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The entry into epithelial cells and the prevention of primary
immune responses are a prerequisite for a successful coloniza-
tion and subsequent infection of the human host by Streptococ-
cus pyogenes (groupAstreptococci,GAS).Here,wedemonstrate
that interactionofGASwithplasminogenpromotes an integrin-
mediated internalization of the bacteria into keratinocytes,
which is independent from the serine protease activity of poten-
tially generated plasmin. �1�1- and �5�1-integrins were identi-
fied as the major keratinocyte receptors involved in this process.
Inhibition of integrin-linked kinase (ILK) expression by siRNA
silencing or blocking of PI3K and Akt with specific inhibitors,
reduced the GAS M49-plasminogen/plasmin-mediated invasion
of keratinocytes. In addition, blocking of actin polymerization sig-
nificantly reduced GAS internalization into keratinocytes. Alto-
gether, these results provide a first model of plasminogen-medi-
ated GAS invasion into keratinocytes. Furthermore, we
demonstrate that plasminogen binding protects the bacteria
against macrophage killing.

Streptococcus pyogenes (group A streptococcus (GAS)2) is an
exclusively human pathogen. GAS causes many human dis-
eases ranging from commonly mild superficial infections of the
skin and mucous membranes of the naso-pharynxs to severe
but rare toxic and invasive diseases (1–3). GAS are equipped
with many virulence factors, which allow this pathogen to
infect and survive within the host (3–5).
Although GAS had initially been described as an extracellu-

lar pathogen, numerous studies have shown thatGAS adhere to
and internalize into epithelial cells by usingmatrix proteins, e.g.
fibronectin, for bacteria-host cell contact (6–10). Fibronectin-
mediated GAS internalization into human epithelial cells is
dependent on the intracellular mammalian enzymes phospha-

tidylinositol 3-kinase (PI3K) and ILK (11, 12). ILK is a serine-
threonine kinase, which interacts with cytoplasmic domains of
�-integrins. It is an important member of several integrin-de-
pendent pathways. As a catalytic and structural component for
actin-cytoskeleton assembly, ILK promotes actin-cytoskeleton
rearrangement in a PI3K-dependent manner (13, 14). In addi-
tion to matrix proteins, GAS interacts with plasma proteins.
Particularly, the binding of plasminogen by GAS is an impor-
tant virulence attribute (15).
Plasminogen is a single chain glycoprotein found in plasma

and extracellular fluids (16). Different mammalian activators
cleave plasminogen at a single site between Arg560–Val561. The
cleavage results in the formation of the two-chained active plas-
min enzyme, containing a serine protease active site in the
C-terminal region. Plasminogen interacts with ligands via
lysine binding sites in its five kringle domains (17). Plasminogen
receptors and activators are expressed by group A, C, and G
streptococci (18). GAS interact with plasminogen either by
direct binding with specific surface proteins or indirectly by
sequential binding of fibrinogen and plasminogen (19). Specific
GAS surface proteins involved in plasminogen-binding are
glyceraldehyde-3-phosphate dehydrogenase (GAPDH (20, 21);
SDH (22)), streptococcal surface enolase (SEN (23)), plasmino-
gen-binding group A streptococcal M protein (PAM (24)),
PAM-related protein (Prp (25)), and extracellular protein fac-
tor (Epf (26)).
Moreover, the GAS-secreted nephritogenic plasminogen-

binding protein is able to interact with plasminogen (27).
Another secreted protein, streptokinase, enables GAS to cleave
plasminogen to plasmin (18), which degrades connective tissue,
extracellular matrix (ECM), and fibrin clots (16, 17).
The redundancy of these secreted and surface-associated

GAS plasminogen receptors implies a crucial role of plasmino-
gen binding inGAS pathogenesis. This is underlined by the fact
that GAS-plasminogen interaction promotes tissue invasion
(28, 29). The exploitation of the human plasminogen systems
plays a critical role in GAS systemic disease initiation (30, 31),
most likely by allowing GAS to circumvent host defense fibrin
networks (32). It has been shown that coating of GAS with
plasminogen enhances adherence to Detroit laryngeal epithe-
lial cells and allows transwell penetration through the mono-
layers bymechanisms not well defined yet (33). However, also a
direct binding of SDH to urokinase plasminogen activator
receptor (uPAR/CD87) on the surface of Detroit cells has been
described (22). Together, these data strongly suggested plas-
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minogen binding to be important for GAS infections through
the naso-pharyngeal route. At least the expression of one bac-
terial receptor, PAM, was found associated with skin infection
(34). This leaves the major questions how GAS use surface
bound plasminogen/plasmin to adhere to and internalize into
skin keratinocytes, a primary event during the skin infection
route, what is the nature of the host cell receptor for plasmin-
ogen/plasmin on keratinocytes, and which intracellular signal-
ing pathways are exploited for these processes.
To address these open questions we used chemical inhibitors

and siRNA silencing to characterize the observed high level
keratinocyte invasion by GAS once they are coated with plas-
minogen/plasmin. These effects can be achieved by intact
surface-bound plasminogen as shown with a streptokinase-
negative GAS mutant. If, under physiological conditions, plas-
minogen is cleaved into active plasmin on the bacterial surface,
the increased internalization is independent of the serine pro-
tease activity of plasmin as we were able to show by aprotinin
and�2-antiplasmin inhibition experiments. Becausewe cannot
completely rule out conversion of plasminogen into active
plasmin once it is bound to the bacterial surface, we
refer to the surface-bound material as plasminogen/plasmin
throughout this work. Integrins were identified as binding part-
ners on the keratinocyte surface for plasminogen/plasmin
interaction. Inhibition of actin-cytoskeleton dynamics and
genetic knock-down of ILK impaired plasminogen/plasmin-
mediated GAS keratinocyte invasion. GAS surface-bound plas-
minogen/plasmin enhanced bacterial blood survival and pro-
tected against macrophage killing.

