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Streptolysin O (SLO), a major virulence factor of pyogenic streptococci, binds to cholesterol in the mem-
branes of eukaryotic cells and oligomerizes to form large transmembrane pores. While high toxin doses are
rapidly cytocidal, low doses are tolerated because a limited number of lesions can be resealed. Here, we report
that at sublethal doses, SLO activates primary murine bone marrow-derived mast cells to degranulate and to
rapidly induce or enhance the production of several cytokine mRNAs, including tumor necrosis factor alpha
(TNF-�). Mast cell-derived TNF-� plays an important protective role in murine models of acute inflammation,
and the production of this cytokine was analyzed in more detail. Release of biologically active TNF-� peaked
�4 h after stimulation with SLO. Production of TNF-� was blunted upon depletion of protein kinase C by
pretreatment of the cells with phorbol-12 myristate-13 acetate. Transient permeabilization of mast cells with
SLO also led to the activation of the stress-activated protein kinases p38 mitogen-activated protein (MAP)
kinase and c-jun N-terminal kinase (JNK), and inhibition of p38 MAP kinase markedly reduced production of
TNF-�. In contrast, secretion of preformed granule constituents triggered by membrane permeabilization was
not dependent on p38 MAP kinase or on protein kinase C. Thus, transcriptional activation of mast cells
following transient permeabilization might contribute to host defense against infections via the beneficial
effects of TNF-�. However, hyperstimulation of mast cells might also lead to overproduction of TNF-�, which
would then promote the development of toxic streptococcal syndromes.

Streptolysin O (SLO) is a prototypic member of the choles-
terol-binding and pore-forming hemolysins. After binding to
cholesterol, SLO monomers form homotypic polymers that
generate large transmembrane channels (5). SLO is produced
by pyogenic streptococci that cause severe diseases ranging
from pharyngitis and impetigo to the often fatal states of strep-
tococcal toxic shock syndrome and necrotizing fasciitis. In or-
der to overrun host defenses, streptococci have developed mul-
tifaceted virulence mechanisms, including production of
pyrogenic exotoxins, which act as superantigens to cause mas-
sive production of cytokines that lead to toxic shock (10).
Recent studies of mice (26) and chicken embryos (37) have
reinforced the old concept that SLO is another virulence fac-
tor. Somewhat unexpectedly, SLO was not required for the
formation of necrotic lesions or for bacterial dissemination in
a mouse model of invasive streptococcal disease (26). Never-
theless, mice infected with an SLO-negative mutant exhibited
decreased mortality compared to animals infected with con-
genic wild-type streptococci (26). This suggested that SLO
might provoke deleterious effects via mechanisms other than
simple tissue destruction.

Keratinocytes and endothelial cells attacked by staphylococ-
cal alpha-toxin and SLO are able to repair a limited number of

transmembrane lesions (39, 40), and this process is accompa-
nied by activation of NF-�B and production of important cy-
tokines (41).

Mast cells are prominent at all potential entry sites for
pathogens, especially in skin, intestinal, and respiratory mu-
cosa and around blood vessels (2), and they have recently been
recognized to represent sentinels of the immune system (16).
Due to their ability to recognize a large spectrum of microbial
structures, mast cells are capable of initiating a life-saving
inflammatory response in mouse models of acute bacterial
inflammation (28, 29).

To complement the observation that mast cells treated with
SLO release histamine from their intracellular stores (22), we
examined whether these cells are also transcriptionally acti-
vated following transient membrane permeabilization. We re-
port transcriptional activation of genes for several cytokines,
including tumor necrosis factor alpha (TNF-�), and show that
release of biologically active TNF-� occurs as a result of de
novo synthesis and not vesicular release of preformed cyto-
kines by bone marrow-derived mast cells (BMMC). TNF-�
synthesis, but not toxin-induced granule secretion, was depen-
dent on activation of p38 mitogen-activated protein (MAP)
kinase and protein kinase C (PKC).

MATERIALS AND METHODS

Cytokines. Murine interleukin-3 (mIL-3) was isolated from supernatants of
myelomonocytic WEHI-3B cells using DEAE chromatography. Recombinant
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mIL-4 was a gift of W. Müller, Department of Experimental Immunology, GBF,
Braunschweig, Germany.

