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Severe invasive infectious diseases remain a major and life-threatening health problem. In serious cases, a systemic activation of
the coagulation cascade is a critical complication that is associated with high mortality rates. We report here that streptokinase, a
group A streptococcal plasminogen activator, triggers the activation of the human contact system. Activation of contact system
factors at the surface of the Streptococcus pyogenes serotype M49 is dependent on streptokinase and plasminogen. Our results
also show that secreted streptokinase is an efficient contact system activator, independent from a contact surface. This results in
the processing of high-molecular-weight kininogen and the release of bradykinin, a potent vascular mediator. We further inves-
tigated whether the ability of 50 different clinical S. pyogenes isolates to activate the contact system is associated with an invasive
phenotype. The data reveal that isolates from invasive infections trigger an activation of the contact system more potently than
strains isolated from noninvasive infections. The present study gives new insights into the mechanisms by which S. pyogenes
triggers the human contact system and stresses the function of soluble and surface located plasmin exploited as a group A strep-
tococcal virulence factor through the action of streptokinase.

Streptococcus pyogenes, referred to as group A streptococcus
(GAS), is a Gram-positive major human pathogen responsible

for uncomplicated throat and skin infections such as pharyngitis
and impetigo. Infections can occasionally develop into serious
and life-threatening conditions, of which streptococcal toxic
shock syndrome and necrotizing fasciitis are associated with high
morbidity and mortality (1). Although GAS virulence factors have
been studied intensively, the mechanisms by which local infec-
tions progress to severe systemic infections are not yet fully un-
derstood. The systemic activation of host immune responses has
been reported to account for several symptoms seen in septic pa-
tients, i.e., hypotension, and coagulation abnormalities such as
disseminated intravascular coagulation, edema formation, and
multiorgan failure. Previous studies have shown that the systemic
activation of the human contact system plays an important role in
invasive GAS infections (for a review, see reference 2). The contact
system comprises four plasma proteins, circulating as zymogens
in the bloodstream or being assembled on various cell types: the
serine proteases factor XII (FXII), factor XI (FXI), and prekalli-
krein (PKK) and the nonenzymatic cofactor high-molecular-
weight kininogen (HK). The latter forms equimolar complexes
with plasma kallikrein (PK) or FXI. The cascade is initiated upon
contact to a negatively charged surface and starts with the limited
autoactivation of FXII due to a conformational change. FXIIa then
activates PKK to PK, which recruits further active FXII molecules
in a positive-feedback loop. Moreover, PK cleaves its complex
partner HK to release the vasoactive and proinflammatory peptide
bradykinin. The nonapeptide has a very short half-life (a matter of
seconds) and exhibits its functions via the B1 and B2 receptors (3).
Generating other mediators such as nitric oxide, prostaglandins,
and leukotrienes, bradykinin is involved in the regulation of blood
pressure, the induction of fever and pain, vascular leakage, and the
chemotaxis of immune cells (4). In addition, further processing of
HK may also lead to the generation of antimicrobial peptides (5),
implicating a critical role of the human contact system in the early
defense against microbial invaders (6).

Pathogens have evolved various mechanisms to manipulate

the host immune system and interference with contact factors has
been described for a number of bacterial species (for a review, see
reference 7). In the case of S. pyogenes, the secreted streptococcal
cysteine protease SpeB was found to cleave HK directly (8). In
addition, the surface-bound M protein, one of the classical viru-
lence determinants of GAS, has been demonstrated to bind HK,
followed by bradykinin generation (9, 10). Binding and assembly
of contact system factors on the bacterial surface are thought to be
sufficient to activate this proteolytic system (6); however, addi-
tional mechanisms must exist, since Sriskandan et al. documented
that streptococcal culture supernatants were able to activate PK in
vitro (11).

