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The Serratia marcescens-derived protease serralysin is considered to play an important role in the patho-
genesis of infection. Protease-activated receptor 2 (PAR-2) is activated by trypsin and also several other
trypsin-like serine proteases, leading to the modulation of inflammatory and immune responses. However, little
is known about the activation of PAR-2 by bacterial proteases and its roles in bacterial infection. In this study,
we investigated whether S. marcescens serralysin activates host inflammatory responses through PAR-2. Our
results demonstrated that serralysin induces interleukin-6 (IL-6) and IL-8 mRNA expression in a human lung
squamous cell carcinoma, EBC-1 cells. In addition, serralysin activated activator protein 1 (AP-1)-, CCAAT/
enhancer-binding protein (C/EBP)-, and nuclear factor-kB (NF-kB)-driven promoters in EBC-1 cells. An
electrophoretic mobility shift assay showed that serralysin activates the binding of AP-1, C/EBPf, and NF-«B
in the cells. Inactivation of serralysin resulted in the failure of transactivation of AP-1-, C/EBP-, and NF-kB-
driven promoters in the cells. Furthermore, serralysin activated AP-1-, C/EBP-, and NF-kB-driven promoters
via PAR-2 in HeLa cells. PAR-2 antagonist peptides decreased serralysin-induced transactivation of AP-1-,
C/EBP-, and NF-kB-driven promoters in EBC-1 cells. Considered together, these results suggest that serra-
lysin requires PAR-2 to activate the critical transcription factors AP-1, C/EBP@, and NF-kB for host inflam-

matory responses.

Serratia marcescens is a gram-negative enteric bacterium,
often isolated from respiratory and urinary tracts, that can
function as an opportunistic pathogen in immunocompromised
hosts (18). S. marcescens is a source of nosocomial infections,
in part because the organism readily adheres to invasive hos-
pital instrumentation, such as catheters, endoscopes, and in-
travenous tubing (21), and is relatively resistant to standard
sterilization and disinfection protocols (10, 63). S. marcescens
causes a wide spectrum of infections such as pneumonia, men-
ingitis, septicemia, urinary tract infection, endocarditis, con-
junctivitis, and wound infection (21, 63). Despite numerous
reported S. marcescens infections and the emergence of anti-
biotic-resistant strains (21, 62), the virulence mechanisms of
this organism are poorly understood. S. marcescens secretes
many known extracellular proteins, including chitinase, lecithin-
ase, hemolysin, siderophore, lipase, protease, and nuclease (5,
22). Although S. marcescens produces various proteases, a zinc
metalloprotease, serralysin, is especially produced in the larg-
est amounts from pathogenic clinical isolates (40). Interest-
ingly, Maeda and coworkers reported that serralysin plays a
critical role in pathogenesis of this organism (37, 38, 41). Pu-
rified serralysin has been used in in vivo models of keratitis
with rabbits and guinea pigs (26), and its enzymatic property
has been shown to rapidly degrade a wide range of structural
and serum proteins (42). Accordingly, bacterial proteases such
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as serralysin appear to play an important role as a virulence
factor.

Protease-activated receptors (PARs) belong to a family of
G-protein-coupled seven transmembrane receptors (36).
Rather than being stimulated through ligand receptor occu-
pancy, the activation of PARs is initiated by proteolytic
cleavage of the amino-terminal domain of the receptor,
resulting in the generation of a new tethered ligand that
interacts with the receptor within extracellular loop 2 (23,
36). To date, four PARs have been identified; three of them
(PAR-1, PAR-3, and PAR-4) are activated mainly by throm-
bin, and the fourth (PAR-2) is activated by trypsin, as well
as several other trypsin-like serine proteases, including fac-
tor Xa, neutrophil protease 3, and mast cell tryptase (47,
51). The PAR activation contributes to a variety of physio-
logical and pathophysiological roles in various tissues and
cells, including circulatory, gastrointestinal, respiratory, and
central nervous systems (23, 36, 47). In particular, the
activation of PAR-2 is generally considered to result in
inflammatory responses according to the experimental data,
including various in vivo models of inflammation with PAR-
2-deficient mice (11, 17, 20, 29, 35, 53, 55). Earlier studies
have shown that trypsin cleaves the amino-terminal extra-
cellular domain of human PAR-2 at SKGR?¢ |, S*’LIGKV
(where the “ | ” designates the trypsin cleavage site), un-
masking the amino-terminal intramolecular tethered ligand
SLIGKV (47). Accordingly, the synthetic peptide corre-
sponding to this sequence, which is a specific agonist, can
activate PAR-2 without the need for receptor cleavage.

