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Abstract

Streptococcus pyogenes (group A Streptococcus) has re-
emerged in recent years as a cause of severe human disease.
Because extracellular products are involved in streptococcal
pathogenesis, we explored the possibility that a disease isolate
expresses an uncharacterized superantigen. We screened cul-
ture supernatants for superantigen activity with a major histo-
compatibility complex class II-dependent T cell proliferation
assay. Initial fractionation with red dye A chromatography in-
dicated production of a class II-dependent T cell mitogen by a
toxic shock-like syndrome ( TSLS) strain. The amino terminus
of the purified streptococcal superantigen was more homolo-
gous to the amino termini of staphylococcal enterotoxins B, C,,
and C; (SEB, SEC,, and SEG;), than to those of pyrogenic
exotoxins A, B, C or other streptococcal toxins. The molecule,
designated SSA, had the samé pattern of class II isotype usage
as SEB in T cell proliferation assays. However, it differed in its
pattern of human T cell activation, as measured by quantitative
polymerase chain reaction with V3-specific primers. SSA acti-
vated human T cells that express V81, 3, 15 with a minor in-
crease of V35.2-bearing cells, whereas SEB activated V33,12,
15, and 17-bearing T cells. Immunoblot analysis of 75 disease
isolates from several localities detected SSA production only in
group A streptococci, and found that SSA is apparently con-
fined to only three clonal lineages as defined by multilocus en-
zyme electrophoresis typing. Isolates of one of these lineages,
(electrophoretic type 2) are strongly associated with TSLS.
The data identify SSA as a novel streptococcal superantigen
that appears to be more related structurally to staphylococcal
enterotoxins than to streptococcal exotoxins. Because abun-
dant SSA production is apparently confined to only three strep-
tococcal clonal lineages, the data also suggest that the SSA
gene has only recently been acquired by S. pyogenes. (J. Clin.
Invest. 1993. 92: 710-719.) Key words: bacterial exotoxin ¢
staphylococcal enterotoxin « Streptococcus pyogenes » superan-
tigen ¢ T cell receptor V3 segment

Introduction

In recent years, the United States has experienced a resurgence
of severe, streptococcal infections, including toxic shock-like
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syndrome (TSLS)' and acute rheumatic fever (1-3). Although
the occurrence of several streptococcal virulence factors has
been examined, no streptococcal molecule has been implicated
as the sole cause of these diseases, a finding that presumably
reflects the involvement of multiple bacterial products.

Bacterial superantigens, characteristically produced by
Gram-positive cocci such as Staphylococcus aureus and Strep-
tococcus pyogenes, may play a central role in disease pathogene-
sis. Superantigens are mitogens that activate T cells in a specific
manner. These proteins bind to MHC class II molecules and
activate T cells bearing one or few types of variable segments in
their T cell receptor (TCR) B chain (4-8). By virtue of this
mechanism, 1-5% of peripheral T cells potentially respond to
individual toxins. It has been proposed that several streptococ-
cal and staphylococcal toxin-mediated diseases are caused, at
least in part, by release of T cell cytokines (9, 10).

S. pyogenes produces several extracellular virulence factors
that include pyrogenic exotoxins A, B, and C (SPE-A, B, and
C), and evidence exists that SPE-A and SPE-C are superanti-
gens (11-13). There is controversy about the assignment of
superantigen status to SPE-B, a protein that may be an allele of
streptococcal cysteine proteinase (SP) (14). A large percentage
of S. pyogenes strains from patients with severe invasive infec-
tions produce SPE-A (scarlet fever toxin) and it is probable
that SPE-A is involved in the pathogenesis of many TSLS cases
(3, 15). However, because the molecular mechanism of severe
streptococcal diseases is not fully understood, we examined
pathogenic strains for ability to express additional superanti-
gens.

In this article we describe isolation and characterization of a
novel streptococcal superantigen from two group A streptococ-
cal strains that caused TSLS. Interestingly, this new molecule
exhibits striking NH,-terminal sequence homology to staphylo-
coccal enterotoxin B, C,, and C, (SEB, SEC,, and SEC,) rather
than to characterized streptococcal products. Expression of this
molecule by one of the two streptococcal clones that cause the
majority of severe streptococcal disease in adult humans sug-
gests that this superantigen may be a virulence factor in strepto-
coccal diseases.

Methods

Bacterial strains. During the initial phase of this study, SSA was ob-
tained from group A streptococcal strain Weller (serotype M3). This
organism and strain Gall (serotype M1) were recovered from patients
with fatal TSLS and were provided by Dennis L. Stevens, Veterans
Affairs Hospital, Boise, ID. These strains also carry the designations
DLS88002 (Weller) and DLS89026 (Gall) and both produce SPE-A
(Dennis L. Stevens, personal communication). In the course of our
investigation, we identified a second strain, MGAS 158 (15), that pro-

1. Abbreviations used in this paper: RDA, red dye A; SE, staphylococcal
enterotoxin; SP, streptococcal cysteine proteinase; SPE, S. pyrogenes
exotoxin; TCR, T cell receptor; TSLS, toxic shock-like syndrome.



duced higher levels of SSA than strain Weller. The purification strategy
developed for Weller supernatants was applied to strain MGAS 158
with similar resulting purification of SSA. Additional organisms used
in this study included 58 strains of S. pyogenes recovered from patients
with contemporary episodes of invasive disease and TSLS (15), 11
strains of S. pyogenes cultured from children with pharyngitis (16), 8
strains of S. agalactiae from neonates with invasive disease (group B
Streptococcus) (17), 2 strains each of S. equi and S. zooepidemicus
from diseased horses (group C Streptococcus), and 3 strains of group G
Streptococcus from diseased humans (18).