Many pathogenic streptococci secrete streptokinase in order to
accelerate the conversion of human plasminogen to plasmin (12).
Lacking enzymatic activity itself, streptokinase evolves its function
by forming a stoichiometric 1:1 complex with plasminogen or a
trimolecular complex with plasminogen and fibrinogen. The ac-
tivator complexes can bind at the bacterial surface via host factor
receptors and convert other plasminogen molecules to plasmin
(13). Plasmin is a broad-spectrum serine protease and mainly dis-
solves fibrin clots, but as early as 1995 Ewald and Eisenberg proved
plasmin also to initiate the contact system cascade (40). This
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prompted us to investigate if the streptococcal plasminogen acti-
vator streptokinase might contribute to contact system activation
by S. pyogenes.

Here, we report that the human contact system is activated by
the action of streptokinase. The role of secreted and surface-
bound streptokinase in this process was investigated by compar-
ing an M49 S. pyogenes wild-type strain with its isogenic �ska
mutant, which is unable to trigger plasmin activity in human
plasma. Moreover, we analyzed contact activation by a set of clin-
ical GAS strains isolated from invasive and noninvasive cases at
the Rostock Medical Center. Our results show a thus-far-unde-
scribed mechanism by which S. pyogenes triggers the human con-
tact system. This adds another important and prominent viru-
lence mechanism and function to a growing list of streptokinase
activities.

MATERIALS AND METHODS
Bacterial strains and culture conditions. GAS serotype M49 strain 591
was obtained from R. Lütticken (Aachen, Germany). GAS M1 strain 90-
226 was obtained from the World Health Organization Center for Refer-
ence and Research on Streptococci at the University of Minnesota. It was
originally isolated from the blood of a patient with sepsis. The construc-
tion of the M1-protein-lacking mutant strain from GAS M1 has been
described previously (14). The different clinical M serotype GAS strains
used in the present study have been described by Köller et al. (15). A
streptokinase-deficient mutant (�ska) in the GAS M49 591 chromosomal
background was generated previously by insertional inactivation of the
ska gene (16). The construction of the epf, emm49, and prtF2 mutant
strains from GAS M49 591 has been described previously (17–20). The
GAS strains were cultured in Todd-Hewitt broth (THB; Invitrogen) at
37°C under a 5% CO2 and 20% O2 atmosphere.

Materials. Pooled normal plasma and plasma deficient in FXII or PKK
were provided by George King Bio-Medical, Inc. (Overland Park, KS).
Fresh frozen plasma samples from healthy individuals were obtained from
the blood bank at Rostock University Hospital, Rostock, Germany, and
kept frozen at 80°C until use. Plasminogen-deficient plasma was pur-
chased from Haemochrom Diagnostica (Germany). Purified streptoki-
nase (pSK) from beta-hemolytic streptococci was derived from Sigma-
Aldrich.

Measurement of PK/FXIIa activity. PK/FXIIa activity on bacterial sur-
faces exposed to normal or plasminogen-deficient plasma was measured us-
ing chromogenic substrate S-2302 (H-D-Pro-Phe-Arg-pNA·2HCl; Chro-
mogenix). Ten-milliliter overnight cultures (THB) of the S. pyogenes M49
wild type and its isogenic knockout mutants were washed three times with
50 mM Tris (pH 7.5) buffer and diluted (final concentration, 3 � 107

CFU/ml) in 50 mM Tris. Then, 100 �l of bacterial suspension was mixed
with 100 �l of plasma or buffer (control), followed by incubation at 37°C
for 30 min. After centrifugation, the pellets were washed three times,
centrifuged, and resuspended in 200 �l of buffer containing a 1 mM
concentration of the substrate. After 60 min, the samples were centri-
fuged, and the absorbance of the supernatants was measured at 405 nm in
an enzyme-linked immunosorbent assay (ELISA) reader. Control values
(bacteria incubated in buffer) were used as a blank. No endogenous pro-
teolytic activity was measured when S-2303 was incubated with bacteria in
the absence of plasma.