PAR-2 is widely distributed in the mammalian body and is
also expressed in various cells, including epithelial cells, endo-
thelial cells, T cells, neutrophils, and neurons (8, 15, 24, 25, 45,
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46). Particularly in the respiratory system, proteases from the
house dust mite Dermatophagoides pteronyssinus and Aspergil-
lus fumigatus, as well as trypsin and also several other trypsin-
like serine proteases, activate PAR-2, thereby modulating host
inflammatory and immune responses (4, 28, 51, 58). Interest-
ingly, Porphyromonas gingivalis-derived proteases gingipains
have been shown to upregulate the expression of the antimi-
crobial peptide B-defensin 2 via PAR-2 in human gingival
epithelial cells (12). Thus, the activation of PAR-2 appears to
play a crucial role in such responses. However, not much is
available on the activation of PAR-2 by bacterial proteases and
the role of PAR-2 in bacterial infection. Accordingly, we spec-
ulated that host inflammatory responses would be affected by
bacterial proteases such as serralysin, as well as by proteases
from mites and fungi.

In the present study, we determined whether serralysin ac-
tivates host inflammatory responses via PAR-2. Our results
indicated that serralysin induces interleukin-6 (IL-6) and IL-8
mRNA expression in a respiratory cell line, EBC-1. Moreover,
we demonstrated that serralysin activates the critical transcrip-
tion factors activator protein 1 (AP-1), CCAAT/enhancer-
binding protein B (C/EBP), and nuclear factor-kB (NF-«B)
for host inflammatory and immune responses via PAR-2.
These results suggest that serralysin would require PAR-2 to
modulate various host responses against bacterial infection.

MATERIALS AND METHODS

Cells. A human lung squamous cell carcinoma cell line, EBC-I cells (Cell
Resource Center for Biomedical Research Institute of Development, Aging, and
Cancer, Tohoku University, Sendai, Japan), was maintained in RPMI 1640
medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented 10% heat-inacti-
vated fetal bovine serum (Gibco, Rockville, MD), 2 mM L-glutamine, 0.2%
sodium bicarbonate, 100 U of penicillin/ml, and 100 pg of streptomycin/ml (33).
A human cervical epithelioid carcinoma cell line, HeLa cells, was maintained in
Dulbecco modified Eagle medium (DMEM; Nissui Pharmaceutical) supple-
mented 10% heat-inactivated fetal bovine serum, 4 mM L-glutamine, 0.35%
D-glucose, 0.37% sodium bicarbonate, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml. Cells were passaged without the use of trypsin by nonenzymatic
cell dissociation solution (Gibco) to minimize the proteolytic activation of the
PARs.

Reagents. Rabbit anti-C/EBPB, anti-c-Jun/AP-1, and anti-NF-kB p65 poly-
clonal antibody were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Rabbit anti-NF-«B p50 polyclonal antibody was obtained from Rockland
(Gilbertsville, PA). The plasmid pC/EBP-Luc, containing the firefly luciferase
reporter gene, which is controlled by a synthetic promoter that contains three
repeats of the binding site (TTGCGCAAT) for the C/EBP was obtained from
Stratagene (La Jolla, CA). The plasmid pNF-kB-Luc, containing the firefly
luciferase reporter gene, which is controlled by a synthetic promoter that con-
tains five repeats of the binding site (GGGGACTTTCC) for the NF-kB, was
obtained from Stratagene. The plasmid pAP-1-Luc, containing the firefly lucif-
erase reporter gene, which is controlled by a synthetic promoter that contains six
repeats of the binding site (TGAGTCAG) for the AP-1, was obtained from
Clontech (Palo Alto, CA). Bovine pancreas-derived endotoxin-free trypsin was
purchased from Calbiochem (San Diego, CA). The peptides of human PAR-2
agonist (SLIGKV-NH,) and antagonist (FSLLRY-NH, and LSIGRL-NH,)
were synthesized with amidated carboxyl terminus by solid-phase methods at
Invitrogen (Carlsbad, CA) (2). All peptides were >95% purity as determined by
high-pressure liquid chromatography and mass spectrometry analysis. Stock so-
lutions were prepared in 50% dimethyl sulfoxide and stored at —20°C.

Purification of serralysin. A pigment-forming S. marcescens, which is a clini-
cally isolated strain, was grown in Tryptosoy broth (Difco, Detroit, MI) for 20 h
at 35°C with rotary shaking at 100 rpm (AT-12R shaker; Thomas, Tokyo, Japan).
Bacterial cells were removed from the medium by centrifugation (8,000 X g,
30 min, 4°C), and serralysin was purified from the supernatant (39). Briefly,
proteins in the supernatant were precipitated with ammonium sulfate (80%
saturation). The precipitate was dissolved in 20 mM Tris-HCI (pH 8.0), dialyzed,
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
of serralysin purified by anion-exchange column chromatography. The
gel was stained with Coomassie blue G-250. Lane M, molecular weight
markers; lane 1, supernatant proteins were precipitated with ammo-
nium sulfate; lane 2, flowthrough fraction from Q-Sepharose anion-
exchange column; lane 3, purified serralysin.

and loaded onto a Q-Sepharose anion-exchange column (Amersham-Pharmacia
Biotech, Uppsala, Sweden) equilibrated with the same buffer. The column was
washed with 20 mM Tris-HCI (pH 8.0) containing 100 mM NaCl until unbound
material was removed. Serralysin was eluted with 20 mM Tris-HCI (pH 8.0)
containing 200 mM NaCl. The purified serralysin was then dialyzed against
phosphate-buffered saline (PBS). The purity of serralysin was determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A single band was
detected in the purified serralysin (Fig. 1). The level of endotoxin was deter-
mined with a Limulus amebocyte lysate QCL-1000 (Cambrex, Walkersville, MD)
and was revealed to be <0.5 pg/ml when suspended in PBS at a protein
concentration of 1 nM. The protein concentration was determined with a
Coomassie protein assay reagent (Pierce, Rockford, IL) using bovine serum
albumin as a standard. The amino-terminal amino acid sequences of serra-
lysin were determined by using an automated protein sequencer (PSQ-1;
Shimadzu, Kyoto, Japan) at Hipep Laboratories (Kyoto, Japan). The se-
quences have been confirmed to show the same sequences, as described
previously by Nakahama et al. (44).

