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Summary. Streptococcal toxic shock-like syndrome
(TSLS) is one of the fulminant types of toxic
infectious diseases caused by Streptococcus pyogenes.
Although there are several candidates as the
virulence factors including M protein, little is known
why TSLS is caused by only some of S. pyogenes
strains but not by others. In this study, we compared
the cytokine inducing activity in mice between S.
pyogenes M-3 type strains derived from TSLS and
non-TSLS cases. After infection into mice, TSLS-
derived strains persisted longer in the blood than
non-TSLS-derived strains. Moreover, TSLS-derived
strains were highly capable of inducing
proinflammatory cytokines both in vivo and in vitro.
TSLS-derived strains also showed a higher ability to
produce streptolysin O (SLO). These findings suggest
that SLO plays a role as a possible virulence factor
accounting for the shock induction in the infected
host.
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INTRODUCTION

Streptococcus pyogenes is a gram-positive coccus and is
known as the representative of group A streptococci
(GAS). GAS causes a variety of acute infectious
diseases including not only local tonsillitis, cellulitis,
lymphangitis or erysipelas, but also systemic diseases
like scarlet fever, rheumatic fever and acute
glomerulonephritis due to immune response of the

infected host. In addition to these long-known
streptococcal diseases, invasive streptococcal infections
appear to be increasing. Based on a recent population-
based data, the global burden of disease caused by GAS
is estimated to be at least 517,000 deaths each year, and
the burden of invasive GAS diseases is unexpectedly
high, with at least 663,000 new cases and 163,000
deaths each year O,

Streptococcal toxic shock syndrome, which is referred
to as toxic shock-like syndrome (TSLS) is one of the
invasive GAS diseases and is known to be potentially
fatal. TSLS typically manifests with high fever and
severe pain at the site of infection, accompanied by low
blood pressure, malaise and confusion, which can
rapidly progress to coma, multi-organ failure and
necrotizing fasciitis. In Japan, since the report of the first
case of TSLS in 1992, more than 300 cases have been
observed with a mortality as high as 60%®. Though
streptococci belonging to serogroups other than group A
are also known to cause an invasive infection, GAS
comprises more than 94% of the reported cases. Among
various virulence-associated factors of GAS, the M type
has been implicated widely as involved in the ability to
cause the invasive infections®. In contrast to the
carbohydrate group antigen, M antigen is a bacterial
surface protein and has been employed for serotyping of
GAS. As serotyping based on M-agglutination test does
not always give convincing results, the genotyping of M
protein gene (emm) has been introduced recently. The
emm genotyping of the causative isolates in Japan during
2000 to 2004 revealed that emml type strains were the
most frequently isolated strains followed by emm3, then
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emm89, emm?28, and so on@. This tendency toward the
domination of emm] strains also applies to the strains
isolated in countries outside Japan. Although there are
some differences in the incidence of particular emm
types according to the place of survey conducted, M-1
and M-3 types accounted for more than 50% of the
cases with M-3 type being always less frequent
compared with M-1 type®.

Thus epidemiological study clearly shows that GAS
strains of particular M serotype or emm genotype
predominantly cause streptococcal TSLS. However, it
may be controversial whether M protein itself is a
virulence factor contributing to the direct invasiveness
or it is just a marker of causative strains. M-1 or M-3
strains can be isolated also from non-invasive
streptococcal infection like acute pharyngitis or
tonsillitis without development into invasive, life-
threatening disease.

The clinical symptoms of streptococcal TSLS are
characterized by a suddenly appearing toxic shock
resembling to the typical toxic shock syndrome (TSS) in
which the robust production of a massive amount of
host cytokines is implicated. In this regard, it is of
interest to test whether there is any difference in the
cytokine-inducing ability between the GAS strains
isolated from TSLS or from non-invasive local
infections. In this study, we have compared the levels of
various inflammatory cytokines produced by mouse
macrophages after stimulation with the whole cell of
streptococcal strains. To rule out the contribution of
various M proteins, strains of GAS with the same M
type have been employed for the present study.

