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The RgpA-Kgp proteinase-adhesin complexes of Porphyromonas gingivalis were observed, using immu-
nostaining, in human gingival tissue associated with periodontitis but not in healthy tissue. The staining
pattern suggested a concentration gradient from the subgingival plaque into the subjacent gingival
connective tissue. Intense immunostaining was observed in areas displaying gross disturbance of tissue
architecture. P. gingivalis cells and the RgpA-Kgp complexes at low concentrations were shown to stimulate
secretory intercellular adhesion molecule 1, interleukin-8 (IL-8), IL-6, and macrophage chemoattractant
protein secretion from cultured human epithelial (KB) and fibroblast (MRC-5) cells. However, at high
concentrations a reduction in the level of these mediators was observed. In contrast, macrophage inflam-
matory protein 1� and IL-1� were stimulated only at high P. gingivalis cell concentrations. P. gingivalis
cells and the RgpA-Kgp complexes were shown to induce apoptosis in KB and MRC-5 cells in a time- and
dose-dependent manner. These data suggest that the RgpA-Kgp complexes penetrate the gingival connec-
tive tissue; at low concentrations distal from the plaque the complexes stimulate the secretion of proin-
flammatory mediators, while at high concentrations proximal to the plaque they induce apoptosis and
attenuate the secretion of proinflammatory mediators.

Chronic periodontitis is an inflammatory disease associated
with specific bacteria in subgingival plaque that results in the
destruction of the tooth’s supporting tissues. The presence of
the three bacterial species Porphyromonas gingivalis, Trepo-
nema denticola, and Tannerella forsythia as a consortium in
subgingival plaque has been associated with chronic periodon-
titis, and of these bacteria, P. gingivalis is reported to be most
closely associated with the severity of disease (51, 79). P. gin-
givalis produces extracellular complexes of proteinases and
adhesins, designated the RgpA-Kgp complexes (or high-mo-
lecular-weight gingipains). Isogenic mutants of P. gingivalis
lacking the RgpA-Kgp complexes are avirulent in an animal
periodontitis model, and therefore the complexes have been
proposed to be a major virulence factor for this bacterium (51,
56). The chronic interaction of the host immune system with
subgingival plaque containing P. gingivalis and the RgpA-Kgp
complexes in the subjacent tissue is believed to be a major
factor in tissue destruction in chronic periodontitis (6, 21, 51,
83). Compared with healthy subjects, gingival tissues and gin-
gival crevicular fluid of patients with chronic periodontitis are
reported to have significantly increased amounts of proinflam-
matory cytokines such as interleukin-1 (IL-1), IL-6, and tumor
necrosis factor alpha (TNF-�); chemokines such as IL-8, mac-
rophage chemoattractant protein 1 (MCP-1), and macrophage

inflammatory protein 1� (MIP-1�); and adhesion molecules
such as intracellular adhesion molecule 1 (ICAM-1) (12, 25,
27, 28, 32, 33, 37, 44, 46, 62, 84, 87). These cytokines and
chemokines play a significant role in mediating the recruitment
of a dense mononuclear infiltrate, consisting mainly of T cells
and macrophages (21, 22, 39, 55, 81). Furthermore, a concen-
tration gradient of secretory ICAM-1 (sICAM-1) across the
junctional epithelium is reported to be an important mecha-
nism leading to leukocyte recruitment into the gingival sulcus
(85). Assuma et al. (2) have reported that blocking IL-1 and
TNF-� activity in a nonhuman primate model significantly
reduced tissue destruction and alveolar bone loss. These
studies suggest that the chronic presence of specific patho-
gens such as P. gingivalis in subgingival plaque results in the
secretion of inflammatory mediators which, in turn, may
cause inappropriate accumulation and activation of circu-
lating and resident leukocytes at the site of infection, pro-
ducing chronic inflammation and tissue destruction. An-
other contributing factor for periodontal tissue destruction
is reported to be the induction of host cell apoptosis by
specific subgingival plaque pathogens (5). In gingival biop-
sies from patients with chronic periodontitis, apoptotic cells
have been reported to constitute about 10% of the total cell
population and included epithelial and fibroblast cells (31,
36). Tonetti et al. (86) have reported that exposure of clin-
ically healthy gingival tissues to plaque bacteria induces
apoptosis-associated DNA damage and the expression of
proapoptotic p53 protein. Furthermore, in gingival biopsies
from patients with periodontitis, epithelial cell apoptosis
was reported to be more prevalent in the most apical part of
the sulcus closest to the subgingival plaque (31, 86). These
observations suggest that interactions with certain bacterial
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products may play an important role in inducing apoptosis
in gingival tissue cells. Furthermore, a high prevalence of
apoptotic cells expressing the p53 protein was detected in
the subgingival inflammatory infiltrate, suggesting that apop-
totic cell death may be important in the regulation of the
inflammatory response to chronic bacterial challenge (86).

