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M A J O R A R T I C L E
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The increasing prevalence of Staphylococcus aureus strains isolated from hospital- and community-acquired
respiratory tract infections is an important public health concern worldwide. The majority of S. aureus strains
produce staphylokinase, a plasminogen activator capable of inactivating neutrophil a-defensins and of im-
pairing phagocytosis via opsonin degradation. Cathelicidin antimicrobial peptides are present at sites of in-
fection before the release of neutrophil a-defensins. Therefore, we hypothesized that staphylokinase interacts
with cathelicidin during the early pathogenesis of S. aureus airway infection. In a mouse intranasal infection
model, cathelicidin was strongly up-regulated in the airways during the development of staphylococcal pneu-
monia. In vitro, cathelicidin bound directly to staphylokinase and augmented staphylokinase-dependent plas-
minogen activation and fibrinolysis at concentrations consistent with those detected in the airways during
infection. These data suggest that staphylokinase production may be a novel virulence mechanism by which
S. aureus exploits cathelicidin to promote fibrinolysis, leading to enhanced bacterial dissemination and invasive
infection.

Staphylococcus aureus causes a wide range of infections,

including arthritis, toxic shock syndrome, sepsis, bac-

teremia, and pneumonia [1]. Worldwide, the prevalence

of S. aureus strains isolated from hospital- and com-

munity-acquired respiratory tract infections has stead-

ily increased over the past few decades [2, 3]. Approx-

imately 60% of the healthy human population is per-

manently or intermittently colonized with S. aureus,

which constitutes a major risk factor for the develop-

ment of invasive S. aureus infections [4, 5].

Received 6 September 2006; accepted 22 November 2006; electronically pub-
lished 15 March 2007.

Potential conflicts of interest: none reported.
Financial support: National Institutes of Health (grants AI007509 to M.H.B. and

HL073996 to C.E.R.).
Reprints or correspondence: Craig E. Rubens, Children’s Hospital and Regional

Medical Center, 307 Westlake Ave. N, Ste. 300, Seattle, WA 98109 (craig.rubens@
seattlechildrens.org).

The Journal of Infectious Diseases 2007; 195:1365–72
� 2007 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2007/19509-0021$15.00
DOI: 10.1086/513277

Host innate immunity is essential for recognizing

invading pathogens and preventing the infection of mu-

cosal surfaces [6]. S. aureus produces various virulence

factors that promote survival in the host environment

[7]. The majority of S. aureus clinical isolates synthesize

the plasminogen activator staphylokinase (SAK), which

has recently been shown to contribute to S. aureus eva-

sion of host innate immune defenses [8, 9]. SAK is a

potent fibrinolytic agent that forms complexes with

plasminogen to generate plasmin activity that prefer-

entially degrades fibrin [10, 11]. SAK interactions with

plasminogen have been proposed to facilitate bacterial

colonization and dissemination by mediating fibrin clot

lysis and host tissue degradation [11, 12]. In addition,

SAK has been linked to impaired phagocytosis of S.

aureus by neutrophils through the plasmin-mediated

degradation of IgG and complement protein C3b on

the bacterial surface [9]. Furthermore, SAK has been

shown to interact with human neutrophil a-defensins,

resulting in both the inhibition of SAK fibrinolytic
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activity and the inactivation of a-defensin antimicrobial ac-

tivity [8, 13].

