
INFECTION AND IMMUNITY,
0019-9567/01/$04.0010 DOI: 10.1128/IAI.69.8.5121–5130.2001

Aug. 2001, p. 5121–5130 Vol. 69, No. 8

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Arginine-Specific Protease from Porphyromonas gingivalis
Activates Protease-Activated Receptors on Human Oral

Epithelial Cells and Induces Interleukin-6 Secretion
AFRODITE LOURBAKOS,1 JAN POTEMPA,2 JAMES TRAVIS,3 MICHAEL R. D’ANDREA,4

PATRICIA ANDRADE-GORDON,4 ROSEMARY SANTULLI,4

ELEANOR J. MACKIE,5 AND ROBERT N. PIKE1*

Department of Biochemistry & Molecular Biology, Monash University, Clayton, Victoria 3800,1 and School of Veterinary Science,
University of Melbourne, Parkville, Victoria 3010,5 Australia; Department of Microbiology and Immunology,

Jagiellonian University, Cracow, Poland2; Department of Biochemistry & Molecular Biology, University
of Georgia, Athens, Georgia 306023; and Drug Discovery, The R.W. Johnson Pharmaceutical

Research Institute, Spring House, Pennsylvania 194774

Received 18 December 2000/Returned for modification 14 February 2001/Accepted 7 May 2001

Periodontitis is a chronic inflammatory disease affecting oral tissues. Oral epithelial cells represent the
primary barrier against bacteria causing the disease. We examined the responses of such cells to an arginine-
specific cysteine proteinase (RgpB) produced by a causative agent of periodontal disease, Porphyromonas
gingivalis. This protease caused an intracellular calcium transient in an oral epithelial cell line (KB), which was
dependent on its enzymatic activity. Since protease-activated receptors (PARs) might mediate such signaling,
reverse transcription-PCR was used to characterize the range of these receptors expressed in the KB cells. The
cells were found to express PAR-1, PAR-2, and PAR-3, but not PAR-4. In immunohistochemical studies, human
gingival epithelial cells were found to express PAR-1, PAR-2, and PAR-3 on their surface, but not PAR-4,
indicating that the cell line was an effective model for the in vivo situation. PAR-1 and PAR-2 expression was
confirmed in intracellular calcium mobilization assays by treatment of the cells with the relevant receptor
agonist peptides. Desensitization experiments strongly indicated that signaling of the effects of RgpB was
occurring through PAR-1 and PAR-2. Studies with cells individually transfected with each of these two
receptors confirmed that they were both activated by RgpB. Finally, it was shown that, in the oral epithelial cell
line, PAR activation by the bacterial protease-stimulated secretion of interleukin-6. This induction of a
powerful proinflammatory cytokine suggests a mechanism whereby cysteine proteases from P. gingivalis might
mediate inflammatory events associated with periodontal disease on first contact with a primary barrier of cells.

Periodontal diseases include a group of infections affecting
the tissues supporting the teeth. Mild clinical conditions in-
volve inflammation of the gingiva, whereas more severe forms,
known as periodontitis, are characterized by destruction of
periodontal tissues and can lead to tooth loss (47). The major
pathogens associated with periodontitis are Porphyromonas
gingivalis, Bacteroides forsythus and Actinobacillus actinomyce-
temcomitans (14). Among these organisms, P. gingivalis, a
gram-negative anaerobic bacterium, has been identified as a
major etiological agent in the pathogenesis of adult periodon-
titis in humans (14, 49). It has also been recognized as a
virulence agent that initiates progression of periodontitis in
primate models of periodontal destruction (16).

In periodontal diseases, bacteria bind to the tooth surface
and extend into the gingival sulcus, at the base of which, the
gingival epithelium forms a thin junctional epithelium directly
attached to the tooth. Plaque bacteria colonize and disrupt the
attachment between the junctional epithelium and the tooth
during the progression of periodontitis, causing the formation
of a periodontal pocket. Thus, the cells of the junctional epi-
thelium form an interface with the subgingival bacteria which

is directly exposed to the bacteria and their products. The
interaction that occurs between periodontal bacteria and epi-
thelial cells, and the subsequent molecular signals that are
generated are of great interest, as they may contribute to the
overall effect of the bacteria on the host and the progression of
periodontal disease. The periodontal pathogen P. gingivalis has
been detected in gingival tissues in vivo (46), indicating that
bacteria may pass through the epithelial cell barrier. Certain
strains of P. gingivalis have also been found to invade (28) and
even replicate (32) within epithelial cells in vitro.

The epithelial cells may contribute to the host’s defense as a
number of studies have shown that gastrointestinal and uro-
epithelial cells express proinflammatory cytokines following
exposure to invasive and noninvasive bacteria (2, 12, 24, 44).
Periodontal bacteria and their products can also elicit signals
in epithelial cells and produce a cellular response. Bacteria
common in normal oral flora such as Fusobacterium nucleatum,
Eikenella corrodens, and A. actinomycetemcomitans were found
to induce the production of interleukin-8 (IL-8) in gingival
epithelial cells (15, 19, 60). P. gingivalis was found to inhibit
IL-8 accumulation (10, 19), and it was determined that IL-8
down-regulation was dependent upon invasion of the epithelial
cells by P. gingivalis (5). The invasion efficiency of P. gingivalis
is relatively low, and immunohistochemical (IHC) studies have
shown that P. gingivalis cells are in close contact with the
epithelium in the periodontal pockets (36); therefore, it is of
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interest to examine whether this bacterium can affect epithelial
cells without being inside the cells.

