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then precipitated with 75% saturated ammonium sulphate at 4 °C
for 1 h. The precipitate was collected by centrifugation at 10000 g for
20 min at 4 °C and then dialysed three times against 0.05% Brij35
(Sigma-Aldrich) in 10 nM sodium phosphate buffer (pH 7) at 4 °C.
The procedure used to prepare supernatants of P. gingivalis was based
on the purification technique for gingipain as described in detail
previously (Kadowaki et al, 1994). Purification of the rHgp44 and
rHbR (Hgpl5) adhesin proteins was conducted as described
previously (Naito et al, 2006; Nakayama et al,, 1998).

Cells and cell culture. Human oral epithelial cell line HSC-2
(Momose et al., 1989), established from a squarmnous cell carcinoma,
was obtained from the Cancer Cell Repository, Institute of
Development, Ageing and Cancer, Tohoku University, Japan. HSC-
2 cells were grown in RPMI 1640 (Nissui Seiyaku) with 10% heat-
inactivated fetal calf serum (Life Technologies) with a change of
medium every 3 days. To avoid the possibility of trypsinization
affecting the amounts of PAR and other surface markers, we used cell
dissociation solution (Sigma-Aldrich), which contains no protein and
allows the dislodging of cells without the use of enzymes; thus, cellular
proteins are preserved without enzymic modification or the
adsorption of foreign proteins.

ELISA of cytokines. Cells (1 x 10* in 200 pl) were incubated with or
without stimulant in RPMI 1640 with 10 % fetal calf serum for 24 h
in 96-well, flat-bottomed plates (Falcon). Culture supernatants were
collected and levels of IL-8 were determined using an ELISA kit (BD
Pharmingen). The concentrations of cytokines in the supernatants
were determined using the 1s-PLATE 2004 data analysis program
(Wako Pure Chemical Industries).

RT-PCR assay. Total cellular RNA was obtained using Isogen
(Nippon Gene), and was reverse transcribed using random hexamer
primers and avian myeloblastosis virus transcriptase XL. The primers
used for PCR were as follows: IL-8, 5-GATTGAGAGTGGACC-
ACACT-3' and 5’-TCTCCCGTGCAATATCTAGG-3'; and human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-TGAAG-
GTCGGAGTCAACGGATTTGGT-3’ and 5'-TGAAGGTCGGAGT-
CAACGGATTTGGT-3', generating fragments of 422 and 286 bp,
respectively. Cycling conditions were 25 cycles of 94 °C for 1 min,
63 °C for 1 min and 72 °C for 1 min. Amplified samples were
visualized on 2% agarose gels stained with ethidium bromide and
photographed under UV light.

RNA interference. Transfection for targeting endogenous PAR-1,
PAR-2 and nuclear factor-kappa B (NF-xB) subunit p65 was carried
out using Lipofectamine 2000 (Invitrogen) and short interfering RNA
(siRNA) (final concentration 200 nM), according to the manufac-
turer’s instructions. siRNA of PAR-1, PAR-2 and NF-xB p65, and
anti-NE-xB p65 antibody (mouse IgG2a), were purchased from Santa
Cruz Biotechnology.

NF-xB activity. Activated NF-xB was measured with an NF-xB assay
kit specific for the p65 subunit according to the manufacturer’s
instructions {Active Motif). Briefly, samples of whole-cell extracts (1-
10 pg protein per well) were added to 96-well plates coated with an
oligonucleotide ~containing the NF-xB consensus site (5'-
GGGACTTTCC-3’) and incubated for 1 h at room temperature with
mild agitation. After three washes, NF-xB p65 antibody was added for
1 h without agitation, followed by horseradish peroxidase-conjugated
anti-mouse IgG1. Colorimetric reactions were developed and stopped
and the absorbance measured at 450 nm. The specificity of binding
was also examined using an oligonucleotide containing a wild-type or
mutated NF-xB consensus binding site.

Data analysis. Statistical significances were determined using
ANOVA with the Bonferrori or Dunnett method.

RESULTS AND DISCUSSION

The oral epithelium is directly exposed to periodontal
bacteria, and their products may play an important role in
host defence mechanisms against pathogens. To investigate
the effects of gingipains (HRgpA, RgpB and Kgp) on the
secretion of IL-8 from human oral epithelial cells, HSC-2
cells were incubated with gingipains. We found a dual
effect of gingipains on IL-8 secretion of oral epithelial cells:
a decrease by complex forms carrying haemagglutinin/
adhesin domains (Kgp and HRgpA) and an increase by a
form lacking the haemagglutinin domains (RgpB) (Fig. 1).
Spontaneous IL-8 secretion was decreased by Kgp and
HRgpA at concentrations of 20-200 nM after 24 h
incubation, but, in contrast, was increased by RgpB at
200 nM (Fig. 1a). The downregulation by Kgp and HRgpA
and the upregulation by RgpB were also significant after a
12 h incubation, reaching a maximum at 24 h and
continuing until 48 h (Fig. 1b). RNA was then extracted
from oral epithelial cells stimulated with gingipains and
RT-PCR was performed to define the level of IL-8 mRNA.
IL-8 mRNA was expressed in untreated cells and the
expression of IL-8 mRNA was significantly downregulated
by Kgp and HrgpA, but not by RgpB Fig. 1c). It should be
noted that Kgp and HRgpA did not cause a decrease in the
production of other pro-inflammatory cytokines (IL-1a,
IL-6, monocyte chemoattractant protein-1 and TNF-a)
(data not shown). In contrast, PAR-1AP and PAR-2AP, but
not PAR-3AP, clearly upregulated IL-8 production
(Fig. 1d), which was consistent with results of our previous
studies (Uehara et al., 2002b, 2004). We also examined
whether Kgp and/or HRgpA was capable of inhibiting
enhanced IL-8 production induced by pro-inflammatory
cytokines in oral epithelial cells. As shown in Fig. 2, Kgp
and/or HRgpA clearly inhibited the production of IL-8
induced by IFN-y, IL-1a or TNF-« in oral epithelial cells
almost to baseline level. The findings suggested outstand-
ing downregulatory effects of gingipains on IL-8 secretion.
It must be noted here that similar results to those obtained
using HSC-2 cells in Figs 1 and 2, and in additional
experiments, were also obtained from primary oral
epithelial cells and two other oral epithelial cell lines (data
not shown).