Production of anti-SSA Ab. A peptide (NH,-CGGSSQPDPTPE-
QLNKSSQFTG-COOH) was synthesized that corresponded to the
NH,-terminal 19 amino acids of SSA. The peptide included a diglycine
spacer and amino-terminal cysteine to facilitate coupling. A peptide-
carrier conjugate was prepared with the Imject Activated Supercarrier
System (No. 77156, Pierce Chemical Co., Rockford, IL). Aliquots
(100 ug) of the peptide-carrier conjugate were emulsified in complete
Freund’s adjuvant and injected into rabbits. The animals were boosted
and bled at alternating 2-wk intervals (Bethyl Laboratories, Montgo-
mery, TX). After 4 wk, the serum contained anti-SSA peptide activity
as assayed by ELISA. To recover anti-peptide IgG, rabbit immune
serum was diluted 1:1 in PBS and passed through a peptide-conjugated
Sepharose 4B column (HR 10/ 10 column, 5-ml bed volume, Pharma-
cia, Inc., Piscataway, NJ). The column was washed to background
absorbance (A4,4), eluted with 0.1 M glycine, pH 2.4, and the eluate
immediately neutralized with 1 M Tris base, pH 9.5. The anti-peptide
antibodies (Abs) were diluted 1:1 in Immunopure (G) binding buffer
(Pierce Chemical Co.) and passed through a 1.6-ml protein G column.
The IgG was eluted with Immunopure elution buffer (Pierce Chemical
Co.) and neutralized immediately.

Purification of SSA. 16 liters of chemically defined media/2%
Todd-Hewitt broth were inoculated with 150 ml of an overnight cul-
ture of strain MGAS 158. Chemically defined media broth consisted of
27.1 g/liter chemically defined media (JRH Biosciences, Lenexa, KS)
supplemented with 2.5 g/liter sodium bicarbonate and 0.5 g/liter L-
cysteine. Components were mixed in water at room temperature, sup-
plemented with Todd-Hewitt broth, and filtered (0.45 um). Stationary
cultures were incubated at 37°C in a humidified environment supple-
mented with 5% CO, for 24 h and harvested by centrifugation. The
supernatant was filtered (0.45 um) and sodium azide (0.05% wt/vol)
was added. Supernatants were concentrated to ~ 50 ml at 4°C on
YMI0 (10-kD cutoff) membranes (Amicon Corp., Danvers, MA).
The material was dialyzed against a total of 12 liters of 20 mM sodium
phosphate buffer, pH 6.8, for ~ 24 h. The dialyzate was again filtered
(0.45 pm) and supplemented with sodium azide.

A red dye A (RDA) (Amicon Corp.) column (1.5 X 20 cm, 30-ml
bed volume) was prepared by stripping the matrix with three column
volumes of 8 M urea in 0.5 M NaOH, and the column was equilibrated
with 20 mM sodium phosphate buffer, pH 6.8. The concentrated su-
pernatant was passed through this column twice at a flow rate of 18
ml/h at room temperature and the column was washed to background
absorbance (280 nm) with 20 mM sodium phosphate buffer. The col-
umn was eluted with two column volumes each of a step gradient of 60,
150, 300, and 500 mM sodium phosphate, pH 6.8, and the elution
profile was monitored with an 4,5 UV detector. Fractions (12 ml)
were collected and assayed for class II-dependent T cell mitogenic activ-
ity (7). Active fractions were pooled and concentrated to 3 ml using a
Centriprep and Centricon 10 concentrators (Amicon Corp.). The mate-
rial was buffer exchanged into PBS using a DG-10 column (Bio-Rad
Laboratories, Richmond, CA ) and passed twice over an anti-SSA IgG
conjugated Sepharose column (3-ml bed volume). The anti-SSA IgG
was conjugated at a concentration of 4 mg IgG/ml Sepharose using a
directional coupling system (Affinica, Schleicher & Schuell, Inc.,
Keene, NH). The column was washed to background absorbance
(Ajg) using PBS and eluted with 0.1 M sodium acetate and 0.5 M
sodium chloride, pH 4.0, and immediately neutralized.

Determination of amino-terminal sequence. The product of the
eluate from the anti-SSA Ab column (~ 10 ug), or a sequential chro-

matography protocol (~ 30 ug) was dissolved in SDS buffer (62.5 mM
Tris, 10% [vol/vol] glycerol, 3% [wt/vol] SDS, 5% [vol/vol] 2-mer-
captoethanol), boiled for 5 min, and loaded onto a 12.5% SDS-PAGE
gel (12 cm X 16 cm X 1.5 mm) that had been aged 24 h. The upper
buffer was supplemented with 0.1 mM thioglycolate and the samples
were electrophoresed at 35 mA for 5.5 h. The gel was blotted to Pro-
blott (Applied Biosystems, Inc., Foster City, CA) at 90 V for 30 min at
4°C in 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid, 10%
methanol, pH 11, and stained with Coomassie Blue according to the
manufacturer’s instructions. An Applied Biosystems 473A protein se-
quencer was used to determine the NH, terminus of the excised bands.