MATERIALS AND METHODS
Bacterial strains and growth

The group A S. pyogenes strains were obtained from the
Department of Bacteriology, National Institute of
Infectious Diseases, Tokyo, Japan and Kanagawa
Research Laboratory of Public Health, Kanagawa,
Japan. All strains were identified as GAS according to
conventional bacteriological profile including Gram
stain, B-hemolysis on blood agar plate, absence of
catalase activity and Lancefield serotyping. Typing for
M antigens of S. pyogenes strains was also carried out at
those institutes. In order to compare the cytokine-
inducing activity between the isolates from TSLS cases
and those from non-TSLS cases without participation of
different M-type, a possible virulence factor, we have
selected only M-3 type strains. Four M-3 type strains,
920522, 930040, 940130 and 950323 were isolated
mainly from the throat of non-TSLS cases, and other
four M-3 type strains, NIH#12, NIH#16, NIH#20 and

NIH#34 were all derived from TSLS cases. Each
bacterial strain was cultured in a brain heart infusion
broth (Eiken Chemicals, Tokyo, Japan) at 37°C
overnight and then stored at -80°C in aliquots. The
viable number of bacterial stock was determined by
counting the colonies grown on blood agar after
cultivating the serially diluted sample.

Hemolytic activity of each bacterial strain

Each bacterial strain was suspended at 1x10¢ CFU
(colony-forming unit) /ml in brain heart infusion broth
(Beckton Dickinson Microbiology Systems, MD, USA)
and cultured with gentle shaking at 37°C for 6 h. By
centrifugation, bacterial culture supernatants were
obtained and subjected for a quantitative assay of
hemolytic activity. Serially two-fold diluted samples
were added to the equal volume of 1% suspension of
sheep erythrocytes and incubated for 60 min in a round-
bottomed 96-well plate. The plate was centrifuged at
800 x g for 10 min and the hemolytic activity was
expressed as a hemolytic unit (HU) that was defined as
the reciprocal of the highest dilution that showed
complete hemolysis (absence of erythrocytes sediment).
The hemolytic activity in the culture supernatants was
completely inhibited by treatment with cholesterol,
indicating that the hemolytic activity was largely
responsible for streptolysin O (SLO), a cholesterol-
dependent hemolysin of S. pyogenes (data not shown).

Mouse and macrophages

Male mice of BALB/c strain raised and maintained
under specific pathogen-free condition (Japan SLC,
Shizuoka, Japan) were used at the age of 6 to 8 weeks.
Three days after an intraperitoneal injection of 2 ml of
thioglycollate medium (Beckton Dickinson), peritoneal
exudate cells were harvested. Cells suspended at 2x10°6
/ml were allowed to adhere to 96-well flat-bottomed
culture plate for 2 h and then non-adherent cells were
removed by washing with warm Hanks’ balanced salt
solution (HBSS). Resulting adherent cells were used as
peritoneal macrophages.

In vivo infection

Mice were injected intraperitoneally with 5x107 CFU of
bacterial strain and the venous blood sample was
obtained in 24 h. Blood samples were diluted in
Heparin-PBS and the colony count was done by using
blood agar plate. To check the cytokine induction in
vivo, sera were obtained 6 h and 24 h after
intraperitoneal infection and subjected for cytokine
assay using ELSIA kit specific for each cytokine
(Pharmingen, CA, USA).
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Cytokine induction assay

Mouse peritoneal macrophages were stimulated with S,
pyogenes suspended in HBSS at MOI of 10 and cultured
at 37°C in a humidified incubator with 5% CO,. After 6
h of culture, the supernatants were saved and examined
for the level of several inflammatory cytokines including
interleukin la (IL-1a), IL-6 and tumor necrosis factor-o.
(TNF-0). Cytokine levels in the culture supernatants
were determined by ELSIA.

Statistical analysis

The statistical significance of data was determined by
Student’s #-test and a p value of <0.05 was considered to
be statistically significant.

RESULTS

Comparison of bacterial virulence between TSLS-
derived strains and non-TSLS-related strains

In order to compare the virulence between TSLS-derived
strains and non-TSLS-derived strains, three mice were
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infected intraperitoneally with 5x107 CFU of each strain.
Blood sample was obtained 24 h after the infection and
the number of viable bacteria in the blood was
determined by plating the serially diluted sample on
blood agar plates. The mean CFU value calculated per
ml of blood for each strain was plotted. As shown in Fig.
1, the mean of 4 TSLS-derived strains was significantly
higher than that of 4 non-TSLS-derived strains. It was
clear that TSLS-derived strains persist for a longer
period than non-TSLS-derived strains in vivo, suggesting
the higher virulence of TSLS-derived strains.