We then examined whether the Kgp- and HRgpA-
mediated downregulation and RgpB-mediated upregula-
tion of IL-8 production in oral epithelial cells were due to
the enzymic activities of gingipains. It has been reported
that the enzymic activity of Rgp and Kgp are inhibited
specifically by FPR-cmk and z-FKck, respectively (Potempa
et al., 1997). FPR-cmk, a specific inhibitor of Rgps, almost
completely negated the RgpB-induced upregulation and
HRgpA-induced downregulation (Fig. 3). z-FKck, a
specific inhibitor of Kgp, also clearly inhibited the Kgp-
mediated downregulation of IL-8 production (Fig. 3).
These results indicated that RgpB-mediated upregulation,
Kgp-mediated downregulation and HRgpA-mediated
downregulation of IL-8 production were dependent on
their enzymic activities.
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Fig. 1. Dual regulation of IL-8 secretion by gingipains and PAR
agonist peptides in human oral epithelial cells in culture. (a, b, d)
.~ HSC-2 cells were stimulated with gingipains (Kgp, HRgpA or
RgpB) at the concentrations indicated for 24 h (a), with 200 nM
gingipains for the periods indicated (b), or with PAR agonist
peptides (200 uM) for 24 h (d), in triplicate at 37 °C. Activating
solution for gingipains (a, b) was used as a control. IL-8 levels in
the culture supematants were determined by ELISA and expressed
as means s *, P<0.01 compared with medium alone. (c) HSC-
2 cells were stimulated without or with 200 nM gingipain (Kgp,
HRgpA or RgpB) for 6 h and the expression of IL-8 and GAPDH
mRNA was analysed by RT-PCR.

We next examined whether downregulation and/or
upregulation of IL-8 production also occurred through
PAR family members. As demonstrated previously, human
oral epithelial cells constitutively express mRNAs and cell-
surface proteins of PAR-1, PAR-2 and PAR-3 but not PAR-
4 (Uehara et al., 2002b). To block PAR expression on oral
epithelial cells, we used siRNAs for PARs. As shown
previously (Uehara et al., 2005), transfection of human oral
epithelial cells with PAR-1-, PAR-2- or PAR-3-specific
siRNA results in an approximately 80% decrease in the
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Fig. 2. Downregulation of IL-8 secretion induced by inflammatory
cytokines in human oral epithelial cells in culture. HSC-2 cells
were incubated with or without IFN-y (1000 U mi™"), IL-12 (10 ng
mi™") or TNF-x (10 ng mI™") for 24 h. After three washes with
PBS, cells were incubated for 24 h in the presence or absence of
gingipain (200 nM) at 37 °C. iL-8concentration was determined
by ELISA. * and #, Values differ significantly compared with the
respective controls.

level of PAR-1, PAR-2 or PAR-3 mRNA, but not GAPDH
mRNA, in cells cultured for 24-72 h. In both PAR-1- and
PAR-2-siRNA transfected cells, Kgp- and HRgpA-mediated
downregulation was significantly eliminated and RgpB-
mediated upregulation was also suppressed, but the effect
of PAR-3-siRNA transfection was not significant (Fig. 4).
The decrease in IL-8 production by Kgp and HRgpA in
epithelial cells is believed to be the first report that
gingipains inhibit cellular function via PARs.

In our previous study (Uehara et al, 2005), the Rgp-
induced production of hepatocyte growth factor occurred
via NF-xB downstream of PAR signalling. As shown in
Fig. 5(a), Kgp, HRgpA and RgpB significantly increased
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Fig. 3. Effect of specific inhibitors for gingipains, cytochalasin B
and cycloheximide on gingipain-mediated regulation of IL-8
secretion. Gingipains were pre-treated with FPR-cmk (10 uM) or
z-FKck (100 uM) for 15 min at 37 °C before use. HSC-2 cells
were stimulated with or without gingipains for 24 h. Activating
solution for gingipains was used as a control. IL-8 levels in the
culture supernatants were determined by ELISA and are expressed
as means =D *, P<0.01 compared with the respective control.
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Fig. 4. Involvement of PAR-1 and PAR-2 in gingipain-mediated ©
downregulation of IL-8 production in human oral epithelial cells. 3
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Activating solution for gingipains was used as a control. IL-8 e
concentrations were determined by ELISA. *, P<0.01 compared a !
with the respective control.

active NF-xB in human oral epithelial cells. Therefore, we
examined the possible involvement of NF-xB in the
regulation of IL-8 by gingipains using siRNA targeting
p65, which is a component of NF-kB. NF-xB p65 protein
levels determined by flow cytometry were reduced by
approximately 80 % using specific siRNA in HSC-2 cells up
to 72 h (Fig. 5b). Upregulation of IL-8 production by RgpB
was significantly inhibited in p65-silenced oral epithelial
cells (Fig. 5¢). However, downregulation of IL-8 produc-
tion by Kgp and HRgpA was not inhibited in p65-silenced
cells.