To understand whether a molecular dialogue between epi-
thelial cells and P. gingivalis can occur, the bacterial products
affecting extracellular components of the cells and thereby
eliciting an intracellular signal leading to a cellular response
need to be identified. Proteases produced by P. gingivalis have
been shown to act as important pathogenic agents (53). Two
types of cysteine proteases, responsible for the so-called tryp-
sin-like activity of the bacterium, have been purified (40, 41): a
lysine-specific protease, termed lys-gingipain (Kgp) and an ar-
ginine-specific protease referred to as arg-gingipain. The latter
is present as three variants: 50-kDa RgpB, 50-kDa RgpAcat,
and 95-kDa HRgpA. HRgpA is the high-molecular-mass form
of RgpAcat, formed by RgpAcat noncovalently complexed with
binding proteins identified as hemagglutinins (43).

RgpB has been found to cleave and activate human pro-
tease-activated receptor 2 (PAR-2) on human neutrophils
(31). To date, four PARs have been identified: PAR-1, -2, -3,
and -4 (reviewed in reference 7). Cleavage within the extracel-
lular domain of a PAR produces a new N terminus that acts as
a tethered ligand, binds to the body of the receptor, and leads
to its activation. Synthetic peptide agonists corresponding to
the tethered ligand of each receptor are able to activate the
receptor, with the exception of PAR-3, allowing the cellular
responses mediated by the different receptors to be distin-
guished and studied by treatment of cells with their respective
agonist peptides. PAR-1 was the first receptor discovered and
is cleaved and activated by thrombin (55), as are PAR-3 and
PAR-4, which were discovered more recently (21, 25, 58).
Trypsin and mast cell tryptase have been identified as PAR-2
activators (11). Gingival fibroblasts express PAR-1, and acti-
vation of this receptor stimulated IL-6 secretion (18). Human
keratinocytes were found to express PAR-1 and PAR-2, and
their activation induced IL-6, granulocyte-macrophage colony-
stimulating factor, and IL-8 secretion (17, 56), indicating that
proteases, acting through these receptors, can affect the course
of physiological and pathological processes by stimulating the
production of such proinflammatory cytokines. KB is an oral
epithelial cell line that has been extensively used as a model to
study gingival epithelial cells. The first aim of this study was to
determine whether the model KB cells express PARs and
whether human gingival epithelial cells in situ similarly express
the receptors. We then examined if RgpB could cleave and
activate these receptors on the KB cells, resulting in the in-
duction of an intracellular signal, and whether the cellular
response induced affects the secretion of cytokines by these cells.

MATERIALS AND METHODS

Materials. KB cells were purchased from the American Type Culture Collec-
tion (Manassas, Va.). Chinese hamster ovary (CHO) cells and CHO cells stably
expressing human PAR-2 (CHO PAR-2 cells) were a gift from Vanitha Rama-
krishnan, COR Pharmaceuticals, San Francisco, Calif.

Fura-2 AM was obtained from Molecular Probes (Eugene, Oreg.). All tissue
culture reagents were purchased from Gibco BRL Life Technologies (Mel-
bourne, Australia). PAR-1-activating peptide (TRAP; SFFLRN), PAR-4-acti-
vating peptide (TRAP-49; GYPGQV) and PAR-2-activating peptide (RAP;
SLIGKV) were synthesized by Auspep (Parkville, Australia). Ready to Go U
Prime Synthesis beads were purchased from Pharmacia (Sydney, Australia).
Tissue culture media and medium supplements were obtained from Trace Bio-
sciences and Gibco BRL (Melbourne, Australia). Enzyme-linked immunosor-
bent assay (ELISA) kits were purchased from Endogen (CSL Biosciences, Mel-

bourne, Australia), and tetramethylbenzidine dihydrochloride was obtained from
Sigma (Sydney, Australia). Polyclonal antibodies against PAR-3 and PAR-4 were
purchased from Santa Cruz (Santa Cruz, Calif.). The avidin-biotin labeling sys-
tem used for the IHC procedure was purchased from Vector Laboratories
(Burlingame, Calif.). Target buffer for IHC and a monoclonal antibody to vi-
mentin were purchased from Dako (Carpenteria, Calif.). All other materials
were purchased from Sigma (Sydney, Australia).

IHC. Human gingival tissues were obtained from Paul Farber of the Temple
University Medical School, Philadelphia, Pa. Tissues were routinely fixed in 10%
neutral buffered saline and routinely processed for paraffin embedding. Tissues
were then sectioned (5 mm) onto SuperFrost Plus1 slides (Fisher, Pittsburgh,
Pa.) and dried overnight. Slides were deparaffinized, hydrated, and processed for
routine IHC as previously described (8). Briefly, slides were microwaved in
Target buffer, cooled, placed in phosphate-buffered saline (PBS) (pH 7.4), and
treated with 3% (vol/vol) H2O2 for 10 min. Slides were processed through an
avidin-biotin blocking system according to the manufacturer’s instructions (Vec-
tor Laboratories) and then placed in PBS. All subsequent reagent incubations
and washes were performed at room temperature. Normal blocking serum was
placed on all slides for 10 min. After being briefly rinsed in PBS, primary
antibodies were placed on slides for 30 min. Polyclonal rabbit anti-human PAR-1
(6, 9) and PAR-2 (8, 9, 50) antibodies have been previously characterized, while
polyclonal antibodies to PAR-3 and PAR-4 were purchased from Santa Cruz.
The slides were washed, and biotinylated goat anti-rabbit secondary antibodies
were placed on the tissue sections for 30 min. After being rinsed in PBS, the
avidin-horseradish peroxidase-biotin complex reagent was added for 30 min.
Slides were washed and treated twice with chromogen 3,39-diaminobenzidine for
5 min each, then rinsed in distilled water, and counterstained with hematoxylin.
A monoclonal antibody to vimentin (Dako), the widely conserved, ubiquitous,
intracellular, filament protein, was utilized as a positive control to demonstrate
tissue antigenicity and control reagent quality. The negative controls included
replacement of the primary antibody with preimmune serum or with the same
species of immunoglobulin G from nonimmune serum.