Comparison of the cytokine levels in the sera of mice
infected with each group of strains

Mice were infected intraperitoneally with 5x107 CFU of
each strain. As the response of cytokine production in
vivo occurs at an ecarly stage, blood samples were
obtained 6 h after the infection and sera were collected.
The levels of proinflammatory cytokines, TNF-a, IL-1a
and IL-6 were determined by EIA. The average level of
each cytokine was always higher in the sera taken from
mice infected with TSLS-derived strains than those from
mice infected with non-TSLS-derived strains (Fig. 2). A
difference of p value less than 0.05 could be observed
for both TNF-a and IL-10, but the difference of IL-6 was
not statistically significant (p> 0.1).

P<0.01
5
®

= 4
E (]
E B
o 3 O
> O
(]
2
8 2r
o
©
©
m 4.

0

Non-TSLS TSLS

Fig. 1. Comparison of the virulence between TSLS-derived and non-TSLS-derived S.pyogenes strains.
Balb/c mice were infected intraperitoneally with 5 x 107 CFU of S.pyogenes strains that were isolated from
TSLS or non-TSLS cases. Blood samples were obtained 24 h after infection and diluted with heparin-PBS.
The number of bacteria was enumerated by inoculation of the samples on blood agar plates.
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Since IFN-y is an essential cytokine usually produced  mean value, IFN-y as high as 330 pg/ml was detected in
after initial production of proinflammatory cytokines, the sera of mice infected with TSLS-derived strains,
sera were also obtained 24 h after the infection for  while the level in the sera of mice infected with non-
determination of serum IFN-y level (Fig. 3). As the  TSLS-derived strains was significantly low (p < 0.01).
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Fig. 2. Comparison of the cytokine levels in the sera of mice infected with TSLS-derived and non-TSLS-
derived S. pyogenes strains. Mice were infected intraperitoneally with 5 x 107 CFU of S. pyogenes strains.
Sera were prepared 6 h after infection. The levels of TNF-a, IL-1a and IL-6 in the sera were measured by
ELISA.
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Fig. 3. The level of IFN-y in the sera of mice infected with TSLS-derived and non-TSLS-derived
S.pyogenes strains. Mice were infected intraperitoneally with 5 x 107 CFU of S. pyogenes strains. Sera were
prepared 24 h after infection. The levels of IFN-y in the sera were measured by ELISA.
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Comparison of cytokine-inducing activity in vitro

As there was significant difference in the in vivo level of
cytokines between the groups infected with TSLS-
derived and non-TSLS-derived strains, next we
examined the in vitro cytokine-inducing activity.
Peritoneal exudates macrophages were stimulated with
the suspension of each strain at a MOI of 10, then the
culture supernatants were examined for cytokine
production 6 h after culturing (Fig. 4). In general, there
was a tendency for a higher cytokine inducing activity in
TSLS-derived strains as compared with non-TSLS-
derived strains, though a statistical significance (p <
0.05) was obtained only in TNF-a level and not in IL-1a
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and IL-6.
Comparison of hemolysin production

The TSLS-derived and non-TSLS-derived strains were
inoculated into fresh brain heart infusion broth at 1x10°
/ml and then cultured at 37°C for 8h. A densitometric
measurement revealed that all the strains grew well to
almost the same turbidity. By centrifugation, superna-
tants were collected and examined for the hemolysin
production. The TSLS-derived strains produced a high
level of hemolysin while the levels of hemolysin
produced by non-TSLS-derived strains were
significantly low (Fig. 5).
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Fig. 4. Cytokine production from macrophages after infection with TSLS-derived and non-TSLS-derived
S. pyogenes strains. Peritoneal macrophages were infected with S. pyogenes strains at MOI of 10 for 6h.
The culture supernatants were collected and the levels of cytokines were measured by ELISA.
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Fig. 5. Comparison of the hemolysin-producing ability between TSLS-derived and non-TSLS-derived S.
pyogenes strains. Various strains of S. pyogenes were cultured for 8 h in brain heart infusion broth and the
supernatants were collected. The amount of hemolysin secreted in the supernatant was estimated by
measuring the hemolytic activity to 1% suspension of sheep erythrocytes.
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DISCUSSION