EXPERIMENTAL PROCEDURES

Reagents—Human plasminogen was purchased from Chro-
mogenix and was detected using a monoclonal murine Anti-
PLG antibody (Sigma). Cytocalasin D,Wortmannin, Latruncu-
lin B, Akt 1/2 kinase inhibitor, aprotinin, and heparin (sodium
salt) were obtained from Sigma. �2-antiplasmin was purchased
from antikoerper-online.de. Highly purified whole human
integrins �v�5, �1�1, and �5�1 were obtained from Millipore.
SignalSilence ILK1 siRNA, SignalSilence Control siRNA, PI3
Kinase Class III (D4E2) XP Rabbit mAb, Phospho-Akt (Ser-
473) antibody, ILK1 antibody, GAPDH (14C10) Rabbit mAb,
and anti-rabbit IgG AP-linked antibody were purchased from
Cell Signaling Technology. CSPD ready to use was obtained
from Roche. LIVE/DEAD Viability/Cytotoxicity kit for mam-
malian cells was purchased from Invitrogen. In transfection
experiments Transpass R2 reagent (NEB) was used.
Bacterial Strains, Eukaryotic Cells, and Culture Conditions—

GAS serotype M49 strain 591 was obtained from R. Lütticken
(Aachen, Germany). The GAS wild-type strain was cultured in
Todd-Hewitt broth (Invitrogen) supplemented with 0.5% (w/v)
yeast extract (THY; Invitrogen) at 37 °C under a 5% CO2-20%
O2 atmosphere.

A streptokinase-deficient mutant in the GAS M49 chromo-
somal background was generated by insertional inactivation of
the ska gene (data not shown). After plasminogen binding to
themutant surface no plasmin activity above background could
be detected (data not shown).

The human keratinocyte cell line HaCaT (Deutsches
Krebsforschungszemtrum (DKFZ), Heidelberg) was used for
standard adherence and internalization assays. The keratino-
cytes were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) GlutaMAXTM-I, 10% (v/v) fetal bovine
serum (FBS; Invitrogen) in tissue culture flasks (Greiner) at
37 °C under a 5% CO2-20% O2 atmosphere (35).

The mouse monocytes-macrophages J-774A.1 (Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DMSZ),
DMSZ no.: ACC170) were used for quantitative phagocytosis
assays. The cells were routinely maintained in DMEM supple-
mented with 10% (v/v) FBS (Invitrogen) in tissue culture flasks
(Greiner) at 37 °C under a 5% CO2-20% O2 atmosphere.
For all experiments investigating the effects of plasminogen/

plasmin human and murine cells were cultured and subse-
quently infected with bacteria under serum-free conditions.
This prevented the potential presence of exogenous plasmino-
gen and other plasma and matrix proteins (particularly
fibronectin) in the assays and allowed investigation of the
behavior of plasminogen/plasmin-coated bacteria.
siRNA Transfection—Transfections of HaCaT cells with

siRNA were promoted with Transpass R2 reagent according to
the manufacturer’s guidelines.
Eukaryotic Cell Adherence and Internalization—Adherence

to and internalization into HaCaT cells was performed in
serum-free conditions and quantified using the antibiotic pro-
tection assay (36). 24-well plates were inoculatedwith 2.5� 105

cells per well in DMEMmediumwithout antibiotics. Cells were
allowed to grow to confluence. For the assay, cells were washed
with DMEM, and infected with GAS M49 at a multiplicity of
infection of 1:10 in DMEM. Two hours after infection, cells
were washed extensively with PBS, detached from the wells by
trypsin treatment, and lysed with sterile distilled water. The
viable counts of GAS (colony forming units (CFU)) released
from the lysed cells were determined by serial dilution in PBS
and plating on THY agar. For the assessment of bacterial inter-
nalization, 2 h after infection the cells were washed with PBS
and incubated with DMEM supplemented with penicillin (50
units/ml) and streptomycin (5 mg/ml) for additional 2 h. Sub-
sequently, the cells were washed and lysed and the GAS viable
counts were determined as described above. The percentage of
attached or internalized bacteria was calculated by relation to
the initial inoculum.
To elucidate the effect of bacteria-bound plasminogen/plas-