Determination of VB segment usage with quantitative PCR. Puri-
fied T cells from two donors were stimulated with SSA (2 ug/ml), SEB
(1 ug/ml), or PHA (1 ug/ml) for three days. Mitomycin-treated DR 1-
transfected L cells were used as a source of class II molecules. Viable
cells were isolated on an Isolymph gradient (Gallard-Schlesinger In-
dustries, Carle Place, NY) and recultured for 24 h with 25 U/ml rIL-2
(Amgen Biologicals, Thousand Oaks, CA ). The cells were washed once
with HBSS and pelleted. The cells were stored at —70°C until RNA was
extracted. Total cellular RNA was prepared (19) and PCR was per-
formed as described previously (20). Specific VB oligonucleotide
primers were kindly provided by Dr. Michael Brenner (Harvard Uni-
versity, Cambridge, MA ) and had the same coding sequences as previ-
ously described (20) but included an added Sall cleavage site at the 5’
end. The 3’ primers were labeled using polynucleotide kinase (New
England Biolabs, Beverly, MA ) and [y-32P]ATP. First strand template
was combined with the Ca and CB primers, Taq polymerase, nucleo-
tides and buffer, and aliquots were transferred to each of 22 tubes
containing the V3-specific oligonucleotide primers. Amplification was
carried out for 25 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min. 10 ul of the reaction mixture were electrophoresed in a 2%
agarose gel, and the gels were dried and autoradiographed. The autora-
diograms were analyzed with a densitometer (model EC 910, E-C Appa-
ratus Corp., St. Petersburg, FL) and the areas under the curves were
derived with the GS370 Electrophoresis Data system program (Hoefer
Scientific Instruments, San Francisco, CA). The data are presented as
the ratio of the area of the V3 product to the area of the Ca product.

Determination of class II isotype usage. Twofold dilutions of par-
tially purified SSA were incubated with highly purified T cells (6 X 10*
per well) and L cells (3 X 10* per well) transfected with the genes
encoding DR4 (L165.1), DQ7a/38 (L54), DP4 (L25.1), I-E4(RT
10.3B-C1), I-A4(RT 2.3.3H-D6), or the neomycin resistance gene
only (L66), as previously described (7). Cultures were incubated in
flat-bottom 96-well plates for 90 h and labeled with 1 uCi of [*H]-
thymidine for the final 18 h.

Immunoblot detection of SSA. Streptococcal organisms were grown
for 24 h in chemically defined media/2% Todd-Hewitt broth, and su-
pernatants harvested by centrifugation and filtration (0.45 gm). Super-
natant samples (3 ml) were precipitated by addition of 4 vol of ethanol
and centrifuged at 16,000 g. The precipitate was solubilized in 300 ul of
SDS buffer plus 2-mercaptoethanol, boiled for 5 min and centrifuged at
14,000 g for 10 min to remove precipitate. Samples (50 ul) were elec-
trophoresed through a 10% SDS-PAGE gel (120 X 160 X 1.5 mm).
Gels were blotted to Hybond C (Amersham Corp., Arlington Heights,
IL) at 30 V for 10 h and 50 V for the final 2 h in Towbin transfer buffer
(21). The blots were dried, blocked for 2 h in PBS/2% BSA at 25°C
and washed extensively. Duplicate blots were probed overnight at 4°C
with anti-SSA-Ig conjugated directly to horseradish peroxidase in the
presence of 100 ug/ml of either the immunizing peptide, SSA (1-19),
or a control peptide from ragweed allergen, Ra3 (54-67) peptide, (22).
The blots were developed with the ECL chemiluminescence detection
system (Amersham Corp.).

Results

Purification of SSA from S. pyogenes strain Weller. Because
RDA has been used to purify several staphylococcal enterotox-
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ins (23, 24), we thought this material might be useful in identi-
fying novel S. pyogenes superantigens. Concentrated culture
supernatants from strain Weller were chromatographed on a
RDA column, the column was eluted with a phosphate step
gradient, and fractions were tested for the presence of a class
II-dependent T cell mitogen (7). We identified such an activ-
ity eluting between 60 and 150 mM PO,, corresponding ap-
proximately to fraction numbers 8-55 (Fig. 1). This activity
eluted in a broad peak and did not correspond to a detectable
protein peak. Examination of an aliquot of the pooled activity
by SDS-PAGE gel revealed many proteins, some in the 30-kD
range (data not shown). We then fractionated the pooled ac-
tive fractions from the RDA column by gel filtration (G-75)
and anion exchange chromatography and selected active frac-
tions from each column. The product from the final chromatog-
raphy step consisted predominantly of three proteins (Fig. 2
A). The proteins were blotted to a solid support and analyzed
by NH,-terminal sequencing. The higher M, protein was iden-
tified as SP and/or SPE-B (14). These two proteins are closely
similar and cannot be distinguished based on the 29 amino
acids sequenced. The lower M, protein, ~ 27 kD in size,
yielded a 59-amino acid NH, terminus that was not notably
homologous to any previously characterized protein. The mid-
dle band (28 kD) displayed an NH, terminus strikingly similar
to the NH, termini of SEB, SEC,, and SEC; and dissimilar to
M protein (Fig. 3). The 28-kD molecule with the SEB-like
NH, terminus was designated SSA.