Generation of BMMC. BALB/cJ mice were obtained from the Zentralinstitut
für Versuchstierforschung, Hannover, Germany; bred in our animal facility
(Zentrale Versuchstieranlage, Johannes-Gutenberg-Universität, Mainz, Germa-
ny); and used at the age of 5 to 10 weeks.

The mice were sacrificed by cervical dislocation; intact femurs and tibias were
removed, and bone marrow cells were harvested by repeated flushing with min-
imal essential medium.

The cell culture was established at a density of 3 � 106 cells/ml in Iscove’s
modified Dulbecco’s medium supplemented with 10% fetal calf serum (FCS;
inactivated at 56°C), 2 mM L-glutamine, 1 mM pyruvate, 100 U of penicillin/ml,
100 �g of streptomycin/ml, 20 U of mIL-3/ml, and 50 U of mIL-4/ml. Nonad-
herent cells were transferred to fresh culture plates every 2 to 3 days for a total
of at least 21 days to remove adherent macrophages and fibroblasts. Fluores-
cence-activated cell sorter analyses using an anti-CD13 antibody (R3-242;
Pharmingen, San Diego, Calif.) (19) and immunoglobulin E (IgE) plus anti-IgE
monoclonal antibody (3, 15, 30), as well as May-Grünwald-Giemsa and toluidine
blue staining, revealed that the resulting cell population consisted of �99%
BMMC (data not shown).

Preparation of recombinant SLO. SLO and the SLO mutant N402E were
expressed in Escherichia coli and purified as described previously (42). Freshly
prepared SLO was stored frozen in aliquots and thawed only once.

In vitro cell stimulation. The test medium was Iscove’s modified Dulbecco’s
medium supplemented with 5% FCS (previously inactivated at 56°C), 1 mM
pyruvate, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 �g of streptomycin/
ml.

Stimulations were conducted in prewarmed test medium using 96-well plates
with 105 cells/well for the �-hexosaminidase assay or 2 � 105 cells/well for the
TNF-� test in a final volume of 200 �l, including appropriate concentrations of
SLO.

PKC was depleted by overnight incubation of mast cells with 80 ng of the
phorbol ester phorbol-12 myristate-13 acetate (PMA; Sigma, Deisenhofen, Ger-
many)/ml. The activity of p38 MAP kinase was inhibited by incubating mast cells
in the presence of SB203580 (Calbiochem, Schwalbach, Germany).

Determination of cellular ATP. BMMC were treated with various concentra-
tions of SLO, and intracellular ATP was measured with luciferase (Roche,
Mannheim, Germany) as described previously (6).

�-Hexosaminidase release. Degranulation was quantified by assaying the ac-
tivity of �-hexosaminidase (33). Briefly, BMMC were activated for 30 min at
37°C. The cells were spun down and lysed in 0.5% Triton X-100. Two 20-�l
aliquots from each supernatant and the corresponding lysate were transferred to
separate plates. Fifty microliters of substrate solution (1.3 mg of p-nitrophenyl-
N-acetyl-�-D-glucosamine/ml in 0.1 M sodium citrate, pH 4.5) was added, and
the plates were incubated for 90 min at 37°C. The reaction was stopped by the
addition of 150 �l of 0.2 M glycine, pH 10.7. Hydrolysis of the substrate was
measured at 405 nm. �-Hexosaminidase activities in the supernatant and lysate
were added and defined as the total enzyme content. The results are expressed
as the percentage of �-hexosaminidase activity released into the medium.

RNA purification and reverse transcription-PCR. RNA was isolated using a
modification of the protocol of Chomczynski and Sacchi (8) as described previ-
ously (14) and was used for reverse transcription with SUPERSCRIPT RNase
H	 (Life Technologies, Karlsruhe, Germany) following the recommendations of
the supplier.