PK/FXIIa activity in normal and plasminogen-deficient plasma incu-
bated with supernatants from overnight cultures was measured by adding
100 �l of supernatant to 100 �l of plasma and 100 �l of 50 mM Tris (pH
7.5) buffer containing a 1 mM concentration of the chromogenic sub-
strate. The samples were incubated at 37°C for 60 min, and the absorbance
was determined at 405 nm. Plasma incubated with medium instead of
culture supernatant served as a control and was subtracted from the sam-
ple values. When required, the plasmin inhibitor D-Val-Phe-Lys chloro-
methyl ketone dihydrochloride (Merck) was added to a final concentra-

tion of 0.5 �g/ml after an initial incubation time of 15 min prior to sub-
strate addition.

Measurement of plasmin activity. To measure the plasmin activity on
bacterial surfaces exposed to plasma, bacteria were grown overnight in 10
ml of THB, washed three times with phosphate-buffered saline (PBS), and
diluted (final, concentration 5 � 107 CFU/ml) in PBS. Next, 200-�l bac-
terial suspensions were mixed with 200 �l of plasma or buffer, followed by
incubation for 3 h in human plasma. After three further washing steps
with PBS, the pellet was suspended in Tris-NaCl buffer (19.2 mM/1.062
M; pH 7.5) containing 20 �g/ml of the chromogenic substrate S-2251
(H-D-Val-Leu-Lys-pNA·2HCl; Sigma), followed by an incubation for 60
min at 37°C. Samples were centrifuged, and the absorbance of the super-
natants was measured at 405 nm in an ELISA reader.

Plasmin activity in plasma treated with bacterial supernatants was de-
termined as follows. Portions (50 �l) of plasma were mixed with 70 �l of
culture supernatant from a 10-ml THB overnight culture. The plasmin-
specific chromogenic substrate was added, and the mixture was incubated
at 37°C. After 3 h, the absorbance at 405 nm was measured. Instead of the
supernatant, 70 �l of medium or 30 �l of pSK (10 U/�l) served as negative
and positive controls, respectively.

Electrophoresis and Western blot analysis. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed as de-
scribed by Neville (21). Proteins from plasma samples were separated on
gels of 10% total acrylamide with 3% bisacrylamide. In this way, untreated
plasma or plasma treated with kaolin, THB, or H2O for 240 min served as
controls. Plasma was diluted 1/100 in sample buffer containing 2% (wt/
vol) SDS and 5% (vol/vol) �-mercaptoethanol. Before loading, the sam-
ples were boiled for 5 min. Western blot analyses were performed with
sheep antibodies against HK (Affinity Biologicals) and its degradation
products, as described previously (22).

Bradykinin measurement. Purified SK or plasmin was incubated with
normal human plasma for 15 min, and the bradykinin content was mea-
sured as described earlier (22, 23). Kaolin-treated plasma samples served
as positive controls. Bradykinin release in H2O-treated plasma was used as
a negative control.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism (v6.0). The P value was determined by using the unpaired t test
(comparison of two groups). All samples were analyzed in triplicates, and
all experiments were performed at least three times, if not otherwise de-
clared. The bars in the figures indicate the standard deviations (SD).

RESULTS
Activation of PK and FXII at the surface of S. pyogenes M49 is
dependent on streptokinase and plasminogen. The S. pyogenes
M1 strain has previously been shown to bind and activate contact
factors on its surface (24, 25). To test whether S. pyogenes M49 and
M1 strains trigger contact activation on their surfaces, the bacteria
were incubated with human plasma. After 30 min, unbound
plasma proteins were removed by centrifugation and washing
steps. A chromogenic substrate (S-2302), specific for PK and
FXIIa, was used to measure contact activation. Both strains exhib-
ited PK/FXIIa activity on their surfaces (Fig. 1A). Interestingly,
compared to the wild types, knockout of the M protein in these
strains did not change PK/FXIIa activity significantly (Fig. 1A),
suggesting that activation of contact system factors occurs inde-
pendently of the M protein.

