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The oral pathogen Porphyromonas gingivalis secretes proteases such as Arg-gingipain B (RgpB) that activate
protease-activated receptors (PARs). Human beta-defensins (hBDs) and the macrophage inflammatory pro-
tein 3a/CC chemokine ligand 20 (CCL20) produced by epithelial cells are antimicrobial peptides that provide
cytokine function and play an important role in innate immunity. The aim of the present study was to
determine whether specific members of the PAR family mediate the expression of these innate immunity
markers in gingival epithelial cells (GECs) when exposed to P. gingivalis cell-free culture supernatant or
purified RgpB. hBD-2 mRNA in GECs was induced in response to supernatant and purified RgpB from P.
gingivalis (P = 0.02 and P = 0.016, respectively). This effect was abrogated by the protease inhibitor tosyl-L-
lysine chloromethyl ketone (TLCK) (P < 0.05). In response to P. gingivalis supernatant and to purified RgpB,
the hBD-2 mRNA expression was significantly decreased in PAR-2 gene knockdown cells, whereas no change
was detected in PAR-1 gene knockdown cells. CCL20 mRNA expression also increased in response to the
supernatant of P. gingivalis, and this effect was blocked by the protease inhibitor, TLCK (P = 0.05 and P =
0.024, respectively), and was blocked in PAR-2 gene knockdown cells. Our data indicate that hBD-2 and CCL20
mRNA up-regulation by P. gingivalis supernatant and purified RgpB was mediated via PAR-2, but not via
PAR-1, and that proteases play a role in the regulation of innate immune responses in GECs. GECs use PARs

to recognize P. gingivalis and mediate cell responses involved in innate immunity.

The oral epithelium is exposed to large numbers of com-
mensal and pathogenic microorganisms, requiring an efficient
ecologic balance between microbiologic colonization and the
local immune response. Epithelial cell recognition of bacteria
and the distinction between commensal and pathogenic bacte-
ria are important processes that occur in the gingival epithe-
lium. It is widely accepted that cells utilize pattern recognition
receptors to identify bacteria in their environment (19, 51), but
in addition, some pathogens, such as Porphyromonas gingivalis,
secrete proteases that are recognized by cells via the family of
protease-activated receptors (41). Recently, it has been shown
that protease-activated receptor 2 (PAR-2) is involved in in-
flammatory processes in several tissues (24, 25, 60).

PARs are a family of G protein-coupled, seven-transmem-
brane-domain receptors that mediate various cellular responses
to proteases such as thrombin, trypsin, and mast cell tryptase (21,
26). PARs are activated by proteolytic cleavage of the N-terminal
domain by extracellular proteases. This process reveals their N-
terminal “tethered ligand,” which leads to intracellular signaling
(5, 39). Four PAR family members (PAR-1, -2, -3, and -4) have
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been identified so far. While PAR-1, -3, and -4 are activated by
thrombin and are involved in platelet aggregation, PAR-2 is ac-
tivated by trypsin, mast cell tryptase, neutrophil protease 3, tissue
factor/factor VIla/factor Xa, and membrane-tethered serine pro-
tease 1 (26, 40, 58). Although PARs are widely expressed, PAR-1
and PAR-2 are the main PARs found in the epithelium of the
gastrointestinal tract (43) and gingiva (40).

P. gingivalis is a gram-negative, obligately anaerobic bacte-
rium that is a major etiologic factor in the development of
chronic periodontitis (23, 37). The gingipains are proteases
that are synthesized by P. gingivalis and have been recognized
as crucial virulence factors. Gingipains are involved in the
degradation of the adherens junctions between cells, which
might allow P. gingivalis to invade into the epithelium and to
deeper tissues (1, 20, 36, 52, 53). In culture, three types of
gingipains are secreted into the medium of P. gingivalis: Arg-
gingipains A and B (RgpA and RgpB) and Lys-gingipain (Kgp)
(48, 49). P. gingivalis and purified gingipains have been used to
investigate activation of PARs in oral epithelial cells, which
resulted in increased expression of the antimicrobial peptide
human beta-defensin-2 (hBD-2) (4) and inflammatory cyto-
kines (24, 40), respectively. PARs have been implicated in the
pathogenesis of periodontal disease in an animal model (24,
25) and in a transfected epithelial cell model (24).

hBDs are antimicrobial peptides present in the chemical
barrier as a part of the innate immunity provided by epithelial
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TABLE 1. Sequences of siRNAs