For PCR, the following primers were used: HGPRT forward (GTTGGATA
CAGGCCAGACTTTGTTG) and reverse (GAGGGTAGGCTGGCCTATAG
GCT); GM-CSF forward (GCAGAATTTACTTTTCCTTT) and reverse (AGG
GGATATCAGTCAGAAAG); IL-6 forward (GCCAGAGTCCTTCAGAGAG
ATAC) and reverse (CCCAACGATTCATATTGTCAG); IL-4 forward (GCA
TGGTGGCTCAGTACTACGAGTA) and reverse (GAATGTACCAGGAGC
CATATCCACG); TNF-� forward (GTAGCCCACGTCGTAGCAAACC) and
reverse (GGTATATGGGCTCATACCAGGG); MCP-1 forward (ACTGAAG
CCAGCTCTCTCTTCCTC) and reverse (TTCCTTCTTGGGGTCAGCACAG
AC); and IL-13 forward (GCATGCCATGGCGCTCTGGGTGACTGC) and
reverse (CGCGGATTCGAAGGGGCCGTGGCGAAACAG).

Bioassay for TNF-�. Following incubation with SLO, BMMC were centrifuged
at 500 � g for 5 min, and the cells were lysed in fresh medium (equal to the
starting amount) by freezing and thawing. The biological activity of TNF-� was
assayed using WEHI-164 target cells cultured in RPMI– 10% FCS; 40,000
cells/50 �l in medium containing 2 �g of actinomycin D/ml were added to equal
volumes of serially diluted TNF-� containing supernatants or cell lysates and
incubated at 5% CO2 and 37°C for 24 h. Serial dilutions of human recombinant
TNF-� (a gift of G. R. Adolf, Firma Bender, Vienna, Austria) were used as a

reference. Fifty microliters of 0.25% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (Sigma) in phosphate-buffered saline was added, and the
cells were further incubated for 2 h. One hundred microliters of sodium dodecyl
sulfate-dimethylformamide (SDS-DMF) was then added, and the optical density
was measured at 570 nm (reference, 660 nm) after a 3-h incubation. SDS-DMF
was prepared by mixing 2 volumes of 30% SDS and 1 volume of DMF, and the
pH was adjusted to 4.7. The specificity of the assay was verified using the
ammonium-precipitated rat monoclonal antibody V1q raised against mTNF-� at
a concentration of 50 �g/ml (13). To exclude any influence of SLO, SB203580, or
PMA on the cytotoxicity assay, these substances were added in comparable
concentrations to the WEHI-164 cells alone. The measured effects were negli-
gible.

Assay of MAP kinase activation. Cells were lysed in 1% SDS– 15% glycerol–
4 M urea– 50 mM Tris, pH 6.8 (150 �l/106 cells), boiled for 3 min, and then
passed through a syringe several times in order to reduce the viscosity. After
determination of the protein concentration using the DC protein assay (Bio-Rad,
Munich, Germany), bromophenol blue and �-mercaptoethanol were added to
final concentrations of 100 ng/�l and 1%, respectively, and samples containing 10
to 15 �g of protein were subjected to SDS-polyacrylamide gel electrophoresis
and Western blotting (25, 38). Activated MAP kinases were detected using
phosphospecific antibodies for p38 MAP kinase and c-jun N-terminal kinase
(JNK). Detection of total p38 with a p38-specific antibody served as an equal-
loading control (Cell Signaling Technology; New England Biolabs, Frankfurt am
Main, Germany).

RESULTS

Treatment of mast cells with SLO induces transcriptional
activation leading to the production of biologically active
TNF-�. Transient permeabilization of cells with SLO can be
followed by monitoring cellular ATP content, and pilot exper-
iments were performed in serum-containing medium (5%
FCS) to determine the SLO concentrations that allow cellular
recovery. Following exposure to SLO, the ATP levels dropped
within 30 min and, at SLO concentrations which permit cellu-
lar survival, gradually recovered and reached nearly 100% of
the original value after 4 h (Fig. 1). The transient permeabili-

FIG. 1. Recovery of cellular ATP levels following treatment of
mast cells with SLO. Mast cells were treated with SLO at the indicated
concentrations, and ATP was quantified at the given times. Cellular
ATP is given as the percentage of luminescence relative to untreated
control cells. Shown are the means of three experiments. The error
bars represent standard deviations.
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zation of cells can also be followed by monitoring trypan blue
uptake. At SLO concentrations which do not permit survival of
the cells, dead cells are irreversibly stained with the dye (not
shown).