In the respiratory tract, antimicrobial proteins and peptides

(AMPs)—including lysozyme, lactoferrin, cathelicidins, and

defensins—act as essential innate immune effectors against bac-

terial infection [14–18]. Although lysozyme and neutrophil a-

defensins are the most prominent AMPs detected in human

airways [14, 19], S. aureus is highly resistant to their bactericidal

activity [20–22]. By contrast, cathelicidin demonstrates potent

antistaphylococcal activity [23–25], as well as additive or syn-

ergistic activity with lysozyme, lactoferrin, and defensins [17,

23, 26, 27]. Cathelicidin expression is up-regulated in the air-

ways during bacterial infection [28] and has been detected in

airway surface fluid, bronchoalveolar lavage fluid (BALF), al-

veolar macrophages, neutrophils, and airway epithelial cells [16,

23, 29]. Furthermore, a mouse pulmonary infection model has

been used to demonstrate that local overexpression of the hu-

man cathelicidin LL-37 decreases bacterial loads in airways,

whereas systemic LL-37 overexpression decreases mortality after

bacterial challenge [30]. In addition, adenovirus-mediated gene

transfer of LL-37 in a cystic fibrosis xenograft model restored

bactericidal activity against S. aureus [31]. Thus, cathelicidin

appears to play an important role in innate immune defense

in the airway.

Cathelicidin demonstrates bactericidal activity against S. au-

reus and is present at sites of infection before the release of a-

defensins by recruited neutrophils. Because SAK has been im-

plicated in S. aureus evasion of innate immune defenses, we

further hypothesized that SAK might interact with cathelicidin

during the early pathogenesis of S. aureus airway infection.

Here, we show that cathelicidin binds directly to SAK and

enhances plasminogen activation and fibrinolysis. Concentra-

tions of cathelicidin required for interaction with SAK in vitro

were consistent with those detected in the airways during the

development of staphylococcal pneumonia. These data suggest

that SAK production might serve as a virulence mechanism by

which S. aureus exploits cathelicidin to promote fibrinolysis,

resulting in bacterial dissemination and invasive infection.

MATERIALS AND METHODS

Reagents. Recombinant SAK was purchased from ProSpec-

Tany TechnoGene. Human Glu-plasminogen and chromogenic

plasmin-specific substrate H-d-Val-Leu-Lys-para-nitroanilide

(S-2251) were purchased from Chromogenix. H-d-Pro-Phe-Arg

chloromethylketone (PPACK) was purchased from Bachem.

Recombinant mouse plasminogen (mPLG) and rabbit anti-

mPLG antibody were purchased from Molecular Innovations.

LL-37 and mouse cathelicidin (mCRAMP) peptides and rabbit

anti-mCRAMP antibody were gifts from R. Gallo (University

of California, San Diego). Human a-defensin–1 was purchased

from Peptides International. Affinity-purified goat anti–rabbit

IgG horseradish peroxidase (HRP)–conjugated antibody was

purchased from BioRad. 3,3′,5,5′-Tetramethylbenzidine (TMB)

peroxidase substrate was purchased from KPL. SuperSignal West

Pico chemiluminescent substrate was purchased from Pierce.

Bacterial strains. S. aureus strains 8325-4 (SAK negative)

and RN6390 (SAK-positive derivative of 8325-4) were used for

the present studies [32, 33]. S. aureus strains were grown over-

night to stationary phase in sterile tryptic soy broth at 37�C

with aeration. SAK production was assessed in bacterial su-

pernatants by measuring plasminogen activation capacity using

standard enzymatic assays [8].

Mouse pneumonia model and BALF collection. C57BL/

6 mice were infected intranasally under anesthesia with 3–5

� 108 cfu of S. aureus JP1, a human blood isolate obtained

from the microbiology laboratory of Veterans Affairs Puget

Sound Health Care System [34]. Mock-infected control mice

were inoculated intranasally with PBS. Mice were killed at 0.5

or 6 h after infection, and lungs were lavaged with PBS to

recover BALF, which was stored at �70�C before analysis.