min on adherence and internalization, GAS were incubated for
30 min with human plasminogen (2 �g/ml) at room tempera-
ture prior to the adherence and internalization assay. Unbound
plasminogen/plasmin was removed by washing the bacteria
oncewith PBS. In inhibition experiments, the plasminogen pre-
coated bacteria were additionally incubated with 2 �g/ml of
purified integrins (�v�5, �1�1, and �5�1) for 15 min or with
heparin at room temperature. Unbound integrins or heparin
were removed by washing the bacteria once with PBS. To rule
out effects of plasmin serine protease activity, the adherence
and internalization assay was additionally performed in the
presence of plasmin inhibitors aprotinin and �2-antiplasmin
(2 �g/ml).
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The pharmacological inhibitors used to study the impact
of the cytoskeleton or signaling molecules were solved in
DMSO.TheHaCaT cells were preincubatedwith the inhibitors
for 30 min prior to the infection with GAS. The assay was per-
formed in the presence of the inhibitors. As a control, the cells
were preincubated with DMSO at the same concentrations and
infected with the bacteria (37). All inhibition experiments were
performed in DMEM without FBS supplementation.
Quantitative Phagocytosis Assay—Thequantitative phagocy-

tosis assay was carried out as described by Hampton andWin-
terbourn (38). Briefly, overnight cultures of GAS were inocu-
lated into fresh THYmedium and grown to exponential growth
phase. Bacteria were harvested by centrifugation and set to an
optical density at 600 nmof 1.0, followed by opsonization of 1�
107/ml of the bacteria in HBSS (10 mM PBS, pH 7.4, containing
1 mM CaCl2, 0.5 mM MgCl2, and 1 mg/ml glucose) containing
10% (v/v) human serum. The opsonized bacteria were incu-
bated with monocytes/macrophages at a ratio of 1:1 for 30 min
at 37 °C and slight shaking. The suspension was then harvested
by centrifugation at 100� g for 5min, and the cell sedimentwas
washed twice with ice-cold PBS. The supernatants were col-
lected. For lysis of the moncytes/macrophages the final pellet
was suspended in 1 ml of ice-cold PBS containing saponin
(0.05% (w/v)) and homogenized until no visible aggregates
remained. Finally, the viable counts of inoculated bacteria,
supernatants (extracellular bacteria), and homogenized phago-
cyte solution (intracellular bacteria) were determined by plat-
ing serial dilutions and related to the initial inoculum, which
was set to 100%.
Blood Survival Assay—The blood survival assay was per-

formed as described by Nakata et al. (39). Briefly, overnight
cultures of GAS were inoculated into fresh THY medium and
grown to exponential growth phase. Bacteria were harvested by
centrifugation, set to an optical density at 600 nm of 0.25, and
further diluted 1:10,000 in PBS. The viable counts of this sus-
pension were determined by plating serial dilutions on THY
agar plates. 20 �l of the suspension were incubated with 480 �l
of heparinized blood for 3 h at 37 °C with rotation. After this
incubation, the remainingCFUwere determined by plating and
related to the initial inoculum.
Plasminogen Binding Assay—The plasminogen binding

assays with intact bacteria were performed by using a method
adapted from Ringdahl et al. (40). Overnight cultures grown in
THYmediumwere washed in PBS and suspended in one-tenth
of the original volume using PBS. 100 �l of cells, equivalent to
108 CFUs, were added to 4 ml of PBS (negative control) or to 4
ml of PBS supplemented with human plasminogen (2 �g/ml)
and incubated at 37 °C for 1 h. Reactions were stopped by cen-
trifugation at 4 °C. The bacterial pellets werewashed in ice-cold
PBS containing 0.1% Tween 20 and placed on ice. Plasmin
activity associated with the bacteria was measured using a
method adapted from Kulisek et al. (41). Each pellet was incu-
bated in 100 �l of plasmin substrate solution (2 volumes
of chromogenic substrate H-D-Val-Leu-Lys-�-nitroanilide
(Sigma) stock solution (0.5mg/ml inwater) and 3 volumes of 32
mM Tris, pH 7.5, 1.77 M NaCl solution) for 90 min at 37 °C,
followed by absorbance measurement at 405 nm.

Dot Blot Analysis—To show the ability of the bacteria to bind
plasminogen, GASM49were incubated for 30minwith human
plasminogen (2 �g/ml) at room temperature prior to the wash-
ing step with ice-cold PBS containing 0.1% Tween 20. The
untreated and treated bacteria, plasminogen and fibronectin
were transferred to the polyvinylidene fluoride (PVDF) mem-
brane. After drying, the membrane was blocked with 5% (v/v)
skimmilk prior to antibody incubations. Antibody incubations
were performed according to the manufacturer’s guidelines.
SDS-PAGE and Immunoblot Analysis—Host cells were lysed

with lysis buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl,
1%Triton-X 100, pH 7.4 containing protease inhibitormixture;
Sigma). Lysis was performed on ice for 30 min. Protein lysates
were then cleared by centrifugation at 13,000 rpm for 20 min.
The amount of protein in the sampleswas determined using the
Bradford protein quantification method (Bio-Rad). Lysates
were normalized to equal amounts of protein and boiled in
sample buffer consisting of 250 mM Tris-HCl (pH 7.6), 20%
(w/v) SDS, 2% (v/v) �-mercaptoethanol, 20% (v/v) glycerol, and
0.05% (w/v) bromphenol blue. As molecular mass marker,
prestained protein standards were used (Bio-Rad). The protein
lysates were separated by 12% SDS-PAGE and transferred to a
PVDF membrane. The membranes were blocked with 5% (v/v)
skimmilk prior to antibody incubations. Antibody incubations
were performed according to the manufacturer’s guidelines.
Statistical Analysis—The significance of differences between

samples in plasminogen/plasmin binding, adherence, and
internalization assays was determined using the two-tailed U
test.p� 0.05was defined asmarginally significant. p� 0.01was
defined as significant, and p � 0.001 was defined as highly sig-
nificant. Results are demonstrated as averages and S.D. (n � 5).