Purification of the bacterial proteases. RgpB was purified to homogeneity
according to Potempa et al. (41). The amount of active enzyme was determined
by active site titration with Phe-Phe-Arg-chloromethylketone (42). RgpB was
activated for cellular studies with 10 mM cysteine at 37°C for 10 min in 0.1 M
Tris-HCl and 5 mM CaCl2, pH 7.4. Polymyxin B S04 (100 mg/ml) was routinely
added to inhibit any cellular stimulation by bacterial lipopolysaccharides. RgpB
was inactivated by treatment with 2 mM antipain for 10 min.

Cells and culture conditions. The adherent cell lines KB, CHO, CHO PAR-2,
N1LF, and N1LF PAR-1 were grown in a humidified atmosphere with 5% CO2

at 37°C in the appropriate media. KB cells were grown in Eagle’s medium
containing Earle’s balanced salts and 5% (vol/vol) fetal calf serum (FCS). CHO
cells were grown in Dulbecco’s modified Eagle medium and Ham’s F-12 medium
(1:1) supplemented with 10% (vol/vol) FCS. The CHO PAR-2 cells were grown
in the same medium as the CHO cells, supplemented with 40 U of G418/ml.
N1LF cells are immortalized murine lung myofibroblasts derived from PAR-1-
deficient mice that lack functional PAR-1, -2, and -4, and N1LF PAR-1 cells
stably express human PAR-1 (3). N1LF cells were grown in Dulbecco’s modified
Eagle medium containing glucose (1,000 mg/liter), 4 mM L-glutamine, and 10%
(vol/vol) heat-inactivated FCS. N1LF PAR-1 cells were grown in the same
medium as the N1LF cells, with the addition of 200 mg of hygromycin B/ml. All
growth media were supplemented with penicillin (100 U/ml) and streptomycin
sulfate (100 mg/ml).

Purification of platelets from human blood. Platelets were isolated from
freshly drawn human blood. Venous blood was anticoagulated by adding 6
volumes of blood to 1 volume of acid-citrate-dextrose (85 mM sodium citrate,
111 mM dextrose, and 71 mM citric acid supplemented with prostacyclin (50
ng/ml) and apyrase (0.67 U/ml). Whole blood was centrifuged at 200 3 g for 20
min at room temperature to obtain the supernatant platelet-rich plasma, which
was then centrifuged at 730 3 g for 10 min at room temperature to sediment the
platelets. The platelet pellets were resuspended in CGS (13 mM trisodium
citrate, 120 mM sodium chloride, and 30 mM dextrose [pH 7.0], containing 50 ng
of prostacyclin/ml) and washed twice. Platelet preparations contained less than
0.1% leukocytes as determined by light microscopy.

Reverse transcription-PCR (RT-PCR) for the determination of expression of
PARs. RNA was isolated from KB cells (grown to 70% confluency) and washed
human platelets with TRI reagent, according to the manufacturer’s instructions.
Total RNA (5 mg) was transcribed to cDNA in the presence of deoxyribosylthy-
mine primer (40 pmol) and diethyl pyrocarbonate-treated Milli-Q H2O to a
volume of 33 ml using Ready to Go U Prime Synthesis beads (Pharmacia)
according to the manufacturer’s instructions at 37°C for 1 h. The reaction mix-
ture was then heated at 65°C for 5 min. The entire RT product was amplified by
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PCR in a final volume of 100 ml containing the appropriate forward and reverse
primers (20 pmol for PAR-2, -3, and -4 primers and 100 pmol for PAR-1 primers;
see below) and 2.5 U of Taq polymerase (MBI Fermentas). A control reaction
mixture, containing RNA from KB cells or platelets in a reaction mixture that
had not undergone RT analysis, was used for the PAR-1 primers as they did not
span an intron.

For amplification of PAR-2, PAR-3, and PAR-4 products, PCR was per-
formed for 36 cycles. The first cycle included a denaturation step for 5 min at
95°C. Cycles 2 to 36 had a denaturation step of 1 min at 95°C, 1 min of annealing
at 55°C, and 3 min of elongation at 72°C. For PAR-1 amplification, PCR was
performed for 34 cycles. The first cycle included a denaturation step for 2 min at
95°C. Cycles 2 to 34 had a denaturation step of 1 min at 95°C, 1 min of annealing
at 55°C, and 1 min of elongation at 72°C.

Oligonucleotides for PCR analysis of receptors. (i) PAR-1. The sense primer
was TGTGAACTGATCATGTTTATG. The antisense primer was TTCGTAA
GATAAGAGATATGT (55). The resulting PCR product spanned positions
2421 to 3129 (708 bp).

(ii) PAR-2. The sense primer was GCAGCCTCTCTCTCCTGCAGTGG; the
antisense primer was CTTGCATCTGCTTTACAGTGCG (51). The resulting
PCR product spanned positions 48 to 1114 (1,066 bp).

(iii) PAR-3. The sense primer was ATAACGTTTAAGAGACGGGACT; the
antisense primer was TAGCAGTAGATGATAAGCACA (48). The resulting
PCR product spanned positions 111 to 969 (858 bp).