Kgp and HRgpA, but not RgpB, are complexes carrying
haemagglutinin/adhesin domains (Nakayama et al, 1995;
Okamoto et al., 1996), which may be involved in the IL-8-
suppressive effects of Kgp and HRgpA. To investigate this
possibility, we utilized protein fractions prepared from the
culture supernatants of wild-type P. gingivalis 33277, rgpA-
and rgpB-defective mutant P. gingivalis KDP133, rgpA-,
kgp- and hagA-defective mutant P. gingivalis KDP137, rgp-,
rgp- and kgp-defective mutant P. gingivalis KDP136, and a
mutant KDP160, which carries only the enzymic domain of
Kgp transfected into the Rgp/Kgp/adhesin-defective
mutant P. gingivalis KDP153. KDP16]1 was used as a
control for KDP160. The protein fraction from wild-type P.
gingivalis, which contains Kgp and HRgpA, and KDP133,
which also contains Kgp, significantly inhibited IL-8
secretion, and the protein fraction from KDP136, which
contains only the adhesin domain, slightly inhibited the
secretion, whereas the partially purified protein from
KDP160, which contains the haemagglutinin domain-
defective Kgp, and KDP137, which contains RgpB,

None
Kgp
HRgpA
RgpB

Flg. 5. NF-«B is not involved in gingipain-mediated downregula-
tion of IL-8 production in human oral epithelial cells. (a) HSC-2
cells were incubated for 1 h in the presence or absence of
gingipains (200 nM) at 37 °C and active NF-xB was determined
by ELISA. Activating solution for gingipains was used as a control.
(b) HSC-2 cells were transfected with siRNA for NF-«xB p65. After
0 and 72 h, the cells were stained with anti-NF-«xB p65 antibody at

"4 °C for 30 min, followed by FITC-conjugated goat anti-mouse

19G. (c) HSC-2 celis transfected with p65-specific-siRNA for 24 h
were stimulated with gingipains (200 nM). Activating solution for
gingipains was used as a control. After 24 h of stimulation, IL-8
concentration in the culture supematants was determined by
ELISA. All samples were assayed in triplicate and the results are
expressed as means=sp. *, Significant difference compared with
the respective control.

significantly stimulated IL-8 production (Fig. 6a). These
findings suggested that the adhesin domain may be
required for the downregulation of IL-8 production by
HRgpA and Kgp, although the adhesin domain alone is not
sufficient to exert full inhibitory activity. C-terminal
adhesin domains (HbR and Hgp44) are responsible for
haemagglutination. We examined the effect on HSC-2 cells
of rHbR and/or rHgp44 plus RgpB. We did not observe
any downregulation of IL-8 production (data not shown).
Furthermore, rHbR and rHgp44 marginally but signific-
antly downregulated IL-8 secretion (Fig. 6b). These results
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Fig. 6. The haemagglutinin domain is necessary but not sufficient
for gingipains to downregulate IL-8 production in human oral
epithelial cells. (a) HSC-2 cells were cultured with or without 0.1
1 pg protein fraction mi™" prepared from culture supernatants of
wild-type P. gingivalis 33277 and mutant P. gingivalis strains
KDP133, KDP137, KDP136, KDP153, KDP160 and KDP161 for
24 h in triplicate at 37 °C. IL-8 concentration was determined by
ELISA and the results shown as means £ 0. (b) HSC-2 cells were
cultured with or without 0.01-10 pg recombinant C-terminal
adhesin domains (rHbR and/or rHgp44) mi™" for 24 h in triplicate
at 37 °C. IL-8 concentrations were determined by ELISA and the
results shown as means£sD. *, P<0.01 compared with the
respective control.

suggested that both catalytic (enzymic) and haemaggluti-
nin domains exist in the same molecule for Kgp and
HrgpA, and exert a powerful downregulatory effect on IL-8
production in human oral epithelial cells.

As gingipains are reported to cleave pro-inflammatory
cytokines such as IL-8 (Mikolajczyk-Pawlinska et al., 1998),
it may be possible that the enzymic activity of gingipains
directly cleaves IL-8. It must be emphasized, however, that
in our study clear inhibition of IL-8 mRNA expression by
Kgp and HRgpA, but not RgpB, was observed (Fig. 1c).
RgpB carrying enzymic activity did not decrease IL-8
production, and mutant KDP137, which carries only the
enzymic domain of Kgp, and mutant KDP160, which
carries only the enzymic domain of RgpB, also did not
decrease IL-8 production (Fig. 6). In addition, we clarified,
using RNA interference, that dual regulation of IL-8
production by gingipains involves PAR-1, PAR-2 and the
NF-«B signalling pathway (Fig. 4).