It has been reported that treatment of mast cells with cyto-
cidal doses of SLO results in granule exocytosis (22). We quan-
tified the release of �-hexosaminidase, and the dose-response
curve is shown in Fig. 2. Release of the granular enzyme
occurred at low SLO concentrations and remained constant
thereafter, irrespective of cellular recovery.

A different response pattern was observed when TNF-� was
assayed using a bioassay based on the cytotoxic activity of
TNF-� on WEHI-164 target cells. As shown in Fig. 3, the
amounts of both secreted and cell-associated TNF-� were
highest when SLO was applied at concentrations that led to
transient permeabilization. The potency of mast cells to initiate
life-saving inflammatory responses in murine models of acute
bacterial inflammation has been ascribed mainly to their
unique property of storing preformed TNF-� within their se-
cretory granules, which can be released upon demand (17).
However, in our experiments, unstimulated cells contained
virtually no TNF-�, which was in accord with the observations
of other laboratories that TNF-� is not present in granules of
unstimulated BMMC and most mast cell lines (17, 18). Slight
batch-to-batch variations of different SLO preparations used to
generate the data reported here were found in these experi-
ments, with the SLO concentrations used to achieve maximal
production of TNF-� varying between 500 and 1,000 ng/ml.

To exclude the possibility that bacterial contaminations in
the recombinant SLO preparations might lead to the activation
of mast cells, we tested the recombinant SLO mutant N402E in
parallel. This mutant had been generated by introducing a
point mutation in SLO which still allowed membrane binding
but abolished the oligomerization of protein monomers and
hence the pore-forming capability of SLO (1). Treatment of

mast cells with N402E, even at concentrations 20-fold higher
than those of wild-type SLO, did not induce any production of
TNF-� (Fig. 4). In this experiment, as a further control, the
cytotoxic activities of supernatants derived from mast cells
which had been treated with SLO could be abolished by the
addition of a neutralizing anti-TNF-� monoclonal antibody
(Fig. 4). Since this antibody does not cross-react with human
TNF-�, the neutralization of mTNF-� in the mast cell super-
natants could be compensated for by the addition of the hu-
man cytokine (data not shown).

Since our finding that TNF-� release was abrogated due to
cell death at high concentrations of SLO indicated that toxin-
induced TNF-� secretion was due to de novo protein synthesis,
we addressed the question of whether mast cells are transcrip-
tionally activated to produce mRNA for various cytokines. As
shown in Fig. 5, treatment of BMMC with SLO rapidly en-
hanced or induced the production of mRNAs for the cytokines
IL-4, IL-13, IL-6, granulocyte-macrophage colony-stimulating
factor, and TNF-� and for monocyte chemoattractant protein
1 (MCP-1), whereas the SLO mutant N402 had no effect on
cytokine mRNA expression.

Since mast cell-derived TNF-� is critical for the early and
life-saving recruitment of neutrophils in mouse models of bac-
terial infections, we analyzed the SLO-induced production of
this cytokine in more detail. With respect to the kinetics of
TNF-� production, it could readily be detected as early as 30
min poststimulation, and maximum release was reached be-
tween 2 and 4 h (Fig. 6). It can further be concluded from the
data shown in Fig. 6 that the de novo production of TNF-�
obviously ceased �1 h after stimulation, and accumulation of
TNF-� in the supernatant was paralleled by a decrease in
intracellular TNF-�.

FIG. 2. Dose-response titration for the SLO-induced degranula-
tion of mast cells. Mast cells were stimulated for 30 min in the presence
of various concentrations of SLO as indicated. Degranulation was
measured as the release of �-hexosaminidase as described in Materials
and Methods. Shown are the means of three experiments. The error
bars represent standard deviations.