Several respective deletion mutants with M49 background
were subsequently tested for their ability to activate the contact
system at their surfaces. Strains deficient in adhesins, such as pro-
tein F2 (�prtF2) (18) or Epf (�epf) (26), were not significantly
impaired in PK/FXIIa activity (Fig. 1B). In contrast, the mutant
strain deficient in streptokinase (�ska) showed a significantly de-
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creased PK/FXIIa activity on its surface compared to the wild-type
strain (Fig. 1B).

Streptokinase (SK), secreted by group A, C, and G streptococci,
binds and activates human plasminogen (27) to plasmin, the key
serine protease in fibrinolysis. To test whether PK/FXIIa activity is
dependent on plasminogen, the M49 wild type and its �ska mu-
tant were incubated in normal or plasminogen-deficient plasma
for 30 min. After incubation, unbound plasma proteins were re-
moved and PK/FXIIa activity determined. Kaolin, a potent con-
tact system activator, was used as a positive control (Fig. 1C). After
incubation of M49 wild-type bacteria in plasminogen-deficient
plasma, no PK/FXIIa activity was detectable (A405 � 0.11) com-
pared to normal plasma (A405 � 1.28). The PK/FXIIa activity of
the �ska mutant in plasminogen-deficient plasma (A405 � 0.43)
was as low as in normal plasma (A405 � 0.48). This indicates that
contact system activation occurs at the surface of the �ska mutant,
although to a significantly lower extent compared to the M49 wild
type (Fig. 1C). Since the �ska mutant shows no detectable surface
plasmin activity (Fig. 1D), the surface contact activation of this
mutant seems to occur independently from plasminogen. This is
in contrast to the M49 wild type, as our data clearly show that
surface-bound SK and plasminogen are important factors for con-
tact system activation in this strain.

When the M49 strain was incubated in FXII- or PKK-deficient
plasma, it retained surface PK/FXIIa activity (data not shown). In
a purified system, plasmin was shown to activate both FXII (28)
and PK (29), and these findings are supported by our data.

Surface-independent contact activation by secreted SK. SK is
secreted by S. pyogenes into the surrounding area. We therefore
tested bacterial culture supernatants from M49 wild-type and
�ska mutant bacteria for contact system activation. Human
plasma was incubated with bacterial culture supernatants and PK/
FXIIa activity determined, using the specific substrate. Purified SK
(pSK) was used as a positive control, and THB medium served as
a negative control, which was subtracted from the sample values.
Culture supernatants from the M49 wild type, as well as pSK,
induced strong PK/FXIIa activity in human plasma (Fig. 2A). In
contrast, no activity was observed when plasma was incubated
with the supernatant from �ska mutant bacteria (Fig. 2A).

To test whether the observed PK/FXIIa activity is connected to
the presence of plasminogen, supernatants, THB (control), ka-
olin, or pSK was incubated with plasminogen-deficient plasma
and the chromogenic substrate for PK/FXIIa. Neither the super-
natants nor pSK induced an activation of PK/FXII in the absence
of plasminogen, which was, in contrast to kaolin, a potent activa-
tor of the contact system via FXII (Fig. 2B).