Downregulation of IL-8 secretion by gingipains may be a
novel mechanism by which P. gingivalis evades the host
defence system. We demonstrated previously that human
oral epithelial cells treated with pro-inflammatory cyto-
kines (IFN-y, IL-la or TNF-a) secreted a high level of
various pro-inflammatory cytokines, including IL-8, in
response to bacterial cell-surface components (Uehara et al.,
2002a), although naive human oral epithelial cells in
culture did not show enhanced production of pro-
inflammatory cytokines upon stimulation with these
stimuli (Uehara et al, 2001). Therefore, in the presence
of gingipains, oral epithelial cells might be totally devoid of
IL-8 production, even upon stimulation with bacterial
components. It must be noted that P. gingivalis LPS,
another putative virulence factor, is suggested to evade
recognition by the host via Toll-like receptor 4 (Ogawa
et al., 2007). Considering all of these findings, P. gingivalis
could inhabit periodontal tissues by evading host defence
mechanisms and, as a consequence, sustain chronic
inflammation.
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Summary

Gingipains (HRgpA, RgpB and Kgp) are cysteine pro-
teinases and virulence factors of Porphyromonas gin-
givalis, the major causative bacterium of periodontal
disease. To study synergistic effects of gingipains
and signalling via Toll-like receptors (TLRs) and
NOD1/2, we Investigated effects of a gingipain on
the secretion of proinflammatory cytokines from
monocytic THP-1 cells in the presence of pathogen-
associated molecular patterns (PAMPs). Gingipains
stimulated interleukin (IL)-8's secretion from THP-1
cells, which was completely inhibited by proteinase
inhibitors of gingipain and increased in the presence
of PAMPs. Synergistic effects of gingipains and
PAMPs were also seen In the secretion of IL-6 and
MCP-1 and reduced to about 50% the secretion of IL-8
from THP-1 cells treated with siRNA targeting either
protease-activated receptor (PAR)-1, -2 or -3. PAR
agonist peptides mimicked the synergistic effects of
gingipains with PAMPs. These results indicate that
gingipains stimulate the secretion of cytokines from
monocytic cells through the activation of PARs with
synergistic effects by PAMPs. This is the first report
of synergism of signalling via PARs, and TLRs
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or NOD1/2. The host defence system against
P. gingivalis may be triggered through the activation
of PARs by gingipains and augmented by PAMPs
from this pathogen via TLRs or NOD1/2.

Introduction

Periodontal disease is chronic gingival inflammation and
causes periodontal tissue destruction, loss of alveolar
bone, and eventually, tooth loss. Porphyromonas gingivalis
is the causative pathogen not only for adult periodontitis
but also for rapidly progressive periodontitis (Hoft and
Bramanti, 1991). P, gingivalis possesses a number of puta-
tive virulence factors, such as lipopolysaccharide (LPS),
fimbriae, toxic products of metabolism and proteinases, all
of which stimulate host cells to release inflammatory
mediators and promote this infectious disease. We have
studied virulence activities of two types of cysteine protein-
ases (Potempa et al., 1995); arginine-specific gingipains
(Rgp) of 50 and 95 kDa that cleave peptide bonds specifi-
cally at Arg residues (Chen et al., 1992) and a lysine-
specific gingipain (Kgp) of 105 kDa that cleaves peptide
bonds specifically at Lys residues (Pike et al., 1994). The
95 kDa high molecular mass Rgp (HRgpA) and kgp are
complexes of a catalytic domain and a hemagglutinin/
adhesion domain, whereas the 50 kDa Rgp (RgpB) lacks
the latter domain. Gingipains enhance vascular permeabil-
ity through activation of the kallikreinkinin pathway
(Imamura et al., 1994; 1995a), disrupt plasma clotting
(Scott et al., 1993; Imamura et al., 1995b; 1997), activate
components of the complement system (Wingrove et al.,
1992) and modify neutrophil functions (Jagels et al., 1996).
The conversion of profimbrilin to mature fimbrilin by gingi-
pains is indispensable for the expression of P. gingivalis
fimbriae (Kadowaki et al., 1998), an important cell surface
structure of this bacterium for adhesion, colonization and
invasion (Amano, 2007). Furthermore, we have shown that
gingipains cleave CD14 on human monocytes (Sugawara
et al., 2000) and gingival fibroblasts (Tada et al., 2002),
and ICAM-1 on human oral epithelial cells (Tada et al.,
2003}, inhibiting LPS-elicited defensive responses of these
cells to this pathogen and interaction between epithelial
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cells and leukocytes, respectively, which help P. gingivalis
to evade the innate immune responses.

Protease-activated receptors (PARs) are G protein-
coupled receptors, characterized by signal transduction
triggered through proteolytic cleavage at each N-terminal
peptide (Déry et al., 1998; Coughlin, 2000; O’Brien et al.,
2001). PAR-1, PAR-3 and PAR-4 are activated mainly by
thrombin, while PAR-2 is activated by trypsin and mast
cell tryptase as well as the coagulation factors Vlla and Xa
but not by thrombin (Déry et al., 1998; Coughlin, 2000;
O'Brien et al., 2001). We added neutrophil serine protein-
ase 3 (PR3) as another activator of PAR-2 on human oral
epithelial cells and human gingival fibroblasts (Uehara
et al., 2002; 2003). PARs are expressed on a wide variety
of cell types, and suggested to play important roles in
pathophysiological processes, such as growth, develop-
ment, inflammation, tissue repair and pain (Déry et al.,
1998; Coughlin, 2000; O’'Brien et al., 2001). RgpB acti-
vated PAR-2 on human neutrophils (Lourbakos etal.,
1998), and induced interleukin (IL)-6's secretion by acti-
vating PAR-1 and PAR-2 on human oral epithelial KB cells
(Lourbakos etal., 2001a) and platelet aggregation via
PAR-1 and PAR-4 (Lourbakos etal., 2001b). Further-
more, RgpB induced the release of neuropeptide from
dental pulp cells via PAR-2 signalling (Tancharoen et al.,
2005). Recently, we revealed that Rgps (HRgpA and
RgpB) stimulated production of hepatocyte growth factor
(HGF) through PAR-1 and PAR-2 in human gingival fibro-
blasts (Uehara et al., 2005a), which may be associated
with both inflammatory and reparative processes in peri-
odontal tissues. Therefore, PARs are important molecules
that mediate gingipains’ stimulatory effects on cells.