Analysis of host protein levels in BALF. Triplicate wells of

96-well microtiter plates were coated overnight at 4�C with

BALF samples. Wells were washed between incubations with

0.05% Tween 20/PBS. Plates were incubated with anti-mPLG

or anti-mCRAMP antibody diluted in 1% bovine serum al-

bumin (BSA)/Tris for 1 h, followed by incubation with HRP-

conjugated secondary antibody for 1 h. TMB peroxidase sub-

strate was added, and reactions were stopped with 1 mol/L

H2SO4. Absorbance was measured at 450 nm using a Spectro-

Max 190 spectrophotometer with SOFTmaxPRO software (ver-

sion 3.1.1; Molecular Devices). Levels of mPLG and mCRAMP

in BALF samples were quantitated by comparison with standard

curves.

Effects of SAK on plasminogen activation in BALF. The

ability of SAK to mediate plasminogen activation in the airway

environment was assessed by incubating BALF samples in the

presence or absence of SAK (10 mg/mL) for 10 min at 37�C

before the addition of S-2251 (1 mmol/L). Plasminogen acti-

vation was assessed over the course of 24 h at 37�C by mea-

suring absorbance at 405 nm. Cleavage of S-2251 provides a

direct indicator of plasminogen activation to plasmin.

Analysis of cathelicidin processing. To further evaluate the

state of cathelicidin activation in the airways during infection,

BALF samples were analyzed by Western blotting. Samples were

normalized for protein concentrations (BCA Protein Assay;

Pierce), mixed with SDS loading buffer, and incubated for 10

min at 95�C. Synthetic mCRAMP was used as a positive control.

Samples were loaded onto 10%–20% Tris-Tricine-SDS gels and

run for 1 h at 120 V, followed by transfer to nitrocellulose

membranes for 1 h at 100 V on ice. Membranes were blocked

and incubated with anti-mCRAMP antibody, followed by HRP-

conjugated secondary antibody for 1 h each, before they were
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Figure 1. Increased host plasminogen levels in the airways during
staphylococcal pneumonia. A, Detection of plasminogen (mPLG) in bron-
choalveolar lavage fluid (BALF) samples collected from C57BL/6 mice at
0.5 or 6 h after intranasal inoculation with either Staphylococcus aureus
or PBS by modified ELISA using rabbit anti-mPLG antibody and goat anti-
rabbit horseradish peroxidase–conjugated antibody. Absorbance was mea-
sured at 450 nm. Concentrations of mPLG were quantitated by comparison
with a standard curve. B, BALF samples incubated in the absence or
presence of recombinant staphylokinase (SAK; 10 mg/mL) for 15 min at
37�C. S-2251 chromogenic substrate (1 mmol/L) was added, and mPLG
activation measured as absorbance at 405 nm for up to 24 h at 37�C.
Data are the mean � SD of triplicate values and are representative of
3 independent experiments. ** , * , analysis of varianceP ! .001 P ! .01
with Tukey’s post hoc test.

developed with chemiluminescent reagents. Membranes were

washed between incubations with 0.05% Tween 20/PBS.

Analysis of SAK-cathelicidin complex formation. Com-

plex formation between mCRAMP and SAK was assessed es-

sentially as described elsewhere [13]. Briefly, triplicate wells of

96-well microtiter plates were coated overnight at 4�C with 500

ng SAK or 1% BSA in 0.1 mol/L carbonate buffer (pH 9.6).

Wells were washed between incubations with 0.05% Tween 20/

PBS. Plates were blocked for 1 h with 1% BSA/Tris (pH 8.0),

followed by incubation with mCRAMP (0.01–10 mg/mL) for 1

h. SAK-mCRAMP complexes were detected by incubation with

anti-mCRAMP antibody, followed by HRP-conjugated second-

ary antibody for 1 h each. TMB peroxidase substrate was added,

and reactions were stopped with 1 mol/L H2SO4. Absorbance

was measured at 450 nm, and specific binding of mCRAMP

to SAK was calculated as the difference in absorbance between

SAK-coated and BSA-coated wells. To evaluate the effect of a-

defensins on SAK-mCRAMP complex formation, wells were

incubated with 5 mg/mL a-defensin for 1 h at 37�C before or

during incubation with mCRAMP.