Purification of SSA by Ab affinity chromatography. To de-
termine whether or not SSA was responsible for the superanti-
gen activity, we focused our efforts on its purification. An anti-
peptide antiserum was raised against the first 19 amino acids of
SSA. To determine the ability of the anti-SSA Abs to bind
native SSA, a concentrated streptococcal supernatant from 16
liters was chromatographed on RDA in an effort to enrich for
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SSA. The RDA eluate was passed over the anti-SSA Ab col-
umn and the column eluted. Examination of the eluate by
SDS-PAGE gel, and silver stain identified one prominent band
at 28 kD, and two minor bands, one at ~ 25 kD and one at
~ 12 kD (Fig. 2 B, lane 1). NH,-terminal sequencing of the
28-kD product identified the SSA NH, amino terminus shown
in Fig. 3. To determine whether the lower M, species were
contaminants or SSA degradation products, we subjected an
identical sample to immunoblot analysis. Anti-SSA antibodies
detected all three species shown in the silver stain gel, indicat-
ing that these lower molecular weight bands were breakdown
products of the 28-kD protein. Because the antibodies were
directed against the NH, terminus, these products likely repre-
sent SSA molecules missing COOH terminal sections.

To test whether SSA had superantigen activity, we exam-
ined the ability of SSA to stimulate T cell proliferation in a class
II-dependent fashion. Purified SSA (identical to that shown in
Fig. 2 B) displayed potent mitogenic activity that was entirely
dependent on the presence of MHC class II molecules (Fig. 4).
These data demonstrate that class II-dependent T cell prolifera-
tive activity can be assigned to the SSA molecule and is not due
to some contaminating protein such as SPE-A, SPE-B, or M
protein.

SSA and SEB have similar MHC class II isotype specific-
ity. Some superantigens exhibit variable patterns with respect
to the MHC class II isotypes to which they bind (25, 26). The
ability of a superantigen to bind a given class II isotype can be
measured directly in a binding assay, or indirectly by examin-
ing its ability to activate T cells in the context of that class II
isotype molecule. The class II isotype specificity of SSA was
tested with human T cells and mouse L cells that had been
transfected with genes encoding HLA-DR4, DQ7a/38 or DP4,
or H-2 1A% or IE¢. The results demonstrated that SSA activated
T cells in the context of HLA-DR, DQ, and H-2 I-E, but not

- 60 Figure 1. 1dentification of a
streptococcal class II-depen-
dent T cell mitogen eluting

L 50 from a RDA column. Super-
natant ( 16 liters) from strain
Weller was prepared and
chromatographed on a RDA
column. Fractions (12 ml)
were collected and 1 ml of

Relative Azgg
8
1

every other fraction was dia-
lyzed against 50 mM ammo-
nium bicarbonate, lyophi-
lized, and dissolved in 400 gl
of assay media. Assay media
consisted of RPMI-1640,
10% human AB* serum, 2
mM L-glutamine, 1% antibi-
otic-antimycotic mixture,
100 ug/ml gentamicin and 5
mM Hepes. All components,

Class Il Dependent Mitogenic Activity

Fraction Number

except for serum were from
Gibco Laboratories (Grand
Island, NY'). Samples were
incubated, in duplicate, along

with 6 X 10* purified T cells and 3 X 10* mitomycin treated L cells that had been transfected with HLA-DR1 or left untransfected. T cell pro-
liferation was determined at 3 days by an 18 h pulse with [*H]thymidine (1 uCi per well). To derive the class II-dependent mitogen index, the
mean of duplicate cultures with untransfected L cells was subtracted from the mean of duplicate cultures containing DR 1-transfected L cells.
Only background proliferation was observed in all cultures containing untransfected L cells indicating that all of the T cell mitogenic activity
observed was class I-dependent. The units for this scale are given in [PH]TdR (cpm X 107%).

712 Mollick et al.



1 2
90 kD —
92 kD — 60 kD —
45 kD —
67 kD —
45 kD —
30 kD — .
Streptococcal D
Protelnase / SPE-B
30kD— o < oo
i 20 kD —
¥ 27 kD
Streptococcal
Protein
14 kD —
. o

20kD—

Figure 2. Analysis of SSA purification products by SDS-PAGE and
immunoblot analysis. Two protocols were used to purify SSA: (a)
RDA, gel filtration (G-75) and anion exchange chromatography. (b)
RDA and Ab affinity chromatography. (4) Purification products
from sequential chromatography protocol were electrophoresed,
transfered to Problott and stained with Commassie Blue. The three
major band were analyzed by NH,-terminal sequencing and their
identity indicated by arrows. The 27-kD protein had the sequence
QTQVSNDVVLNDGASKYLNEALAWTFNDSPNYYKTLGTS-
QITPALFPK AGDILY ()KLDE, with parenthesis indicating that this
amino acid identification could not be made. Use of this sequence
to probe GenPept, PIR, and SwissProt data bases for homology failed
to find any identical or significantly homologous proteins. ( B) Prod-
ucts of anti-SSA Ab affinity purification analyzed by 12.5% SDS
PAGE. Lane I, silver strain. The protein at 28 kD was identified as
SSA, by NH,-terminal sequencing. Lane 2, identical sample in lane

1 transfered to nitrocellulose, probed with anti-SSA IgG and devel-
oped with chemiluminescence. Specificity of the bands in the immu-
noblot were demonstrated by blocking with SSA (1-19) peptide (data
not shown).