FIG 1 PK/FXIIa and plasmin activity detected on bacterial surfaces. Overnight cultures were washed and incubated in plasma or buffer for 30 min. Unbound
plasma proteins were removed by washing and the chromogenic substrate S-2302, specific for PK/FXIIa, was added. After incubation, bacteria were removed and
hydrolysis of the substrate was measured at 405 nm. M1 and M49 wild type and corresponding mutant strains lacking the M protein (�emm) (A) and M49 mutant
strains lacking streptokinase (�ska), extracellular protein factor (�epf), or protein F2 (�prtF2) (B) were tested for surface PK/FXIIa activity after incubation with
normal human plasma. (C) The PK/FXIIa activity at the surfaces of M49 wild-type and �ska mutant strains was examined after exposure to normal or
plasminogen-deficient plasma. Kaolin served as a positive control for plasmin-independent contact system activation. (D) Plasmin activity at the surfaces of M49
wild-type and �ska mutant strains was examined after exposure to normal plasma. Overnight cultures were washed and incubated in plasma or in buffer for 3
h. After washing, the chromogenic substrate S-2251, specific for plasmin, was added. After incubation, the bacteria were removed, and hydrolysis of the substrate
was measured at 405 nm. As a positive control, purified SK (pSK) was incubated in plasma, and the substrate was added directly. The results are shown as the
means of at least three independent experiments with fresh frozen plasma from different donors � the SD. n.s., not significant; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001.
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When measuring plasmin activity in normal or plasminogen-
deficient plasma, the M49 supernatant as well as pSK induced
activity in normal plasma but not in plasminogen-deficient
plasma (Fig. 2C). The supernatant from the �ska mutant did not
induce plasmin activity (Fig. 2C). The results indicate that se-
creted SK is a potent contact system activator, exhibiting its func-
tion independently from a contact surface.

The chromogenic substrate S-2302 is specific for PK/FXIIa but
is also sensitive to plasmin. We therefore measured the PK/FXIIa
activity after addition of chloromethyl-ketone D-Val-Phe-Lys,
which is an efficient inhibitor of plasmin (30) and the SK-plas-
minogen complex (data not shown). In the presence of the plas-
min inhibitor, the PK/FXIIa activity in plasma induced by M49
wild-type supernatant was reduced by ca. 50% (Fig. 2D). This
shows that a substantial part of the measured activity is assigned to
PK/FXIIa, but also that plasmin hydrolyzes the substrate.

Degradation of HK and release of bradykinin by secreted SK.
To investigate whether treatment of plasma with SK results in the
degradation of HK, pSK, plasmin, or kaolin was incubated with
normal plasma and investigated by Western blot analysis (Fig.
3A). Samples were analyzed with an antibody directed against HK.
Ponceau S staining of blotted plasma proteins was performed to
confirm equal plasma amounts per lane (data not shown). Figure
3A depicts intact HK at 120 kDa in the control sample. Treatment
of plasma with pSK or kaolin initiated complete HK cleavage
within 240 min of incubation (Fig. 3A). Interestingly, incubation

with plasmin had no obvious effect on HK cleavage (Fig. 3A),
suggesting that free plasmin is rapidly inhibited by the plasma
component 	2-antiplasmin (13). In addition, no cleavage of HK
was observed when plasminogen-deficient plasma was incubated
with pSK for up to 240 min (Fig. 3B). We further incubated
plasma with bacterial supernatants. Purified SK and kaolin were
used as positive controls (Fig. 3C). Incubation of normal plasma
with M49 wild-type supernatant, pSK, or kaolin degraded HK,
whereas intact HK was detected after incubation of plasma with
medium alone (THB-ctrl.) or �ska supernatant (Fig. 3C). Incu-
bation of plasminogen-deficient plasma with bacterial superna-
tants, pSK, or plasmin left HK intact, whereas treatment with ka-
olin degraded HK (Fig. 3D), indicating that HK cleavage by
bacterial supernatants is mainly triggered by the action of plasmin.
This was supported when a PKK-deficient plasma was used (Fig.
3E), revealing a cleavage of HK by M49 wild-type supernatant,
pSK, and partially by kaolin, but not by the �ska supernatant.

We further investigated whether SK-activated plasmin is a
source of bradykinin release in plasma, and pSK or plasmin was
incubated with normal human plasma. Bradykinin release was
measured via an ELISA. Purified SK triggered massive bradykinin
release after 15 min, whereas bradykinin amounts in plasma
treated with plasmin were significantly lower (Fig. 4).

Taken together, these results demonstrate that degradation
of HK is triggered by SK, followed by the release of bradykinin.