RESULTS

Plasminogen Binding by GAS—To investigate a possible link
between plasminogen/plasmin-binding capacity and serotypes
of S. pyogenes, different clinical isolates from invasive diseases
and uncomplicated infections were tested. We determined the
streptococcal surface plasmin (serine protease) activity after
pretreatment of the bacteria with Glu-plasminogen as a mea-
sure for the surface-bound plasminogen. Serine protease activ-
ity of untreated GASwasmeasured as background control. Not
unexpected, a considerable level of protease activity was noted
due to the expression of several otherGASproteases. Plasmino-
gen-coated serotypes M1, M2, M4, M28, and M49 bacteria
showed ahigh level of plasmin activity on their surface (Fig. 1A).
This assay revealed that the testedGAS serotypes are capable

of binding plasminogen, which, once bound on the bacterial
surface, can be converted to plasmin within the 4 h of incuba-
tion (coating time plus plasmin-assay time). This conversion is
most likely achieved by streptokinase, thus it cannot be ruled
out that the determined values rather reflect different amounts
of secreted streptokinase in the different GAS serotypes.
To prove and detect surface localization of the plasminogen/

plasmin recruited by GAS, we performed dot blot analysis with
serotype M49 bacteria. The detection of surface-bound plas-
minogen was performed with a monoclonal anti-PLG antibody
(Fig. 1B).
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Surface-bound Plasminogen/Plasmin of GAS M49 Enhanced
the Adherence to and Internalization into HaCaT Cells—Plas-
minogen/plasmin-binding is important for adherence of GAS
to Detroit laryngeal epithelial cells, suggesting a role in the
nasopharyngeal infection route (33).
To study the effect of plasminogen/plasmin on the adher-

ence to and internalization into human keratinocytes, a rele-
vant step during GAS skin infection, HaCaT cells were infected
with different plasminogen/plasmin-coated and uncoatedGAS
serotypes. Supplemental Fig. S1, A and B show the results. All
tested serotypes showed increased adherence to HaCaT cells.
The interesting result was that serotypes M4 and M49 showed
also an increased internalization into human keratinocytes.
Of note, the S. pyogenes serotype M49, derived from a skin

infection, exhibited the highest plasmin activity on its surface
and showed an increased adherence to keratinocytes (Fig. 1C).
More important, a 50% increase in keratinocyte internalization
was noted for pretreated bacteria compared with untreated
controls (Fig. 1D). From this knowledge, we decided to use this
serotype for further studies. To exclude the possibility that
these observations resulted from activation of plasminogen to
plasmin, the adherence and internalization assay was per-
formed in the presence of the serine protease inhibitor apro-
tinin and the specific plasmin inhibitor �2-antiplasmin. Again,
plasminogen/plasmin-treated GAS M49 showed increased
adherence to and internalization into human HaCaT cells (Fig.
1, C and D).
To ask whether intact plasminogen was able to mediate this

effect, we performed the adherence and internalization assay
with a streptokinase deficient mutant of GAS M49 (ska�).
Again, the same effects could be observed (supplemental Fig.
S1, C and D).
In addition, the supernatants of untreated and treated

HaCaT cells, the bacteria alone and in co-cultivation showedno
plasmin activity (supplemental Fig. S1E). This suggested lack of
any secreted products which can activate plasminogen into
plasmin under our experimental conditions.
These experiments indicate that plasminogen/plasmin-

binding of GAS M49 leads to an enhanced host cell adherence
and internalization. This effect is based on the surface bound
plasminogen/plasmin molecules, and is independent of puta-
tive plasminogen cleavage into plasmin and the presence of
active serine protease activity in the assays.
Heparin Inhibits the Binding of Plasminogen/Plasmin-coated

GAS M49 to Epithelial Cells—To investigate the specificity of
the GAS surface-bound plasminogen/plasmin-host cell inter-
action we performed inhibition experiments. Serrano et al. (42)
described heparin as a potential inhibitor of plasminogen.
Thus, we next tested heparin for the ability to inhibit (I) the
development of plasmin activity after GAS surface plasmino-
gen binding, and (II) the attachment on and internalization into
HaCaT cells of coated GAS. Again, without plasminogen/plas-
min-coating GASM49 showed only background levels of plas-
min activity on their surface, whichwas not further inhibited by
heparin treatment (white bars, Fig. 2A). The plasmin activity on
the surface of plasminogen-coated GAS M49 was completely
(100%) blocked by heparin (gray bars, Fig. 2A). Heparin treat-
ment of plasminogen-free GAS M49 did not influence HaCaT

FIGURE 1. Plasminogen/plasmin promotes adherence to and internaliza-
tion of S. pyogenes serotype M49 into human keratinocytes. A, measure-
ment of plasmin enzymatic activity of different plasminogen-pretreated and
-untreated S. pyogenes serotypes. The data represent the mean values � S.D.
from ten independent experiments. The y axis shows the A405 nm for each
serotype. B, dot-blot analysis of plasminogen pretreated and untreated
S. pyogenes serotype M49. Plasminogen (�) was used as a positive control
and fibronectin (�) as a negative control. The data shown are representative
of three independent experiments. Shown is the streptococcal adherence to
(C) and internalization into (D) HaCaT cells after 2 h. The percentage of
attached or internalized bacteria in the absence of plasminogen (none) was
used as a control. To exclude the influence of plasmin serine protease effects
aprotinin and �2-antiplasmin were used as inhibitors. The data represent the
mean values � S.D. from five independent experiments. Only significant dif-
ferences are indicated (*, p � 0.05; **, p � 0.01; ***, p � 0.001).