Among various forms of infectious diseases caused by
S. pyogenes, TSLS is the most recently recognized,
fulminant type of infection. TSLS appears to have
emerged in the mid-1980s and was first described on
two fatal cases with a typical clinical manifestation in
19874, 10 years after the first description of original
toxic shock syndrome due to Staphylococcus aureus by
Todd et al®. In 1993, TSLS was established as an
independent clinical entity and its diagnostic criteria
were defined by a working group at Center for Disease
Control and Prevention (CDC)©. Since then, this severe
type of S. pyogenes infection has been accumulating and
the attack rate estimated in 2000 by CDC was one case
in 100,000 population®. According to the brief review
by Y. Shimizu who described the first case of TSLS in
Japan, 97 cases matching the diagnostic criteria were
detected by 1997®. Though most of the cases are
following infection with GAS, there are several reports
indicating that group B® or even group C or G
streptococcil® can cause TSLS as well. The rather rare
incidence and the occurrence of TSLS mainly in
otherwise healthy adults suggest a contribution of some
host factors but so far no definitive evidence has been
obtained.

All the S. pyogenes strains are of group A
carbohydrate antigen but can be divided further
according to surface protein antigens. M typing is based
on the antigenicity of M proteins comprising more than
50 types, and M protein has been implicated in both
colonization and resistance to phagocytosis of GASID,
The idea that M protein may be an important virulence
determinant is based on the predominance of S.
pyogenes having particular M type among clinical
isolates from TSLS cases. It is true that the wvast
majority of strains isolated from TSLS cases have been
of the M-1 and M-3 types, however, some other M-types
including those that could not be typed have also been
isolated from such cases. Moreover, M-1 and M-3 types
are also commonly isolated from asymptomatic carriers
and from patients with transient pharyngitis or mild
scarlet fever(!2. Besides, even if the M protein plays the
major role in the colonization or antiphagocytic action,
it is unlikely that such kind of escape mechanism results
in a rapid induction of clinical shock by itself. Thus, the
contribution of M protein to TSLS is still controversial,
and in this study we have compared the TSLS isolates
and non-TSLS isolates of the same M-3 type.

The bacterial clearance or persistence in the blood
after systemic infection is a measure for an overall
virulence. In mice, TSLS-derived strains showed about
1.0 log higher level in the blood 24 h after infection and
this result was indicative of the higher virulence of

TSLS strains. Upon systemic infection, macrophages or
dendritic cells show a quick response to the invading
bacteria presumably via Toll-like receptors (TLRs) and
produce various cytokines as an innate immune
response(!®. TLR ligands of Gram-positive bacteria are
believed to stimulate the innate immune response
mainly via TLR2(4, but some recent reports indicate
TLR4 is also involved in the response to streptococcal
cell wall!». Though TLR involvement was not
examined in this study, there was in vivo response of
cytokines that could be detected by cytokine ELISA in
the sera of mice infected with S. pyogenes. An
interesting observation was that a higher response was
detected in TNF-a and IL-1a production when infected
with TSLS-derived strains than after infection with non-
TSLS strains. Though statistical significance was not
obtained in IL-6 production, 3 out of 4 mice showed IL-
6 levels above 780 pg/ml which were far higher than the
highest level (465 pg/ml) observed among mice infected
with 4 non-TSLS-derived strains. This result indicated
that TSLS-derived strains have higher activity in
inducing the host proinflammatory cytokines. IFN-y is
not a proinflammatory cytokine but an important TH1
cytokine contributing host defense(®. Again, the level
of IFN-y in the sera was higher in mice infected with
TSLS-derived strains. As IFN-y response at the early
stage of infection is believed to be dependent on both
macrophage-mediated IL-12 and IL-18, we have
examined the level of these IFN-y-inducing cytokines in
the sera but could not detect a significant amount in
both groups of sera (data not shown).

A CFU assay in the blood after infection
demonstrated that TSLS-derived strains persisted at a
higher level than non-TSLS-derived strains. Therefore,
the in vivo response could be a reflection of a higher
number of viable bacteria in vivo. To rule out this
possibility, we have done the in vitro study by using
peritoneal exudates macrophages. After 6 h of
stimulation with the same number of TSLS-derived and
non-TSLS-derived strains, proinflammatory cytokines
were induced in both groups. A higher level of
macrophage response was observed after stimulation
with TSLS-derived strains regarding two cytokines, IL-
6 and TNF-o. In this in vifro infection model, no
intracellular bacterial growth was observed, and the
bacterial number associating with macrophages was
almost the same for both groups, so the difference in the
cytokine response appeared to be due to some difference
in the cytokine-inducing factor.