Sequence

Target or siRNA
PAR-1

PAR-2

Target
Sense siRNA
Antisense siRNA

5'-CAG TAT AGA ATA GGC ACT TTA-3'
r(GUA UAG AAU AGG CAC UUU A)dTdT
r(UAA AGU GCC UAU UCU AUA C)dTdG

5'-TAG GAT GTG GAA CTT GTT TAA-3'
r(GGA UGU GGA ACC UGU UUA A)dTdT
r(UUA AAC AGG UUC CAC AUC C)dTdA

cells (13, 45). hBDs are small (<100-amino-acid), polycationic
beta-sheet molecules that possess a broad spectrum of activity
against both gram-negative and gram-positive bacteria and
some fungi and viruses (15, 38). hBD-2 is an inducible antimi-
crobial peptide (10, 16-18, 35, 44, 46) that shows strong bac-
tericidal effects against gram-negative bacteria that are preva-
lent in periodontal disease (16, 22, 28).

Macrophage inflammatory protein 3a/CC chemokine ligand
20 (CCL20) is a chemokine with regions that are structurally
related to hBD-2, and like hBD-2 it exhibits antimicrobial
activity in vitro against Escherichia coli and Staphylococcus
aureus (27). Both CCL20 and hBD-2 are comparable media-
tors linking the innate and adaptive immunities (55, 62). Both
hBD-2 and CCL20 interact with chemokine receptor 6 and are
chemoattractants for immature dendritic cells (55, 61).

Despite the fact that hBD-2 is considered an inducible peptide
at sites of inflammation, it is expressed in healthy, clinically non-
inflamed gingival epithelium (7, 8). The oral commensal bacte-
rium Fusobacterium nucleatum is known to induce gene expres-
sion of hBD-2 (35), which may be a partial explanation of this
phenomenon. Our laboratory has shown that induction of hBD-2
by commensal bacteria is via mitogen-activated protein kinase
and calcium signaling pathways, while induction by pathogenic
bacteria is via mitogen-activated protein kinase and NF-kB sig-
naling pathways (3, 33, 34). Because Toll-like receptors may not
be involved in hBD-2 up-regulation in oral epithelial cells (35),
other receptors, such as protease-activated receptors, have been
suggested to be activated by oral pathogenic bacteria (4, 40).

We hypothesized that gingival epithelial cells utilize PAR-2
to mediate the gene expression of hBD-2 and CCL20 in re-
sponse to proteases synthesized and secreted by P. gingivalis.
Thus, we tested whether PAR-1, PAR-2, or both PAR-1 and
PAR-2 are involved in the recognition of P. gingivalis by cul-
tured gingival epithelial cells. It was further of interest to
investigate the gene expression of hBD-2 and CCL20 in re-
sponse to cell-free supernatant and purified RgpB from P.
gingivalis in order to confirm the role of the secreted proteases
independent from lipopolysaccharides (LPS) and the ability of
the live P. gingivalis bacteria to invade epithelial cells.

We show evidence that the proteases secreted by P. gingivalis
up-regulate hBD-2 and CCL20 mRNAs via PAR-2 and, fur-
ther, that P. gingivalis has an effect on PAR-1 and PAR-2 gene
expression which may enhance the overall effect of the gingi-
pains on epithelial cells.

MATERIALS AND METHODS

Human gingival epithelial cells and cell transfection. Gingival biopsies were
obtained from healthy patients who underwent third-molar extraction in the
Department of Oral Surgery, School of Dentistry, University of Washington, in
accordance with a University of Washington Institutional Review Board-ap-
proved study. The tissue was prepared for cell culture as described previously by

our group (4). Epithelial cells were cultured in keratinocyte growth medium with
0.15 mM Ca®" using the supplements from the KGM-bullet kit (Cambrex,
Walkersville, MD). The cells were cultured at 37°C in a humidified atmosphere
(5% CO,).

For gene silencing, guaranteed small interfering RNA (siRNA) tagged with
Alexa Fluor 488 (QIAGEN, Valencia, CA) was used to target the human PAR-1
or PAR-2 gene. The sequences and target locations are listed in Table 1. The
fast-forward transfection protocol was performed according to the manufactur-
er’s instructions. In brief, siRNA (25 nM) was mixed with HiPerFect reagent and
ECR buffer (QIAGEN) to obtain the transfection complex, which was added to
5.5 X 10* cells at 1 h after seeding (24-well culture plate). Forty-eight hours later,
the cells were stimulated as described below. Scrambled nonsilencing RNA
served as a negative control and was transfected using the same concentration as
for PAR siRNA. The lipid carrier HiPerFect was used as an additional control
for all experiments. Transfection efficiency was monitored using a fluorescence
microscope (Eclipse TS100; Nikon, Melville, NY) and confirmed by real-time
PCR. The appropriate siRNA concentration was determined using different
concentrations (10 nM, 25 nM, 50 nM, and 100 nM of siRNA) in preliminary
experiments.