S. pyogenes M49 Plasminogen/Plasmin Binding

JUNE 17, 2011 • VOLUME 286 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 21615

http://www.jbc.org/cgi/content/full/M110.202671/DC1
http://www.jbc.org/cgi/content/full/M110.202671/DC1
http://www.jbc.org/cgi/content/full/M110.202671/DC1
http://www.jbc.org/cgi/content/full/M110.202671/DC1


cell adherence and internalization (white bars, Fig. 2, B and C).
However, pretreated GAS M49 adherence to HaCaT cells was
noticeably decreased (gray bars, Fig. 2B), and HaCaT cell inter-
nalization was almost abolished by heparin inhibition (gray
bars, Fig. 2C). These results allowed two conclusions. First,
other non-plasminogen/plasmin binding-related and heparin-
inhibited internalization mechanisms contribute to the overall
capacity of GAS M49 to invade into HaCaT cells. Second, a
significant proportion of GASHaCaT cell adherence and inter-
nalization is dependent on plasminogen recruited to the bacte-
rial surface.
Integrin-Plasminogen/Plasmin-mediated Invasion of Epithe-

lial Cells by GAS—Next we sought to identify the HaCaT cell
receptor, which recognizes the GAS surface-bound plasmino-
gen. It is known that immobilized plasminogen supports cell
adhesion by interacting with integrins on the surface of mono-
cytoid U937 cells, human embryonic kidney cells (HEK), and
also neutrophiles (43, 44). It is also known that the kringle
domain of the urokinase-like plasminogen activator (uPA)
interacts with cell adhesion receptors of the integrin superfam-
ily, including subfamilies �1, �5, and �1 subunit (45, 46). UPA is
involved in (I) the regulation of fibrinolysis, (II) cell surface-
focused pericellular proteolysis, and (III) the regulation of
intracellular signaling affecting cell-adhesion, migration, and

proliferation (47). A sequence alignment of the kringle domains
of plasminogen with kringle domains of uPA and the tissue
plasminogen activator (tPA) revealed a homology score
between 42 and 55.5%. These data strongly suggest that host-
cell attachment initiated by GAS surface-bound plasminogen/
plasmin could also rely on the interaction with specific integ-
rins. To test this hypothesis we investigated the HaCaT cells
used in the previous infection experiments, which are cells
known to express a variety of integrins (48). After the pretreat-
ment with plasminogen/plasmin, GAS were incubated with
recombinant purified soluble �1�1, �5�1, and �v�5 (negative
control) integrins prior toHaCaT cell infection experiments. In
these competitive inhibition experiments, plasminogen/plas-
min-promotedGAS adherence to (Fig. 3A, gray bars) and inter-
nalization into (Fig. 3B, gray bars) human keratinocytes was
significantly reduced after preincubation of plasminogen pre-
treated GAS with �1�1 and �5�1 integrins. No significant
reduction of bacterial attachment and uptake could be detected
if �v�5 integrin was used as competitive inhibitor and if plas-
minogen/plasmin-free bacteria were pretreated with the
recombinant integrins (Fig. 3, A and B, white bars). Together,
these data indicate that plasminogen/plasmin present on the
GAS surface acts as an adaptor to HaCaT cells via �1�1 and
�5�1 integrin interaction. This novel and previously unrecog-

FIGURE 2. Influence of heparin on adherence to and internalization into human keratinocytes. A, chromogenic plasminogen binding assay of GAS M49
with and without heparin. The data represent the mean values � S.D. from twenty independent experiments. B, influence of heparin on the S. pyogenes M49
attachment to and (C) internalization into HaCaT cells in the absence (none) or presence (Pg) of human plasminogen/plasmin. The percentage of attached or
internalized bacteria in the absence or presence of plasminogen/plasmin was used as a control. The data represent the mean values � S.D. from five
independent experiments. Only significant differences are indicated.
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nized GAS-bound plasminogen/plasmin-integrin interaction
supports bacterial attachment and invasion.
Genetic Knock-down of ILK Expression Reduced GAS

Internalization—To understand the cellular cascades down-
stream of integrin binding we investigated the involvement of
ILK in the plasminogen/plasmin-mediated uptake of strepto-
cocci into keratinocytes. A siRNA transfection assay was per-
formed to reduce the ILK protein expression. For that purpose
HaCaT cells were transfected with SignalSilence ILK1 siRNA
and the SignalSilenceControl siRNA.To confirm the inhibition
of ILK expression by siRNA, Western blot analysis was per-
formed. As shown in Fig. 4A, ILK expression was significantly
reduced following siRNA transfection, whereas the expression
ofGAPDH,which is accepted to be a housekeeping protein,was
not affected. ILK knock-down cells were infectedwith plasmin-
ogen/plasmin-treated GAS and the viable counts of attached
and internalized bacteria were determined. The adherence and
internalization of plasminogen/plasmin-coated GAS was sig-
nificantly reduced in the ILK knock-downbackground (Fig. 4,B
and C). Also the internalization of untreated streptococci was
decreased. These data suggest the presence of redundant plas-
minogen/plasmin-integrin interaction independent internal-
ization pathways. The control siRNA transfection did not affect
the adherence to and internalization into HaCaT cells.

