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Mechanism Behind Streptococcus Toxic Shock-like Syndrome Onset
—Immune Evasion and Bacterial Properties—

Tadayoshi IKEBE", Manabu ATO?, Kazuo KOBAYASHI? & Haruo WATANABE"
UDepartment of Bacteriology and »Department of Immunology, National Institute of Infectious Diseases

Streptococcal toxic shock-like syndrome (STSS) was firstly reported in 1987 in the United States. Ja-
pan’s first definitive STSS case was reported in 1992, with over 500 cases since confirmed. Mortality is ex-
tremely high at 40%. Pathological findings, bacteria aggregation, and a paucity of polymorphonuclear neu-
trophils (PMN) in the foci of invasive group A streptococcal (GAS) infection suggest that host defense distur-
bance plays an important role in invasive infection onset. GAS, clinically isolated from severely invasive, but
not from non-invasive, infections, could compromise human PMN functions in at least two independent
ways-by inducing necrosis to PMN by enhanced production of pore-forming toxin streptolysin O (SLO) and
by PMN migration impairment via digesting interleukin-8, a PMN attracting chemokine, through increased
serine protease ScpC production. Expression of these genes was upregulated by a loss of repressive function
with the ¢srS gene mutation of the two-component sensor/regulator system.
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We developed a human CD46-expressing transgenic (Tg) mouse model of subcutaneous (s.c.) infection into

both hind footpads with clinically isolated 11 group A

severity levels of foot lesions at 72 h and the mortality rates by 336 h were compared after s.c. infection with

1 x 107 CFU of each GAS strain, the GAS472 strain,
streptococcal toxic shock syndrome (STSS), induced the highest severity levels and mortality rates. GAS472 led
to a 100% mortality rate in CD46 Tg mice after only 168 h postinfection through the supervention of severe
necrotizing fasciitis (NF) of the feet. In contrast, GAS472 led to a 10% mortality rate in non-Tg mice through
the supervention of partial necrotizing cutaneous lesions of the feet. The footpad skin sections of CD46 Tg mice
showed hemorrhaging and necrotic striated muscle layers in the dermis, along with the exfoliation of epidermis

with intracellular edema until 48 h after s.c. infection with
reaching a 90-fold or 7-fold increase in the livers of CD46 Tg

streptococcus (GAS) serotype M1 strains. When the

isolated from the blood of a patient suffering from

GAS472. Thereafter, the bacteria proliferated,
mice or non-Tg mice, respectively, for 24 h

between 48 and 72 h after s.c. infection with GAS472. As a result, the infected CD46 Tg mice appeared to suffer
severe liver injuries. These findings suggest that hiuman CD46 enhanced the progression of NF in the feet and
the exponential growth of bacteria in deep tissues, leading to death.

Group A streptococci (GAS), which are among the most
common human pathogens, can cause a variety of uncompli-
cated superficial skin infections such as impetigo/pyoderma or
throat infections, including streptococcal pharyngitis (sore
throat) and tonsillitis (3). In addition, patients suffering from
acute and complicated GAS infections, in particular- strepto-
coccal toxic shock syndrome (STSS) associated with severe
necrotizing fasciitis (NF), have high mortality rates 4). M
proteins, which attach to the cell wall, are one of the important
viralence factors that GAS possess (15). The various GAS
strains have more than 100 different antigenically distinguish-
able M proteins (46), and GAS serotype M1 strains: are re-
garded as a highly virulent group 3).

Membrane cofactor protein (MCP; CD46), which is ex-
pressed in every cell type except erythracytes; is implicated as
a receptor for at least six human pathogens (four viruses and
two bacteria), including measles virus (9, 31, 35), herpesvirus 6
(40), adenovirus groups B (17, 41) and D (48), pathogenic
Neisseria (23), and GAS (37). Human CD46-expressing trans-
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genic (Tg) mice are susceptible to streptococcal disease (30).
When CD46 Tg and non-Tg mice were infected intravenously
(i.v.) with GAS, the bacteremia levels, frequency of arthritis,
and mortality rate were higher in CD46 Tg mice than in
non-Tg mice (30). Unfortunately, this animal model does not
reflect the natural infection process in'the human host. Con-
sequently, we have attempted to establish a CD46 Tg mouse
model of skin and soft tissue infection with GAS that closely
represents the human disease. If the disease pathogenesis in an
animal model is in many ways very similar to that observed in
humans, it will enable researchers to address a variety of ques-
tions regarding the development of urgently needed diagnostic
methods and therapies. To the best of our knowledge, this is
the first report to create the CD46 Tg mouse model of subcu-
taneous (s.c.) infection with GAS472 (a serotype M1 strain
isolated from the blood of a patient suffering from STSS) into
both hind footpads, thereby causing an acute disease that mim-
ics severe NF in human.

MATERIALS AND METHODS

Bacterial strains and calture conditions. Beta-hemolytic GAS serotype M1
strainis’ collected in Japan in 2006 are described in Table'1. GAS strains were
preserved in 10% (wtfvol) skim milk and stored at ~85°C until use. The frozen
GAS strains were streaked onto sheep blood agar plates (Nippon Becton Dick-
inson, Tokyo, Japan) and cultured overnight at 37°C in'a humidified 5% CO;
incubator. Prior fo their use in infection experiments, GAS strains were grown on
Todd-Hewitt brotl containing 0.2% (wifvol) yeast extract (THY; Difco and BBL,
Detroit, MI) in 5% COyj at-37°C without shaking.
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TABLE 1. Characteristics of 11 clinical isolates of GAS serotype M1

GAS Patient Patient

Patient survival

strain age (y1) sex Diagnosis Collection source status
GAS472 38 Male STSS Blood Dead
GAS467 57 Male Meningitis, sepsis CSF* Dead
RE335 6 Female Pyogenic arthritis Blood Alive
RE025 76 Male NF Tissue specimens Dead
GAS465 7 Female Pharyngitis Pharyngeal swab Alive
RE386 62 Female Pharyngitis, sinusitis Blood Alive
RE137 72 Male Meningitis CSF Dead
RE303 52 Male Sepsis® SCA° Dead
RE157 75 Male Facial cellulitis Blood Alive
GAS453 9 Male PCA? Pharyngeal swab Alive
RE344 40 Female Sepsis® Blood Alive

¢ CSF, cerebrospinal fluid.