(iv) PAR-4. The sense primer was GACGAGAGCGGGAGCACC; the anti-
sense primer was CCCGTAGCACAGCAGCATGG (58). The resulting PCR
product spanned positions 195 to 970 (725 bp).

DNA products and molecular weight markers SPP1-EcoRI were separated in
a 2% agarose gel, following which the gels were stained with ethidium bromide
(5 mg/ml) and visualized under UV light.

Intracellular calcium measurement. Intracellular calcium levels were mea-
sured in KB, CHO, CHO PAR-2, N1LF, and N1LF PAR-1 cells. The cells were
grown to 80% confluence and detached from the culture dishes by treatment with
nonenzymatic dissociation solution. The cells were prepared for intracellular
calcium ion ([Ca21]i) measurements as described previously (4). Cells were
washed and resuspended at 6 3 106 cells/ml in an extracellular medium (EM).
The EM consisted of 121 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2,
6 mM NaHCO3, 5.5 mM glucose, 25 mM HEPES, and 0.1% (wt/vol) bovine
serum albumin (pH 7.3). In all subsequent steps, the cells were protected from
light.

Cells were loaded with 1 mM Fura-2 AM by occasional shaking for 30 min at
room temperature. After centrifugation at 200 3 g for 5 min, the cells were
resuspended in EM and incubated for 30 min at room temperature with occa-
sional shaking to allow hydrolysis of the intracellular Fura-2 AM and then
centrifuged (200 3 g for 5 min). The cells were resuspended in EM without
bovine serum albumin at 2 3 106 cells/ml for fluorescence measurements. [Ca21]i

was determined using a Perkin-Elmer LS-50B fluorimeter by measuring Fura-2
fluorescence at excitation and emission wavelengths of 340 or 380 and 510 nm,
respectively. Loaded cells were maintained at 37°C in stirred plastic cuvettes
throughout the experiment. After a stable baseline was established, the agonist
was added to cells, and the ratio of fluorescence at the two excitation wavelengths
was measured, which is proportional to [Ca21]i.

ELISA for the expression of IL-6, TNF-a, and IFN-g by KB cells. KB cells
were grown in six-well plates until 70% confluence and then treated for varying
times (as indicated in Results) with RAP, TRAP, thrombin, trypsin, RgpB, or
cysteine buffer in medium lacking FCS. Following treatment, the cells were
washed with medium and grown in medium containing 5% (vol/vol) FCS for
24 h. The supernatant from the KB cells was then removed, centrifuged, ali-
quoted, and stored at 280°C. After the medium was harvested, the cells were
removed and live cells were counted by the trypan blue exclusion method. At the
time of analysis, supernatants were thawed and IL-6, tumor necrosis factor alpha
(TNF-a), and gamma interferon (IFN-g) concentrations were measured with
ELISA kits (Endogen) at room temperature, according to the manufacturer’s
instructions.

RESULTS

KB cells express PAR-1, -2, and -3. RT-PCR analysis of
RNA extracted from KB cells revealed the presence of PAR-1,
-2, and -3 mRNA (Fig. 1). Since the PAR-1 primers did not
span an intron, additional controls were employed to verify the
results for this receptor. RNA isolated from platelets, known

to express PAR-1, was used as a positive control to verify the
expression of this receptor in KB cells. PAR-1 expression was
also confirmed by the fact that only RNA from KB cells that
had undergone RT resulted in the appearance of the expected
PAR-1 cDNA product (Fig. 1B). Although competitive RT-
PCR would be required to determine the quantity of each PAR
mRNA in KB cells, based on the intensity of the PAR-2 prod-
uct, it appears that PAR-2 is expressed at a higher level than
PAR-1 and PAR-3. Based on the expression of both PAR-1
and PAR-2 by KB cells, it is apparent that they are able to
serve as an effective model for gingival epithelial cells for the
studies carried out here.

Human gingival epithelial cells express PAR-1 and PAR-2.
In sections of human gingival tissue, epithelial cells stained
strongly for PAR-1 and PAR-2, less strongly for PAR-3, and
weakly or not at all for PAR-4 (Fig. 2). Both PAR-1 and
PAR-2 are readily apparent in the epithelial layer (Fig. 2).
PAR-1 protein expression appears to wane as the cells differ-
entiate to the squamous layer (Fig. 2A), whereas the PAR-2
expression is in contrast to that of PAR-1, the labeling pattern
increasing to a maximum in the squamous layer (Fig. 2B).
PAR-3 staining is more similar to PAR-1 in distribution, al-
though generally much weaker (Fig. 2C). This indicates that
both receptors are strongly expressed in the gingival epithelial
cells, although PAR-2 might be expected be the receptor most
likely to make first contact with bacteria binding to oral epi-
thelium. Further interesting observations are of PAR-1 and
PAR-2 expression in the dermal mast cells and macrophages
(Fig. 2) seen in the subendothelial connective tissue. It was
previously reported that PAR-1 and PAR-2 are expressed on
these cells (1, 9).