Disruption of the ILK Pathway by Inhibition of PI3K and
Akt Reduced Plasminogen/Plasmin-promoted Invasion of
GAS M49—ILK is activated in a PI3K-dependent manner (49).
Thus, we investigated the internalization of plasminogen/plas-
min-coated GAS M49 in the presence of the PI3K-specific
inhibitor Wortmannin. Because Akt is regulated by PI3K and
ILK (14), we additionally performed the invasion assay in the
presence of the Akt 1/2 kinase inhibitor VIII. While the pres-
ence of Wortmannin did not significantly affect the adherence
of plasminogen/plasmin-pretreated GAS, a significant reduc-
tion of streptococcal attachment to keratinocytes in the pres-
ence of the Akt phosphorylation inhibitor was observed (Fig.

FIGURE 3. Integrin-dependent plasminogen/plasmin-mediated adher-
ence to and internalization into human host cells by S. pyogenes. A, influ-
ence of different integrins on the adherence to and internalization (B) into
HaCaT cells. The percentage of attached or internalized bacteria in the
absence or presence of plasminogen/plasmin was used as a control. The data
represent the mean values � S.D. from five independent experiments. Only
significant differences are indicated.

FIGURE 4. Involvement of ILK in plasminogen/plasmin-dependent inva-
sion into keratinocytes. A, Western blot analysis of ILK-transfected cells. ILK
was detected with ILK1 Antibody. GAPDH was used as a negative control.
B, adherence and (C) internalization analysis of ILK-transfected cells. The data
represent the mean values � S.D. from five independent experiments. Only
significant differences are indicated by a p value or by asterisk (*, p � 0.05; **,
p � 0.01; ***, p � 0.001).
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5A). In contrast, a significantly decreased bacterial invasion
into keratinocytes was detected in the presence of both sub-
stances (Fig. 5B). The concentrations of DMSO, Wortmannin,
andAkt 1/2 kinase inhibitorVIII used in these inhibition exper-
iments did not affect the viability of host cells (Fig. 5D) and
bacteria (data not shown). To confirm the inhibiton of Akt
phosphorylation, Western blot analysis was performed. As
shown in Fig. 5C, Akt is phosphorylated in the absence of the
specific inhibitors (0 min). However, in the presence of both
substances (30 min and 150 min after infection) the amount of
phosphorylated Akt was reduced. The treatment specifically
blockedAkt phosphorylation and did not influence Akt protein
amounts. GAPDH protein expression was monitored to
exclude a general effect on cellular protein expression by the
different treatments. No significant reduction of the GAPDH

protein expression was detected after the specific inhibition of
both enzymes.
Inhibition of Actin-Cytoskeleton Dynamics Blocked All

Pathways Used by S. pyogenes M49 for Invasion into HaCaT
Cells—The impact of the actin-cytoskeleton on plasminogen/
plasmin-mediated GAS internalization was studied by kerat-
inocyte infection in the presence of the inhibitors cytocha-
lasin D and latrunculin B. Both pharmacological inhibitors
affect the actin polymerization. The presence of cytochalasin
D significantly blocked the GAS attachment to HaCaT cells.
Latrunculin B did not influence the adherence of the bacteria
(Fig. 6A). However, both substances also significantly
blocked invasion of bacteria, which were not coated with
plasminogen/plasmin (Fig. 6B). Again, control experiments
showed that the inhibitor concentrations used did not affect

FIGURE 5. Akt and PI3K-dependent streptococcal attachment and invasion via plasminogen/plasmin integrin pathway. A, plasminogen/plasmin-de-
pendent adherence to and internalization (B) of streptococci into keratinocytes in the absence or presence of Akt 1/2 kinase inhibitor VIII (Akt, 15 �M) and
Wortmannin (WM, 75 nM) was measured after 2 h of infection by using antibiotic protection assay. DMSO was used as a control. The data represent the mean
values � S.D. from five independent experiments. Only significant differences are indicated by a p value or by asterisk (*, p � 0.05; **, p � 0.01; ***, p � 0.001).
C, phosphorylation of Akt (pAkt) was analyzed 30 and 150 min after infection. Akt and GAPDH were used as a control. D, live/dead scan of treated HaCaT cells.
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the viability of epithelial cells (Fig. 6C) or the M49 strain
(data not shown).
Plasminogen/Plasmin Surface Coating Enhances GAS Blood

Survival and Protects GAS against Phagocytic Killing—To eval-
uate whether plasminogen/plasmin binding by GAS M49 con-
tributes to virulence in the blood environment, exponential
phase untreated and plasminogen/plasmin-coated GAS were
tested for their survival in whole human blood. The binding of
plasminogen/plasmin leads to a slightly increased ability of
S. pyogenes serotypeM49 to survive andmultiply in blood (mul-
tiplication factor after 3 h of infection: without Pg 47.45� 10.5,
with Pg 70.04 � 17.2). However, this tendency is not statisti-
cally significant. Additionally we performed phagocytic killing
assays with plasminogen/plasmin-treated and uncoated GAS.