P. gingivalis culture conditions and treatment. Wild-type P. gingivalis strain
33277 was cultured to the late logarithmic growth phase as described previously
(4). Bacterial numbers were estimated by absorbance measurement using the
TECAN GENios Multidetection Reader, V.4.51 (Phoenix, Hayward, CA). To
obtain the supernatant, the bacterial cells were centrifuged at 1,200 X g for 5 min
at 4°C. Subsequently, aliquots of the supernatant were used for preincubation (10
min) with 1 mmol/liter of the serine and cysteine protease inhibitor tosyl-L-lysine
chloromethyl ketone (TLCK) (Sigma, St. Louis, MO), which inhibits the gingi-
pains (12, 24). The protease inhibitor was diluted in endotoxin-free water (Hy-
Pure; HyClone, Logan, UT). The gingival epithelial cells were grown to 80%
confluence and stimulated with either P. gingivalis supernatant or TLCK-prein-
cubated supernatant, using an amount equivalent to a multiplicity of infection of
100:1, for 16 h. Blank medium served as a negative control for the stimulation
experiments. Each stimulation experiment was performed in triplicate, and cells
from two to five different donors were tested.

Purification of RgpB and treatment. RgpB was purified as previously de-
scribed by Rangarajan and coworkers (50). In brief, RgpB was purified from the
growth medium of the deletion mutant of P. gingivalis W50 beg (PG1135 to
PG1141), which produces only RgpA and RgpB. A high yield of RgpB can be
obtained from this W50 beg strain, and this is identical to the RgpB described
previously (50). The culture supernatant was centrifuged (10 000 X g, 60 min),
and solid ammonium sulfate was added to the supernatant to 85% saturation to
precipitate the Arg-X proteases. The protein was separated by centrifugation
and suspended in 50 mM sodium acetate buffer (pH 5.3) containing 0.0055%
Zwittergent (Calbiochem Novabiochem UK Ltd., Nottingham, United King-
dom). Insoluble material was separated by centrifugation, while the soluble,
enzyme-containing fraction was subjected to gel filtration and finally affinity
chromatography on Arg-agarose columns. This step was performed to separate
RgpA and RgpB. Unbound RgpB was dialyzed against 50 mM sodium acetate buffer
(pH 5.3) containing 0.0055% Zwittergent and purified by ion-exchange chromatog-
raphy. Specific activity determination and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis were performed to evaluate pure enzyme fractions before dialysis
against 50 mM sodium acetate buffer (pH 5.3) and 0.0055% (wt/vol) Zwittergent
(50). The purified enzyme was stored at 4°C. RgpB was used at ~2.5 units/ml, which
is comparable to the activity of Arg-gingipains in P. gingivalis supernatants. For
stimulation experiments, amounts of purified RgpB and P. gingivalis supernatant
used in this study were comparable. Cells stimulated with TLCK-preincubated RgpB
(10 min at room temperature) and heat-denatured RgpB (70°C, 10 min) served as
controls. Each stimulation experiment was performed in triplicate overnight (16 h),
and cells from two to five different donors were tested.

Conditions for RT-PCR and real-time PCR. After stimulation, total RNA was
extracted using the RNeasy minikit (QIAGEN). The reverse transcription reac-
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TABLE 2. Oligonucleotide sequences used for real-time PCR

Gene product

Oligonucleotide sequence

Antisense

Sense
PAR-1 GTG ATT GGC AGT TTG GGT CT
PAR-2 CCT GGC CAT GTA CCT GAT CT
hBD-2 CCA GCC ATC AGC CAT GAG GGT
CCL20 TTT ATT GTG GGC TTC ACA CG

Ribosomal phosphoprotein

GCC TTG ACC TTT TCA GCA AG

GCC AGA CAA GTG AAG GAA GC
GAC ACT TCG GCA AAG GAG AG
GGA GCC CTT TCT GAA TCC GCA
GAT TTG CGC ACA CAG ACA AC

GCA GCA TCT ACA ACC CTG AAG

tion was performed using 500 ng of total RNA. The reaction mix contained 1X
reverse transcriptase (RT) buffer, 250 nM oligo(dT) primer, 10 mM de-
oxynucleoside triphosphate mix, 50 U of RT, and 13 U of RNase inhibitor
(Ambion, Austin, TX), and the reaction was carried out following standard
protocols as previously described (4). Controls without RT enzyme were in-
cluded with every experiment.