RgpB increased [Ca21]i in KB cells. KB cells were tested for
a [Ca21]i response to trypsin, thrombin, and RgpB, and all
proteases were found to induce a concentration-dependent
increase in [Ca21]i (Fig. 3). These data yield an enzyme con-
centration inducing the half-maximal response (50% effective

FIG. 1. Expression of mRNAs encoding PARs in KB cells. RNA
isolated from KB cells or platelets was analyzed for PAR transcripts by
RT-PCR as described in Materials and Methods. Since the PAR-1
primers did not span an intron, RNA from platelets was used as a
positive control for expression of PAR-1; RNA which had not under-
gone RT (2RT) was used as a negative control in relation to RNA
which had (1RT). (A) KB cells express PAR-2 and PAR-3 (the sizes
of the expected products of RT-PCR are shown below the lanes, in
comparison to the sizes of selected markers to the right). (B) KB cells
and platelets express PAR-1 (the size of the expected product for
PAR-1 is shown to the right of panel B).
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concentration, or EC50) of 0.94, 1.77, and 5.52 nM for throm-
bin, trypsin, and RgpB, respectively. Trypsin and RgpB appear
to elicit a higher maximal mobilization of calcium than throm-
bin (Fig. 3). Pretreatment of cells with phorbol myristate ace-
tate (an inhibitor of protein kinase C) inhibited the calcium
mobilization induced by trypsin, thrombin, or RgpB (data not
shown).

Thrombin is a known activator of PAR-1, -3, and -4 (21, 55,
58) and trypsin can activate PAR-1, -2, and -4 (37, 39, 54, 55,
58). KB cells were found to express PAR-1, -2, and -3; thus,
cleavage and activation of these receptors probably mediate
the calcium mobilization induced by trypsin and thrombin. In
support of this hypothesis is the finding that treatment of KB
cells with RAP or TRAP (Fig. 4A and B), but not TRAP-4
(Fig. 4C), caused an increase in [Ca21]i, verifying the expres-
sion of functional PAR-1 and PAR-2 on KB cells and the
absence of PAR-4. RgpB, which had been inactivated by an-

tipain, did not induce a calcium response in KB cells (Fig. 4D),
indicating that the [Ca21]i increase induced is due to the pro-
teolytic activity of the enzyme.

The question then addressed was whether the increase in
[Ca21]i induced by RgpB activity is due to cleavage of a PAR
on the surface of KB cells. Once a PAR is cleaved by a pro-
tease, it cannot be activated a second time by the same or
another protease in a short period of time. Desensitization of
[Ca21]i responses to subsequent protease challenges by tryp-
sin, thrombin, and RgpB were therefore examined.

FIG. 2. Expression of PAR-1, -2, -3, and -4 by human gingival
epithelium. Serial sections of human gingival tissue were immunolo-
calized with rabbit polyclonal antibodies against the receptors indi-
cated in the upper right of each picture: PAR-1 (A), PAR-2 (B),
PAR-3 (C), PAR-4 (D), and nonimmune rabbit immunoglobulin G
(E), using the avidin-horseradish peroxidase-biotin complex system
and a hematoxylin counterstain. There was specific staining for both
PAR-1 and PAR-2 throughout the gingival epithelium; some examples
of positive cells are indicated by small arrowheads (A and B). Macro-
phages and mast cells scattered in the subepithelial connective tissue
were also positive for PAR-1 and PAR-2 (A and B, large arrowheads).
Bar (panel E), 25 mm.

FIG. 3. The [Ca21]i response of KB cells to different concentra-
tions of RgpB, trypsin, and thrombin. Each data point represents the
mean from two traces similar to those shown in the figure.

5124 LOURBAKOS ET AL. INFECT. IMMUN.



Desensitization profiles of thrombin and trypsin, which are
known PAR activators, were first examined. Treatment of KB
cells with 100 nM trypsin reduced a subsequent response to 100
nM thrombin by approximately 90% (Fig. 5A), whereas expo-
sure of KB cells to 100 nM thrombin reduced a secondary
response to 100 nM trypsin by approximately 20% (Fig. 5B).
Pretreatment of KB cells with trypsin can cause activation of
PAR-1 and PAR-2, whereas PAR-3 can still be activated by
thrombin. It would be expected that exposure of the cells to
thrombin causes cleavage of PAR-1 and PAR-3 but not
PAR-2, which can then be activated by addition of trypsin. The
fact that trypsin desensitizes a subsequent response to throm-
bin much more efficiently than thrombin desensitizes a second-
ary response to trypsin suggests that the PAR-2 expression
level on KB cells is higher than that of PAR-1 and PAR-3. This
suggestion is also supported by the observation that maximal
[Ca21]i responses to trypsin are greater than those to thrombin.

Similarly, treatment of KB cells with 20 nM RgpB reduced a
subsequent response to 100 nM thrombin by approximately
90% (Fig. 5C), whereas exposure of KB cells to 100 nM throm-
bin reduced a secondary response to 20 nM RgpB only by
approximately 10% (Fig. 5D). It was shown that the desensi-
tization of the responses was not due to RgpB inactivating
thrombin. This is illustrated by the use of antipain at a con-
centration known to inhibit RgpB effectively without affecting
thrombin (Fig. 5E and F). When added to the cell suspension
after the initial activation with RgpB, antipain did not affect
the desensitization obtained with thrombin (Fig. 5F). RgpB
therefore exhibited a similar ability to trypsin in efficiently
desensitizing subsequent thrombin responses.

When KB cells were initially activated with 100 nM trypsin,
a subsequent response to 100 nM trypsin was eliminated, and
similarly following treatment with 20 nM RgpB, a secondary
response to this enzyme was abolished (data not shown). Ad-
dition of 100 nM trypsin decreased a subsequent challenge

with 20 nM RgpB by 90% (Fig. 5G) and treatment with 20 nM
RgpB abolished a secondary response to 100 nM trypsin (Fig.
5H). In each case the cells could still respond to ADP or
bradykinin to the same extent as cells that had not been ex-
posed to proteases (data not shown), indicating that the cells
were capable of responding to other agonists. Therefore, RgpB
effectively desensitizes the calcium mobilization induced by
trypsin and vice versa.