The innate immune system recognizes microorganisms
through a series of pattern recognition receptors that
are highly conserved and bind specifically to common
motifs, designated pathogen-associated molecular pat-
tems (PAMPs), present in microorganisms but not in
eukaryotes. Representative PAMPs are the lipid A moiety
of LPS, lipopeptides, peptidoglycans (PGNs), bacterial
DNA, viral double-stranded and single-stranded RNA.
Several studies have demonstrated that in mammals,
these PAMPs are recognized specifically by the respec-
tive Toll-like receptor (TLR) (Akira etal, 2006). In
addition, the NOD-like receptor (NLR) family were demon-
strated to be intracellular receptors for a partial structure
of PGN; NOD1 and NOD2 recognize diaminopimelic acid
(DAP) containing a peptide moiety and muramyl peptide
respectively (Fritz ot al., 2006).

We revealed that a combination of chemically synthe-
sized TLR agonists with muramyldipeptide (MDP) or DAP-
containing desmuramylpeptides synergistically induced
production of IL-8 in a NOD2- or NOD1-dependent
manner, respectively, in human monocytic THP-1 cells in
cutture (Uehara et al., 2005b). Furthermore, we recently
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Fig. 1. The time-course and dose response of PAR-AP-induced
IL-8 production.

A. THP-1 cells were incubated with 100 uM of PAR-1AP, PAR-2AP
or PAR-3AP for a range of different time periods.

B. THP-1 cells were incubated with one of the PAR-APs at various
concentrations for 24 h. The concentrations of IL-8 released into
supernatants were measured by ELISA and values are the

means * SD for triplicate assays. *P < 0.01 versus the culture
medium alone. Results representative of three different
experiments are shown.

reported that anti-PR3 Abs primes human monocytic cells
through PAR-2 for TLR- and NOD-dependent enhanced
cell activation (Uehara etal, 2007). These results
suggest an interaction of signalling triggered PARs and
TLRs or NODs. Therefore, we investigated the possible
synergistic effect of a PAR agonist peptide (AP) (PAR-
1AP, -2AP or -3AP) and a TLR/NLR ligand agonist on. the
production of IL-8 in human monocytic cells. Then, we
examined whether gingipains as PAR agonists exert a
synergistic effect in combination with a TLR/NLR agonist
to present a novel activity of gingipains.

Results

Increase of IL-8 secretion from cultured human
monocytic THP-1 cells by PAR-APs

First, we investigated the effect of PAR signalling (PAR-1,
-2 and -3) on the production of IL-8 by THP-1 cells. PAR-
APs significantly promoted IL-8’s secretion from the cells
over an incubation period of 8-24 h, after which there
appeared to be a slight decrease (Fig. 1A). PAR-APs
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Fig. 2. Synergistic effect of PAR-APs and synthetic TLR and NOD
ligands on IL-8 secretion from cultured THP-1 cells. THP-1 cells
were stimulated with 100 uM of a PAR-AP in the presence of either
FSL-1 (1 nM), poly I:C (1 ug ml™*), lipid A (10 ng mi'), ssPoly U

(10 ug ml-'), CpG DNA (1 uM), FK156 (100 ug mt™') or MDP

(100 pg mi~') for 24 h. Concentrations of IL-8 in the culture
supematants were measured by ELISA, and values are

means = SD for triplicate assays. *P < 0.01 versus the culture
medium alone and the respective control respectively. Results
representative of three different experiments are shown.

increased the amount of IL-8 secreted in a dose-
dependent manner from 10uM to at least 100 uM
(Fig. 1B). The secretion was augmented about fourfold by
PAR-APs at 100 uM and the three types of PAR agonists
had similar stimulatory effects.

Synergistic effect of PAR-APs and synthetic TLR or
- NOD ligands on secretion of IL-8 from cultured
THP-1 cells

As reported (Uehara etal., 2005b), synthetic PAMPs
induced the secretion of IL-8 in THP-1 cells in a dose-
dependent manner (data not shown). To elucidate the
possible synergistic effects of PAR-APs (PAR-1AP, -2AP
and -3AP) and various TLR or NOD agonists, we exam-
ined IL-8's secretion from THP-1 cells in the presence of
both a PAR-AP and a synthetic PAMP. Clear synergistic
effects were observed with all combinations of PAR-APs
and PAMPs and the secretion of IL-8 evoked by a PAR-AP
increased about four- to fivefold in the presence of any of
the PAMPs (Fig. 2).

Increase in secretion of IL-8 caused by gingipains in
cultured human monocytic THP-1 cells

We demonstrated that Rgps activate PAR-1 and PAR-2,
stimulating the production of hepatocyte growth factor
in cultured human gingival fibroblasts (Uehara etal,
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2005a). We therefore studied the effects of gingipains
(Kgp, HRgpA and RgpB), as PAR agonists, on the secre-
tion of proinflammatory cytokines from THP-1 cells. Gin-
gipains increased production of IL-8 in a time-dependent
manner (Fig. 3A). A significant increase in secretion was
observed over an incubation period of 14-24 h, and Kgp
and HRgpA were more effective than RgpB (Fig. 3A).
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Fig. 3. Effects of gingipains on IL-8 production by THP-1 cells.