® Chronic renal failure (preexisting disease).
¢ SCA, subendocardial abscess.

4 PCA, pyogenic cervical adenitis.

¢ Acute hepatitis (preexisting disease).

Mouse model for GAS infection. The human CD46-expressing Tg mice were a
generous gift from J. P. Atkinson, Washington University. CD46 Tg mice possess
two copies of human CD46 gene per diploid genome; and the expression levels
of CD46 RNA and protein were comparable to those observed in matched
human tissues, including muscle, fat; and skin (25). Using immunohistochemis-
try, human CD46 was found on epithelial cells, endothelial cells, glial cells; and
hepatocytes; in the glomerulus (in kidney) and adrenal gland; as well as on B
cells, T cells, neutrophils, and macrophages (22). The CD46 Tg mice used in this
study had the C57BL/6 genetic background (H-2° haplotype). In previous stud-
ies, C57BL/6 (21, 22, 25, 34) or B6C3F1 (H-2°*) (30, 42) mice have been used as
non-Tg control mice. Therefore, to begin this study, we used both C57BL/6 and
B6C3F1 mice obtained from Charles River Japan (Yokohama, J apan) as non-Tg
control mice. The expression of many pathogenic traits of GAS has been shown
to depend on the growth phase (33). Thus, 7-week-old mice were s.¢. infected
with a total of 1 X 107 CFU of stationary-growth-phase GAS into both hind
footpads (5 X 10° CFU per footpad). After s.c. infection, the survival rates were
observed every 24 h for 336 h postinfection, or the number of bactéria in the
blood and tissue samiples incliding the popliteal lymiph nodes (PLN), spleen, and
liver were determined by plating onto sheep blood agar (11, 27). All mice were
bred at the animal facility at the Kitasato Institute, and all mouse experiments
were performed in accordance with institutional protocol guidelines under an
approved protocol.

Macroscopic and microscopic: observations. Macroscopic images: were ob-
tained with a digital camera (D80; Nikon, Tokyo, Japan). For histological exam-
ination, a portion of each footpad and a portion of each liver were fixed with 10%
(volfvol) buffered formalin and then embedded in paraffin. Tissue sections ap-
proximately 5 pm thick were prepared and mounted on glass slides. Thé slides
were. stained with hematoxylin and eosin’ (H&E) and: Giemsa. Alternatively,
another portion of each liver was also fixed with Zamboni’s fixative (2% [wtfvol]
paraformaldehyde and 15% [volfvol] saturated picric acid in 0.1 M phosphate
buffer, pH 7.3) for at least 8 h at 4°C (44), and the 4-um cryostat sections
obtained were stained with Alexa Fluor 594-conjugated phalloidin (Molecular
Prabes, Eugene, OR) at a dilation of 1:1,000. The sections were mounted in
Permafluor and were observed by confocal laser microscopy (TCS NT: Leica
Biosystems, Nussloch, Germany)

Transcription analysis. The bacterial cells of GAS472 grown in THY broth
were washed once with Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St.
Louis, MO} and suspended in Dulbecco’s modified Eagle’s medium. The bacte-
rial cell suspension (1 X 10% CFU) was mixed with an equal volume of whole
blood from CD46 Tg or C57BL/6 mice collected by cardiac puncture with a
heparin-coated 23-gauge needle. The mixture was then placed in a 37°C humid-
ified 5% CO; incubator. At 0, 1, 2; and 6 h of incubation, bacterial cells were
harvested by centrifugation: and washed three times with cold distilled water.
Gene expression patterns of GAS472 were determined by quantitative real-tire
reverse transcription (RT)-PCR analysis. Total RNA extracted from bacterial
cells using the RNeasy Protect: bacteria minikit with  on-colimn’ RNzse-frée
DNase I treatment (Qiagen Sciences, Germantowi, MD) was subjected to the
RT reaction from 100 ng of total RNA in a 20-pl reaction volume using the
iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). The following
real-time PCR assays were performed with RNA templates to ensure that con-

taminating genomic DNA was absent before the RT reaction. Quantitative
real-time PCR in triplicate on 1 pl of template cDNA per 10-ul reaction was
performed in a CFX96 real-time PCR detection system (Bio-Rad Laboratories)
using the iQ SYBR green supermix (Bio-Rad Laboratories). Gene-specific
primer pairs (168 IRNA, 5'-GAGAGACTAACGCATGTTAGTA-3' and 5'-T
AGTTACCGTCACTTGGTGG-3'; sagd, 5'-TGCTGCTGCTGCTGTACTA
C-3' and 5'-GCTTCCGCTACCACCTTGAG-3') were designed using Beacon
Designer 7.5. The PCR conditions included an initial denaturation step at 95°C
for 3 min, followed by 50 amiplification cycles of denaturation at 95°C for 10 s,
annealing at 52°C for 10 s, and extension at 72°C for 30's.

Genotypic analysis of GAS. For a comparison of the DNA sequences of the
csTRS (also called covRS) locus between virulerit (GAS472 and GAS467) and
avirulent (RE386 and RE344) strains of GAS, we used 12 primers (p1 to p12) as
previously ‘described by Walker et al. (47). We used an ABI 3130 automatic
sequencer (Applied Biosystems, Foster City, CA) for the direct sequence of the
amplified PCR products (3,018 bp) with the primer pair pl/pi2. The determined
DNA sequences were assembled by the use of a component of Vector NTI
version10.3.1 (Invitrogen, Carlsbad, CA).

Statistics. Significant differences between the means + standard deviations
(SDs) of different groups were examined using a two-tailed unpaired Student’s
test (see Fig. 6) or a one-tailed paired Student’s f test (see Fig. 8). A P value of
<0.05 was regarded as statistically significant.