EDTA treatment of serralysin. Serralysin was treated with 50 mM EDTA (pH
7.4) in PBS for 24 h at 4°C. As a control, serralysin was treated with PBS for 24 h
at 4°C. The treated materials were dialyzed against PBS at 4°C, with three
changes of buffer (100X volume). The enzyme activities of the dialyzed materials
were then determined with a protease assay kit (Calbiochem) according to the
instructions provided by the manufacturer. After EDTA treatment, the enzyme
activity was reduced less than 1%.

Real-time PCR analysis. EBC-1 cells maintained as described above were
detached from culture flask with nonenzymatic cell dissociation solution and
washed three times in serum-free DMEM-F-12 (Gibco). The cells were then
seeded into six-well plates (Costar, Cambridge, MA) at a density of 10° cells/well
in serum-free DMEM-F-12 and incubated for 24 h. One hour before stimulation,
the growth medium was replaced by fresh serum-free DMEM-F-12. Cells were
stimulated with serralysin at 1 nM for 2 h. Total RNA was then purified by using
an RNeasy minikit (QIAGEN, Chatsworth, CA) and treated with an RNase-free
DNase set (QIAGEN) to remove contaminated DNA according to the instruc-
tions provided by the manufacturer. Synthesis of cDNA was performed with an
RNA PCR kit (Takara, Ohtsu, Japan) according to the manufacturer’s protocol.
Real-time PCR analysis was performed by using an iQ SYBR Green Supermix
(Bio-Rad Laboratories, Hercules, CA) on a DNA engine Opticon 2 real-time
PCR detection system (Bio-Rad Laboratories). The following human IL-6-spe-
cific primers were used: sense, 5'-AAGCCAGAGCTGTGCAGATGAGTA-3';
and antisense, 5'-TGTCCTGCAGCCACTGGTTC-3'. The following human IL-
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8-specific primers were used: sense, 5'-ACACTGCGCCAACACAGAAATTA-
3'; and antisense, 5'-TTTGCTTGAAGTTTCACTGGCATC-3'. The following
human B-actin-specific primers were used: sense, 5'-ATTGCCGACAGGATG
CAGA-3'; and antisense, 5'-GAGTACTTGCGCTCAGGAGGA-3'. The PCR
profile included denaturation at 95°C for 3 min, followed by 40 cycles of dena-
turation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for
30 s. To control for the specificity of the amplification products, a melting-curve
analysis was performed. No amplification of unspecific products was observed.
The threshold cycle, C;, which correlates inversely with the level of the target
mRNA, was measured as the cycle number at which the reporter fluorescent
emission increased above the midpoint of the logarithmic increasing phase along
the amplification curve. A standard curve relating C; to a serial dilution of
standard cDNA was used to compute the relative abundances of IL-6, IL-8, and
B-actin mRNA each sample. In the quantitation of IL-6, IL-8, and B-actin
mRNA, cDNA prepared from EBC-1 cells treated with human PAR-2 agonist
peptide (25 pM for 2 h) was used as the standard. The relative abundance of
B-actin mRNA in each sample of cells was used to normalize the IL-6 and IL-8
mRNA levels.

Transient transfection of EBC-1 cells and luciferase assay. EBC-1 cells pre-
pared as described above were washed three times in serum-free DMEM-F-12
(Gibco). The cells were then seeded into 24-well plates (Costar) at a density of
2 X 10° cells/well in serum-free DMEM-F-12 and incubated for 24 h. One hour
before transfection, the growth medium was replaced by fresh serum-free
DMEM-F-12. Transient transfections were performed with 95 ng of appropriate
plasmids: pAP-1-Luc, pC/EBP-Luc, and pNF-«kB-Luc as reporter plasmids and 5
ng of phRG-TK (Promega, Madison, WI) as an internal control plasmid using
the FuGENES transfection reagent (Roche, Basel, Switzerland) according to the
manufacturer’s protocol. After 32 h, transfected cells were stimulated with or
without serralysin. To antagonize PAR-2, human PAR-2 antagonist peptides
were added directly to the culture medium at a final concentration of 200 WM at
1 h prior to stimulation. After a further 16 h of incubation, cells were lysed and
assayed for luciferase activity using a dual-luciferase reporter assay system (Pro-
mega). Both firefly and Renilla luciferase activities were monitored with a Lumat
LB9507 luminometer (Berthold, Wildbad, Germany). Normalized reporter ac-
tivity was expressed as the firefly luciferase value divided by the Renilla luciferase
value. The relative fold induction was calculated as the normalized reporter
activity of the stimulated samples divided by the unstimulated samples.