HLA-DP or H-2 I-A (HLA tranfectants, Fig. 5 A and H-2
transfectants, Fig. 5 B), a usage pattern similar to that exhib-
ited by SEB (25, 27). From these data we conclude that like
SEB, SSA has a “restricted” ability to utilize MHC class II
isotypes.

SSA has a unique pattern of human VB-specific T cell acti-
vation. In addition to class II binding specificity, bacterial su-
perantigens exhibit unique patterns of Vg-specific T cell activa-
tion. To identify the human Vg segments responsive to SSA,
VB specific primers and PCR were used to analyze TCR ex-
pression in responding T cells. Purified T cells from two donors
were stimulated with SSA, SEB, and PHA. RNA was isolated
from the cells and subjected to reverse transcriptase / PCR anal-
ysis for TCR B chains. Stimulation with PHA resulted in ex-
pansion of T cells bearing receptors derived from multiple V
gene families (data not shown). Although some receptor fami-
lies were more abundantly represented than others, no Vg fam-
ily was predominant in PHA-stimulated cultures. In contrast,

SSA: 1SSQPDPTPE13LNKSSQF
SEB: E - - - - - K-DE-H---K -
SEC{f E - - - - - - - DE-H-A-K -
SPE-A: QQD---SQLHRSSLVKN

SSA and SEB preferentially stimulated T cells expressing re-
ceptors derived from specific V8 gene families. SEB showed
predominant stimulation of VB83- and lesser expansion of
VB17-, 12-, and 15-bearing T cells, a result confirming previous
data (20) (Fig. 6). The pattern of stimulation differed for SSA
and showed striking expansion of VB1-, 3-, and 15-bearing T
cells and minimal stimulation of cells expressing V35.2.
Hence, the V8 specificities of SSA and SEB are virtually dis-
tinct, and importantly, the V8 specificity of SSA is unique
compared to related enterotoxins and the pyrogenic exotoxins
(Table I). In addition, SSA is the only bacterial superantigen
known to activate human V31.

SPE-A and SSA are antigenically distinct molecules. Four
alleles of SPE-A have been described to date (28). Because
recent work from our laboratory showed that the sites on SEA
and SEE that mediate class II- and TCR binding activities local-
ize to discrete domains in the NH,- and COOH-terminal re-
gions, respectively, it is a formal possibility that SSA is an alle-
lic variant of SPE-A that has acquired new class II binding and
VB-specificities through mutations of relatively few amino
acids. Thus, past amino acid 24, SSA may begin to show more
homology to SPE-A. We therefore probed SSA and SPE-A with
antisera against the two proteins to look for antigenic related-
ness. Anti-SPE-A antisera strongly detected SPE-A, but
showed very little cross reactivity with SSA (Fig. 7). If SSA
resembles SEB throughout the molecules, as its NH, terminus
suggests, then a small amount of cross-reactivity between anti—
SPE-A and SSA might be expected base on previous studies
(29). A duplicate blot was also probed with anti-SSA and
showed that anti~SSA does not detect SPE-A. This blot is not
as informative as the reciprocal experiment because the anti—
SSA Abs used were raised against the amino-terminal 19
amino acids of SSA and thus can only give information about
the immunological relatedness of the extreme NH, termini of
these two proteins. The strongest evidence that SSA and SPE-A
are not allelic variants is the fact that SSA is produced by many
strains that lack the speA gene (Table II).

Restriction of SSA production to S. pyogenes. To determine
whether production of SSA is restricted to group A strepto-
cocci, eight strains of Lancefield group B, five strains of group
C and three strains of group G streptococci were screened by
immunoblot assay. We failed to identify evidence of SSA pro-
duction by the non-group A streptococcal strains tested (data
not shown), suggesting that expression is restricted to S. pyo-
genes.

Expression of SSA by pathogenic streptococci. If SSA con-
tributes to the ability of group A Streptococcus to cause TSLS
and other streptococcal diseases, then the presence of SSA or
high levels of its production may be associated with strains that
cause these diseases. To test this hypothesis, we screened cul-

20 24  Figure 3. SSA amino acid comparison with
GVMGNTL SEBSEC,and SPE-A. Amino acids in the
compared sequences identical to SSA are
- L - E - M shown as dashes, differences are indicated.
The SEB, SEC,, and SPE-A sequences are
- L -E - M (erived from the cloned gene sequences (see
ONIYF - references 46-48) and represents the amino

terminus of the mature (processed ) mole-
cule. Comparison to SEC, is shown, however,

significant homology to the SEC,; NH, terminus also exists. The NH, terminus shown for SSA has been sequenced from both strains Weller

and MGAS 158 and found to be identical.
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Figure 4. SSA is a potent class II-dependent T cell mitogen. SSA was
prepared by Ab affinity chromatography and was identical to the
material shown in Fig. 2 B. SSA and SEA were incubated with 8