FIG 2 PK/FXIIa and plasmin activity induced by bacterial culture supernatants. (A and B) Supernatants from overnight cultures of M49 wild-type (M49) and
�ska mutant (�ska) strain or purified streptokinase (pSK) were incubated with normal human plasma (A) or plasma deficient in plasminogen (B). The
chromogenic substrate S-2302, specific for PK/FXIIa, was added and, after incubation, hydrolysis was determined at 405 nm. (C) Plasmin activity was detected
in normal and plasminogen-deficient plasma after incubation with supernatants from overnight cultures of M49 wild-type (M49) or �ska mutant (�ska) strains
or purified streptokinase (pSK). The chromogenic substrate S-2251, specific for plasmin, was added and, after incubation, hydrolysis was determined at 405 nm.
(D) Supernatants from overnight cultures of M49 wild-type or �ska mutant strain were incubated with normal human plasma. After incubation, but prior to
substrate addition, free plasmin and SK-plasmin complexes were inhibited by a specific plasmin inhibitor to avoid cross-reaction with the substrate. Hydrolysis
was determined at 405 nm, and the M49 sample without inhibitor was set as 100%. The results are shown as means of at least three independent experiments with
fresh frozen plasma from different donors (A) or pooled normal plasma (C and D) � the SD. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Moreover, HK degradation can be induced independently
from PK.

Contact system activation by clinical isolates. To test whether
contact activation is associated with an invasive GAS phenotype,
clinical isolates from invasive (n � 23) and uncomplicated (n �
27) GAS infections, collected at a North-East German center for
tertiary care (15), were compared for their ability to activate PK/
FXIIa in normal pooled plasma. PK/FXIIa activity on bacterial
surfaces was measured for all isolates, but no significant differ-
ences between isolates from invasive and noninvasive cases were
determined (Fig. 5A). In contrast, the PK/FXIIa activity induced
by bacterial supernatants was significantly higher in isolates from
invasive cases (Fig. 5B).

Among all strains, 13 different emm genotypes were identified
in the former study (15), and the data from at least three strains of
one serotype were plotted against the emm type (Fig. 6). The figure
shows that M49 strains (n � 7) induced significantly more PK/
FXIIa activity than did M1 (n � 10), M3 (n � 7), M6 (n � 4), or
M89 strains (n � 3) (Fig. 6A). M12 (n � 7) and M28 (n � 10)

strains showed a high variability in PK/FXIIa activity. The M type-
specific differences in contact activation were observed at bacterial
surfaces (Fig. 6A), as well as with bacterial supernatants (Fig. 6B)
in all strains except for the M89 strains. All three M89 strains
showed low PK/FXIIa surface activity and high PK/FXIIa super-
natant activity (Fig. 6B).

Plasmin activity in plasma triggered by bacterial supernatants
was also determined, but no difference was found between isolates
from invasive and noninvasive infections (Fig. 7A). Furthermore,
there was no correlation between PK/FXIIa and plasmin activity
(data not shown), suggesting that additional components in strep-
tococcal supernatants influence contact activation in different
strains. The plasmin activities from M1, M3, and M6 culture su-
pernatants, as well as from M28 culture supernatants, were signif-
icantly lower compared to the M49 strains (Fig. 7B).

Collectively, our data show that bacterial supernatants of clin-
ical isolates from invasive diseases activate the contact system
more potently compared to isolates from noninvasive diseases.

DISCUSSION

The contribution of the human contact system to the early innate
immune defense against bacteria is supported by a recent study
demonstrating that triggering the intrinsic pathway of coagula-
tion promotes entrapment and killing of bacteria in a fibrin clot
(31). The cleavage of HK results in the liberation of the nonapep-
tide bradykinin, which is involved in the regulation of inflamma-
tory processes, vascular permeability, and blood pressure. An-
other consequence of contact system activation is the release of
antimicrobial peptides from HK (5, 32), disturbing the integrity of
the bacterial membrane and recruiting further elements of the
immune system. Even so, bacteria use different mechanisms to
activate the contact system specifically and in turn manipulate the
host immune response (2, 7, 11, 33).