Effects of cathelicidin on SAK-dependent plasminogen

activation. In vitro assays for plasminogen activation were

performed essentially as described elsewhere [8, 35]. Briefly,

human plasminogen (40 nmol/L) was incubated with SAK (for

10 min) or with supernatants from stationary-phase S. aureus

(overnight). S-2251 (1 mmol/L) was added after plasminogen

activation, and absorbance was measured at 405 nm over time.

To investigate the effects of host AMPs on SAK-dependent

plasminogen activation, SAK or S. aureus supernatants were

incubated alone or in combination with cathelicidin (LL-37 or

mCRAMP), a-defensin, or PPACK inhibitor (100 mmol/L) for

30 min at 37�C before the addition of plasminogen. Initial

studies used 10 mg/mL AMPs; further cathelicidin dose-re-

sponse experiments assessed concentrations ranging from 1 to

100 mg/mL. The percentage of plasminogen activation was cal-

culated relative to SAK or SAK-producing S. aureus supernatant

alone.

Effects of cathelicidin on SAK-dependent fibrinolysis. In

vitro assays for measuring fibrinolysis were performed essen-

tially as described elsewhere [13, 36]. Briefly, human fibrinogen

(10 mmol/L), human plasminogen (500 nmol/L), and either

SAK (4 nmol/L) or S. aureus supernatants were added to trip-

licate wells of 96-well plates. CaCl2 (2 mmol/L) and a-thrombin

(1 nmol/L) were added to initiate fibrin clotting. Changes in

turbidity were assessed over time as absorbance at 400 nm. The

initial increase in turbidity indicates clot formation; the sub-

sequent decrease in turbidity reflects fibrinolysis. To investigate

the effects of cathelicidin on SAK-dependent fibrinolysis, SAK

or S. aureus supernatants were incubated with mCRAMP for

30 min at 37�C before fibrinolysis was measured.

Statistical analysis. Results are expressed as means � SDs

of triplicate results of at least 3 independent experiments. Com-

parisons were made using either the paired Student’s t test or,

when 12 groups were compared, analysis of variance followed

by Tukey’s post hoc test (Prism, version 4.02; GraphPad).

was considered significant for all experiments.P ! .05

RESULTS

Increased host plasminogen levels in the airways during staph-

ylococcal pneumonia. To assess changes in host airway pro-

tein content during the development of S. aureus pneumonia,

mice were inoculated intranasally with either PBS or S. aureus,

and BALF was collected 0.5 and 6 h after infection. When a

modified ELISA system was used, mPLG expression was found

to increase over time in the airways of both mock- and S.

aureus–infected mice but was significantly higher at both time
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Figure 2. Up-regulation and processing of host cathelicidin in the air-
ways during staphylococcal pneumonia. A, Detection of cathelicidin
(mCRAMP) in bronchoalveolar lavage fluid (BALF) samples collected from
C57BL/6 mice at 0.5 or 6 h after intranasal inoculation with either Staph-
ylococcus aureus or PBS by modified ELISA using rabbit anti-mCRAMP
antibody and goat anti-rabbit horseradish peroxidase–conjugated anti-
body. Absorbance was measured at 450 nm. Concentrations of mCRAMP
were quantitated by comparison with a standard curve. Data are the
mean � SD of triplicate values and are representative of 3 independent
experiments. ** , analysis of variance with Tukey’s post hoc test.P ! .001
B, Western blot analysis of mCRAMP expression in BALF samples nor-
malized for total protein content using the antibodies described in panel
A. Synthetic mCRAMP peptide was used as a positive control.