X 10* purified T cells and 4 X 10* mitomicin-treated DR 1-transfected
L cells and proliferation was measured on day 3 by an 18-h pulse
with [*H]thymidine (1 xCi per well). Error bars indicate the SEM of
duplicate cultures.

ture supernatants from 12 strains of S. pyogenes for reactivity
with rabbit anti-SSA Ab by immunoblot. Three of 12 strains
cultured from patients with recent episodes of severe invasive
disease or TSLS were positive (Fig. 8). Ab specificity was dem-
onstrated by the ability of the immunizing peptide, SSA (1-
19), but not a control peptide, to block the presence of these
bands at 28 kD. Interestingly, there was some variation in the
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apparent level of SSA production by these strains. For exam-
ple, strains 157, 158, and 159 produced more SSA than the
strain (Weller) from which we initially isolated SSA. These
data demonstrated that SSA was produced by some, but not all
streptococcal strains that cause TSLS.

To explore more fully the distribution of SSA production
among pathogenic streptococci, eleven strains of group A
Streptococcus causing recurrent pharyngitis were screened by
immunoblot. 3 of 12 strains produced SSA (Fig. 9). Again,
antibody specificity was demonstrated by the ability of the spe-
cific immunizing peptide (SSA 1-19) to inhibit detection of
these bands.

Expression of SSA is restricted to three streptococcal clonal
lineages. Recent evidence has shown that one or a few clonal
lineages of streptococci or staphylococci are responsible for the
majority of the toxic shock diseases caused by these organisms
(15, 30). Therefore, we screened 46 additional isolates from
disease episodes and organized them according to clonal lin-
eage. Table II shows that SSA was produced by 100% of the
organisms screened in only three clonal lineages: ET2, ET14,
and ET24. ET2 and ET 14 lineages correspond to protein sero-
types M3 and M4, respectively.

Discussion

Bacterial superantigens are thought to be causally involved in
the pathogenesis of several acute and chronic human diseases
(31). Elucidation of the molecular details of superantigen-me-
diated T cell activation has made it possible to study specific
hypotheses about the consequences of exposure to these pro-
teins. TSLS is thought to be caused, in part, by SPE-A (3, 15).
However, the better-characterized example of a superantigen-
mediated disease is staphylococcal TSS, induced by TSST-1
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Figure 5. MHC class II isotype usage of SSA resembles that of SEB. Partially purified SSA was incubated with highly purified human T cells and
mitomycin-treated mouse L cells transfected with the indicated HLA or H-2 class II isotypes, as described (7). The abscissa reflects total protein
content of the partially purified SSA sample and thus underestimates the true specific activity of SSA in this assay. Proliferation was measured
on day 3 by an 18-h pulse with [*H]thymidine (1 uCi per well). Error bars indicate the SEM of triplicate cultures.
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Figure 6. Analysis of SSA-ac-
tivated T cell blasts by quan-
titative PCR measurement of
VB mRNA. SSA or SEB was
incubated with purified T
cells (1 X 10%/ml) and mito-
mycin-treated DR 1-trans-

1 SEB 1 W SSA |  fected L cells (2.5 X 10¢/ml)
Donor 2 Donor 2 for 3 d at 37°C in a total of
2 0 Donor1 2 O Donor1 10 ml of assay media. Viable
cells were isolated on an iso-
3 W2277%%: 722 3 lymph gradient and the cells
cultured overnight in assay
v|3 52 Vg 52 media and 25 U/ml recom-
binant IL-2. Cells were har-
12 12 vested and the pellets stored
at —70°C. Total cellular
15 15 RNA was isolated, reverse
transcribed into cDNA and
17 quantitative PCR carried out
17 as described by Choi et al.
0.0 02 04 0.6 0.8 0.0 02 04 06 0.8 (20). All VBs screened and

VgiC,

(32-34). Although toxins play a critical role in the evolution of
these diseases, the clone of the organism carrying the toxin (30)
as well as a number of host factors such as the presence of
circulating anti-toxin Abs are also important.

Two of the major goals of this study were to definitively
assign the superantigen activity we found to the molecule and
to differentiate SSA, structurally and functionally, from previ-
ously characterized staphylococcal or streptococcal superanti-
gens. Controversy exists regarding the assignment of superanti-
gen activity to several staphylococcal and streptococcal mole-
cules, including SPE-B (35), due to possible contaminants in
the preparations (36, 37). Assignment of V8 specificities to
certain superantigens has apparently also suffered from use of
contaminated samples (5). Therefore, we felt it important to
purify SSA to apparent homogeneity. Sequential chromatogra-
phy on RDA and Ab affinity columns was used to prepare
purified SSA. The final material migrated as a 28-kD band on
silver stained SDS-PAGE gel with two minor breakdown prod-
ucts and exhibited class II-dependent T cell mitogenic activity
at concentrations < 50 ng/ml, consistent with the characteris-
tics and potency of superantigens.