A. THP-1 cells were incubated with 200 nM of gingipains for
various periods.

B. THP-1 cells were incubated with various concentrations of
gingipains for 24 h.

C. THP-1 cells were incubated with glnglpalns pretreated with

10 pM of FPR-cmk or z-FK-cmk for 15 min at 37°C, for 24 h. The
solution for gingipain activation was used as a control. The
concentrations of IL-8 in the supematant were measured by ELISA
and values are the means + SD for triplicate assays. *P < 0.01
versus the culture medium alone or respective counterpart. Results
representative of three different experiments are shown.
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Gingipains augmented IL-8's secretion in a dose-
dependent manner starting at a gingipain concentration of
20 nM (Fig. 3B). FPR-cmk and z-FK-cmk, inhibitors spe-
cific to Rgps and Kgp respectively (Potempa et al., 1997),
completely inhibited the gingipain-induced secretion of
IL-8, indicating its dependency on the enzymatic activities
(Fig. 3C).

Synergistic effect of gingipains and synthetic TLR or
NOD ligands on secretion of proinflammatory cytokines
from THP-1 cells

Next, we examined the synergistic effects of gingipains
and the synthetic PAMPs on cytokine production. Among
PAMPs, Poly I:C and CpG DNA induced definite secretion
of the three cytokines in the absence of gingipains
(Fig. 4). Similar to PAR-APs, the three gingipains exhib-
ited synergistic effects with these PAMPs on IL-8's secre-
tion from THP-1 cells, as was seen for the secretion of
IL-6, and monocyte chemoattractant protein (MCP)-1 and
HRgpA were most effective in combination with any
PAMP, except with FK156 in the secretion (Fig. 4).

Synergistic effect of gingipains and synthetic TLR or
NOD ligands on secretion of proinflammatory cytokines
from human peripheral blood mononuclear cells
(PBMCs)

Next, we examined whether similar synergistic effects of
gingipains and synthetic TLR or NOD ligands were
observed in human PBMCs. Consistent with the results
for THP-1 cells, the gingipains exhibited synergistic
effects with these PAMPs on the secretion of IL-8, IL-6
and MCP-1 from PBMCs (Fig. 5).

Involvement of PARs in synergistic effects of gingipains
on IL-8 secretion from THP-1 cells

To confirm the involvement of PARs in the synergistic
effects of gingipains and PAMPs, TLR agonists or NOD
agonists, we used short-interfering RNA (siRNA) to block
the expression of PAR-1, -2 or -3. Protein levels of PAR-1,
-2 and -3 in the cells treated with the siRNA were sup-
pressed about 80% (Fig. 6A). As shown in Fig. 6B, syn-
ergistic effects of gingipains and synthetic PAMPs on the
secretion of IL-8 were significantly inhibited to about 50%
in all of the PAR-silenced THP-1 cells, but not in Lamin-
silenced THP-1 cells, irrespective of PAMPs. These
results clearly indicate PAR-1, -2 and -3 to be critical for
the synergistic effects of gingipains and TLR or NOD
agonists.

Discussion

Pormphyromonas gingivalis cysteine proteinases, Rgps
and Kgp, synergistically increase the secretion of pro-
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Fig. 4. Synergistic effects of gingipains and synthetic TLR or NOD
ligands on secretion of proinflammatory cytokines in cultured THP-1
cells. THP-1 cells were incubated with 200 nM of Kgp, HRgpA, or
RgpB in the presence of either of FSL-1 (1 nM), poly I:.C

(1 pg mi-), lipid A (10 ng mt), ssPoly U (10 ug mi-'), CpG DNA

(1 uM), FK156 (100 ug mi-') or MDP (100 ug mt-') for 24 h.
Concentrations of IL-8, IL-6 and MCP-1 in the culture supematants
were measured by ELISA, and values are the means + SD for
triplicate assays. *P < 0.01 versus the cutture medium alone and
the respective control. Results representative of four different
experiments are shown.
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Fig. 5. Synergistic effects of gingipains and, synthetic TLR or NOD
ligands on secretion of proinflammatory cytokines in cultured
PBMCs. PBMCs were incubated with 200 nM of Kgp, HRgpA,