Figure 3. Direct dose-dependent, binding of cathelicidin to staphyloki-
nase (SAK). SAK (500 ng) and 1% bovine serum albumin (BSA) in car-
bonate buffer were immobilized in 96-well plates. Concentrations of cath-
elicidin (mCRAMP) ranging from 0.01 to 10 mg/mL were added to wells
in the absence (A) or presence (B) of 5 mg/mL a-defensin. Bound mCRAMP
was detected using anti-mCRAMP antibody and horseradish peroxidase–
conjugated secondary antibody. Absorbance was measured at 450 nm.
Specific binding was calculated as the difference in absorbance between
SAK- and BSA-coated wells. Data are the mean � SD of triplicate values
and are representative of 3 independent experiments. * , Student’sP ! .01
t test.

points in response to S. aureus infection ( ; figure 1A).P ! .001

To further evaluate whether plasminogen present in the airways

could be activated by SAK, BALF samples collected from mock-

and S. aureus–infected mice were incubated in the presence or

absence of SAK before plasminogen activation was assessed.

Consistent with the up-regulation of plasminogen observed

during the development of staphylococcal pneumonia, the pres-

ence of exogenous SAK strongly increased plasminogen acti-

vation in BALF samples ( for control mice at 0.5 h;P ! .01

for all others; figure 1B). Thi effect was particularlyP ! .001

apparent in BALF collected 6 h after S. aureus infection, in

which the addition of SAK generated a 9-fold increase in plas-

minogen activation.

Up-regulation and processing of host cathelicidin in the

airways during staphylococcal pneumonia. Because neutro-

phil a-defensins are not synthesized by mice, the expression of

mCRAMP was quantitated in BALF collected at 0.5 and 6 h

from mice infected intranasally with either PBS or S. aureus.

Using a modified ELISA system, cathelicidin expression was

shown to be significantly and specifically up-regulated in the

airways at 6 h after S. aureus infection, whereas no response

was observed in mock-infected mice ( ; figure 2A). Fur-P ! .001

thermore, the cathelicidin present during S. aureus infection

was detected as both an unprocessed precursor (∼18 kDa) and

mature AMP (∼5 kDa) by Western blot analysis (figure 2B).

Direct dose-dependent binding of cathelicidin to SAK.

Because cathelicidin was up-regulated in the mouse airways

during the development of staphylococcal pneumonia, we eval-

uated the ability of cathelicidin to directly interact with SAK.

Binding of mCRAMP to immobilized SAK was assessed using

a polyclonal antibody recognizing mCRAMP. Specific binding

to SAK occurred in a dose-dependent manner within the range

of 0.1–10 mg/mL mCRAMP ( ; figure 3A). These con-P ! .01
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Figure 4. Augmentation of staphylokinase (SAK)–dependent plasmin-
ogen activation by cathelicidin. Recombinant SAK (A) or supernatants
from stationary-phase cultures of SAK-producing Staphylococcus aureus
(B) were incubated alone or in the presence of 10 mg/mL cathelicidins
mCRAMP or LL-37 or of a-defensin for 30 min at 37�C. H-D-Pro-Phe-Arg
chloromethylketone (PPACK; 100 mmol/L) served as a positive control for
the inhibition of SAK-dependent plasminogen activation. Human plas-
minogen (40 nmol/L) was added and incubated with SAK samples at
37�C for either 10 min (SAK) or overnight (S. aureus supernatants). After
the addition of S-2251 substrate, plasminogen activation was monitored
over time at 37�C as absorbance at 405 nm. Data are shown as the
percentage of plasminogen activation relative to that of SAK or SAK-
producing S. aureus supernatant alone. Data are the mean � SD of
triplicate values and are representative of 3 independent experiments.
Incubation with mCRAMP or LL-37: (A) or (B) for eachP ! .01 P ! .001
time point, Student’s t test.