Quantitative analysis of the cDNA was performed using the MyiQiCycler
(Bio-Rad, Hercules, CA) and Brilliant SYBR green PCR kit (Stratagene, La
Jolla, CA) according to the manufacturer’s instructions. PCRs were carried out
in 96-well plates in a total volume of 25 wl, including 1 ul of cDNA and 250 nM
primers (Table 2). At the end of every real-time PCR, melting curve analysis was
performed to confirm that the amplified product was specific. Standard curve
analysis was conducted, confirming a linear dependency (efficiency) between the
c¢DNA concentration and the threshold cycle calculated by the iQ5 software
(Bio-Rad). All reactions were carried out in duplicate, and average threshold
cycle values were calculated. Sample values were normalized to the expression of
the housekeeping ribosomal phosphoprotein gene, and relative expression was
calculated using the mathematical model proposed by Pfaffl (3, 47). PCR con-
trols were performed using water instead of cDNA. The data were statistically
analyzed using the paired two-tailed ¢ test (SPSS version 14). A P value of =0.05
was considered significant.

Protease assay. The proteolytic activity of the P. gingivalis cell-free supernatant
and purified RgpB was tested using the PDQ protease assay (AthenaES, Balti-
more, MD) following the manufacturer’s instructions. The supernatant and
RgpB as well as the controls were prepared as described above. Test and control
samples were prepared at a 2:1 dilution in buffer (100 mM phosphate-buffered
saline [pH 7.2] with 5 mM cysteine and 5 mM EDTA) according to the manu-
facturer’s suggestions. Triplicate reactions were carried out in a total volume of
0.5 ml. Papain (Sigma) was used as positive control, while buffer, TLCK, and
blank bacterial medium served as negative controls. Subsequently, the samples
were incubated at 37°C for 2, 4, 8, and 16 h. The enzyme reaction was terminated
using a solution of 0.2 N NaOH (0.5 ml). Absorbance at 450 nm was analyzed
using the TECAN reader.

RESULTS

PAR-1 and -2 mRNA expression is blocked by siRNA. To
block the gene expression of PAR-1 or PAR-2, human gingival
epithelial cells were transfected with siRNA specific for each
gene for 48 h. The intracellular uptake as well as the nuclear
localization of the Alexa Fluor 488-labeled siRNA was docu-
mented by fluorescence at 24 and 48 h. Distinct intra- and
perinuclear localizations of both PAR-1 and PAR-2 siRNA
fluorescence signals were shown in over 95% of the transfected
cells. Gene knockdown was confirmed by quantitative real-
time PCR at 48 h after transfection. The mRNA expression of
PAR-1 (P = 0.05) and PAR-2 (P = 0.03) was significantly
decreased for all experimental groups compared to the con-
trols (Fig. 1). Overall, at least a 90% PAR-1 and PAR-2 gene
knockdown was demonstrated.

Proteolytic activity of P. gingivalis cell-free supernatant al-
ters PAR-1 and PAR-2 gene expression. Proteolytic activity of
the supernatant from P. gingivalis was demonstrated after 2, 4,
and 8 h using a multisubstrate assay method. Preincubation of
the supernatant with the protease inhibitor TLCK showed

significantly reduced proteolytic activity compared to that in
native supernatant after 4 and 8 h (P = 0.008 and P = 0.001,
respectively) (Fig. 2).

To evaluate the effect of the P. gingivalis cell-free superna-
tant on expression of PAR-1 and PAR-2 mRNAs, gingival
epithelial cells were grown to 80% confluence and stimulated
with the supernatant for 16 h. Analysis of gene expression
using real-time PCR showed a down-regulation of PAR-1
mRNA in comparison to the untreated control cells (P = 0.05)
(Fig. 3A). In contrast, the mRNA expression of PAR-2 was
significantly up-regulated (P = 0.004) in response to P. gingi-
valis supernatant compared to that in unstimulated control
cells (Fig. 3B). Preincubation of the P. gingivalis supernatant
with the protease inhibitor TLCK abolished the effect and
restored the PAR mRNA expression level to that of untreated
cells. Controls using the transfection agent HiPerFect, or the
blank bacterial medium, and TLCK showed no effect on the
mRNA expression of PAR-1 or PAR-2. (Fig. 3A and B).

PAR-2 mediates hBD-2 mRNA expression in response to P.
gingivalis cell-free supernatant. We previously showed that P.
gingivalis up-regulated hBD-2 mRNA expression in gingival
epithelial cells (4). To characterize this effect more completely,
P. gingivalis cell-free supernatant was tested with and without
the addition of TLCK and in cells in which the expression of
PAR-1 or PAR-2 was blocked by siRNA. The gene expression
of hBD-2 was significantly up-regulated in response to P. gin-
givalis cell-free supernatant (P = 0.02) compared to that in
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FIG. 1. Effect of siRNA on PARI and PAR2 gene expression in

gingival epithelial cells. Gingival epithelial cells were transfected with

siRNA targeting PAR-1, PAR-2, or scrambled nonsilencing RNA.