In the present study, we found that S. pyogenes M49 activates
the contact system by the streptococcal plasminogen activator SK,
leading to degradation of HK and the release of bradykinin. Con-
tact activation occurs at the bacterial surface of S. pyogenes M49,
and we showed for the first time that this activation is dependent

FIG 3 SK and SK-containing bacterial supernatants initiate plasmin-medi-
ated HK degradation. Human pooled plasma was incubated for 240 min (if not
otherwise indicated) at 37°C with pSK, plasmin, kaolin, or bacterial superna-
tants from THB overnight cultures of M49 wild type (M49-WT) or the �ska
mutant strain (�ska) and analyzed for 120-kDa single-chain HK by immuno-
blotting. (A) pSK, plasmin, or kaolin was incubated in normal plasma, and
plasma treated with buffer served as a negative control. (B) Plasma deficient in
plasminogen was incubated with pSK for up to 240 min and analyzed for HK
cleavage. Bacterial supernatants from M49 wild type (M49-WT) and the �ska
mutant strain (�ska) were incubated in normal plasma (C), plasminogen-
deficient plasma (D), or PKK-deficient plasma (E). SK, kaolin, and THB served
as positive and negative controls, respectively.

FIG 4 SK induces bradykinin release in plasma. Bradykinin release in diluted
plasma samples was measured after 15 min of incubation with either pSK (100
U) or plasmin (10 �g) using an ELISA kit. The bradykinin concentration in
plasma samples treated with equal volumes of H2O was set as background and
subtracted from the obtained values. The results are shown as means � SD of
three technical replicates with fresh frozen plasma from different donors.
*, P � 0.05.
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on SK and plasminogen. Deletion of the M protein in two different
serotypes (M49 and M1) did not influence PK/FXIIa activity at the
bacterial surface, suggesting that the M protein is not important
for the activation of contact factors. We further showed that the
deletion of the important streptococcal adhesins Epf and PrtF2
from GAS M49 also had no effect on contact system activation;
thus, the components responsible for surface binding of contact
factors in GAS M49 remain to be investigated.

The term “contact system” is related to its mode of action, since
binding (contact) and assembling of the contact factors to a neg-
atively charged surface trigger the activation of the system. Using
streptococcal supernatant from an isogenic ska knockout strain,
we found that SK is an important component activating the con-
tact system independently from a bacterial surface through the
generation of plasmin. Many invasive pathogens exploit plasmin
as a virulence factor to degrade fibrin clots, overcome tissue bar-
riers, and evade peptide-derived host immune defenses (34, 35).
Under normal conditions, soluble plasmin is immediately inhib-
ited by 	2-antiplasmin (6, 22, 32, 36); however, the SK-plasmin
complex is protected from this inhibitor and promotes uncon-

trolled plasmin activity. We found that the degradation of HK by
SK generates high levels of bradykinin and can be induced inde-
pendently of PK. SK accumulates as soluble component in the
culture supernatants of S. pyogenes strains, and during bacteremia
the distribution of SK via the bloodstream may occur, as antibody
titers against streptokinase have been used in the serodiagnosis of
streptococcal infections (37). Consequently, an interaction of the
SK-plasmin complex with various plasma proteins such as contact
factors is more than likely. This mechanism could explain the in
vivo contact activation and bradykinin liberation seen during
streptococcal invasive infections (2, 11, 33, 38). Local and con-
trolled activation of the contact system has been discussed to pro-
mote bacterial invasive spread via bradykinin-induced vascular
leakage, since inflowing nutrient-rich plasma to the infected tissue
site might serve as a route for the disseminating pathogen (6, 22,
36, 39). On the other hand, the systemic activation of the contact
cascade is supposed to contribute to the pathophysiology of severe
invasive infections. The consumption of contact factors, as well as
high bradykinin levels, was detected in patients with sepsis or toxic
shock syndrome caused by S. pyogenes and correlated with the