RESULTS

CD46 Tg mice exhibited necrotizing lesions of the feet 72 h
after s.c. infection with GAS ‘strains. As shown in Fig. 1, we
classified 11 GAS strains into two groups associated with the
severity levels of foot lesions in CD46 Tg mice 72 h after
infection with GAS strains. In the first group, the feet devel-
oped well-defined necrosis (GAS472, GAS467, and RE025).
The second group showed swelled feet (the skin appeared red
and blotchy) and occasionally blisters (RE335, GAS465,
GAS453, RE303, RE386, RE137, RE157, and RE344). All
infected CD46 Tg mice were still alive in this time period. In
contrast, even' in the worst cases, the necrotizing: cutaneous
lesions developed partially in the feet of non-Tg mice 72 h after
infection with GAS472 (Fig. 2A and B). Alternatively, the feet
merely swelled up or developed minor wounds in non-Tg mice
72 h after infection with GAS467 (Fig. 2C and D) or RE335
(Fig. 2E and F). These results demonstrate that GAS472 had
the strongest virulence traits among the 11 GAS strains essen-
tial for causing necrotizing lesions. Accordingly, we selected
and used GAS472 for the following histological study.

The footpad skin sections of CD46 Tg and non-Tg mice
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FIG. 1. Representative appearance of necrotizing lesions of CD46 Tg mouse feet. Shown is the macroscopic observation of CD46 Tg mouse
foot 72 h after s.c. infection with 5 X 10° CFU of the GAS strains GAS472 (B), GAS467 (C), RE025 (D), RE335 (E), GAS465 (F), GAS453 (G),
RE303 (H), RE386 (I), RE137 (J), RE157 (K), and RE344 (L) per footpad. Panel A shows noninfection.

exhibited acute inflammation (neutrophil infiltration) in the
hypodermis 6 h after infection with GAS472. At 24 h postin-
fection, although increased inflammatory cell infiltration was
recognized in the dermis of CD46 Tg and non-Tg mice, higher
numbers of inflammatory cells were observed in the non-Tg
mice (Fig. 3B and E). In addition, exfoliation of epidermis with
intracellular edema and hemorrhaging in the dermis developed
in CD46 Tg mice (Fig. 3B). At 48 h postinfection, the necrotic
striated muscle layers were recognized in the dermis of CD46
Tg mice (Fig. 3C). In contrast, although the exfoliation of
epidermis was observed, the necrosis could not yet be detected
in the dermis of non-Tg mice at this stage (Fig. 3F).

These findings suggest that s.c. infection with GAS472 rap-
idly led to severe NF in the feet of CD46 Tg mice.

s.c. infection with GAS472 had a 100% mortality rate in
CD46 Tg mice. As shown in Fig. 4, we observed differences in
susceptibility of CD46 Tg mice after infection with 11 GAS
strains. As a result, the mortality rates of the 336-h observation
period were ranked in the following order: GAS472 (100%) >
RE335 (83%) > GAS467 (67%) > RE025 (50%) > RE157 =
GAS453 (43%) > GAS465 = RE137 (29%) > RE303 =
RE386 = RE344 (0%). Therefore, we chose GAS472, RE335,

and GAS467 as the three most virulent of the 11 GAS strains
concerning the susceptibility of CD46 Tg mice. We then newly
infected CD46 Tg and non-Tg mice with GAS472, RE335, or
GAS467 at the same time. As shown in Fig. 5, the mortality rates
among non-Tg mice were extremely low (0 or 10%). The differ-
ences in mortality rates between C57BL/6 and B6C3F1 mice after
infection with each GAS strain were almost negligible. Thus,
GAS472 was regarded as the most virulent strain in terms of the
progression of NF and the susceptibility of CD46 Tg mice among
11 GAS strains.

s.c. infection with GAS472 was associated with a high level
of bacterial load in deep tissues of CD46 Tg mice. As shown in
Fig. 6, CD46 Tg mice had a significantly higher number of
viable bacteria in each blood, spleen, and liver sample com-
pared with non-Tg mice 48 h after infection with GAS472.
Thereafter, the viable bacterial numbers in the blood and in
every tissue sample increased 72 h after infection in CD46 Tg
mice. Especially, the number of bacteria increased 90-fold in
the livers of CD46 Tg mice for 24 h from 48 h to 72 h postin-
fection. In contrast, the number of bacteria increased seven-
fold in the livers of non-Tg mice for 24 h from 48 h to 72 h
postinfection. In other words, the estimated bacterial doubling
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FIG. 2. Representative appearance of mild cutaneous lesions of non-Tg mouse feet. Shown is the macroscopic observation of C57BL/6 (A C,

and E) or B6C3F1 (B, D, and F) mouse foot 72 h after s.c. infection with 5 X 10°
or RE335 (E and F) per footpad.
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& 17‘;?;&',&}6‘3 L1 7
FIG. 3. Histological observation of footpad skin of CD

46 Tg and non-Tg mice afte

footpad skin sections from CD46 Tg (A to C) and C57BL/6 (D to F) mice after s.c. infection with 5 X 10° CFU of GAS472 per footpad. (A and
D) Uninfected. Original magnification, X 100. (B and E) Twenty-four hours after infection. Original magnification, X200. (C and F) Forty-eight
hours after infection. Original magnification, X100. The closed arrowheads indicate hemorrhaging in the dermis. The open arrowheads indicate

the necrotic striated muscle layers. e, epidermis; d, dermis.

times during these 24 h were 3.7 h and 8.5 h in the livers of
CD46 Tg and non-Tg mice, respectively.

s.c. infection with GAS472 induced hepatic damage in CD46
Tg mice. Macroscopic observations showed the development of
granulomatous nodules in the CD46 Tg mouse liver 72 h after
s.c. infection with GAS472 (Fig. 7A). Simultaneously, micro-
scopic observations revealed the development of full porous
cytoplasmic F-actin bundles (Fig. 7C) in the liver sections of
CD46 Tg mice after infection. Multifocal areas of necrosis
were associated with inflammatory infiltrate (Fig. 7D), and
clusters of streptococci were visible at the edges of the necrotic

RE303

survival (%)

'3

96 144 192 240 288 336
hours after infection

FIG. 4. Comparison of survival curves of CD46 Tg mice after s.c.
infection with GAS strains. The mice infected s.c. with 5 X 106 CFU of
GAS strains per footpad were monitored every 24 h for survival during
the 336-h study. n = 7 for GAS453, RE137, RE157, and GAS465; n =
6 for RE335, GAS467, RE025, RE303, RE344, and RE386; and nn = 5
for GAS472.