or RgpB in the presence of either of FSL-1 (1 nM), poly I:C

(1 pg mi™"), lipid A (10 ng ml-"), ssPoly U (10 ug mi-'), CpG DNA

(1 uM), FK156 (100 ug mi-') or MDP (100 pg mi-') for 24 h.
Concentrations of IL-8, IL-6 and MCP-1 in the culture supematants
were measured by ELISA, and values are the means + SD for
triplicate assays. *P < 0.01 versus the cuiture medium alone and
the respective control. Results representative of four different
experiments are shown.
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inflammatory cytokines from human monocytic cells via
PAR-1, -2 and -3 in combination with TLR or NOD
agonists. This is the first report of synergistic effects of
signalling of PARs and TLR or NOD and indicates a link
between the PAR system and innate immunity. The
involvement of PARs in the synergistic effects were shown
by the results that (i) PAR-APs mimicked the effects of
gingipains (Fig. 2), (i) the effects were completely inhi-
bited by treating gingipains with inhibitors specific to each
proteinase (Fig. 3C), and (iii) decreasing the expression
of PARs by treating cells with siRNA suppressed the
effects (Fig. 6B). Activation by gingipains has been shown
for PAR-1, -2 and -4 (Lourbakos etal., 2001a,b; Tan-
charoen et al., 2005; Uehara et al., 2005a) but no report
has demonstrated PAR-3's activation. The present results
clearly demonstrated that Kgp and Rgps synergistically
increased the secretion of proinflammatory cytokines in
combination with a TLR or NOD agonist through PAR-1,
-2 and -3 (Fig. 6B). It is obvious that the effects of kgp are
dependent on the cleavage of PARs by its enzymatic
activity (Fig. 3C). PAR-3 is activated by cleavage at the
carboxy-terminal side of the Lys residue in the tethered
ligand (Déry et al., 1998; Coughlin, 2000; O'Brien et al.,
2001), which is consistent with the substrate specificity of
Kgp (Pike etal, 1994); however, PAR-1 and PAR-2
require cleavage after the Arg residue and are activated
by Rgps. The result that the synergistic effects of gingi-
pains and synthetic PAMPs on IL-8 secretion were inhi-
bited by about 50% in all PAR-silenced THP-1 cells
irrespective of the PAMPs indicates an involvement of
Rgps and Kgp in the activation of PAR-1 and PAR-2 and
PAR-3 respectively (Fig. 6B). Although in Figs 3 and 4
there seems to be some differences in IL-8 production
between Kgp, HRgpA and RgpB, in Fig. 5 such differ-
ences appear to disappear by a combination of each
gingipain with PAMPs. Therefore, the synergism between
gingipains and PAMPs varies depending on the combina-
tion used, cells used and cytokines secreted. Anyway, the
present study shows cross-talk between the PAR system,
and TLR or NOD1/2 system, and suggests a new inter-
action between bacteria and the host defence system.
However, previous studies have demonstrated that gingi-
pains would rapidly and efficiently inactivate (Calkins
et al., 1998; Baba et al., 2002; Bodet et al., 2005) or be
related to decreased extracellular levels of various pro-
inflammatory cytokines, including IL-6 and IL-8 (Steffen
etal, 2000), even though their mRNA levels are
increased after infection with wild-type P. gingivalis but not
with its mutant deficient in gingipains (Baba et al., 2002).
In addition, there is accumulating evidence that gingipains
are responsible for shedding and cleavage of CD14
receptors after treatment of human macrophage-like cells
with the bacterium (Sugawara et al., 2000; Duncan et al.,
2004). Taken together, we cannot rule out the possibility
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Fig. 6. Suppression of synergistic effects of gingipains and synthetic PAMPs in THP-1 cells treated with siRNA for PAR-1, PAR-2, or PAR-3.
A. THP-1 cells were transfected with siRNA targeting the PAR-1, PAR-2 or PAR-3 gene. Lamin A/C was used as a control. After 24 h, the cells
were stained with Abs specific for PAR-1, PAR-2, or PAR-3 or, control IgG at 4 C for 30 min, followed by FITC-conjugated secondary Abs, and

then subjected to flow cytometry.

8. THP-1 cells transfected with siRNA targeting the PAR-1, PAR-2, PAR-3 or Lamin A/C gene for 24 h were stimulated with 200nM of a
gingipain with either FSL-1 (1 nM), poly :C (1 ug mi™*), lipid A (10 ng mI-*), ssPoly U (10 ug mi~*), CpG DNA (1 uM), FK156 (100 pg mt'), or
MDP (100 ug mt-') for 24 h. Concentrations of IL-8 in the culture supematants were measured by ELISA, and values are the means + SD for
triplicate assays. *P < 0.01 versus respective control (normal cells). Results representative of three different experiments are shown.

that gingipains may produce biologically inactive frag-
ments of these cytokines, thereby contributing to an
increased capacity of the bacterium to evade the host
immune system mechanisms.

Pomphyromonas gingivalis has been reported to
possess TLR agonistic PAMPs: TLR4 agonist lipid A
(Ogawa et al., 2007), TLR2 agonist lipopeptides (Asai
et al., 2007), fimbriae (Asai et al., 2001) and TLR9 agonist
CpG DNA (Takeshita etal., 1999). It should be noted,
however, that TLR4-agonistic activity of P. gingivalis lipid
A was exceptionally weak (Ogawa et al., 2007). Further-
more, P. gingivalis PGN carries LL-DAP (Holt and Bra-
manti, 1991), which scarcely activated NOD1 unlike usual
meso-DAP (Uehara et al., 2006). Therefore, synergism
between signalling via PARs induced by gingipains and
PAMPs derived from the bacterium might be responsible
for definite inflammatory responses induced by the bac-
terium in relation to pathogenesis of periodontitis. In addi-
tion, we may also speculate of the role of these processes
in enhancement of host defence mechanisms.

Experimental procedures
Reagents

We used chemically synthesized PAMPs to avoid the influence of
minor components in microbial preparations. The synthetic MDP,
a NOD2 agonist, and Escherichia coli type lipid A (LA-15-PP),
a synthetic TLR4 agonist, were purchased from the Protein
Research Foundation Peptide Institute (Osaka, Japan). The
Mycoplasma salivarium type diacyl lipopeptide FSL-1, a TLR2/6
agonist, was obtained from RMC microcollections (Ttbingen,
Germany). Poly I:C, a TLR3 agonist, and ssPoly U, a TLR7
agonist, were purchased from Sigma-Aldrich (St Louis, MO,
USA). A conventional CpG DNA, CpG DNA 1826 [TCCAT
GACGTTCCTGACGTT (CpG mofif is underlined)], a TLR9
agonist, was purchased from SIGMA Genosys (Tokyo, Japan).
FK156 (D-lactoyl-L-Ala-y-D-Glu-meso-DAP-Gly) (Kitaura etal,
1982), a NOD1 agonist, was supplied by Astellas Pharmaceutical
(Tokyo, Japan). Synthetic PAR-1AP (SFLLRN), PAR-2 AP
(SLIGKV) and PAR-3AP (TFRGAP) were purchased from Takara
(Otsu, Japan). All other reagents were obtained from Sigma-
Aldrich, unless otherwise indicated.