Construction of human PAR-2 expression plasmid. EBC-1 cells prepared as
described above were washed twice in PBS. Preparation of total RNA and
synthesis of cDNA was performed as described above. PCR was performed with
a KOD Plus DNA polymerase (Toyobo, Osaka, Japan) according to the protocol
recommended by the manufacturer. The following human PAR-2-specific prim-
ers were used: sense, 5'-GGAAACAAGCTTCCACCATGCGGAGCCCCAGC
GCGGCGTG-3' (underlining indicates the HindIII restriction site); and antisense,
5'-GGAAACGGATCCTCAATAGGAGGTCTTAACAGTGG-3'  (underlining
indicates the BamHI restriction site). The PCR profile included denaturation at
96°C for 3 min, followed by 35 cycles of denaturation at 96°C for 30 s, annealing at
57°C for 30 s, and extension at 68°C for 90 s, with a final extension at 68°C for 5 min.
The PCR products were digested with HindIII and BamHI and cloned into a
pcDNA3.1 (Invitrogen). The plasmids were purified with the QTAGEN plasmid kit
(QIAGEN) and used for transient transfection.

Transient transfection of HeLa cells and luciferase assay. HeLa cells, which
were maintained as described above, were detached from culture flask with
nonenzymatic cell dissociation solution and washed three times in serum-free
DMEM-F-12 (Gibco). The cells were then seeded into 24-well plates (Costar) at
a density of 10° cells/well in serum-free DMEM-F-12 and incubated for 24 h.
One hour before transfection, the growth medium was replaced by fresh serum-
free DMEM-F-12. Transient transfections were performed with 40 to 250 ng of
human PAR-2 expression plasmid, 95 ng of the appropriate plasmids (pAP-1-
Luc, pC/EBP-Luc, and pNF-kB-Luc as reporter plasmids), and 5 ng of phRG-TK
(Promega) as an internal control plasmid using the FuGENEG transfection
reagent (Roche). After 48 h, transfected cells were stimulated with or without 1
nM serralysin. After a further 6 h of incubation, cells were lysed and assayed for
luciferase activity as described above.

EMSA. Nuclear extracts were prepared from EBC-1 cells as described previ-
ously (30). Synthetic oligonucleotides were used as probe for electrophoretic
mobility shift assay (EMSA). The oligonucleotides were designed to generate a
single 5'-G overhang to each end after annealing with their complements. The
following oligonucleotides were used: AP-1, 5'-GGATAGCCTGAGTCAGGG
GATA-3'; C/EBP, 5'-GGATAGGCTTGCGCAATGGATA-3'; and NF-kB,
5'-GGATCCGGGGACTTTCCGCGGAT-3". The consensus sequence for bind-
ing of these transcription factors are underlined. The double-stranded oligonu-
cleotides were end labeled with [a-*?P]dCTP using the Klenow fragment of DNA
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FIG. 2. Serralysin induces IL-6 and IL-8 mRNA expression in
EBC-1 cells. EBC-1 cells were stimulated with a range of concentra-
tions of serralysin for 2 h. Total RNA was then extracted, and quan-
titative real-time reverse transcription-PCR analysis was performed to
determine the amounts of IL-6, IL-8, and B-actin mRNA. IL-6 and
IL-8 mRNA levels, normalized to those B-actin, are expressed as the
fold induction over unstimulated EBC-1 cells. Values represent the
mean * the standard error of the mean (SEM) from three indepen-
dent experiments.

polymerase I (Amersham-Pharmacia Biotech). Labeled DNA probe was purified
by using a QuickSpin column G-25 (Roche). Purified DNA probe was adjusted
to 10,000 cpm/pl and stored at 4°C until use. For binding reactions, 3 g of
nuclear extract was incubated in a total volume of 23 ul of binding buffer [10 mM
HEPES-KOH (pH 7.9), 50 mM KCI, 5 mM MgCl,, 1 mM EDTA, 10% glycerol,
5 mM dithiothreitol, 3 g of poly(dI-dC), protease inhibitor cocktail (Nacalai
tesque, Kyoto, Japan), and 1 mM Na;VO,] for 10 min at room temperature.
Then, a-*?P-end-labeled probe (20,000 cpm) was added to the reaction mixture
for an additional 30 min at room temperature. For competition assays, excess
unlabeled oligonucleotides were preincubated with nuclear extract in the binding
buffer described above at room temperature for 10 min prior to the addition of
radiolabeled probe (20,000 cpm). For antibody-mediated supershift assays, nu-
clear extracts were preincubated with 1 pg of appropriate antibodies or normal
rabbit immunoglobulin G (IgG; Inter-Cell Technologies, Hopewell, NJ) at 4°C
for 60 min before the addition of the radiolabeled probe. The reactions were
loaded onto a 5% polyacrylamide gel in 0.5X Tris-borate-EDTA (45 mM Tris
[pH 8.3], 45 mM borate, and 1 mM EDTA) and electrophoresed for 2 h at 200
V before being dried. The intensity of the DNA-protein complex bands was
measured by using a Phosphor-Imaging system (Fujifilm BAS-2000; Fujifilm,
Tokyo, Japan).