Figure 5. Dose-dependent stimulation of staphylokinase (SAK)–depen-
dent plasminogen activation by cathelicidin (mCRAMP). Recombinant SAK
was incubated with various concentrations of mCRAMP ranging from 1
to 100 mg/mL for 30 min at 37�C before assessment of plasminogen
activation at 405 nm as described in the text. Data are the percentage
plasminogen activation relative to that of SAK alone. Data are the mean
� SD of triplicate values and are representative of 3 independent ex-
periments. Incubation with 10 or 100 mg/mL mCRAMP: for eachP ! .01
time point, Student’s t test.

centrations overlap the levels of cathelicidin detected in BALF

samples from S. aureus–infected mice. Interestingly, incubation

of SAK with neutrophil a-defensins, either before or during

incubation with cathelicidin, did not diminish the ability of

cathelicidin to form complexes with SAK, which suggests that

these AMPs occupy distinct binding sites on SAK (figure 3B).

Augmentation of SAK-dependent plasminogen activation

by cathelicidin. Because interactions between SAK and neu-

trophil a-defensins have been shown to inhibit SAK-dependent

plasminogen activation, we initially hypothesized a similar in-

hibitory role for cathelicidin. However, the presence of high

levels of cathelicidin in mouse airways during the development

of staphylococcal pneumonia, combined with the significant

increase in plasminogen activation after the addition of ex-

ogenous SAK to BALF collected from these mice, argued against

the inhibition of SAK-dependent plasminogen activation by

cathelicidin. In contrast to neutrophil a-defensins, cathelicidin

augmented the activation of human plasminogen both by re-

combinant SAK ( for each time point; figure 4A) andP ! .01

by supernatants obtained from stationary-phase cultures of

SAK-producing S. aureus ( for each time point; figureP ! .001

4B). Supernatants from SAK-negative S. aureus did not activate

plasminogen, and, as expected, no effect was observed for pre-

treatment with cathelicidin (data not shown). In addition, nei-

ther cathelicidin nor a-defensin demonstrated any inherent

ability to activate plasminogen in the absence of SAK (data not

shown). Human and mouse cathelicidins, LL-37 and mCRAMP,

respectively, demonstrated nearly identical stimulatory effects

on SAK-dependent plasminogen activation. Incubation with

cathelicidin also enhanced SAK-dependent activation of mouse

plasminogen, albeit to levels lower than that observed for hu-

man plasminogen (data not shown). Interestingly, incubation

of SAK with both cathelicidin and a-defensin, which would

occur in the presence of neutrophils at sites of S. aureus in-

fection in humans, resulted in the complete abrogation of SAK-

dependent plasminogen activation. PPACK, a synthetic pro-

teinase inhibitor that interferes with plasminogen activation,

served as a positive control for the inhibition of SAK activity.

Dose-dependent stimulation of SAK-dependent plasmino-

gen activation by cathelicidin. To confirm that the stimu-

lation of SAK-dependent plasminogen activation by cathelicidin

was not due to the use of subinhibitory peptide concentrations,

further experiments were conducted to evaluate the dose and
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Figure 6. Augmentation of staphylokinase (SAK)–dependent fibrinoly-
sis by cathelicidin (mCRAMP). Supernatants from stationary-phase cul-
tures of SAK-producing Staphylococcus aureus were incubated alone or
in the presence of mCRAMP (10 mg/mL) for 30 min at 37�C. To initiate
fibrin clot formation, CaCl2 (2 mmol/L) and a-thrombin (1 nmol/L) were
added to human fibrinogen (10 mmol/L), human plasminogen (500 nmol/
L), and S. aureus supernatants or supernatant/mCRAMP mixtures. Fibrin
clot formation and lysis were assessed by measuring changes in turbidity
over time at 25�C as absorbance at 400 nm. Data are the mean � SD
of triplicate values and are representative of 3 independent experiments.
** , * , Student’s t test.P ! .001 P p .05