Efficiency of gene knockdown was evaluated by real-time PCR after

48 h. The gene expression of PAR-1 and PAR-2 was significantly lower

than that in untransfected control cells (P = 0.05 and P = 0.03,

respectively). Nonsilencing RNA and treatment with the lipid carrier

HiPerFect did not influence either the PAR-1 or PAR-2 mRNA ex-

pression. The gene expression study was performed with triplicate
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ence (P = 0.05). Error bars indicate standard deviations.
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FIG. 2. Protease activity (PDQ protease activity assay) of native
and TLCK-preincubated cell-free supernatants from P. gingivalis. The
proteolytic activity of P. gingivalis supernatant was monitored for 2 h
(data in duplicate), 4 h, and 8 h (data in triplicate). Native supernatant
showed significantly higher proteolytic activity than TLCK-preincu-
bated supernatant after 4 and 8 h (P = 0.008 and P = 0.001, respec-
tively). Complete bacterial medium and TLCK served as negative
controls and showed optical densities similar to that of the cysteine
buffer (data not shown). Measurements were performed by absorbance
at 450 nm, and the values were normalized to blank control samples.
Error bars indicate standard deviations.

unstimulated gingival epithelial cells (Fig. 4A). Pretreatment
of the supernatant with TLCK completely abrogated this effect
(P = 0.024) (Fig. 4 A), supporting the role of secreted pro-
teases in hBD-2 regulation. The blank bacterial medium and
TLCK controls did not alter mRNA expression of hBD-2 in
comparison to unstimulated control cells.

The P. gingivalis cell-free supernatant also resulted in an
up-regulation of hBD-2 mRNA in epithelial cells transfected
with PAR-1 siRNA. This effect was blocked when the cell-free
supernatant was preincubated with TLCK (P = 0.025) (Fig.
4B). In contrast, the hBD-2 mRNA was significantly lower
(P = 0.024) in stimulated PAR-2 gene knockdown cells than in
untransfected, supernatant-stimulated cells. The protease in-
hibitor TLCK significantly abolished the stimulatory effects of
P. gingivalis supernatant on the mRNA expression profile of
hBD-2 in both PAR-1 and -2 gene knockdown cells (P = 0.026
and P = 0.02, respectively) (Fig. 4B). Controls using the trans-
fection agent HiPerFect did not affect hBD-2 gene expression
(data not shown). The magnitude of hBD-2 gene expression
varied in cells from different donors, but the overall pattern of
effects of P. gingivalis supernatant and siRNA gene knockdown
was consistent.

PAR-2 mediates CCL20 mRNA expression in response to P.
gingivalis cell-free supernatant. We next tested the effect of P.
gingivalis supernatant on CCL20 mRNA expression because of
the functional similarity of CCL20 and hBD-2 (55, 62). The
gene expression of CCL20 was also significantly up-regulated
(P = 0.05) in response to P. gingivalis cell-free supernatant
(Fig. 5A). This effect was blocked by preincubation of super-
natant with TLCK (P = 0.024). The blank bacterial medium
and TLCK controls did not affect mRNA expression of hBD-2
(Fig. 5A).

PAR-1 gene knockdown cells showed a significant up-regu-
lation of CCL20 mRNA (P = 0.013) with bacterial supernatant
compared to that in unstimulated control cells, and the effect
was blocked by TLCK-preincubated supernatant (P = 0.006)
(Fig. 5B). In contrast, PAR-2 gene knockdown cells showed no
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FIG. 3. PAR-1 and PAR-2 gene expression in response to P. gingivalis
supernatant in the presence and absence of siRNA. (A) PAR-1 gene
expression was evaluated by real-time PCR in response to cell-free super-
natant from P. gingivalis and TLCK-treated supernatant in untransfected
cells and cells transfected with siRNA targeting PAR-1. Expression of
PAR-1 mRNA was significantly down-regulated in response to P. gingi-
valis supernatant compared to that in unstimulated cells (P = 0.05).
PAR-1 mRNA was significantly lower after stimulation with the superna-
tant as well as with TLCK-pretreated supernatant in all siRNA-trans-
fected cells (P < 0.05) compared to untransfected stimulated and un-
stimulated gingival epithelial cells. Both controls, bacteria medium and
the lipid carrier (HiPerFect), showed no effect on the gene expression of
PAR-1. (B) The mRNA expression of PAR-2 was significantly up-regu-
lated in response to cell-free supernatant from P. gingivalis compared to
that in unstimulated cells (P = 0.004). PAR-2 mRNA was significantly
lower after stimulation with the supernatant as well as with TLCK-pre-
treated supernatant in all siRNA-transfected cells (P < 0.05) compared to
untransfected stimulated and unstimulated gingival epithelial cells. Both
controls, bacterial medium and the lipid carrier (HiPerFect), showed no
effect on the gene expression of PAR-2. The gene expression study was
performed with triplicate samples derived from two to five different do-
nors. *, significant difference (P = 0.05). Error bars indicate standard
deviations.