While only 28.8% (� 12.1) of the plasminogen/plasmin-coated
bacteria were killed bymurinemacrophages/monocytes, 51.1%
(� 8.1) of untreated controls were eradicated. Thus, plasmino-
gen/plasmin-coated GAS are significantly protected against
phagocytic killing (p � 0.015).

DISCUSSION

TheS. pyogenes-plasminogen/plasmin interaction is involved in
virulence and pathogenesis on multiple levels, supporting extra-
and intracellular GAS lifestyles. This could explain the existing
redundancy ofGASplasminogen/plasmin-binding andplasmino-
gen-plasmin converting mechanisms expressed by these bacteria.
As central part of the extracellular lifestyle of GAS, plasminogen/
plasmin acquisition from the host promotes tissue invasiveness,

FIGURE 6. Streptococcal invasion requires the dynamics of the actin cytoskeleton. A, plasminogen/plasmin-mediated adherence to and internalization (B)
into HaCaT cells in the absence or presence of the actin inhibitors, including cytochalasin D (CytoD, 15 �M) and latrunculin B (LatB, 1.5 �M). The data represent
the mean values � S.D. from five independent experiments. C, live/dead scan of human keratinocytes in the presence of both substances.
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initiation of systemic spread and disease, and circumvention of
fibrin networks as part of the host innate immune response
(29–32).
The intracellular lifestyle of GAS has two major target and

entry sites in the host. First, epithelial cells of the human larynxs
and pharynxs have been extensively studied for plasminogen/
plasmin-mediated adherence and internalization mechanisms
(22, 33, 50, 51). Although it has been shown that GAS use para-
cellular transmigration through pharyngeal host cell monolay-
ers (33), nothing is known about cell surface receptors binding
to GAS surface-bound plasminogen/plasmin and the intracel-
lular pathways exploited by the bacteria. Second, skin keratino-
cytes are primary targets for GAS adherence and internaliza-
tion during skin infection. Here we show that particularly the
GAS M49 serotype skin isolate bound high amounts of plas-
minogen/plasmin, which led to a significantly increased inter-
nalization into human keratinocytes. Different explanations for
this effect exist. First, intact surface-bound plasminogen could
act as bridging molecule for the host cell contact. Second, plas-
minogen could be converted to its active plasmin form on the
GAS surface and the serine protease activity could be respon-
sible for this observation. Third, plasmin as a molecule and not
its enzymatic activity could initiate host cell contact. Our
results revealed that plasminogen/plasmin as GAS surface-
bound molecules mediated this host cell effect, because serine
protease activity was ruled out. The general specificity and
extension of the increased host cell adherence and internaliza-
tion phenomenonwas investigated and confirmedby latex bead
experiments (data not shown) and inhibition studies using
human heparin, aprotinin, �2-antiplasmin, and finally a strep-
tokinase negative GAS M49 mutant. In our experiments also
plasminogen/plasmin-independent adherence and internaliza-
tion mechanisms in the GAS-keratinocyte interaction were
observed, since only adherence and internalizationmediated by
theGAS-surface boundplasminogen/plasmin could be blocked
by the heparin and �2-antiplasmin treatment.
Such plasminogen/plasmin-independent mechanisms could

be mediated by four so far known binding interactions. GASM
protein binding to CD46 on the keratinocyte surface has been
described (52, 53). The GAS capsule blocked this interaction
(54, 55). The capsule itself has been shown to interact directly
with CD44 (55), thereby allowing paracellular transmigration
(56). Moreover, fibronectin-binding protein SfbI and the GAS
pilus have been described to be involved in keratinocyte adher-
ence (50, 51, 57).However, conflicting data exist andmost likely
these interactions are not universal but rather serotype depen-
dent (58, 59). Particularly, fibronectin-mediated adherence and
internalization pathways were excluded by our serum-free
experimental conditions.
We next addressed the question via which pathways the

GAS surface-bound plasminogen/plasmin could support the
keratinocyte adherence and internalization process. It has been
reported that plasminogendeposited in the extracellularmatrix
supports adhesion of eukaryotic cells by engaging cell-exposed
integrins (44). Our study showed that specifically �1�1 and
�5�1 integrins significantly inhibited the adherence and inter-
nalization processes. Preincubation of the coated bacteria with
soluble integrins allowed integrin-binding to the plasminogen/