Figure 7. Opposite effects of host antimicrobial peptides on staphy-
lokinase (SAK)–dependent fibrinolysis. Cathelicidin, which is produced by
resident alveolar macrophages and airway epithelial cells during early
stages of infection, enhances SAK-dependent plasminogen activation and
fibrinolysis. Increased fibrinolysis may lead to host tissue degradation
within the airways, as well as to bacterial dissemination to the blood-
stream. As infection progresses, recruited neutrophils release both cath-
elicidin and a-defensins. This results in the inhibition of SAK-dependent
plasminogen activation and fibrinolysis, which may serve to confine the
pathogen and control infection.

species dependence of the observed effects. Cathelicidin levels

ranging from 1 to 100 mg/mL were tested to encompass con-

centrations above and below that shown initially to enhance

SAK-dependent plasminogen activation (10 mg/mL). In the

presence of 10 and 100 mg/mL mCRAMP, significant increases

in both the rate and threshold of SAK-dependent plasminogen

activation were observed ( for each time point; figureP ! .01

5). In a manner nearly identical to mCRAMP, LL-37 also aug-

mented SAK-dependent plasminogen activation in a dose-de-

pendent manner at equivalent concentrations (data not shown).

The augmentation of SAK-dependent plasminogen activation

by cathelicidin was saturable; the highest concentration tested

(100 mg/mL) produced a maximum stimulatory effect.

Augmentation of SAK-dependent fibrinolysis by cathelicidin.

Plasminogen activation by SAK generates the active enzyme

plasmin, which specifically degrades fibrin clots. Because cath-

elicidin was found to potently augment SAK-dependent plas-

minogen activation, its ability to stimulate fibrinolysis was fur-

ther studied in vitro. Using supernatants from SAK-producing

S. aureus, cathelicidin significantly enhanced the rate of SAK-

dependent fibrinolysis ( at 65 min; at 45 andP ! .001 P p .05

80 min; figure 6). Supernatants from SAK-negative S. aureus

did not initiate fibrin clot degradation, and no effect was ob-

served that was due to cathelicidin alone in the absence of SAK

(data not shown).

DISCUSSION

Dysregulation of fibrinolysis is an important characteristic of

airway infections such as pneumonia [37]. Although the path-

ogenesis of acute inflammatory lung disease is typically char-

acterized by fibrin deposition due to local and systemic inhi-

bition of fibrinolysis, the initial host response to bacteremia

actually involves increased fibrinolytic activity due to the release

of plasminogen activators [38]. S. aureus produces its own plas-

minogen activator, SAK, which has been hypothesized to pro-

mote host immune evasion and bacterial virulence by degrading

fibrin clots to allow systemic spread [11]. However, SAK pro-

duction by clinical isolates has not been shown to correlate

with S. aureus invasiveness [39]. Therefore, we set out to explore

the involvement of SAK in the dysregulation of fibrinolysis

observed during staphylococcal pneumonia.

Plasminogen levels increased in the airways in response to

S. aureus infection, and dramatic plasminogen activation was

observed after the addition of SAK to infected mouse BALF.

These data stand in contrast to the absolute species specificity

among bacterial plasminogen activators that has been reported

elsewhere [40–42]. Therefore, we predicted that additional host

proteins present in the airway environment during infection

may alter or stabilize the conformation of mouse plasminogen

in such a way that it more closely resembles human plasmin-

ogen, thereby enabling SAK to circumvent this species speci-

ficity. Previous studies have demonstrated that the ability of

Streptococcus pyogenes to produce streptokinase capable of ac-

tivating mouse plasminogen contributed to bacterial invasive-

ness in a mouse skin infection model [43]. Furthermore, mouse

skin passage of S. pyogenes has been shown to generate increased

streptokinase expression and activity [44]. Therefore, bacterial
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pathogens might respond to specific host signals in a manner

that alters plasminogen binding and activation in vivo.