FIG. 3. Dose-response titration for the SLO-induced production of
TNF-�. Mast cells were stimulated for 1 h in the presence of various
concentrations of SLO as indicated. Thereafter, biologically active
TNF-� was determined in the supernatants (secreted) and in the cell
lysates (intracellular) obtained by freezing and thawing. Shown are the
means of three experiments. The error bars represent standard devi-
ations.
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SLO-induced production of TNF-� strongly depends on ac-
tivation of p38 MAP kinase and PKC. We next addressed the
question of which intracellular signaling pathways might con-
tribute to the SLO-induced production and secretion of
TNF-�. Likely candidates were the stress-activated protein
kinases p38 MAP kinase and JNK, whose activation can be

detected by using antibodies specific for the phosphorylated
proteins (12, 32). As shown in Fig. 7, top, both p38 MAP kinase
and JNK were indeed activated upon treatment of mast cells
with SLO. Activation occurred very rapidly and was transient,
with maximum phosphorylation of both kinases observed 5 min
after toxin application. To assess whether the activation of p38
and JNK was critical for SLO-induced degranulation and pro-
duction of TNF-�, we stimulated mast cells with SLO in the
presence of MAP kinase inhibitors. Inhibition of JNK activa-
tion using the PI3K inhibitor wortmannin (23) had no effect on
either SLO-induced degranulation or production of TNF-�
(data not shown). In contrast, inhibition of p38 MAP kinase
with SB203580 (11) profoundly impaired the production of
TNF-� without affecting degranulation (Fig. 7, middle and
bottom). Semiquantitative mRNA analyses also revealed that
in the presence of 2.5 �M SB203580, SLO-induced TNF-�
mRNA expression is reduced to 25% (data not shown). There-
fore, we concluded that SLO-induced production of TNF-� is
at least partially driven by activation of p38 MAP kinase.

It has been reported that PKC is critical for both production
of TNF-� and degranulation following cross-linking of IgE (4,
31, 34), so we next examined whether depletion of PKC by
long-term (24-h) incubation with PMA (35) had any effect on
the SLO-induced activation of mast cells. As depicted in Fig.
8A, depletion of PKC prior to the activation of mast cells with
SLO strongly decreased production and secretion of TNF-�.
However, preincubation with PMA did not influence the pro-
duction of TNF-� mRNA (not shown). This observation is
compatible with a previous report that PKC activity is required
for TNF-� secretion by RBL-2H3 mast cells stimulated
through the high-affinity IgE receptor but is dispensable for
TNF-� mRNA expression (34). This finding implied that acti-
vation of PKC was also a critical event for the production of
TNF-� induced by SLO, at least at the posttranscriptional
level. In contrast, depletion of PKC did not significantly influ-
ence the SLO-induced degranulation of mast cells (Fig. 8B).

FIG. 4. The SLO mutant N402E does not induce the production of
biologically active TNF-�. Mast cells were activated with the indicated
concentrations of SLO or the SLO mutant N402E for 2 h, and a
bioassay for biologically active TNF-� in the supernatants was per-
formed. As an additional internal control, the biological activity of
TNF-� was blocked by the addition of a neutralizing anti-TNF-� an-
tibody (anti-TNF). Shown are the means of three experiments. The
error bars represent standard deviations.

FIG. 5. Treatment of mast cells with SLO induces the transcription
of various cytokines. Cells were left untreated (Ø) or incubated with
SLO (0.5 �g/ml) or the SLO mutant N402E (0.5 �g/ml) for 1 h, and
reverse transcription-PCR was performed as described in Materials
and Methods. The experiment shown is representative of three inde-
pendent experiments with equivalent results. HGPRT, hypoxanthine-
quanine phosphoribosyltransferase.

FIG. 6. Kinetics of TNF-� production and secretion induced by
SLO. Mast cells were treated with SLO (500 ng/ml), and biologically
active TNF-� was determined in the supernatants (secreted) and in the
cell lysates (intracellular), obtained by freezing and thawing, at the
indicated times. Shown are the means of three experiments. The error
bars represent standard deviations.
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DISCUSSION

There is growing evidence that many bacterial toxins possess
cytokine-inducing activities and that the host proinflammatory
cytokine response may contribute to pathogenesis (20).

With respect to pore-forming toxins, this was shown for the
aerolysin-related enterotoxin (Act), an important virulence
factor of Aeromonas hydrophila. In macrophages, Act caused
increased levels of proinflammatory cytokines, such as TNF-�,
IL-1�, and IL-6, and activated arachidonic acid metabolism
and transcription of inducible nitric oxide synthase (9). Pneu-
molysin, a pore-forming hemolysin produced by Streptococcus
pneumoniae, also was capable of increasing TNF-� and IL-6
levels in macrophages and initiating the production of NO (7).