stimulation of CCL20 mRNA with P. gingivalis supernatant.
Here the CCL20 gene expression was significantly lower than
that in untransfected gingival cells treated with P. gingivalis
cell-free supernatant (P = 0.05). The expression profile of
CCL20 was comparable to that in unstimulated control cells
(Fig. 5B). Treatment of control cells with the transfection
agent HiPerFect showed no alteration of the CCL20 mRNA
expression (data not shown). The magnitude of CCL20 gene
expression varied in cells from different donors, but the overall
pattern of effects of P. gingivalis supernatant and siRNA gene
knockdown was consistent.

Purified RgpB regulates hBD-2 and CCL20 mRNA expres-
sion via PAR-2. To confirm that proteases in the supernatant
of P. gingivalis are responsible for the stimulation of hBD-2 and
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FIG. 4. hBD-2 mRNA expression in response to P. gingivalis super-
natant and effects of siRNA for PAR-1 and PAR-2 in gingival epithelial
cells. (A) The mRNA expression of hBD-2 was significantly up-regulated
in response to the supernatant (P = 0.02). Stimulation of gingival epithe-
lial cells with TLCK-pretreated supernatant and the control with com-
plete bacterial media showed no significant change in hBD-2 mRNA
expression compared to that in the unstimulated control. (B) The gene
expression of hDB-2 was up-regulated in PAR-1 gene knockdown cells in
response to the supernatant compared to that in untransfected unstimu-
lated cells. No difference between nontransfected and transfected cells
was demonstrated in response to P. gingivalis supernatant (P = (.325).
This effect was completely abolished by TLCK pretreatment (P = 0.025).
In contrast, in PAR-2 gene knockdown cells, the mRNA expression of
hBD-2 showed significantly lower levels in response to the supernatant
compared to that in untransfected stimulated cells (P = 0.024). The gene
expression study was performed with triplicate samples derived from two
to five different donors. *, significant difference (P = 0.05). Error bars
indicate standard deviations.

CCL20 mRNAs and to exclude other factors in the superna-
tant that may also have caused these effects, we next tested
purified RgpB on gingival keratinocytes. For comparison, the
proteolytic activity of RgpB was tested by the same multisub-
strate assay method that was used for P. gingivalis cell-free
supernatant. Compared to the control, RgpB showed proteo-
lytic activity that was reduced by heat denaturation and TLCK
treatment prior to incubation (P = 0.006 and 0.028, respec-
tively) (Fig. 6A).

The gene expression of hBD-2 was significantly up-regulated
in response to the purified enzyme RgpB compared to that in
unstimulated epithelial cells (P = 0.016) (Fig. 6B). This effect
was diminished by heat denaturation and TLCK preincubation
of RgpB (P = 0.05 and 0.047, respectively) (Fig. 6B). hBD-2
gene expression in response to RgpB in PAR-2 gene knock-
down cells was significantly lower than in untransfected cells
(P = 0.024) (Fig. 6 C). TLCK preincubation of RgpB prior to
stimulation of PAR-2 gene knockdown cells did not alter
hBD-2 mRNA expression in gingival epithelial cells. Here the
gene expression of hBD-2 was comparable to that in control
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FIG. 5. CCL20 mRNA expression in response to P. gingivalis su-
pernatant and effects of siRNA for PAR-1 and PAR-2 in gingival
epithelial cells. (A) The mRNA expression of CCL20 was significantly
up-regulated in response to the supernatant (P = 0.05). Stimulation of
gingival epithelial cells with TLCK-pretreated supernatant and the
control with complete bacterial media showed significantly lower
CCL20 mRNA expression levels compared to stimulation with cell-
free supernatant from P. gingivalis (P = 0.05 and P = 0.048, respec-
tively). (B) The gene expression of CCL20 was significantly up-regu-
lated in PAR-1 gene knockdown cells in response to the supernatant
compared to that in untransfected unstimulated cells (P = 0.013). No
difference between nontransfected and transfected cells was demon-
strated in response to P. gingivalis supernatant (P = 0.976). This effect
was completely abolished by TLCK-pretreatment (P = 0.006). In con-
trast, in PAR-2 gene knockdown cells, the mRNA expression of
CCL20 showed significantly lower levels in response to the supernatant
compared to that in untransfected stimulated cells (P = 0.05). The
gene expression study was performed with triplicate samples derived
from two to five different donors. *, significant difference (P =< 0.05).
Error bars indicate standard deviations.

cells and significantly lower than that in untransfected but
RgpB-stimulated cells (P = 0.014) (Fig. 6C).