We differentiated SSA from streptococcal exotoxins, partic-
ularly SPE-A and M protein, by four independent techniques.
The protein sequence data demonstrated that SSA possessed a

Table I. Comparison of VB Specificities of Selected Staphylococcal
and Streptococcal Superantigens

VpB-bearing Methodology used
Superantigen T cells activated for determination Reference
SSA 1, 3, 15* Quantitative PCR This work
SPE-A 8,12, 14 Quantitative PCR 12
SPE-B 2,8 Quantitative PCR - 12
SEB 3,12, 15,17 Quantitative PCR 20
SEC, 5,12 VB Specific Antibodies 45

* SSA also activated low levels of V85.2 in two donors.

not illustrated showed no

Vg/C, elevation over background.

novel NH, terminus that was closely similar to, but distinct
from, SEB and SEC, ; and was quite divergent from the NH,
termini of SPE-A, -B, and -C. SSA exhibited no homology to
the NH; terminus of streptococcal M protein. Second, SSA had
a pattern of class II isotype usage that was similar to SEB, but
different from those for SPE-A (11, 12). Third, SSA and SEB
activated distinct VB-specific subsets of T cells, a result effec-
tively ruling out the possibility that SSA was a minor variant of
SEB or SEC, ;. Studies have mapped the class II binding activ-
ity of SEA and SEB to the NH,-terminal region (38, 39). In
contrast, recent work from our laboratory showed exchange-
mutations between SEA and SEE involving as few as three
amino acids in the extreme carboxy terminal region can
transfer most VB specificity between these two superantigens
(40). It is possible that the gene encoding SSA is a chimera, the
result of a recombination event between the 5’ region of the
SEB gene and the 3’ region of a second superantigen gene, thus
imparting a new pattern of Vg-specific T cell activation on

Figure 7. SSA and SPE-A
are antigenically distinct
molecules. SSA and SPE-A
(~ 0.5 ug per lane) were
electrophoresed on a 10%
SDS-PAGE gel, blotted to
nitrocellulose, blocked, and
probed with either anti-
SPE-A antisera ( 1:4,000 di-
lution) or anti-SSA Ig (1
ug/ml) overnight. The
blots were washed and fur-
ther probed with biotiny-
lated goat anti-rabbit Ig
followed by streptavidin-
horse radish peroxidase and
developed using the ECL
chemiluminescence system
(Amersham Corp.).

Anti-SPE-A
SPE-A SSA

Anti-SSA
SPE-A SSA

30 kD —>

Novel Superantigen from Streptococcus pyogenes 715



Table II. Summary of SSA Production by Group A Streptococcal Strains

MGAS Exotoxin SPE-A Protein Electrophoretic SSA
strain production probe Disease serotype type production
22 None nt* pharyngitis M1 1 -
36 A nt pharyngitis M1 1 -
39 None nt pharyngitis M1 1 -
64 None nt pharyngitis Ml 1 -
166 A + TSLS? Mi 1 +/-8
256 B,C + SID 1 -
267 B - SID Ml 1 —
279 B - SID Ml 1 -
287 A,B,C + SID Ml 1 -
290 A, B + SID Ml 1 -
294! A + TSLS Ml 1 -
297 A,B,C + TSLS Ml 1 -
301 A,B + TSLS Mi 1 -
307 A, B + TSLS Ml 1 -
309 A, B + TSLS Ml 1 -
312 A,B + TSLS M1 1 -
313 A, B + TSLS Mi 1 +/-
314 A,B + Invasive M1 1 -
326 C - TSLS Mi 1 -
337 A,B + Invasive Ml 1 -
340 A + TSLS M1l 1 -
Weller' A nt TSLS M3 2 +4**
58 None nt pharyngitis M3 2 ++
157 A + TSLS M3 2 +++
158 A + TSLS M3 2 +++
159 A + TSLS M3 2 +++
160 A + TSLS M3 2 ++
161 A + TSLS M3 2 ++
268 A + TSLS M3 2 +++
271 A + TSLS 2 +++
272 A, B + TSLS M3 2 +++
274 A,B,C + SID M3 2 +++
292 A + SID M3 2 +
315 A,B + TSLS M3 2 +++
322 A + TSLS M3 2 +++
335 A + Invasive M3 2 +
270 B,C - SID nt 3 -
261 C - SID nt 4 -
163 A + TSLS nt 5 -
295 B - Invasive T9/14 5 -
37 None nt pharyngitis M4 14 ++
62 None nt pharyngitis M4 14 ++
281 nrit - SID T4 14 +++
299 B,C - Invasive M4 14 +++
318 nr - Invasive T4 14 +++
320 B - Invasive M4 14 +++
321 B,C - TSLS M4 14 +++
167 A,B,C + TSLS M66 16 -
156 A,C + TSLS Mi8 20 -
278 B - SID Mi2 21 -
275 B - SID T12 24 ++
260 C - SID nt 27 -
12 C nt pharyngitis M3 not ET2 -
16 C nt pharyngitis nt nt +/—
30 None nt pharyngitis nt nt -
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Table I1. (Continued)

MGAS Exotoxin SPE-A Protein Electrophoretic SSA
strain production probe Disease serotype type production
51 None nt pharyngitis nt nt -
276 B,C nt SID T28 2 variant -
289 B,C nt SID T28 2 variant -

* nt, not tested.