Cells and cell culture

The human monocytic leukaemia cefl line THP-1, supplied by the
Health Science Research Resources Bank (Osaka, Japan), was
cultured in RPMI 1640 medium (Nissui Seiyaku, Osaka, Japan)

© 2008 The Authors
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with 10% heat-inactivated fetal calf serum (FCS) at 37°C in a
humidified CO, atmosphere. The THP-1 celis were maintained in
a logarithmic phase of growth (2 x 10° to 2 x 10°) by passage
every 3—4 days.

Human PBMCs were isolated from heparinized peripheral
blood of healthy adult donors by Lympholyte-H (Cedarlane Labo-
ratories, Homby, Ontario, Canada) gradient centrifugation at
800 g for 20 min at room temperature. The isolated PBMCs were
washed three times with PBS and suspended in RPMI1640
medium.

Purification and activation of gingipains

HRgpA, RgpB and Kgp were purified from P. gingivalis HG66
culture supernatant, as described previously (Pike etal., 1994;
Potempa et al., 1998). The purity of each enzyme was checked
by SDS-PAGE. In a 10% Tricine ge! (Von Jaggow), RgpB showed
a single band with an apparent molecular weight of 48 kDa and
the purity was > 95% as determined by laser densitometric scan-
ning of the gel. HRgpA was composed of four major and one
minor band on SDS-PAGE and each protein band was identified
as a HRgpA component by N-terminal sequence analysis (Pike
et al,, 1994). The amount of active enzyme in each purified gin-
gipain was determined by active site titration using FPR-cmk and
2Z-FK-cmk for Rgps and Kgp respectively (Potempa et al., 1997).
The concentration of fully activated gingipains with cysteine was
calculated from the amount of inhibitor needed for complete
inactivation of the proteinases. Therefore, gingipain concentra-
tions indicate active enzyme concentrations. The gingipains were
activated in 0.2 M HEPES, 5 mM CaCl, and 10 mM cysteine,
pH 8.0, at 37°C for 10 min, and then diluted with the medium or
buffer. To block enzymatic activity, the activated gingipains were
incubated with FPR-cmk or Z-FK-cmk for 10 min at room tem-
perature before use.

Measurement of cytokines

The cells were collected and washed twice in PBS. They (2 x 10°
cells per mi) were cultured in RPMI 1640 medium, supplemented
with 10% FCS, in the presence or absence of a stimulant for 24 h
in 96-well culture plates. Then, the culture supernatants were
collected and the levels of IL-6, IL-8 and MCP-1 were measured
with an enzyme-linked immunosorbent assay (ELISA) kit (OptEIA
ELISA, BD Pharmingen, San Diego, CA, USA). The concentra-
tions of a cytokine in the supematants were calculated using the
LS-Platemanager 2004 data analysis program (Wako Pure
Chemical Industries, Osaka, Japan).

RNA interference

siRNAs (200 nM, the final concentration) for targeting the genes
ot PAR-1, PAR-2, PAR-3 or Lamin A/C were purchased from
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Santa Cruz Biotechnology (Santa Cruz, CA, USA) and intro-
duced into cells using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturers instructions. The
viability of the transfected cells was more than 95% when
assessed with the Trypan blue exclusion test, and the cells did
not change morphologically after the transtection.

Flow cytometry

Flow cytometric analyses were performed using a FACSCalibur
flow cytometer and CELLQuest software (BD Biosciences, San
Diego, CA, USA). Washed THP-1 cells were stained with mouse
monoclonal antibodies specific for PAR-1, PAR-2 or PAR-3
(Santa Cruz), or isotype-matched control IgG at 4°C for 30 min,
followed by fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG or goat IgG (Biosource Intemnational, Camarillo, CA,
USA) at 4°C for a further 30 min. To calculate the percentage of
positive cells, the baseline cursor was set at a channel that
yielded less than 2% of the events as positive for the secondary
Ab in the absence of the primary antibodies. Fluorescence to the
right was counted as specific binding.

Data analysis

All experiments were performed at least three times to confirm
the reproducibility of the results. Values are shown as the
means + SD from triplicate assays. The significance of differ-
ences was statistically evaluated by the one-way analysis of
variance, using the Bonferroni or Dunnett method, and P-values
less than 0.05 were considered significant.
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Oral bacteria and periodontitis,
with special reference to innate immune system in oral mucosa.

Tohoku Universirv Graduate School of Dentistry, Department of Microbiology and Immunology

Akiko Uehara, Haruhiko Takada

Innate immune system is an ubiquitous system from insects to human and responsible for initial host de-
fense against invasive pathogens, where pathogen-associated molecular patterns (PAMPs) are recognized by
the pattern recognition molecules of hosts. Representative human receptors for PAMPs are nine Toll-like re-
ceptors (TLRs) and intracellular NOD molecules which recognize peptidoglycans of bacterial cell-walls. Oral
epithelial cells express various TLRs and NODs so far examined, and these cells in normal condition pro-
duce antibacterial factors, but not proinflammatory factors, in response to various PAMPs to prevent bacte-

rial invasion without excessive inflammatory responses.
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