While not significant statistically, the CCL20 mRNA showed
the same expression pattern as hBD-2 in response to RgpB,
with up-regulation that was blocked in PAR-2 gene knock-
down cells (P = 0.095) or in cells stimulated with TLCK-
pretreated enzyme (P = 0.084) (Fig. 6D). The stimulation with
RgpB resulted in up-regulation of hBD-2 and CCL20 mRNAs
in cells transfected by scrambled nonsilencing control RNA
and in untransfected cells (Fig. 6C and D).

DISCUSSION

Gingival epithelial cells respond to oral bacteria with up-
regulation of the antimicrobial peptide hBD-2, an apparent
protective response in the oral environment. Multiple signaling
pathways are involved in this response to commensal bacteria
and cell wall components (34, 35). However, cell wall prepa-
rations of P. gingivalis used previously failed to up-regulate
hBD-2 (35), leading to the investigation of other pathways,
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FIG. 6. Purified RgpB activity and effects on hBD-2 and CCL20 mRNA expression evaluated by real-time PCR. (A) Protease activity (PDQ
protease activity assay) of purified RgpB and TLCK-preincubated or heat-denaturated RgpB from P. gingivalis after 16 h. Compared to the assay
control, purified RgpB showed significantly higher proteolytic activity after 16 h (P = 0.009). Purified RgpB showed significantly higher proteolytic
activity than TLCK-preincubated or heat-denaturated RgpB (P = 0.028 and P = 0.006). Triplicate measurements were performed, and the values
were normalized to blank control samples. (B) hBD-2 mRNA was significantly up-regulated in response to RgpB compared to that in unstimulated
control cells (P = 0.016). This effect was abrogated by heat denaturation and TLCK pretreatment (P = 0.047 and 0.05, respectively). (C) In
response to purified RgpB, the gene expression of hBD-2 was significantly lower in PAR-2 siRNA-transfected cells than in untransfected gingival
epithelial cells (P = 0.024). The same observation was made for TLCK pretreatment of RgpB (P = 0.014). Cells transfected with scrambled
nonsilencing RNA showed a significantly higher mRNA expression of hBD-2 in response to purified RgpB than unstimulated control cells (P =
0.037). (D) CCL20 mRNA was up-regulated in response to RgpB compared to that in unstimulated control cells. While not significant statistically,
this effect was abrogated in PAR-2 gene knockdown cells (P = 0.095). The same observation was shown with TLCK pretreatment of RgpB (P =
0.084). Cells transfected with scrambled nonsilencing RNA showed a higher but not statistically significant mRNA expression of hBD-2 in response
to purified RgpB than unstimulated control cells (P = 0.072). The gene expression study was performed in triplicate samples derived from two to

five different donors. *, significant difference (P = 0.05). Error bars indicate standard deviations.

such as PARs (4). In the present study, we report that proteo-
lytic activity in P. gingivalis cell-free supernatant and purified
Arg-gingipain specifically up-regulate the gene expression of
hBD-2 and CCL20 and that this occurs via the action of PAR-2
but not via PAR-1. Surprisingly, this study also demonstrated
the ability of P. gingivalis proteases to regulate the gene ex-
pression of protease-activated receptors in gingival epithelial
cells. Both the PAR-1 and PAR-2 genes were affected, but in
opposite ways. PAR-1 mRNA expression was down-regulated,
whereas PAR-2 was up-regulated. Both effects were com-
pletely abrogated by the use of the protease inhibitor TLCK.
This result suggests that gingipains secreted by P. gingivalis are
involved in innate immune responses via PARs and that this
effect may be enhanced by altering the expression of PAR-1
and PAR-2 mRNA in epithelial cells.