0 48

areas (Fig. 7E) in the liver sections of CD46 Tg mice after
infection. Based on these results, we considered it likely that
s.c. infection with GAS472 induced hepatic damage in CD46
Tg mice along with NF in their feet.
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FIG. 5. Comparison of survival rates between CD46 Tg and non-Tg
mice after s.c. infection with GAS strains. CD46 Tg and non-Tg
(C57BL/6 and B6C3F1) mice were infected s.c. with 5 X 10° CFU of
GAS472 (A), RE335 (B), or GAS467 (C) per footpad. The mice were
then monitored every 24 h for survival during the 336-h study. Closed
circles, CD46 Tg mice (A, n = 12; B and C, n = 10); closed squares,
C57BL/6 mice (A,n =12;Band C,n = 10); closed triangles, B6C3F1
mice (A and C, n = 11; B, n = 10).
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FIG. 6. Comparison of growth rates of GAS472 in the blood, PLN,
spleen, and liver of mice. CD46 Tg (closed circles) and C57BL/6 (open
circles) mice were infected s.c. with 5 X 106 CFU of GAS472 per
footpad. At 48 and 72 h postinfection, the numbers of bacteria in the
blood (A), PLN (B), spleen (C), and liver (D) samples were deter-
mined by plating. Data represent the mean value of the number of
bacteria per ml (blood) or per tissue sample (PLN, spleen, and liver) =
SD. *1, P = 0.001; *2, P = 0.02; *3, P = 0.77; *4, P = 0.002; *5, P =
0.001; *6, P = 0.008; *7, P = 0.00009; *8, P = 0.0000003 (CD46 Tg
mice versus non-Tg mice; n = 10).
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Expression of sag4 in GAS472 was increased when the bac-
terial cell suspension was mixed with mouse whole blood. It
was demonstrated that during 6 h of incubation, the growth of
GAS was enhanced in the cell culture medium mixed with an
equal volume of mouse whole blood containing soluble human
CD46 (30). Then, we examined the changes in expression of

48 72

sagA (streptolysin S; SLS) of GAS472 during 6 h of incubation
under the above experimental conditions. As shown in Fig. 8,
~3-, 30-, and 30-fold increases in expression of sagd were
detected during the 1-, 2-, and 6-h incubations, respectively,
with CD46 Tg mouse blood. In contrast, sag4 increases in
expression of about three-, seven-, and seven-fold were de-
tected during the 1-, 2-, and 6-h incubations, respectively, with
non-Tg mouse blood. Thus, progressive increases in the ex-
pression of sag4 detected during the 2-h and 6-h incubations
were CD46 Tg mouse blood dependent. The differences were

48 72
hours after infection

not significant (P values of >0.05), although the expression
levels of the CD46 Tg mouse blood-dependent group were
higher than those of the non-Tg mouse blood-dependent
group in all three of the experiments. Although we also exam-
ined for changes in gene expression of emm (M protein), csrS
(sensor histidine kinase), scp4 (C5a peptidase), scpC (serine
protease), ska (streptokinase), speB (cystein protease), and
speA (streptococcal pyrogenic exotoxin A) using real-time RT-
PCR with each gene-specific primer pair, significant changes in
gene expression were not detected during the 6-h incubation
with CD46 Tg or non-Tg mouse blood.

In the meantime, it was also demonstrated that CsrRS (a

C

FIG. 7. Representative appearance of the liver and liver sections of CD46 Tg mice. Shown are a macroscopic observation of liver (A), a
fluorescent phalloidin F-actin staining image (red) of a liver section (C), an H&E-stained liver section (D), and a Giemsa-stained liver section

(E) of a CD46 Tg mouse 72 h after s.c. infection with 5 X 10°
an uninfected CD46 Tg mouse (B) is also shown. B, C,

arrowheads indicate the granulomatous nodules in the liver.

CFU of GAS472 per footpad. The immunofluorescence image of a liver section from
D, and E, original magnifications X100, X100, X200, and X400, respectively. The
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FIG. 8. Gene expression profile of GAS472 during the incubation
period. Total RNA was prepared from bacterial cells, and quantitative
real-time RT-PCR was carried out as described in Materials and Meth-
ods. At each time point, the expressional level of sagd was normalized
to the corresponding 165 rRNA gene value. In addition, each normal-
ized value was then converted to reflect the amplification of each value
for zero time. Data represent the mean values = SDs of three inde-
pendent experiments. Closed columns, bacterial cell suspension with
CD46 Tg mouse blood; open columns, bacterial cell suspension with
CSTBL/6 mouse blood. *1, P = 0.25; *2, P = 0.08; *3, P = 0.17 (CD46
Tg mouse blood versus non-Tg mouse blood).

member of the two-component regulatory system) influenced
the transcription of 15% of all chromosomal genes of GAS,
including negative controls on the gene expression of five vir-
ulence factors (capsule, cystein protease, streptokinase, SLS,
and streptodornase) (18). Since recent studies showed that the
mutation of csrRS was important for the invasive phenotype of
GAS (2, 45), we compared the DNA sequences of csrRS
among two virulent strains (GAS472 and GAS467), two avir-
ulent strains (RE386 and RE344), and a type strain of GAS
serotype M1 (MGAS5005). No DNA sequence variations were
identified inside the coding regions of csrRS among GAS472
(accession no. AB513958), GAS467 (accession no. AB513957),
RE386 (accession no. AB513956), RE344 (accession  no.
AB513955), and MGASS5005 (accession no. NC_007297). In-
stead, the following two variations were found in the 5’ non-
coding regions of cs7RS: variation 1, ¢.—55.=56insT (a single
nucleotide insertion of T in GAS472, GAS467, RE386, and
RE344 at the position between —55 and —56 from the TTG
initiation codon of csrS in MGAS5005); and variation 2,
¢.—232delA (a single nucleotide deletion of A in GAS472 at
position —232 from the ATG initiation codon of cs7R in
MGAS5005).