Some host cytokines are known to play a major role
in the development of lethal shock in bacterial
infection'”. Among various cytokines, macrophage-
derived TNF-a is the most implicated in the induction of
septic shock(®. TNF-o is a multifunctional cytokine
mediating the fever, cachexia, inflammation, bone
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resorption, tissue remodeling, cellular apoptosis and
septic shock(® 1), This cytokine causes shock and tissue
injury identical to the sepsis, and anti-TNF antibodies
given early protect animals from septic shock@9. In our
present study, macrophages showed a significant level of
TNF-a production particularly to the stimulation with
TSLS-derived strains. TNF-o can be produced by not
only macrophages but also a variety of host cells, but the
finding that adherent macrophages produced a high level
of TNF-o in vitro suggest the presence of TNF-a-
inducing property especially in TSLS-derived strains.

Peptidoglycan, lipoteichoic acid, and killed organisms
are reported to be capable of inducing TNF-a production
by mononuclear cells in vitro@). These bacterial surface
components that are representative TLR ligands may not
account for the difference we have observed between
TSLS-derived strains and non-TSLS-derived strains.
Cell-free bacterial supernatant has been shown to induce
proinflammatory cytokines including TNF-a in human
mononuclear cells®?, suggesting the contribution of
secreted protein from bacteria to the induction of key
cytokines. S. pyogenes is known to produce a variety of
toxins or exoenzymes contributing to the destruction of
connecting tissues or skin manifestation. Among protein
toxins produced by S. pyogenes, streptococcal pyrogenic
exotoxin (Spe) is a unique protein toxin now recognized
as one of the bacterial superantigens. Following the
discovery of TSST-1 as the causative bacterial
superantigen for staphylococcal toxic shock syndrome in
19812, many superantigens have been identified from
not only S. aureus (such as Staphylococcal enterotoxin
(SE) A, SEB, SECI-3 and SED) but also S. pyogenes
(such as SpeA, SpeC, SpeG and SpeH). SpeA is the
designation as superantigen for streptococcal pyrogenic
(erythrogenic) exotoxin A®4. This superantigen is
believed to stimulate T cell populations expressing
particular TcR VP repertoire in the context of class I
MHC on antigen presenting cells@®). Murine cells are
also known to produce several cytokines after
stimulation with this superantigen(?*®. Although
superantigen seems to participate in the pathophysiology
of TSLS, the T cell-dependent induction of cytokines by
SpeA and other streptococcal superantigen(s) cannot
explain the induction of macrophage-derived
proinflammatory cytokines. On the other hand, IFN-y
production was highly induced after infection with
TSLS-derived strains. Since IFN-y has been shown to be
produced mainly from T cells and NK cells, but not from
macrophages, a further study is necessary to clarify
whether the difference in IFN-y-inducing activity
between TSLS-derived and non-TSLS-derived strains is
responsible for the difference in their superantigen
activity for T cell activation.

The data have suggested a distinct ability of TSLS-
derived strains to induce host proinflammatory cytokines
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which are implicated in the pathophysiology of S.
pyogenes infection. In order to get some insight into the
possible virulence factor that may account the cytokine-
inducing activity, the hemolysin-producing ability was
determined. Recently, it is reported that listeriolysin O
(LLO) produced by Listeria monocytogenes 1is highly
capable of inducing proinflammatory cytokines followed
by induction of IFN-y without participation of T cells or
superantigen activity®?. Similar activity was observed in
other allied protein toxins produced by several Gram-
positive bacterial species®® 29). LLO and allied protein
toxins are the family protein belonging to cholesterol-
dependent cytolysin and its cytokine-inducing activity
has been shown to be dependent on the N-terminus
portion of the protein®®. Streptolysin O (SLO) is a
hemolysin produced by S. pyogenes and is one of the
members of cholesterol-dependent cytolysin family
proteins. Taking these finding into consideration, we
have examined the strains employed in this study for the
ability to produce SLO by semi-quantitative assay. There
was a significant difference in the SLO-producing
activity between TSLS-derived strains and non-TSLS-
derived strains. Although a further study in detail is to be
done to clarify whether SLO is responsible for the
induction of proinflammatory cytokines in TSLS, there
is a possibility that the SLO-producing ability in the
different S. pyogenes strains is related to the aetiology of
TSLS that cannot be explained by particular M-type or
other known virulent determinants. SLO is reported to
be capable of inducing chemokines®? and one report
suggests the cytokine inducing ability of SLOG2),
therefore, direct study in the future using recombinant
SLO may reveal the direct evidence of SLO contribution
to cytokine induction in TSLS.
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