Arg-gingipains secreted by P. gingivalis are considered major
etiologic factors in the development of periodontitis. In addi-
tion, Rgps have been shown to play a crucial role in controlling
the expression of virulence factors and processing both extra-
cellular and cell surface proteins of P. gingivalis (30). There-
fore, we aimed to specifically test P. gingivalis proteases on

gingival epithelial cells by using the cell-free supernatant and
purified protease. Both P. gingivalis supernatant and purified
RgpB had a LPS content of =1 endotoxin units/ml (Pyro-
chrome Limulus amebocyte lysate assay; Cape Cod, East Fal-
mouth, MA) (data not shown). Although LPS was detected in
the supernatant and the purified protease, effects on the gene
expression of hBD-2 and CCL20 could not attributed to LPS in
these preparations because pretreatment with the protease
inhibitor TLCK or purified RgpB heat denaturation blocked
up-regulation. These results are consistent with our previous
findings in which P. gingivalis mutants (whole cell) lacking
gingipains were ineffective in inducing the gene expression of
hBD-2 in comparison to wild-type P. gingivalis (4). In addition,
purified LPS exhibits poor stimulatory effects on the gene
expression of hBD-2 in skin and oral epithelial cells (29, 35,
54). Thus, the effects reported here on the gene expression of
hBD-2 and CCL20 were most likely based on proteases rather
than the presence of LPS.

Previous findings led us to suggest that the proteases se-
creted by P. gingivalis are involved in antimicrobial peptide
regulation via PARs (4). PARs are involved in both inflamma-
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tory and anti-inflammatory responses of epithelia (5, 6, 40).
Thus, it was of interest to determine whether P. gingivalis
regulates the gene expression of hBD-2 via PAR-1, PAR-2, or
both PAR-1 and PAR-2, the major PAR family members
present in gingival epithelial cells (40, 59). To address the
specific role of PAR-1 versus PAR-2 we used the RNA inter-
ference technique. RNA interference allows sequence-specific,
posttranscriptional gene silencing using siRNA that is a se-
quence homolog to the target gene (11, 14, 56, 57). Gingival
epithelial cells were efficiently transfected using siRNA target-
ing the sequences for PAR-1 or PAR-2. The present results
show that the gene expression of hBD-2 and CCL20 was up-
regulated in response to protease-containing supernatant from
P. gingivalis and by purified RgpB via PAR-2, extending pre-
vious findings (4). The specific role of PAR-2 was shown by the
nearly complete loss of the stimulatory effect in PAR-2 but not
in PAR-1 gene knockdown cells. The findings were supported
by controls using TLCK-treated samples. This study demon-
strates the importance of the protease in the P. gingivalis cell-
free supernatant rather than the presence of other possible
virulence factors such as LPS. Thus, the gene expression of
hBD-2 is mediated via proteases that signal via PAR-2 but not
via PAR-1.

The antimicrobial peptide hBD-2 and the structurally re-
lated chemokine CCL20 both attract immature dendritic cells
(2, 9, 55) and interact with chemokine receptor 6 (61). Here,
we report for the first time that proteases secreted by P. gin-
givalis are responsible for the increased gene expression of
CCL20 as well as hBD-2 via a PAR-2-mediated mechanism.
CCL20 mRNA expression induced by P. gingivalis cell-free
supernatant was completely abrogated in PAR-2 gene knock-
down cells. These results suggest parallel responses in gene
expression of hBD-2 and CCL20. These findings indicate that
the epithelial innate immune response to P. gingivalis may also
lead to a synergistic response and an amplified activation of
dendritic cells by a parallel expression of both hBD-2 and
CCL20 in the gingival epithelium.

There has been controversy in the literature over the role of
PARs. In some tissues they are associated with inflammation
(42), while in other tissues they seem to have an anti-inflam-
matory or protective effect (31, 32). The fact that hBD-2 gene
expression is up-regulated via PAR-2 suggests a possible pro-
tective function promoted by PAR-2 in oral epithelial cells.
This protective function may be facilitated by the up-regulation of
PAR-2 and the down-regulation of PAR-1 gene expression in
response to P. gingivalis proteases. The response to P. gingivalis
suggests a cytoprotective epithelial autoregulatory mechanism
that maintains or increases the level of PAR-2 which responds to
the potential danger of the presence of P. gingivalis proteases via
hBD-2 and CCL20 expression. Since PAR-1, -3, and -4 are acti-
vated by thrombin, whereas PAR-2 is activated by trypsin and
proteases other than thrombin (26, 40, 58), the PAR-2 receptor
might play a unique role among PARs that allows epithelial cells
to recognize pathogenic bacteria that promote innate immune
responses.

In conclusion, we report here that gingival epithelial cells
utilize PAR-2 to mediate the gene expression of hBD-2 and
CCL20 in response to proteases secreted by P. gingivalis. These
findings show the pronounced ability of gingival epithelial cells
to maintain their protective function by recognizing pathogenic
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bacteria and synthesizing antimicrobial peptides. This possible
cytoprotective role mediated by PAR-2 will be explored in
future studies aiming for a better understanding of the devel-
opment and treatment of gingival inflammatory diseases.
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