et al., 1998into the scpB-Imb di erences we observed iscllexpression are related to di erent
intergenic region in group BStreptococcubas been shown pathogenicity requirements for Scll protein in M1- vs. M3-type
to upregulatelmb-gene transcription and Lmb-adhesin surfacestrains. In contrast, Scl2 expression is highly upregulatéd3-
expression, resulting in enhanced laminin bindingl (Safadi  type strains, as compared to invasive M1-type GAS. While the
et al., 201 The 1S1548 insertion in thecll.3promoter was majority of M3-type strains contain in-framecl2.3alleles, all
conserved in the genomes of sequenced M3 strains MGAS31H, M1 strains we analyzed contained out-of-frasw?2.1alleles
SSI-1, and M3-b, as well as in 40 additional M3 straingunpublished data). Although, the Scl2.3 human ligands are no
tested by PCR. However, the recently sequenced STAB902 MBown, it may have an unidenti ed biological function, whids
strain (Soriano et al., 2034 which represents a non-invasive important for pathogenesis of M3, but not M1, strains. Hence, we
isolate, contained a 34-bp 1S1548 remnant, suggestingMiBat are reporting striking di erences in the expression and featuof

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 17 August 2016 | Volume 6 | Article 90



Bachert et al. Unique Scll of M3 Streptococci

FIGURE 10 | Model of Scl1-mediated GAS adhesion, bio Im formati on, and host colonization. M28- and M41-type GAS express full-length cell-attached
Scl1, which mediates adherence to cFn and Lm. ECM binding pnmotes bio Im formation in wounded tissue and allows the form&éon of super cial tissue
microcolonies resulting in non-invasive colonization. Othe contrary, in M3-type GAS, naturally lacking full-lengtcell-attached Scl1.3 adhesin, bacterial cells have
reduced adherence to cFn and Lm and reduced capacity for biomn formation, thereby circumventing the formation of located tissue microcolonies; infection balance
is shifted toward dissemination through tissue, promotingnvasive spread.

the Scl1 and Scl2 proteins that evolved in the invasive M1 and MBI3-GAS cell surface, would bind ECM, contributing to tissue
strains. colonization.
The diminished Scl1.3 expression and poor bio Im formation,

. . . led us to hypothesize that lack of surface-expressed Scll in M3-
Scl1-Mediated Adhesion and Bio Im type GAS reduces host ECM binding and stable microcolony
Formation In vitro formation in tissue, thus, shifting the balance toward isive
Scll mediates binding to human extracellular matrixspread, augmented by other virulence factors expressed by
components, cellular bronectin and laminin, as well as Him  these strains. Recombinant rScl1.3FL formed aggregates that
formation (Caswell et al., 2010; Oliver-Kozup et al., 2011, p013were mediated by the V-to-V region interactions, which
Previous work identi ed that Scl1 binds speci cally to the@- could represent a mechanism of biolm and microcolony
loop of the type lll-repeat EDA domain of cellular bronectin stabilization by Scll molecules on adjacent GAS cells. Two
(Oliver-Kozup et al., 2003 This represents a novel mechanismrepresentative invasive M3 isolates, MGAS315 and MGAS10870,
of bronectin binding, which is distinct from the mechanism acquired bio Im formation on cFn and Lm when homologous
employed by other GAS bronectin-binding proteins that bind complementation was performed with surface-attached Scl1.3FL
to the N-terminal type | repeats of bronectinfamaguchi etal., MGAS315 has been shown to contain a missense mutation in
2019. Here, we determined that rScl1.3FL binds to cellulathecovSyene, causing upregulation of CovRS-regulated virulence
bronectin via the same C-&loop-dependent mechanism. It genes and enhanced virulence during subcutaneous infeofio
is important for our overall model to acknowledge that themice, compared to an isogenic strain containing the \&@vS
EDA-cFn isoform is speci cally produced during embryogesesi allele Stetzner et al., 20} .5Additionally, MGAS315 contains
and during wound healing in adult tissueé-ffench-Constant a mutation in the regulator of protein B alleleppB which
et al., 1989; Jarnagin et al., 1994; Singh et al.,)2@ich  produces a nonfunctional RopB variant, while MGAS10870
indicates Scll evolved with a unique function for targetingcontains a wild-typeovR/SndropBalleles Carroll et al., 201)],
wounded tissue, a presumed pathogen portal of entry. Wallowing us to demonstrate the e ect of Scl1.3FL function ie th
also demonstrate signi cant binding of rScl1.3FL to lamini presence of di ering regulatory networks. Similarly, hetegous
a major basement membrane protein at the epidermal-dermatomplementation with surface Scl1.3FL irsall.4dmutant of
junction; none of those ECM ligands were bound by rScl2.3he non-invasive bio Im-capable strain M41-type MGAS6183,
consistent with previous knowledge that Scll, but not SclaZestored its bio Im capacity to the wild-type level. Theseules
variants exhibit binding to cFn and LmCaswell et al., 20)0 indicate that M3-derived Scl1.3FL variant has the full capacit
These studies show that full-length Scl1.3, if expressechen tto support bio Im formation to a similar degree as Scll from a
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divergent M-type. The robust bio Im observed vitro on ECM  lack of surface adhesins, although they likely express th& Fba
coatings validates the concept that bio Im capacity combinedrotein, identi ed in M3 GAS to be involved in the adherence and
with adherence to the surrounding host ECM would reinforke t  invasion into epithelial and endothelial cellsgrao et al., 2001,

formation of stable tissue microcolonigsvivo. 2002; Amelung et al., 2011

) ) ) In vivo Mouse Model of Skin Infection
In VItI’C_) S_km Equwa_-lent Model of WOl_Jnd Recent study reported that a small proportion of non-invasive
Colonization and Microcolony Formation M3-type strains ( 1.3%) were found to harbor thescl1.3