DISCUSSION

In human patients, NF due to GAS infection is defined
pathologically by a deep-seated infection of the s.c. tissue that
results in the progressive destruction of fascia and fat, with
relative sparing of skeletal muscle (4, 13, 16, 28). NF is rare in
young children but more common in otherwise healthy adults,
in whom a minor skin wound often precedes the disease, as was
reported in a case study of a 25-year-old man (13). That study
showed extensive bands of liquefactive necrosis and patchy
inflammation of the deep dermis and subcutis in specimens of
the patient’s skin and soft tissue (13). Moreover, a focal ab-
scess with numerous degenerating neutrophils formed in the

INFECT. IMMUN.

deep dermis in that case (13). These symptoms closely resem-
ble the skin specimens of CD46 Tg mice after s.c. infection
with GAS472; as described in Fig. 3.

In previously published mouse models of skin and soft tissue
infection with GAS, the bacteria were inoculated s.c. into the
backs (8, 32, 36), haunches (6), or flanks (1, 5, 7, 38). Com-
pared to such models, the s.c. inoculation into both hind foot-
pads in the present study was a simple procedure; and the
obtained data showed a narrow dispersion of reproducibility. A
recent study demonstrated that infection in epithelial cells with
GAS led to the shedding of human CD46 at the same time as
bacterium-induced apoptosis and cell death occurred (30). In
the present study, the amount of bacterial load in the PLN of
CD46 Tg mice was the same as that of non-Tg mice 48 h after
s.c. infection (Fig. 6B), indicating that the same amounts of
bacteria resided in the feet of CD46 Tg and non-Tg mice for
48 h after s.c. infection. However, since the progtession of NF
until 48 h after s.c. infection was dramatically elevated in the
feet of CD46 Tg mice compared to those of non-Tg mice (Fig.
3), human CD46-mediated GAS infection was thought to be
necessary for the observed acceleration of disease progression
in the mouse feet. Interestingly, in many cases, non-Tg mouse
feet were completely extinguished by persistent necrosis of
skin, soft tissue, and bone up to 336 h after infection with
GAS472, although the mice were still alive (Fig. 9A). In addi-
tion, the majority of CD46 Tg mouse feet were also lost by
persistent necrosis no later than 336 h after infection with even
avirulent GAS strains other than GAS472, GAS467, and
RE025 (Fig. 9B). Possibly, such persistent necrosis due to GAS
infection cannot lead to death in CD46 Tg and non-Tg mice.

We classified 11 clinical isolates into the virulent or avirulent
strains of GAS based on the severity levels of foot lesions at
72 h and the mortality rates by 336 h after s.c. infection. RE303
and RE344 did not show the capacity to induce lethal disease
in CD46 Tg mice (Fig. 4), despite the fact that they were
recovered from patients with invasive diseases (Table 1). In
both cases, the patients were immunocompromised due to
preexisting diseases. Supposedly, even avirulent: GAS strains
are able to induce invasive diseases in the patients suffering
from preexisting medical conditions.

According to a previous report, GAS infection was com-
monly associated with the early onset of shock and organ
failure in humans (4). Another recent study demonstrated that
GAS might bind available extracellular CD46 as a strategy to
survive and avoid host defenses and that the lethal disease and
arthritis were much more frequent in CD46 Tg mice than in
non-Tg mice after iv. infection with GAS (30). Our data
clearly indicate that the proliferation rate during the 24 h
between 48 and 72 h after s.c. infection with GAS472 in the
liver was much higher in CD46 Tg mice than in non-Tg mice
(Fig. 6D). Indeed, bacterial infection induced serious_ liver
damage in CD46 Tg mice (Fig. 7). Probably, human CD46
potentially ensures bacterial growth in the deep tissues. There-
after, systemic GAS infection might lead to organ failure and
ultimately to the death of the mice.

The M proteins appear as long, hairlike filaments on the
bacterial surface and are composed of two a-helical chains that
are predominantly arranged in a coiled-coil conformation (14).
All of the M proteins contain a conserved C-terminal region
near the cell surface and a hypervariable N-terminal region
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FIG. 9. Ultimate appearance of the mouse feet. Shown is a macroscopic observation of a C57BL/6 (A) or CD46 Tg (B) mouse foot 336 h after
s.c. infection with 5 X 10° CFU of GAS472 or RE137 per footpad, respectively.

that provides the basis for serological typing (14). A function of
M proteins was shown to be critical for protecting organisms
from phagocytosis (14). An in vitro invasion study using A549
human lung epithelial cells demonstrated that the M protein-
promoted ingestion of GAS was dependent on the coengage-
ment of CD46 and «5B1 integrin (39). In addition, CD46-
mediated invasion was also found to depend on the
extracellular matrix protein fibronectin (39). CD46 has been
generally recognized as a regulator of the complement system
that facilitates factor I-mediated inactivation of the activated
complement proteins C3b and C4b (29). In the meanwhile, the
interaction between GAS and CD46 triggered cell signaling
pathways that directly induced an immunosuppressive pheno-
type in T cells (26). In fact, by immunohistochemistry, M pro-
tein/fibrinogen complexes were identified in tissue biopsies
from a patient suffering from NF and STSS (19). Recently, it
was shown that the binding of CD46 to GAS serotype M18
strains was independent of Emm (M protein) or Enn (immu-
noglobulin A-binding protein) (12). There may be some bio-
logical advantages to GAS having Emm-dependent and Emm-
independent CD46-binding abilities. In any case, whether or
not the M1 protein directly responded to human CD46 in the
host cell, we suppose that the human CD46-dependent regu-
lation of virulence gene expression in GAS serotype M1 strains
should be necessary for the induction of both local inflamma-
tion and deep tissue damage in the CD46 Tg mouse model.
It is well known that ScpC can cleave interleukin-8, a che-
mokine that mediates neutrophil transmission and activation
(10, 20). The ScpC mutant strain did not degrade interleukin-8
and thus failed to prevent recruitment of immune cells; also, it
caused disease after soft tissue infection (43), whereas the
increased expression of ScpC and streptolysin O (a membrane-
damaging extracellular toxin) caused by csrS mutation played a
prominent role in the mouse model of GAS infection (2).
Meanwhile, since GAS serotype M1 strains isolated from in-
vasive diseases in human had mutation accumulation at the
csrRS locus, resulting in an SpeB-negative phenotype (45), the