Statistical evaluation. Data were analyzed by using the Student paired ¢ test.
P values of <0.05 were considered significant.

RESULTS

Serralysin induces IL-6 and IL-8 mRNA expression in
EBC-1 cells. Proteases from house dust mites and fungi have
been shown to induce IL-6 and IL-8 expression in respira-
tory cells (28, 34, 57, 60). To determine whether serralysin
stimulation induces the augmentation of IL-6 and IL-8
mRNA expression in EBC-1 cells, EBC-1 cells were stimu-
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FIG. 3. Serralysin as well as trypsin activates AP-1-, C/EBP-, and NF-kB-driven promoters in EBC-1 cells. EBC-1 cells were transfected with
95 ng of appropriate plasmids pAP-1-Luc (A and D), pC/EBP-Luc (B and E), and pNF-«kB-Luc (C and F) as reporter plasmids and 5 ng of
phRG-TK as an internal control plasmid. After 32 h, transfected cells were stimulated at the indicated concentrations of serralysin or trypsin. After
a further 16 h of incubation, the cells were lysed and assayed for luciferase activity. The data are presented as the relative luciferase activity. The
results for each set of transfections were normalized for Renilla luciferase activity and to the unstimulated samples. Values represent the mean *
the SEM from three independent experiments.
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FIG. 4. EMSA of AP-1, C/EBPB, and NF-kB in nuclear extract prepared from EBC-1 cells stimulated with serralysin. The following
oligonucleotides were used: AP-1, 5'-GGATAGCCTGAGTCAGGGGATA-3' (A); C/EBP, 5'-GGATAGGCTTGCGCAATGGATA-3' (B); and
NF-kB, 5'-GGATCCGGGGACTTTCCGCGGAT-3’ (C). The consensus sequences for the binding of these transcription factors are underlined.
A *?P-labeled, double-stranded oligonucleotide probe was incubated with nuclear extract from EBC-1 cells stimulated with or without 1 nM
serralysin for 2 h as described in Materials and Methods. The specificity of the binding is shown by competition with unlabeled double-stranded
oligonucleotides. The competitors were used in a 100-fold molar excess over labeled probes. Supershift assays were performed with 1 pg of the
appropriate antibodies: rabbit anti-c-Jun/AP-1 antibody (lane A), rabbit anti-C/EBPB antibody (lane ), rabbit anti-NF-kB p50 antibody (lane
p50), and rabbit anti-NF-«kB p65 antibody (lane p65), or normal rabbit IgG as a control (lanes C). Lane P indicates the probe-only control. The
data are presented from a representative experiment, and similar results were obtained in three independent experiments.

lated with different concentrations of serralysin. After 2 h of
incubation, total RNA from EBC-1 cells were prepared, and
real-time PCR analysis was performed. As shown in Fig. 2,
the levels of IL-6 and IL-8 mRNA expression were en-
hanced in response to stimulation with serralysin in a dose-
dependent manner, with a plateau at the concentrations of
0.5 to 2 nM. Thus, these results indicate that IL-6 and IL-8

mRNA expression are induced in EBC-1 cells in response to
stimulation with serralysin.

Serralysin activates AP-1-, C/EBP-, and NF-kB-driven pro-
moters in EBC-1 cells. Several studies provide evidence for the
roles of AP-1, C/EBP, and NF-kB as the regulators in the
inducible expression of IL-6 and IL-8§ mRNA (1, 9, 48). We
then determined whether AP-1-, C/EBP-, and NF-«kB-driven
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FIG. 4—Continued.

promoters are activated in the EBC-1 cells stimulated with
serralysin. EBC-1 cells were transfected with the luciferase
reporter plasmids and then were left untreated or were stim-
ulated with different concentrations of serralysin. As shown in
Fig. 3A to C, transactivation of AP-1-, C/EBP-, and NF-kB-
driven promoters was observed in response to stimulation with
serralysin in a dose-dependent manner with a plateau at 0.5 to
2 nM, a finding consistent with the result shown in Fig. 2. Also,
trypsin activated AP-1-, C/EBP-, and NF-«kB-driven promoters
in a dose-dependent manner with a plateau at 50 to 200 nM
(Fig. 3D to F). Thus, these results indicate that serralysin, as
well as trypsin, activates AP-1-, C/EBP-, and NF-«kB-driven
promoters in EBC-1 cells.