These desensitization studies suggest that RgpB and trypsin
activate a common receptor(s) on KB cells. Trypsin can acti-
vate PAR-1 and PAR-2 on the surface of KB cells by cleaving
an arginine residue in their extracellular domains. Since RgpB
has a high specificity of cleavage limited to peptide bonds after
arginine residues, the calcium response observed is probably
due to activation of PAR-1 and PAR-2 by this bacterial enzyme.

RgpB activates cells stably expressing human PAR-1. To
demonstrate that RgpB can cleave and activate human PAR-1,
the calcium response elicited by this enzyme was investigated
in N1LF PAR-1 cells in comparison to nontransfected N1LF
cells (3). Treatment of N1LF PAR-1 cells with 150 mM TRAP
(data not shown) or 20 nM thrombin (Fig. 6A) elicited an
increase in [Ca21]i, while nontransfected N1LF cells did not
respond to TRAP or to 20 nM thrombin (data not shown).
Similarly, trypsin elicited calcium mobilization in N1LF PAR-1
cells but not in control nontransfected N1LF cells (data not
shown). RgpB at concentrations as low as 2 nM elicited a Ca21

increase in N1LF PAR-1 cells, while up to 100 nM RgpB did
not induce a calcium response in nontransfected N1LF cells;
Fig. 6B illustrates the response of these cells to 18 nM RgpB,
followed by bradykinin, to demonstrate that the cells were
capable of mobilizing [Ca21]i.

RgpB activates cells stably expressing human PAR-2. We
have previously shown that RgpB can activate PAR-2 on hu-
man neutrophils (31). The ability of RgpB to activate human
PAR-2 was further verified by the fact that the RgpB elicited a

FIG. 4. The [Ca21]i responses in KB cells to 100 mM RAP (A), 100 mM TRAP (B), 750 mM TRAP-4 (C), and 20 nM RgpB inactivated with
antipain, followed by 100 mM trypsin to demonstrate that the cells were capable of mobilizing [Ca21]i, or 20 nM RgpB alone (D).
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calcium response in CHO PAR-2 cells in comparison to non-
transfected CHO cells. Treatment of CHO PAR-2 cells with
200 mM RAP (data not shown) or 1 nM trypsin (Fig. 6C)
elicited an increase in [Ca21]i, while nontransfected CHO cells
did not respond to RAP or to 1 nM trypsin (data not shown).
Concentrations of RgpB as low as 1 nM elicited an increase in
[Ca21]i in CHO PAR-2 cells (Fig. 6D) but did not induce a
calcium response in nontransfected CHO cells (data not
shown), verifying that RgpB can activate human PAR-2.

Treatment of KB cells with RgpB causes an increase in
secretion of IL-6. Human keratinocytes have been found to
express PAR-1 and PAR-2 and their activation with their re-
spective agonist peptides or trypsin, and thrombin was found to

induce IL-6 up-regulation (56). We investigated whether treat-
ment with RAP, TRAP, trypsin, thrombin, or RgpB could
increase IL-6, TNF-a, and IFN-g secretion levels in KB cells.

KB cells were stimulated with RAP or TRAP (100 mM) for
up to 1 h, and both peptides caused an increase in IL-6 secre-
tion. Preliminary studies showed that maximal concentrations
of IL-6 were produced in the supernatant after treatment with
RAP or TRAP for 1 h, and this time point was used for further
analysis. It was found that TRAP (100 mM) stimulated IL-6
production at levels that were higher than those induced by
RAP (100 mM) (Fig. 7A). IL-6 levels in supernatant from cells
treated with RAP were found to be 2.5-fold higher than those
measured in supernatants from control (nontreated) KB cells,

FIG. 5. The [Ca21]i responses in KB cells to 100 nM trypsin followed by 100 nM thrombin (A), 100 nM thrombin followed by 100 nM trypsin
(B), 20 nM RgpB followed by 100 nM thrombin (C), 100 nM thrombin followed by 20 nM RgpB (D), 2 mM antipain followed by 100 nM thrombin
(E), 20 nM RgpB followed by 2 mM antipain and then 100 nM thrombin (F), 100 nM trypsin followed by 20 nM RgpB (G), and 20 nM RgpB
followed by 100 nM trypsin (H).
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whereas in supernatant from cells treated with TRAP, IL-6
secretion was 4-fold higher than that from untreated cells.
RAP activates PAR-2, whereas TRAP activates both PAR-1
and PAR-2, and thus TRAP, by acting through both receptors,
may elicit a higher production of IL-6 than RAP.

KB cells were treated with various concentrations of trypsin
or thrombin for up to 1 h, and both proteases induced IL-6
secretion. Treatment of KB cells with inactivated trypsin or
thrombin yielded levels of IL-6 secretion that were identical to
those of the untreated cells; thus, the cytokine increase ob-

FIG. 6. Calcium mobilization in N1LF PAR-1 cells (A and B) or CHO PAR-2 cells (C and D) treated with 20 nM thrombin (A), 18 nM RgpB
(B), 1 nM trypsin (C), or 1 nM RgpB (D). The traces are representative of three observed.

FIG. 7. Measurement of IL-6 concentrations by ELISA in culture supernatants from KB cells following treatment for 1 h (A through C) or 15
min (D) with 100 mM TRAP or RAP (A), 2.5 nM thrombin or trypsin (B), 2.5 nM RgpB or 25 nM RgpB (C), or 2.5 nM RgpB or 2.5 nMRgpB
inactivated with antipain (D). The results shown in panels A, B, and D represent the mean 6 standard error of the mean obtained from three
experiments and those shown in panel C are results obtained from five experiments. All results were significantly different (P , 0.001).
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served was dependent on the proteolytic activity of the en-
zymes.