SpeB expression levels of GAS serotype M1 strains were
thought to be inversely correlated with disease severity in hu-
mans (24). In fact, an SpeB-negative phenotype caused by the
csrRS mutation was a more virulent strain of GAS than the
wild-type strain in the mouse model (47). Consequently, we
had expected that GAS472 gained any mutation inside the
coding regions of cs7RS during infection, resulting in the high-
virulence phenotype. Against our expectation, no DNA se-
quence variation was found inside the coding regions of csrRS
in virulent strains (GAS472 and GAS467) or avirulent strains
(RE344 and RE386) compared to a standard strain
(MGASS5005). Unexpectedly, however, it became clear that the
high-virulence phenotypes were not due to the mutation of
csrRS. Therefore, the most significant questions—regarding
genetic differences and virulence genes in different strains and
how the virulent strains cause serious and lethal disease in
humans—remain unanswered.
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Bacterial superantigens are protein toxins with an ability to cause serious
diseases in humans by activating a large number of T cells. Streptococcus
dysgalactine-derived mitogen (SDM) is a novel superantigen that is distinct
from other known superantigens based on phylogenetic analysis. The X-ray
structure of SDM has been determined at 1.95 A resolution. SDM shares the
same characteristic fold with other superantigens, but it shows a major
structural difference due to the lack of the a5 helix between the 10 and 11
strands. A bound zinc ion was identified in the structure at the C-terminal
domain of the molecule. SDM appears to bind to the major histocompat-
ibility complex class II p-chain through the zinc-binding site, as described
by mutagenesis data and structural comparisons. T-cell binding instead
shows a significant difference compared to other superantigens. The
mutation of Asnll (a conserved residue that is known to be significant
for T-cell-receptor binding in other superantigens) and Lys15 to Ala did not
cause any decrease in the mitogenic activity of SDM. This observation and
the lack of the a5 helix suggest alterations in T-cell-receptor binding.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: superantigens; Streptococcus; immunomodulation; T-cell receptor;
zinc binding

Introduction

Superantigens are a group of proteins that are able
to cause a massive T-cell expansion. A large number

of superantigens from different bacteria and viruses
are now known.! All superantigens share an ability
to cross-link major histocompatibility complex class
II (MHCII) molecules with T-cell receptors (TcRs).
Superantigens bind directly to invariant regions of

*Corresponding author. E-mail address:

tassos.papageorgiou@btk fi.

Abbreviations used: MBP, myelin basic protein; MHCII,
major histocompatibility complex class II; SDM,
Streptococcus dysgalactiae-derived mitogen; SE,
staphylococcal enterotoxin; SPE, streptococcal pyrogenic

exotoxin; TcR, T-cell receptor.

MHCII molecules outside the classical antigen-
binding groove without being preprocessed in the
cell, in contrast to conventional antigens. A conven-
tional antigen presented to a TcR by an MHCII
molecule activates 0.01-0.0001% of resting T cells,
while superantigens are able to activate 10-30% of T
cells. This makes superantigens the most powerful
T-cell mitogens to have ever been discovered.

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Superantigen-induced T-cell activation leads to an
extensive production of inflammatory cytokines,
such as tumor necrosis factors a and B, and
interleukin-2.>* This can result in acute diseases,
including toxic shock syndrome and food poisoning.
There are also indications that superantigens are
implicated in chronic and autoimmune diseases
such as Kawasaki disease, rheumatoid arthritis, and
diabetes.’

The number of known superantigens has in-
creased significantly over the past years. The best-
characterized members of the superantigen family
are staphylococcal enterotoxins (SEs), which are
secreted by Staphylococcus aureus, and streptococcal
pyrogenic exotoxins (SPEs), which are secreted by
Streptococcus pyogenes. Other Gram-positive or
Gram-negative bacteria, such as Yersinia pseudotu-
berculosis, mycoplasmata, and viruses, can also
produce superantigens. Although the sequence
identities of characterized superantigens range
from 18% to almost 100%, structural studies have
shown that superantigens share a similar fold that
consists of an N-terminal B-barrel and a C-terminal
B-grasp domain separated by a long central a-helix.2
The crystal structures of many superantigens have
been resolved. In addition, several superantigen/
MHCI®? and superantigen/TcR VB-chain com-
plexes have been structurally determined.'*?

Superantigen binding to MHCII molecules can
occur in three distinct ways: (i) through the a-chain
of the MHCII molecule; (ii) through the p-chain;
and (iii) through both chains. The binding sites for
the a- and B-chains are located at opposite sites of
the superantigen molecule. Binding to the MHCII
p-chain requires the presence of a zinc ion ligated
by three residues from the C-terminal domain of
the superantigen molecule.’® His81 of the MHCII
B-chain'*® is the fourth ligand to result in a tetra-
hedrally coordinated zinc ion. This binding mode
has a stronger affinity than the one through the
a-chain.

Different superantigens show striking differences
in binding modes and in affinities to different TcR
Vp-chains.* The complementarity-determining
regions 1-3, the third framework region, and the
fourth hypervariable loop of the TcR VB-chain can
interact with superantigens. The number of contacts
and contact areas differs for each superantigen.
Hydrogen bonds ordinarily involve only the main-
chain atoms of the TcR VB-chain, which make side-
chain variations less likely to affect the binding
affinity. However, the crystal structure of SPE-C, in
complex with V2.1, showed also side-chain atoms
from the VB-chain to be involved in binding."