FIG 5 PK/FXIIa activity detected on bacterial surfaces or triggered by culture
supernatants from clinical S. pyogenes isolates. (A) Bacterial overnight cultures
were washed and incubated in pooled normal plasma or buffer (negative con-
trol) for 30 min. Unbound plasma proteins were removed by washing, and the
PK/FXIIa-specific chromogenic substrate S-2302 was added. After incubation,
the bacteria were removed and hydrolysis of the substrate was measured at 405
nm. (B) Supernatants from overnight cultures were incubated with normal
human plasma. After incubation but prior to substrate addition, free plasmin
and SK-plasmin complexes were inhibited by a specific plasmin inhibitor to
avoid cross-reaction with the substrate. Hydrolysis was determined at 405 nm.
Each plot shows the mean value of three independent experiments conducted
for each strain. n.s., not significant; **, P � 0.01.

FIG 6 emm-type-specific PK/FXIIa activity of different S. pyogenes serotypes.
(A) Hydrolysis of the PK/FXIIa specific chromogenic substrate was measured
at the surface of bacteria, as described in Fig. 5A. (B) PK activation by bacterial
supernatants was examined as described above (see Fig. 5B). Prior to substrate
addition, free plasmin was inhibited by a specific plasmin inhibitor to avoid
cross-reaction with the substrate. Each plot shows mean values of three inde-
pendent experiments in normal pooled plasma conducted for each strain.
Statistical significances are depicted compared to the M49 group. n.s., not
significant; *, P � 0.05; ***, P � 0.001.
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clinical manifestations observed under these conditions: an exag-
gerated inflammatory response, tissue damage and multiorgan
failure, hypotension, edema formation, and coagulopathy (2).

Interestingly, similar findings were revealed when patients who
had been treated with SK for acute myocardial infarction were ana-
lyzed. In these patients, re-occlusion after thrombolytic therapy and
irreversible hypotension were observed, and this was associated with
a hypothesized plasmin-mediated contact phase activation that re-
sults in massive thrombin generation (38). Ewald and Eisenberg pre-
viously reported that plasmin-mediated activation of the contact sys-
tem appears to account, at least in part, for increased procoagulant
activity in patients treated with fibrinolytic agents (40). Coagulopathy
is a well-recognized clinical feature of invasive streptococcal infec-
tions (39), and dysregulation of the tightly regulated hemostasis by
contact system activation may represent another virulence mecha-
nism for SK.

The host plasminogen activation system is thought to play a
key role in GAS, switching from localized to systemic infections.
Epidemiological studies suggest that GAS strains associated with
invasive diseases bind plasminogen more avidly than those asso-
ciated with benign infections (for a review, see references 1 and 5).
We have tested different clinical GAS isolates regarding their abil-
ity to activate contact factors and plasmin. Our results show that

strains isolated from patients with an invasive infection trigger
PK/FXIIa activity more potently than do strains isolated from
noninvasive infections. Intriguingly, this difference was not ob-
served when looking at the plasmin activities of the different
strains. Thus, other components released by the bacteria into the
surrounding, such as SpeB, probably influence contact activation
in different GAS strains.

In light of the emm types, our data show that strains of M1 or
M3 serotypes induce significantly less activity of contact factors,
compared to M49 strains (Fig. 6B and 7B). The meaning of this
finding is currently not clear. Nevertheless, the streptococcal in-
hibitor of complement SIC could play a role, since it interferes
with the activation of the contact system. It was shown that SIC is
secreted by all isolates of the M1 serotype, binding to HK and
inhibiting its antibacterial activity (41).

Hence, activation of the contact system adds another level of
complexity to the interaction between pathogen and host during
infections. SK is one streptococcal component responsible for
contact system activation. It may be responsible for the in vivo
contact activation and bradykinin liberation seen in streptococcal
sepsis, and SK inhibition may be an alternative therapeutic ap-
proach for the treatment of severe GAS infections.
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