Serralysin induces the binding of AP-1, C/EBP@, and
NF-kB to each consensus sequence in EBC-1 cells. To further
examine the activation of AP-1, C/EBP, and NF-«kB in EBC-1
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FIG. 5. Inactivation of serralysin leads to the abrogation of induc-
ible AP-1-, C/EBP-, and NF-«kB-driven promoters activity in response
to simulation with serralysin in EBC-1 cells. EBC-1 cells were trans-
fected with 95 ng of appropriate plasmids: pAP-1-Luc, pC/EBP-Luc,
and pNF-kB-Luc as reporter plasmids and 5 ng of phRG-TK as an
internal control plasmid. After 32 h, transfected cells were stimulated
with EDTA- or PBS-treated serralysin at a final concentration of 1 nM.
After a further 16 h of incubation, the cells were lysed and assayed for
luciferase activity. The data are presented as in the legend to Fig. 2.
*, P < 0.05; ##, P < 0.01 (compared to unstimulated cells). ##, P <
0.01 (compared to PBS-treated serralysin-stimulated cells).

cells stimulated with serralysin, EMSAs were performed. Dou-
ble-strand oligonucleotides containing the AP-1, C/EBP, and
NF-«B binding site of the luciferase reporter gene were used as
probes to detect a specific protein binding in the nuclear ex-
tract from EBC-1 cells stimulated with serralysin. As shown in
Fig. 4A, nuclear extract prepared from the EBC-1 cells gener-
ated a specific binding to the probe encompassing an AP-1
binding site (lane 2), whereas unstimulated nuclear extract
from the cells failed to do so (lane 1). In a competition assay,
the presence of excess unlabeled AP-1 probe efficiently out-
competed the retarded band (lane 3), whereas the nonspe-
cific DNA probes containing a C/EBP or NF-«B binding site
failed to do so (lanes 4 and 5). To identify the AP-1 protein,
the nuclear extract from stimulated EBC-1 cells was prein-
cubated with c-Jun/AP-1-specific antibody before the addi-
tion of a radiolabeled probe. The specific retarded band was
shifted in the presence of anti-c-Jun/AP-1 antibody (lane 7).
However, in the presence of normal rabbit IgG, the specific
retarded band was not shifted (lane 6). These results show
that AP-1 binds to the AP-1 binding site in EBC-1 cells
stimulated with serralysin.

Figure 4B shows that serralysin induces the binding of
C/EBP to a probe containing a C/EBP binding site (lane 2).
The binding competed with excess amounts of unlabeled
C/EBP probe (lane 3) but not with unrelated probes containing
an AP-1 or an NF-kB binding site (lanes 4 and 5). C/EBP is
a member of the C/EBP family of transcription factors, includ-
ing C/EBPa, C/EBPy, C/EBP3, C/EBPg, and C/EBP{ (50).
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Although the C/EBP molecules other than C/EBPB can also
bind to the C/EBP binding site, C/EBPR is especially involved
in the inducible expression of several genes that are important
for inflammatory and immune responses (31, 32, 49, 50).
Therefore, to identify the C/EBPR protein, the nuclear extract
from the stimulated EBC-1 cells was preincubated with
C/EBPp-specific antibody before the addition of a radiola-
beled probe. The specific retarded band was shifted in the
presence of C/EBPB antibody (lane 7). However, in the pres-
ence of normal rabbit IgG, the specific retarded band was not
shifted (lane 6). These results indicate that C/EBPB binds to
the C/EBP binding site in EBC-1 cells stimulated with serra-
lysin.

Figure 4C shows that serralysin induces the binding of
NF-«kB to a probe containing an NF-kB binding site (lane 2).
The binding competed with excess amounts of unlabeled
NF-«kB probe (lane 3) but not with unrelated probes con-
taining an AP-1 or a C/EBP binding site (lane 4 to 5).
Although NF-«kB exists as homo- or heterodimers with dis-
tinct DNA-binding specificities, a heterodimer composed of
p50 and p65 subunits is the most common dimer (6, 56, 59).
To identify the NF-«B protein, the nuclear extract from
stimulated EBC-1 cells was preincubated with NF-kB p50-
or p65-specific antibody before the addition of a radiola-
beled probe. Both antibodies could shift the specific re-
tarded bands (lane 7 to 8). However, in the presence of
normal rabbit IgG, the specific band was not shifted (lane 6).
These results show that NF-kB binds to the NF-«kB binding
site in EBC-1 cells stimulated with serralysin.

Proteolytic activity of serralysin participates in serralysin-
induced transactivation of AP-1-, C/EBP-, and NF-kB-driven
promoters in EBC-1 cells. We next determined whether inac-
tivation of serralysin leads to the failure of activation of AP-1-,
C/EBP-, and NF-«kB-driven promoters in EBC-1 cells. To this
aim, serralysin was treated with EDTA, a metalloprotease in-
hibitor, as previously described by Maeda et al. (39). Figure 5
shows that EDTA-treated serralysin abrogated the activa-
tion of AP-1-, C/EBP-, and NF-«kB-driven promoters in
EBC-1 cells. In contrast, PBS-treated serralysin activated
the AP-1-, C/EBP-, and NF-kB-driven promoters in EBC-1
cells. Therefore, these results indicate that the proteolytic
activity of serralysin is required for inducible AP-1-,
C/EBP-, and NF-kB-driven promoters activity.