Treatment of cells for 1 h with trypsin (2.5 nM) was found to
cause a higher level of production of IL-6 than with thrombin
(2.5 nM) (Fig. 7B). Thrombin and trypsin were found to cause
a 2.5- and 3.5-fold increase in IL-6 secretion, respectively,
compared to that in untreated cells (Fig. 7B). This is possibly
due to the fact that trypsin can activate both PAR-1 and
PAR-2 (55, 54, 39, 37), whereas thrombin only activates PAR-1
and the small amount of PAR-3 present.

Treatment of KB cells with RgpB (2.5 nM) for 1 h induced
a threefold increase in IL-6 secretion compared to that in
untreated cells (Fig. 7C). RgpB that had been inactivated by
antipain did not cause an increase in IL-6 production (Fig. 7C),
indicating that the IL-6 up-regulation is due to the proteolytic
activity of RgpB. Treatment of the cells for a shorter time
period (15 min) was required to show the dependence of the
increase in IL-6 secretion on the concentration of the protease
used (Fig. 7D). Following treatment of KB cells with thrombin,
trypsin, or RgpB (2.5 nM) for 1 h, 95% of cells were viable as
assessed by trypan blue exclusion. No changes in cell morphol-
ogy or cell detachment were observed at the concentrations
and incubation times used.

TNF-a and IFN-g levels were measured in supernatants
from KB cells following treatment with trypsin, thrombin, or
RgpB (2.5 nM) for up to 1 h and were found to be the same as
those from untreated control cells. This indicates that the in-
creases in IL-6 levels obtained are not simply due to elevation
in cytokine levels generally but are rather a reasonably specific
phenomenon.

DISCUSSION

Chronic marginal gingivitis is characterized by gingival in-
flammation, bleeding, changes in the contour of the gingiva,
and increased flow of gingival crevicular fluid (GCF). Hall-
marks of periodontitis, which is a progression of gingivitis, are
the loss of gingival connective tissue attachment to the teeth,
gum regression, and loss of the periodontal ligament, which
attaches the tooth to the surrounding alveolar bone. These
events lead to alveolar bone resorption and tooth loss. Refrac-
tory periodontitis is characterized by its relative resistance to
repeated therapeutic procedures aimed at controlling the pro-
gression of periodontal tissue destruction.

The gingival epithelium is directly exposed to periodontal
bacteria and their products and, by receiving and transmitting
signals, plays an important role in the overall dialogue that
occurs between pathogens and the host. In this study we
showed that PAR-1, -2, and -3, which elicit a number of cel-
lular responses, are expressed in human epidermoid KB cells
and that PAR-1, -2, and -3 are also expressed on the surface of
human gingival epithelial cells in situ. We then investigated
whether an arginine-specific protease from the bacterium P.
gingivalis, RgpB, interacted with these receptors. RgpB in-
duced an increase in [Ca21]i in human KB cells which was
dependent upon its proteolytic activity. Several findings
strongly support the hypothesis that this increase is mediated
by activation of PAR-1 and PAR-2. Treatment of KB cells with
RgpB desensitized the [Ca21]i response to a second challenge
with the same enzyme, a phenomenon that is in agreement

with the rapid desensitization that PARs undergo after a short
period of activation with a protease. Desensitization studies
carried out with trypsin showed that when KB cells were acti-
vated with this enzyme, a secondary challenge with RgpB was
eliminated. Similarly, exposure of KB cells to the bacterial
enzyme desensitized the response to a second challenge with
trypsin, suggesting that both enzymes activate the same recep-
tors on KB cells.

Pretreatment of KB cells with trypsin drastically reduced a
subsequent challenge with thrombin, whereas treatment of the
cells with thrombin reduced a subsequent response to trypsin
by approximately 10%. Trypsin is known to activate both
PAR-1 and PAR-2 (37, 39, 54, 55), while thrombin activates
PAR-1 and PAR-3. PAR-1 and PAR-2 are expressed on the
surface of KB cells; thus, trypsin would be expected to cleave
both PAR-1 and PAR-2 on these cells and thus dramatically
reduce a subsequent challenge to thrombin, since only PAR-3
would be available for thrombin cleavage. The finding that the
response to thrombin was minimal, subsequent to trypsin treat-
ment, indicates that PAR-1 mediates the majority of the cal-
cium mobilization induced by thrombin and that PAR-3 rep-
resents a minimal portion, if any, of the thrombin response.
Similarly, O’Brien et al. (38) detected PAR-1, -2, and -3
mRNA, but not PAR-4 mRNA, in human umbilical vein en-
dothelial cells and found that thrombin-induced inositol accu-
mulation in human umbilical vein endothelial cells was re-
duced by 93% in the presence of PAR-1-blocking antibodies,
making a contribution from PAR-3 appear minimal, if not
unlikely. O’Brien et al. (38) postulated that PAR-3 might ac-
tually be unable to mediate a thrombin response on its own in
the absence of PAR-4, a suggestion which has subsequently
been supported by work with mouse platelets (35).