Streptococcus dysgalactiae belongs to the C/G
Lancefield group of streptococci, which have been
found to cause infections similar to those of S.
pyogenes.'” Streptococcus dysgalactine-derived mito-
gen (SDM) is a superantigen purified from .
dysgalactiae culture supernatant.’® The pathogenic
role of this superantigen in infections is not known.
SDM has been shown to activate T cells with Vp1
and VP23 variable regions. The mature protein

(25 kDa) is composed of 212 amino acids. SDM
shows an approximately 30% homology with other
superantigens at the amino acid sequence level.
Phylogenetic analysis indicates that SDM belongs to
a family that is distinct from other known bacterial
superantigens.'® This family also includes SPE-L
(with 58% identity and 74% similarity with SDM)
and SPE-M (with 98% identity). Moreover, recent
studies have classified SDM as belonging to group
IV superantigens'® where it forms a separate
subbranch.?0

Here, we present the crystal structure of SDM at
1.95 A resolution as the first representative of the
new superantigen subbranch in group IV. The
structure has revealed the presence of a zinc-binding
site and alterations in secondary structure elements.
Detailed comparisons with the crystal structures of
other superantigens were performed. A zinc-
mediated binding mode for MHCII molecules was
proposed after mutagenesis experiments and com-
parisons with superantigen/MHCII complexes had
been performed. Furthermore, the SDM structure
was compared to superantigen/TcR VB-chain com-
plexes, and mutagenesis experiments were per-
formed to enlighten SDM binding to the Vp-chain.

Quality of the structure

The crystal structure of SDM was determined by
molecular replacement and refined at 1.95 A resolu-
tion. The final Reryst is 20.8%, with an Reee of 24.1%.
The average B-factor is 41.7 A2 Data collection and
refinement statistics are summarized in Table 1. The
Ramachandran plot showed that 91.3% of

Table 1. Data collection and refinement statistics

Data processing

Space group P3,

Cell dimensions
a,b,c(A) 51.9,51.9, 62.1
B () 120

Resolution range (A) 99-1.95 (1.98-1.95)

Number of observations 101,908
Number of unique reflections 13,696
Completeness (%) 96.3 (90.8)
Rsym (%) 4.8 (42.0)
(I/a(l) 21.2 (2.5)
Number of molecules (a.u.) 1
Refinement statistics
Resolution range () 40.0-1.95
Number of reflections (working set/test set) 12,447 /672
Reryst/ Reee (%) 20.8/24.1
Protein atoms 1601
Water molecules 93
Glycerol molecules 2
RMSD .
Bond length (A) 0.010
Bond angle (°) 1.47
Average B-factors (A?)
Main chain 40.9
Side chain 425
Water molecules 41.7
Glycerol molecules 66.1
Zinc 51.3
Wilson B-factor 36.3
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Fig.1. Cartoon representation of SDM. The N-and C-termini are shown as small spheres. Helices are depicted in red,
and p-strands are depicted in green. The zinc ion is shown as a gray sphere.

nonproline and nonglycine residues are in the most
favoured regions, as defined in PROCHECK,?! and
none is in disallowed regions. The final model
includes 195 residues (residues 1-36 and 51-209) out
of 212 residues in the complete SDM sequence. No
density could be seen for the region between
residues 36 and 51. This region of the structure is
solvent-exposed and presumably highly flexible. A
codon encoding for an additional residue (Lys0) was
inserted into the N-terminus of the sdm gene in the
expression construct to facilitate the removal of the
His tag, and density for Lys0 was detected. The last
three C-terminal residues were not modelled due to
lack of density. Side-chain density was not detected
for residues Glu8, Lys27, Ser99, GInll6, Lys120,
Lys126, Asn151, and Ile161; thus, they are presented
as alanines in the final structure.

Overall description

SDM shares the overall fold of superantigens
characterized by a trapezoid shape and closely packed
N- and C-terminal domains (Fig. 1). The N-terminal
domain forms a B-barrel of five mixed p-strands. The
C-terminal domain has a B-grasp fold in which the a4
helix (residues 136-149) is packed against a mixed p-
sheet of five strands, p6, p7, B9, #10, and p12. SDM
has two cysteines (residues 84 and 162), which are
distant from each other (approximately 43 A) and do
not form a disulphide bridge. Cys84 is located in the
loop between the B4 and p5 strands in the periphery of
the molecule. This particular location may create a
possibility for Cys84 to form a sulphur bridge with a
similar cysteine from another SDM molecule. It has

been observed earlier that solvent-exposed Cys90
residues of a SPE-A dimer are capable of forming an
intermolecular disulphide bridge.”” SPE-A Cys90 is
located in a similar kind of a loop as SDM Cys84, and
this could indicate that SDM may form a dimer under
different crystallization conditions. Cys162 of SDM is
buried; hence, it cannot form an intermolecular
disulphide bond.

Structural comparisons with other
superantigens

SDM was structurally compared with other super-
antigens using SSMt. SDM showed a 32% sequence
identity with SPE-C (Protein Data Bank entry 1ANS)
and a 28% sequence identity with SMEZ-2 (1EU3)
(Fig. 2). The root-mean-square deviations (RMSDs)
in Ca positions are 1.54 and 1.92 A, respectively. The
greatest structural difference is the lack of the o5
helix in the SDM structure between the 310 and p11
strands (Fig. 3). Other superantigens that are known
to share a similar gap with SDM in the amino acid
sequence around the region forming the &5 helix and
the part of the loop between the o5 helix and the p10
strand are SPE-L and SPE-M.? Therefore, SPE-L and
SPE-M are expected to share a similar geometry in
that region. This structural difference can also cause
changes in the binding of other proteins, such as
MHCII and TcR. Apart from that difference, other
structural variations are minor and placed on surface
areas of the molecule.

+ www.ebi.ac.uk/msd-src/ssm/
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Fig. 2. Structure-based sequence alignment of SDM, SPE-C, and SMEZ-2. Secondary structure elements for SDM are
shown as squiggles (a-helices) and arrows (3-strands). Characters on a red background are conserved. Black triangles
show zinc-binding residues of SDM. Characters on a yellow background are not structurally aligned due to a gap in the
SDM crystal structure. Every 10th residue of SDM is shown with a black dot.