Serralysin activates AP-1-, C/EBP-, and NF-kB-driven pro-
moters via human PAR-2 in HeLa cells. To examine the mech-
anism of serralysin-induced transactivation of AP-1-, C/EBP-,
and NF-«kB-driven promoters, we tested whether PAR-2 par-
ticipates in the activation. To address this question, HeLa cells

FIG. 6. Serralysin activates AP-1-, C/EBP-, and NF-«kB-driven pro-
moters in HeLa cells transfected with human PAR-2. HeLa cells were
transfected with 95 ng of appropriate plasmids: pAP-1-Luc (A), pC/
EBP-Luc (B), and pNF-kB-Luc (C) as reporter plasmids and 5 ng of
phRG-TK as an internal control plasmid, in addition to human PAR-2
expression plasmid. The pcDNA3.1 was used to ensure that all trans-
fection mixtures had a total of 350 ng of DNA. After 48 h, transfected
cells were stimulated with or without 1 nM serralysin. After a further
6 h of incubation, the cells were lysed and assayed for luciferase
activity. The data are presented as in the legend to Fig. 2.
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FIG. 7. Human PAR-2 antagonist peptides reduce serralysin-in-
duced transactivation of AP-1-, C/EBP-, and NF-«kB-driven promoters.
EBC-1 cells were transfected with 95 ng of the appropriate plasmids:

PAR-2-MEDIATED INFLAMMATORY RESPONSES BY SERRALYSIN 171

without functional PAR-2 were used for transfection experi-
ments (52). As shown in Fig. 6, cotransfection of HeLa cells
with increasing amounts of a human PAR-2 expression plas-
mid enhanced serralysin-induced AP-1-, C/EBP-, and NF-kB-
driven promoters activity in a dose-dependent manner. In
contrast, serralysin failed to activate AP-1-, C/EBP-, and NF-
kB-driven promoters in HeLa cells cotransfected with a mock
plasmid. Like serralysin, trypsin and the human PAR-2 agonist
peptide SLIGKV-NH,, known as the activators of PAR-2,
were able to activate AP-1-, C/EBP-, and NF-kB-driven pro-
moters in PAR-2-transfected HeLa cells (data not shown).
Therefore, these results suggest that serralysin can activate
AP-1-, C/EBP-, and NF-kB-driven promoters via PAR-2 in
human cells.

Human PAR-2 antagonist peptides reduce serralysin-in-
duced transactivation of AP-1-, C/EBP-, and NF-kB-driven
promoters. In the next experiment, we examined the inhibitory
effect of PAR-2 antagonist peptides on serralysin-induced
transactivation of AP-1-, C/EBP-, and NF-kB-driven promot-
ers in EBC-1 cells. To antagonize PAR-2, human PAR-2 an-
tagonist peptides were added to the culture medium at 1 h
prior to stimulation with or without serralysin. As shown in Fig.
7, pretreatment with PAR-2 antagonist peptides, FSLLRY-
NH, and LSIGRL-NH,, significantly reduced the inducible
AP-1-, C/EBP-, and NF-kB-driven promoters activity in re-
sponse to stimulation with serralysin. The peptides have been
shown not to inhibit the proteolytic activity of trypsin but to
block trypsin-induced the activation of PAR-2 by a mechanism
that they possibly interact with a tethered ligand receptor-
docking site (2). We observed that neither FSLLRY-NH,, nor
LSIGRL-NH, inhibits the proteolytic action of serralysin in
the protease activity assay (data not shown). Thus, these results
indicate that PAR-2 plays an important role for serralysin-
induced transactivation of AP-1-, C/EBP-, and NF-kB-driven
promoters.

DISCUSSION

In the present study, we elucidated whether S. marcescens-
derived protease serralysin activates inflammatory responses
via PAR-2. Our results indicated that serralysin induces IL-6
and IL-8 mRNA expression in a respiratory cell line, EBC-1.
Moreover, we demonstrated that serralysin activates the criti-
cal transcription factors AP-1, C/EBPB, and NF-kB for host
inflammatory and immune responses via PAR-2.

Proteases from house dust mites and fungi have been shown
to induce IL-6 and IL-8 expression in respiratory cells (28, 34,
57, 60). Several studies provide evidence for the roles of AP-1,
C/EBP, and NF-kB as the regulators in the inducible expres-

pAP-1-Luc (A), pC/EBP-Luc (B), and pNF-kB-Luc (C) as reporter
plasmids and 5 ng of phRG-TK as an internal control plasmid. After
32 h, transfected cells were incubated with the indicated antagonists at
a final concentration of 200 uM for 1 h prior to stimulation with or
without 1 nM serralysin. After a further 16 h of incubation, the cells
were lysed and assayed for luciferase acitivity. The data are presented
as in the legend to Fig. 2. *, P < 0.05; #*, P < 0.01 (compared to
unstimulated cells). #, P < 0.05; ##, P < 0.01 (compared to stimu-
lated cells in the absence of the antagonists).
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sion of IL-6 and IL-8 mRNA in response to stimulation with
proteases (1, 9, 48). Thus, these findings support our data that
serralysin and proteases from house dust mite and fungi can
activate host inflammatory responses via the transcription fac-
tors AP-1, C/EBPB, and NF-«B.