PAR-2 expression appears to be higher than PAR-1 expres-
sion; therefore, pretreatment with thrombin would result in
cleavage of PAR-1 (and PAR-3) alone, leaving PAR-2 intact
and available for activation by a secondary treatment with
trypsin. The fact that thrombin reduced a secondary response
to trypsin to a lesser degree than the desensitization caused by
trypsin supports the suggestion that the majority of trypsin-
induced calcium mobilization is induced by activation of
PAR-2, with only a small percentage of the response due to
PAR-1 activation. Like trypsin, RgpB efficiently desensitized
subsequent responses to thrombin, but thrombin did not effi-
ciently desensitize responses to RgpB, indicating that RgpB,
like trypsin, induces the bulk of its response in KB cells via
PAR-2. The suggestion that the majority of RgpB’s effects
occur through PAR-2 is interesting in the light of the different
distribution of PAR-2 and PAR-1 observed in staining of sec-
tions of the human gingiva. PAR-2 was predominantly ex-
pressed by the superficial cells of the squamous epithelium,
while PAR-1 expression appeared to fall off towards this layer.
This indicates that not only is RgpB able to activate PAR-2
strongly, but it will also contact PAR-2 more readily in the in
vivo situation, making the interaction between these two mol-
ecules highly relevant to the process of bacterial pathogenesis
and subsequent host response.

Both PAR-1 and PAR-2, expressed on the surface of KB
cells, are activated following cleavage after a specific arginine
residue in their extracellular domain. RgpB, which is abso-
lutely specific for hydrolysis at Arg-Xaa sites, was found to
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activate both PAR-1 and PAR-2 in transfected cells stably
expressing these receptors. Based on the desensitization stud-
ies and the ability of RgpB to activate PAR-1 and PAR-2 on
transfected cells, it can be concluded that the bacterial pro-
tease activates these receptors on the surface of KB cells,
resulting in calcium mobilization. The same observations were
made using the high-molecular-weight variant HRgpA (data
not shown). It should be noted that, due to the specificity of
these proteinases for cleavage after arginine residues, they are
unable to activate PAR-3, which has a lysine residue at the
cleavage point required to activate the receptor.

Activation of PAR-1 and PAR-2 on KB cells by their re-
spective agonist peptides was found to cause an increase in
IL-6 secretion. Similarly, treatment of KB cells with either
thrombin or trypsin resulted in IL-6 up-regulation, which was
due to the proteolytic activity of the enzymes. Treatment of KB
cells with TRAP, which activates both PAR-1 and PAR-2,
caused a higher increase in IL-6 levels than with RAP, which
activates only PAR-2. Similarly, trypsin, which cleaves both
PAR-1 and PAR-2, resulted in a greater stimulation of IL-6
expression than thrombin, which activates PAR-1 alone. Ex-
posure of KB cells to RgpB also resulted in an increase in IL-6
secretion, which was found to be dependent upon the proteo-
lytic activity of the enzyme. RgpB also induced a higher level of
stimulation of IL-6 than thrombin, presumably due to the fact
that it activates both PAR-1 and PAR-2, like trypsin. The fact
that the bacterial enzyme did not induce IL-6 stimulation to
the extent seen with trypsin, however, may be due to the fact
that the concentration of RgpB used (2.5 nM) was lower than
the EC50 of the enzyme for receptor activation in the KB cells
(5.5 nM), while trypsin has a lower EC50 (1.8 nM) and thus
would be expected to induce a greater response at a concen-
tration of 2.5 nM. During the period of treatment no changes
in cell shape or attachment were observed. The up-regulation
of IL-6 secretion from KB cells following treatment with RgpB
is of particular interest, as IL-6 is a proinflammatory cytokine
associated with periodontal disease.

Cytokines are molecules released by cells in their local en-
vironment and have numerous properties, including chemoat-
traction of inflammatory cells. Cytokines that are readily found
in periodontium and GCF of patients with periodontal disease
are IL-6, IL-8, IL-1, TNF-a, and prostaglandin E2 (47). It has
been suggested that these cytokines play significant roles in the
pathogenesis of periodontitis (26, 57). In the majority of in-
vestigations carried out, IL-6 expression was found to be
higher at sites of periodontal inflammation (20). IL-6 levels
were found to be increased in diseased gingiva from patients
with periodontitis compared to gingiva from periodontally
healthy subjects (5, 52). Compared to normal tissue, IL-6 ex-
pression appears to be elevated in inflamed tissue from peri-
odontitis sites and is highest in gingivitis sites (33, 59). Studies
have indicated that IL-6 levels are higher in GCF from refrac-
tory periodontitis patients and may also correlate with progres-
sion of disease in these patients (13, 29, 45). IL-6 stimulates
plasma cell proliferation and therefore may promote the pres-
ence of plasma cells that are readily found in periodontitis
lesions (47). IL-6 is secreted by human osteoblasts in response
to bone-resorbing agents (30), promotes bone resorption (22),
and acts as a potent inducer of osteoclast formation in vitro

(27, 34). Thus, IL-6 may contribute to the bone resorption
associated with periodontal disease (47).

We found that concentrations of RgpB as low as 1 nM were
sufficient to induce an increase in [Ca21]i in KB cells, indicat-
ing that RgpB is very efficient in eliciting an intracellular signal
by activating the PARs. Following contact with epithelial cells,
invading P. gingivalis bacterial cells cause a transient increase
in [Ca21]i in these cells (23); thus, it may be of interest to
determine whether PAR activation by the bacterium’s pro-
teases is involved in this process.

The findings presented here provide evidence that PAR-1
and PAR-2 expressed on the surface of epidermoid cells can be
activated by the arginine-specific bacterial protease, RgpB.
Cleavage of the PARs and the resultant up-regulation of IL-6
secretion by the bacterial protease are likely to contribute to
the local inflammatory reaction within the pathological peri-
odontal pocket and the propagation of the chronic inflamma-
tory condition present in periodontal diseases.
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