A role for SLO in infection was suggested based on the
finding that keratinocytes infected with SLO-deficient Strepto-
coccus pyogenes displayed reduced expression of IL-1�, IL-6,
IL-8, and prostaglandin E2 compared with the wild-type strain
(36). Indeed, it was shown that reversible permeabilization of
keratinocytes and endothelial cells with SLO is followed by the
release of IL-6 and IL-8 and that production of these cytokines
is preceded by activation of NF-�B (41). With respect to the
cytocidal action of SLO, it has recently been reported that SLO
directs the translocation of S. pyogenes NAD-glycohydrolase
into the cytosol of keratinocytes (27). Translocation is contact
dependent and equivalent to type III secretion, which has
previously been described only in gram-negative bacterial spe-
cies. The effector molecule NAD-glycohydrolase triggers a cy-
tocidal response in infected cells and probably also interacts
with a host signaling pathway required to repair damage
caused by SLO. However, at present it is unclear whether this
process also modulates cytokine production by infected cells.

It has been reported that rat mast cells permeabilized with
SLO release histamine, �-hexosaminidase, and lactate dehy-
drogenase in the presence of micromolar concentrations of
Ca2�. Since the release of both histamine and �-hexosamini-
dase had an additional requirement for nucleoside triphos-
phates, it was concluded that these substances are secreted via
an exocytotic pathway, while lactate dehydrogenase simply
leaks from the cells through the toxin-generated transmem-
brane pores (22).

In this study, degranulation of mast cells, measured by the
release of the granular enzyme �-hexosaminidase, was initiated
at low doses of SLO when virtually no cell death was observed
and remained constant at high concentrations when the cells
were killed. Of note, our observation that PKC is not involved
in SLO-induced degranulation suggests that this process pro-
foundly differs from degranulation triggered by cross-linking of
IgE.

A novel aspect reported here is the transcriptional activation
of mast cells occurring at low doses of SLO that allow cellular
recovery. The production and secretion of mast cell-derived
TNF-� harbor potentially important implications. Upon local
infection with pyogenic streptococci, production and release of
TNF-� might contribute to host defense, as demonstrated in
previous studies (28, 29). However, upon severe and systemic
infection, overproduction of TNF-� would be expected to exert
a detrimental influence and might then contribute to the de-
velopment of toxic streptococcal syndromes. Thus, dual and
counteractive effects—activation of a curative immune re-

FIG. 7. SLO-induced activation of p38 MAP kinase is critical for
the production of TNF-� but not for the degranulation of mast cells.
(Top) Mast cells were activated with SLO (1 �g/ml), and cell lysates
were prepared at the indicated times. Activation of the stress-activated
MAP kinases p38 and JNK was assessed by Western blotting using
antibodies specific for the phosphorylated kinases. After stripping of
the blot, reprobing with an antibody against total p38 MAP kinase
served as an equal-loading control. The experiment shown is repre-
sentative of two experiments with comparable results. (Middle and
bottom) Mast cells were stimulated with SLO (1 �g/ml) for 1 h in the
presence of the indicated concentrations of the p38 MAP kinase in-
hibitor SB203580. Thereafter, biologically active TNF-� was deter-
mined in the supernatants (secreted) and in the cell lysates (intracel-
lular) obtained by freezing and thawing. Degranulation was measured
as the release of �-hexosaminidase after 30 min. Shown are the means
of three experiments. The error bars represent standard deviations.
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sponse versus the induction of septic shock—may be provoked
by SLO, as has been observed for other cytokine-inducing
microbial products, e.g., lipopolysaccharide. In general, recog-
nition of bacterial constituents primarily leads to cell activation
and production of proinflammatory mediators (e.g., TNF-�
and IL-6) necessary for an effective innate inflammatory re-
sponse, but when this beneficial response gets out of control, as
in septic shock, these mediators can be extremely harmful (21,
24). In both circumstances, SLO likely produces sophisticated
effects involving mechanisms other than simple destruction of
cells and tissues.
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