We observed inhibition of wound re-epithelization by GAS*“carrier allele,” which resulted from an in-frame deletionthe
infection of wounded skin equivalents, as well as the thigni collagenous region, encompassing the null mutation, proagici
of the viable epidermal layer at sites distant from the iréect a shorter cell-attached Scl1.3 variant. This MGAS10870nstra
wound. In addition to our study, others have reported chaniges containing the scll.3carrier allele was attenuated following
skin histopathology and wound healing, resulting from baiele intramuscular infection Elores et al., 20)5In this study, we
infections. Anin vivo study has reported epidermal defects aautilized the M28- and M41-type strains, representing bio Im-
a result of GAS infection in a humanized mouse model withrich producers, for subcutaneous inoculation. We observed
human skin graft Gcaramuzzino et al., 200®revious study of that scl1.28and scll.44dinactivated isogenic mutants produced
M3-type GAS infection using a skin equivalent model showedigni cantly larger skin lesions as compared to the wild-type
that hyaluronic acid capsule interactions with CD44 receptoparent strains. These results, again, support the hypothesis
on keratinocytes induced intracellular signaling, resgtin  that lack of Scll surface adhesin destabilizes focuseds roflu
cytoskeletal rearrangement and monolayer disrupti@y\es infection, resulting in a shift toward increased tissue spre
and Wessels, 2001 Infection of an in vitro skin model However, previous studies performed in a M1 GAS background,
containing a burn wound witlPseudomonas aeruginassused utilizing scll.imutants for subcutaneous infection, reported
a loss of the keratinocyte layer and basement membraneewhigmaller skin lesions in the mutant groups, which likely re ects
intact epidermis was observed in burned but uninfected #ssua diering predominant function of Scll.1 in M1l-type GAS
(Shepherd et al., 20R9mpairment of wound healing has also (Lukomski et al., 2000; Dohrmann et al., 2).1kvestigations
been demonstrated by staphylococcal infections. Infectbn using intranasal and intraperitoneal mouse infection models
dermal wounds in rabbit ears witBtaphylococcus aureslwed of Streptococcus pneumonibave shown that culture-grown
the formation of bio Im, production of a persistent, low grade bacteria disseminated to the ear and lungs, while bio Im-
in ammatory response, and signi cantly delayed wound heglin grown bacteria stably colonized the nasophary&xa(chette-
(Gurjala et al., 2001 Similarly, delayed wound healing by both Cain et al., 2013; Marks et al.,, 2013 similar study on
S. aureusnd S. epidermidivio Ims was observed in a mouse Streptococcus pyogesaswed that bacteria grown in bio Ims
model of cutaneous woundS€hierle et al., 2009The inhibition  have downregulated virulence genes and tend to colonize the
of wound healing we describe here is by and large consistiéimt w nasal associated lymphoid tissue of mice, while culture-grow
reports by other laboratories generated usimgivo animal and  bacteria had signi cantly increased dissemination andeveore
in vitro human skin infection models. virulent in a septicemia modelMarks et al., 2014 Previous
Microcolonies have been identied within human studies reported that inactivation of some GAS genes rasulte
streptococcal impetigo lesionsAiyama et al., 2003and in increased skin pathology produced by the mutants compared
in tonsils from patients with recurrent GAS pharyngeal toliigsd ~ to their wild-type organisms, and these genes often encoded
(Roberts et al., 20)2and likely represent a super cial or surface proteins, including SpyCEBumby et al., 2008 Mrp
persistent state of GAS colonization. However, streptodoccéBoyle et al., 1998protein F1 (Nyberg et al., 2004and Spy0128,
infections can result in invasive disease due to bio Imdfgion  encoding a major pilus subunitJrotty Alexander et al., 20)0
and bacterial disseminationCpnnolly et al., 2011a)b We  Similarly, the covSmutant of group A streptococcal M1T1
observed large rounded microcolonies formed in tissue myri  strain with upregulated SpeB-protease activity was hypervitule
infection with M41 strain, while M3 GAS remained scatteredand had reduced capacity to bind human epithelial cells and
throughout the tissue as single cells and chains. Microcolonyronectin, and also to form bio Im due to increased cleavarfe
formation has been previously observed wghaureuinfection  surface proteinsHollands et al., 2070 Altogether, the concept
in organotypic skin modelfopov et al., 20)4Moreover, wound that expression of a surface adhesin, such as Scll, involved in
infection in rabbit ears witls. aureuproduced mature bio Ims  bio Im formation and host tissue attachment, is inversegfated
encased in exopolysaccharide, as revealed by concanavalirtdAstrain invasiveness has gained support from several studie
staining Gurjala et al., 2001 Similarly, we also demonstrated including this study.
that microcolonies in M41-infected tissue were encapsulated i We show the invasive M1- and M3-type GAS evolved
bacterial-associated glycocalyx. However, a lack of ghfge-  scll and scl2 alleles with opposite expression patterns, with
encapsulated microcolonies was associated with infectipn tscll downregulated andscl2 upregulated in M3 compared
M3-type GAS. to M1 GAS. We show M3-type GAS, devoid of surface-
These results support our hypothesis that bio Im-poor M3 expressed Scl1.3, lacked bio Im formation on ECM coatings an
strains are abolished in stable microcolony formatiorvivo,in  microcolony formation during infection ofin vitro wounded
part due to a lack of the ECM-binding Scl1 protein and an overalskin equivalent. Complementation with surface Scll.3Florest
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bio Im capacity of M3-type GAS on ECM coatings. Mouse with mass spectrometry. We thank James Dale for providing
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