Inactivation of serralysin by EDTA treatment failed to in-
duce transactivation of AP-1-, C/EBP-, and NF-«kB-driven pro-
moters (Fig. 5). The results indicate that proteolytic activity
of serralysin is necessary for the transactivation. S. marc-
escens produces three, or perhaps four, discrete proteases,
of which serralysin is the most abundant (40). The molecular
mass of serralysin is 50,600 Da (470 amino acid residues),
and its amino acid sequence contains the consensus se-
quence HEXXHXUGUXH (in which X represents an arbi-
trary amino acid and U is a bulky hydrophobic residue) that
is responsible for zinc binding (39). Serralysin can efficiently
cleave peptide bonds after arginine in synthetic substrates
such as fert-butyloxycarbonyl-FSR-4-methylcoumaryl-7-amide
and benzoyl-R-4-methylcoumaryl-7-amide, which are the opti-
mal substrates for trypsin (41). As mentioned above, PAR-2 is
activated by trypsin and also several other trypsin-like serine
proteases (47, 51). Therefore, it is conceivable that serralysin
would cleave and subsequently activate PAR-2, leading to ac-
tivation of AP-1, C/EBP, and NF-kB. In contrast, Pseudomo-
nas aeruginosa-derived elastolytic metalloprotease has been
shown to disarm PAR-2 in respiratory epithelial cells (16).
Intriguingly, a neutrophil elastase, a member of neutrophil-
derived serine proteases, has been shown not to disarm but to
activate PAR-2 expressed by nonepithelial cells (61). A possi-
ble explanation for the opposite functions is that the suscepti-
bility of PAR-2 to cleavage and/or activation by protease is
dependent on the glycosylation pattern of its amino-terminal
exodomain (13, 14). The pattern of glycosylation of PAR-2 is
different by cell type. However, the involvement of serralysin in
disarming of PAR-2 remains to be elucidated.

Serralysin activated AP-1-, C/EBP-, and NF-kB-driven pro-
moters via PAR-2 in HeLa cells (Fig. 6). In addition, PAR-2
antagonist peptides decreased serralysin-induced transactiva-
tion of AP-1-, C/EBP-, and NF-kB-driven promoters in EBC-1
cells (Fig. 7). The results suggest that serralysin requires
PAR-2 to activate host inflammatory responses. Activation of
PAR-2 is achieved when the extracellular amino terminus of
the receptor is cleaved to expose a tethered ligand sequence
that binds to the extracellular body of the receptor, leading
to the G-protein-coupled signal transduction (e.g., activa-
tion of phospholipase C, generation of inositol 1,4,5-triphos-
phate, and diacylglycerol, increased intracellular Ca®*, and
activation of protein kinase C [PKC]) (36, 47). Activation of
phospholipase C leads to generation of 1,4,5-triphosphate,
which increases intracellular Ca®" and diacylglycerol, which
in turn activates PKC. The increment of intracellular Ca®*
leads to activation of PKC and calmodulin-dependent pro-
tein kinases. The PKC activation leads to activation of mi-
togen-activated kinase cascades (extracellular signal-regu-
lated kinase 1/2 pathway, c-Jun N-terminal kinase pathway,
and p38 kinase pathway), which activates AP-1 and C/EBPB.
Alternatively, the PKC has been shown to lead to the acti-
vation of NF-kB (27). In our experimental systems, however,
a specific pathway or a combination of pathways that serra-
lysin would take in inducing the transcription factors related
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to inflammatory and immune responses via PAR-2 is at
present unclear.

In the present study, we propose a new function of serraly-
sin, which activates host inflammatory responses via PAR-2.
Although S. marcescens produces various proteases, serralysin
is particularly produced in the largest amounts (40) and is
considered to play a critical role as a virulence factor of .
marcescens (37, 38, 41). Microbial proteases have been also
shown to degrade and inactivate various antimicrobial proteins
and peptides (7, 54). Indeed, we previously reported that an-
timicrobial activity against S. marcescens of an antimicrobial
peptide composed of L-amino acids is decreased compared to
that of the peptide with D-amino acid substitutions resistant to
proteolysis (19). The finding suggests that S. marcescens pro-
teases such as serralysin would participate in lowering the
antimicrobial activity of antimicrobial peptides. Moreover, S.
marcescens infection in a compromised host is reported to
occasionally cause endotoxin shock (3, 21). Nevertheless, in-
flammation seems to often remain even though the procedure
of adsorption of endotoxin (lipopolysaccharide) is performed
(43). The findings indicate that PAR-2-mediated inflammatory
response might be involved in the pathogenesis of such shock.
Thus, it is possible that pathogenic microorganism proteases
may function not only as an escape mechanism from the host
defense mechanisms against pathogens but also as a modulator
of host inflammatory responses.

In summary, we investigated whether serralysin activates
host inflammatory responses via PAR-2. Our results indicated
that serralysin induces IL-6 and IL-8 mRNA expression in a
respiratory cell line. Furthermore, we demonstrated that ser-
ralysin requires PAR-2 to activate the critical transcription
factors AP-1, C/EBPB, and NF-kB for host inflammatory and
immune responses. Thus, these results suggest that bacterial
proteases such as serralysin would require PARs to modulate
various host responses against bacterial infection.
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