plasmin on the bacterial surface, thereby competitively block-
ing and inhibiting the plasminogen/plasmin binding sites for
the bacterial interaction with the HaCaT cell integrins. That
this blocking effect leads to values below those of the controls
could be explained by a sterical hindrance exerted by the plas-
minogen/plasmin-integrin interaction for all other existing
adherence/internalization pathways. Both integrins had no
inhibitory effect on the keratinocyte adherence and internaliza-
tion of uncoated GAS, documenting that no direct integrin
binding proteins are expressed on the GAS surface. These
results allow two conclusions, 1) keratinocyte adherence and
internalization of plasminogen/plasmin-free M49 GAS does
not rely on any of the integrins tested, and 2), GAS which have
sequestered plasminogen/plasmin on their surface can utilize
eukaryotic cell adhesionmechanisms to adhere to and internal-
ize into host keratinocytes. Similar mechanisms have been
reported for M protein-dependent and fibronectin-binding
protein-mediated GAS adherence to and internalization into
pharyngeal cells (11, 36, 60).
It is known that kringle domains are responsible for integrin

binding of plasminogen, uPA and tPA. Furthermore, it has been
shown that lysine-binding sites in the kringle domains of plas-
minogen are critical for the interactionwith integrin (44). Thus,
it is likely that also the integrin binding of GAS-bound plasmin-
ogen/plasmin relies on kringle domains. The molecular details
of this plasminogen/plasmin-integrin interaction during the
process of GAS keratinocyte adherence and internalization are
currently under investigation.
The benefit for GAS of employing the plasminogen/plasmin-

integrin interaction is a measurable increase in keratinocyte
adherence and a statistically highly significant increase in kera-
tinocyte internalization. As heterodimeric cell surface recep-
tors, integrinsmost likely cluster in the keratinocytemembrane
and recruit several signaling and adaptor proteins, particularly
to link up with the host cell actin cytoskeleton. Our siRNA
knockdown experiments in keratinocytes demonstrated an
essential role of ILK in this process, However, we observed dif-
ferential effects for non-coated and plasminogen/plasmin-
coated GAS keratinocyte adherence and internalization. ILK
knockdown exclusively reduced adherence of plasminogen/
plasmin-coated GAS to keratinocytes by 50%, whereas the
internalization was completely abolished. Untreated GAS
showed unaltered adherence capabilities and still retained a
measurable internalization capacity in the ILK knockdown
background. This strongly suggests differential uptake mecha-
nisms into the human keratinocytes in the presence or absence
of plasminogen/plasmin on the GAS surface.
Wortmannin as inhibitor of PI3K did only marginally influ-

ence GAS adherence to keratinocytes irrespective of the pres-
ence of plasminogen/plasmin. Nevertheless, internalization
defects similar to those caused byAkt inhibitionwere observed.
These results suggest that PI3K activates ILK (49), even under
infection conditions. Results withAkt1/2 kinase inhibitors con-
firmed that Akt is functional downstream of PI3K and ILK (14).
Further inhibition experiments with the actin cytoskeleton
inhibitors cytochalasin D and latrunculin B supported the
notion that plasminogen/plasmin-dependent keratinocyte
adherence and internalization required actin polymerization.
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However, the employed inhibitors blocked also the interaction
of uncoated bacteria with keratinocytes. Apparently, cytoskel-
ettal rearrangements are the final consequence of all adherence
and internalization pathways used by S. pyogenesM49.
The plasminogen/plasmin-mediated infection of keratino-

cytes resembles fibronectin-mediated pathways in several
aspects. The GAS M1 protein binds fibronectin and leads to
pharyngeal cell internalization via �5�1, ILK, and PI3K-depen-
dent pathways (11). SfbI protein-mediated fibronectin-binding
and host cell uptake relies on the same pathways (36). A variety
of other bacterial pathogens are also able to interact directly
and indirectly with integrins to promote invasion into epithelial
cells. These are e.g. Streptococcus pneumoniae (37), Staphylo-
coccus aureus (61), or Porphyromonas gingivalis (62).

In addition to supporting keratinocyte adherence and inter-
nalization, coating the bacterial surfacewith plasminogen/plas-
min is beneficial for the extracellular lifestyle of the pathogen.
Although not statistically significant, a slight increase in the
GAS multiplication upon incubation in whole human blood
wasmeasured in our experiments. Plasminogen/plasmin on the
GAS surface could mask the bacteria and prevent efficient
immune recognition. Our results showed that plasminogen/
plasmin-coated GAS is less readily killed by murine macro-
phages. Induction of oncosis has been reported as one GAS
phagocyte escapemechanism (63). Themain bactericidal activ-
ity of murine macrophages against GAS is mediated by phago-
cyte oxidase (64).Whether plasminogen/plasmin affects one or
both of these processes needs to be studied in the future.
We have demonstrated that plasminogen/plasmin-binding

by S. pyogenesM49 is an important virulence trait for extra- and
intracellular lifestyles (Fig. 7), independent of plasmin serine
protease activity. It aids the bacterial attachment to and inter-
nalization into host keratinocytes. This process is of impor-
tance for the initiation of skin infections. Presence of plasmin-
ogen/plasmin allows the bacteria to exploit the eukaryotic

intergrin ILK cytoskeletal pathways for their host cell uptake.
Whether the intracellular status of GAS is part of an initiation
process of aggressive disease, or a fundamental process for per-
sistence and immune evasion is currently under debate. Plas-
minogen/plasmin binding is further important for survival of
phagocytosis, since plasminogen/plasmin-coated GAS are sig-
nificantly less efficiently killed by macrophages. Taken
together, these observations underscore the importance of
GAS-plasminogen/plasmin interaction pathways and warrant
further investigation.
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