AMPs are an important component of innate immunity at

mucosal surfaces. During early stages of infection, cathelicidin

is synthesized by resident alveolar macrophages and airway

epithelial cells; neutrophils are recruited later and produce cath-

elicidin and a-defensins [16, 45]. We detected increased levels

of both unprocessed precursor and mature cathelicidin in the

airways during the development of staphylococcal pneumonia,

when mice exhibit clinical symptoms such as hunched posture,

labored breathing, and diminished activity. The presence of

high levels of cathelicidin and the ability of SAK to enhance

plasminogen activation in the airway environment led us to

propose a novel relationship between SAK and cathelicidin that

could potentially promote SAK-dependent fibrinolysis during

the early pathogenesis of S. aureus airway infection. The results

of in vitro binding studies and enzymatic assays further dem-

onstrated that cathelicidin directly binds to SAK and augments

SAK-dependent plasminogen activation and fibrinolysis at con-

centrations consistent with those detected in the airways during

staphylococcal pneumonia. Previous studies have shown that

the presence of human plasminogen in a mouse model of S.

pyogenes skin infection led to enhanced plasminogen activation

and fibrinolysis, resulting in an increased bacterial dissemina-

tion and mortality that was dependent on streptokinase pro-

duction [46, 47]. Therefore, SAK might serve as a virulence

factor by which S. aureus exploits cathelicidin to enhance fi-

brinolysis and promote dissemination and invasive infection.

Human and mouse cathelicidin demonstrated nearly iden-

tical stimulatory effects on SAK-dependent plasminogen acti-

vation, whereas human neutrophil a-defensins displayed an

opposite, inhibitory role, consistent with previous reports [13].

The unique effects of these AMPs might be attributable to

structural differences resulting in the utilization of distinct

binding sites on SAK. LL-37 and mCRAMP form a-helices in

solution, whereas defensins form b-sheet structures [48]. SAK

contains both features—a central a-helix positioned above a

5-stranded b-sheet [49]. The a-helix contains the major regions

of SAK interaction with plasminogen, and several a-defensin

binding sites have been predicted to overlap plasminogen bind-

ing sites on SAK, which might account for the disruption of

plasminogen activation by a-defensins [13]. Our data showing

that a-defensins do not disrupt SAK-cathelicidin interactions

support our hypothesis that cathelicidin binds to distinct sites

on SAK that do not interfere with plasminogen-binding regions

and perhaps even stabilize such interactions. The complete ab-

rogation of SAK-dependent plasminogen activation after ex-

posure to both cathelicidin and a-defensins, which would occur

when neutrophils are present at sites of S. aureus infection in

humans, offers further insight into the regulation of SAK-de-

pendent fibrinolysis by different families of host AMPs. Ad-

ditional insight into the mechanism by which cathelicidin aug-

ments SAK-dependent plasminogen activation and fibrinolysis

can be gained from a recent study that demonstrated that re-

laxation of plasminogen conformation can result in enhanced

fibrinolysis [50]. Ongoing studies will focus on further char-

acterizing the structural requirements for SAK-cathelicidin in-

teractions and the mechanism by which cathelicidin enhances

SAK activity.

In summary, the present study provides the first evidence

that cathelicidin AMPs bind directly to a bacterial plasminogen

activator, SAK, resulting in the augmentation of plasminogen

activation and fibrinolysis by S. aureus. These data sharply con-

trast the inhibition of SAK activity by human neutrophil a-

defensins, which suggests that host AMPs, which are produced

by various cell types present at different stages of infection,

exert distinct effects on SAK-dependent fibrinolysis (figure 7).

Furthermore, the results demonstrate that SAK is capable of

activating mouse plasminogen in the airway environment,

which suggests that factors present in vivo might relax the

species specificity of SAK-dependent plasminogen activation.

Combined, these data provide evidence that S. aureus is able

to exploit cathelicidin produced by resident airway cells to aug-

ment SAK-dependent fibrinolysis. Enhanced fibrinolysis might

be a novel virulence mechanism by which S. aureus avoids

confinement in the airways by fibrin deposition, leading to

dissemination and systemic infection.
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