Superantigens have conserved amino acids and
regions. Comparisons between superantigen struc-
tures have revealed that the region consisting
mainly of the a2 and a4 helices and connecting
the N- and C-terminal domains is conserved in
most superantigens. In particular, the a4 helix is
highly conserved, and it appears that SDM can
form most of the hydrogen bonds in this region
similarly to other superantigens despite the fact
that it lacks the o5 helix (Table 2). SDM also
shares several conserved residues, such as Tyrl3,
Gly94, and Tyr189 (which are all shown to form
hydrogen bonds combining N- and C-terminal
parts), and Leul47 in the hydrophobic core of the
C-terminus.
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This conserved region includes two salt bridges
in SMEZ-2, which are also seen in other super-
antigens.”* SDM can form a salt bridge between
residues Asp140 and Arg144, which is analogous to
the Asp134-Arg138 salt bridge of SMEZ-2. How-
ever, a salt bridge found in SMEZ-2 between
Lys125 and Glul32 cannot be formed in SDM
because SDM has an uncharged residue (Asn131),
instead of a lysine residue, at the location equiva-
lent to SMEZ-2 Lys125. The side chains of Asn131
and Glul38 in SDM are also too distant (>6 A)
from each other to form a hydrogen bond. The
presence of lysine in position 131 of SDM appears
to be sterically forbidden due to potential clash
with the side chain of the nearby Argl01.

Fig. 3. Co atom stereodiagram of SDM superimposed onto SPE-C and SMEZ-2. SDM, black; SPE-C, red; SMEZ-2,

yellow.
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Table 2. Globally conserved intramolecular hydrogen
bonds in SDM and SMEZ-2

Residue (atom) Residue (atom) Distance (A)

SDM Tyr13 (OH) Tyr187 (OH) 2.81
SMEZ-2 Tyr13 (OH) Tyr189 (OH) 2.82
SDM Asp92 (0) Gin137 (NE2) 2.88
SMEZ-2 Tyr88 (O) GIn131 (NE2) 3.87
SDM Gly94 (N) Asn190 (OD1) 2.90
SMEZ-2 Gly90 (N) Asn192 (OD1) 2.82
SDM Thr135 (OG1) Glu138 (N) 3.19
SMEZ-2  Thrl29 (OG1) Glu132 (N) 2.98
SDM Asp140 (OD2) Tyr187 (OH) 2.62
SMEZ2  Aspl34 (OD2) Tyr189 (OH) 253
SDM Argl44 (NH1) Tyr156 (OH) 2.99
SMEZ-2  Argl38 (NH1) Tyr148 (OH) 2.92

Zinc-binding site

Several superantigens are able to bind to the
MHCII B-chain through a zinc ion. During the
refinement of the SDM structure, a spherical electron
density was identified at ~140 on the difference
electron density map and in a location similar to that
of the zinc-binding sites in other superantigen
structures. Anomalous data collected at the zinc
absorption edge showed a density visible at ~30c
on the calculated anomalous difference map (Fig. 4).
Further confirmation of the presence of zinc came
through direct coupled plasma analysis (Spectra-
Span 7 spectrometer; ARL-Fisons Instruments USA).
Based on the surrounding residues and element
analysis, a zinc atom was placed and subsequently
refined to a B-factor of 51.1 A%. The zinc-binding site
of SDM consists of His170, from the B9 strand, and
His200 and Asp202, both from the p12 strand. The
zinc-binding atoms are ND1 of His170, NE2 of

His200

Fig. 4. The zinc-binding site of SDM. (a) Difference
electron density map based on anomalous scattering. (b)
The zinc-binding site of SDM on the final 2|F, |-l F,l
electron density map.

His200, and OE2 of Asp202. This makes the SDM
zinc-binding site analogous to the zinc-binding site
of SMEZ-2 (His162, His202, and Asp204).”*%
Compared to the zinc-binding site of SPE-C,”
SDM His170 and SPE-C His167 are located in
different p-strands, although the other ligands are
equivalent. Interestingly, SDM His170 is structurally
aligned to a Gly residue in SPE-C, hence explaining
the use of a His residue from a neighbouring
p-strand in SPE-C. No fourth ligand was found for
the zinc in SDM. Inspection of the symmetry-related
molecules showed that none of them makes crystal
contacts with the zinc ion (Table 3).

The metal-ligand distances (2.12 A for His170,
2.10 A for His200, and 2.17 A for Asp202) are longer
than those expected for ideal zinc binding, possibly
due to a low crystallization pH (4.2). It has been
suggested that the low pH level can cause an
increase in coordination distances.?® Another (and
more probable) explanation for this increase is that
the precision of bond lengths is good only at very-
high-resolution protein structures, and this can
allow higher variations in bond lengths.”” Although
histidines are expected to be protonated at pH
values lower than 6.0 (a condition that could cause
the removal of zinc),?® zinc is still present despite the
low crystallization pH.

MHCII-binding site

In order to determine potential MHCII-binding
sites in SDM, the latter was superimposed structu-
rally onto SEB/HLA-DR1,° SPE-C/myelin basic
protein (MBP) peptide/HLA-DR2a,” and SEH/
haemagglutinin (HA) peptide/HLA-DR1® com-
plexes. In the first complex, the superantigen binds
directly to the MHCII a-chain, while in the other
complexes, binding is mediated through the p-chain
of the MHCII molecule.

Table 3. Major intermolecular contacts

Source atom Target atom Distance (&)
Aspl OD1 Lys20 NZ 2.66
Ala2 N Asn19 O 3.18
Val3 O GIn130 NE2 3.01
Aspl6 OD1 Asn56 ND2 3.19
Lys20 NZ GOL501 02 3.07
Thr21 N Lys0 O 2.78
Lys0 CG 3.06
LysO N 2.87
Lys51 NZ GOL501* O3 2.45
Asn56 ND2 Wat76 312
Arg64 NH2 Gly114 O 3.10
Glu68 CD Asp105 OD2 3.08
OE1 2.65
Lys85 NZ Tyrl66 OH 2.40
Glu207 OE1 247
GIn87 NE2 Wat72 2.65
Asp100 OD1 Proll8 CA 3.02
Leull9 N 3.03
Glul02 OE2 Glu67 OE1 2.82
GIn130 NE2 Wat87 3.20

Cutoff limits, 2.3-3.2 A.

2 Glycerol 501.
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