* TSLS, toxic shock-like syndrome. SID, severe invasive disease. Discase categories are defined as in reference 15. For other isolates studied, in-
sufficient clinical information was available to permit assignment to either disease category TSLS or SID, and therefore are labeled only as invasive.
# Designates faint bands estimated to be 20-50 times less intense than the reference strain, Weller, and of slightly lower M,. The bands were

blockable by the addition of specific peptide, SSA (1-19).

'MGAS 294 and strain Gall are identical. Strain Gall is also designated by strain number DLS89026.

¥ Strain Weller also carries the designation DLS88002.

** Designates relative intensity of bands, as judged by visual inspection, compared to strain Weller: ++, same intensity as strain Weller; +++,

more intense than strain Weller; and +, less intense than strain Weller.

# nr, nonresponsive with antisera directed against SPE-A, -B, and -C.

SEB. A precedent for recombination involving toxin genes ex-
ists (41).

One intriguing feature of SSA is the fact that it apparently is
more similar to certain staphylococcal exotoxins than to any
streptococcal pyrogenic exotoxin. The use of RDA chromatog-
raphy in our purification protocol may have provided an essen-
tial advantage in separating SSA from SPE-A and SPE-C. RDA
has been shown to be an effective means of purifying virtually
all staphylococcal enterotoxins (23, 24). Given the striking
resemblance of the NH, terminus of SSA to SEB and SEC, ,, it
is not surprising that SSA was also amenable to RDA purifica-
tion. We never identified more than one peak of class II-de-
pendent mitogenic activity in any of the chromatography steps
subsequent to RDA, nor have any of the proteins sequenced

MGAS

=)

[

D TONOOINON TN

gwmmmmcococooo

- - rrrrr-Oom
30 kD —>
[

1]

30kD —>> == - e o

revealed contamination with SPE-A or SPE-C. In addition,
analysis of relatively crude post-RDA fractions for V8-specific
T cell activation revealed no expansion of T cells bearing V3
gene segments reported to be responsive to SPE-A or SPE-C
(11, 12). Therefore, we tentatively conclude that SPE-A and
SPE-C do not bind RDA, although we have not tested this
directly.

SSA was detected in all ET2 and ET 14 streptococci, which
express serotype M3 and M4, respectively. We also identified
SSA production in a single ET24 isolate. Because we have
tested only one ET24 organism, we cannot determine whether
or not () this one strain is an exception or (b) ET24 represents
a third clonal lineage that uniformly expresses SSA. The restric-
tion of SSA production in our survey to only two or three

309
313
340

+ SSA (1-19)
Peptide

Figure 8. SSA production in
diverse group A streptococcal
clones that cause TSLS..See
Table II for details concern-
ing serotype and electropho-
retic type of the clones.
Streptococcal culture super-
natants were concentrated
10-fold, separated by SDS-
PAGE, blotted to nitrocellu-
lose, and probed overnight
with anti-SSA IgG conju-
gated to horseradish peroxi-
dase and developed with che-
miluminescence.

+ Ra3 (54-67)
Peptide
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S. pyogenes clonal lineages has several molecular evolutionary
implications. First, such striking restriction to two clonal lin-
eages suggests that SSA may be evolutionarily new, compared
to SPE-B, SPE-C, and even SPE-A, whose expression are much
more widely distributed among different clones (15). Second,
the occurrence of SSA in two divergent streptococcal clonal
lineages suggests that SSA, like the pyrogenic exotoxins, is en-
coded by a phage and is capable of horizontal transfer between
different clones (28, 42). Without a Southern blot to probe the
presence or absence of the structural gene for SSA, we can-
not determine if the clones that lack SSA expression do so
because they lack the SSA gene or they have the gene but do not
express it. _

It is important to understand why isolates of two clones
account for most episodes of invasive streptococcal infections
(15). One hypothesis is that additive expression of superanti-
gens imparts a graded pathogenic phenotypes to these organ-
isms (43). The fact that SSA and SPE-A stimulate nonoverlap-
ping T cell subsets might make this combination especially
virulent. This possibility is made more interesting in light of the
fact that many of the ET2 clones, one of the two clonal lineages
that causes the majority of TSLS cases, produces both SPE-A
and SSA. In this regard, it is noteworthy that Chang et al. (44)
recently discovered that the clone of S. aureus causing virtually
all episodes of TSS with a urogenital focus produces entero-
toxin A (SEA) as well as TSST-1. In light of this hypothesis, it is
appropriate to ask why SSA is not produced by the other clonal
lineage recovered with relatively high frequency from TSLS
patients, ET1 or M1. Although this question is not yet resolved,
we have recently shown that two ET 1 strains, Gall (MGAS 294
or DLS 89026) and MGAS 166 both produce a superantigen
that adheres to RDA and elutes from an anion exchange col-
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isolated from patients with

recurrent pharyngitis. See
Fig. 8 legend for experimen-
tal details.

umn at approximately the same position as SSA (J. Mollick, J.
Lamphear, and R. Rich, unpublished observation). This su-
perantigen is likely not SPE-A because the failure of SPE-A to
adhere to RDA, and is not SSA, based on our immunoblot data
demonstrating that SSA is not produced by ET! organisms.
Identification of a novel, ET 1-specific exotoxin would support
the hypothesis that additive production of superantigens by S.
pyogenes favors their ability to cause more severe disease in
humans.
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