A number of prior studies have investigated the ability of P.
gingivalis to induce secretion of proinflammatory mediators
from oral epithelial and fibroblast cells. It has been reported
that P. gingivalis induces expression of proinflammatory medi-
ators such as IL-1�, IL-8, IL-6, and sICAM-1 from gingival
epithelial or fibroblast cells (1, 70, 80, 93). However, in con-
trast, P. gingivalis cells have also been reported to degrade
existing inflammatory cytokines and antagonize IL-1�, IL-8,
IL-6, and sICAM-1 production by gingival epithelial or fibro-
blast cells (13, 16–18, 43). These apparent contradictions may
be partially explained by the assay conditions related to factors
such as bacterial strain variability and inclusion of human se-
rum (38, 74, 80). However, we have postulated that this para-
doxical situation where P. gingivalis both suppresses and in-
duces the host immune response is a concentration-dependent
phenomenon that is related to the level of P. gingivalis cells and
the P. gingivalis major virulence factor, the RgpA-Kgp protein-
ase-adhesin complexes (51).

In the present study, we demonstrate the presence of RgpA-
Kgp in gingival tissue associated with periodontitis, and we
investigate the hypothesis that P. gingivalis W50 whole cells and
RgpA-Kgp complexes differentially regulate the expression of
proinflammatory mediators and the induction of apoptosis in
human epithelial and fibroblast cells in a concentration-depen-
dent fashion.

MATERIALS AND METHODS

Human subjects and gingival specimens. The study was approved by the
University of Melbourne Human Research Ethics Committee, and informed
written consent was obtained from all participants. Subjects were chosen from
adult patients, 18 years of age and over, presenting for treatment at the Peri-
odontics Department of The Royal Dental Hospital of Melbourne. Specimens
were collected from 10 control subjects (22 to 66 years old) with gingivitis or
periodontal health (five males and five females) and 14 diseased subjects (25 to
59 yrs), 11 with chronic periodontitis (six males and five females), and 3 with
generalized-aggressive periodontitis (GAP; all male). Of the 24 subjects, 21 had
no relevant medical history, one subject with chronic periodontitis had non-
insulin-dependent diabetes mellitus, one GAP subject was a light smoker, and
another GAP subject had taken systemic tetracycline 10 weeks prior to tissue
collection.

Control specimens were collected from sites with probing depths less than 4
mm and were harvested during crown-lengthening procedures. All diseased
specimens were collected from sites with probing depths greater than 5 mm with
bleeding and/or suppuration on deep probing. Specimens from all diseased
subjects, except one with GAP, were harvested from the pocket wall including
associated granulation tissue during periodontal flap reflection from sites that
had not responded to previous nonsurgical treatment. Three specimens were
harvested from sites adjacent to two teeth extracted for periodontal reasons from
one GAP subject. Subjects in the control group were age matched and gender
matched as closely as possible with those in the periodontitis group.

Immunohistochemical localization of RgpA-Kgp in gingival tissue specimens.
Gingival specimens were kept moist in phosphate-buffered saline (PBS) before
being quickly frozen in liquid nitrogen. The specimens were stored at �70°C
until required. Transverse 5-�m-thick sections were cut using a Frigocut E
cryotome (Reichert-Jung, Sweden) and placed onto silane-coated slides that
were then stored with desiccant at �70°C until required. The sections were fixed
in ice-cold acetone for 2 min and air dried for 2 h. The slides were then immersed
in 0.6% (wt/wt) H2O2 in methanol for 10 min at room temperature to quench

endogenous peroxidase activity and then placed in a Sequenza slide rack (Shan-
don Inc., United Kingdom). The sections were kept moist with PBS.

Nonspecific binding sites were blocked with 10% (vol/vol) normal swine serum
in PBS for 20 min at room temperature. The sections were then incubated with
normal rabbit serum or specific anti-RgpA-Kgp antiserum diluted 1:4,000 in
antibody diluting buffer (ADB) (PBS containing 500 mM NaCl, 1% [vol/vol]
normal swine serum, and 0.05% [vol/vol] Tween 20) for 18 h at 4°C. Sections
were then washed with ADB three times for 5 min each. The anti-RgpA-Kgp
antiserum was generated in New Zealand White rabbits using standard proce-
dures. Western blot analysis of the RgpA-Kgp antigen separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using the rabbit anti-RgpA-
Kgp antiserum indicated reactivity predominately with the A1 adhesins of RgpA
and Kgp, as described previously (52, 57). Sections were then incubated with
biotin-conjugated swine anti-rabbit immunoglobulin G diluted 1:200 in ADB for
20 min at room temperature and washed again with ADB. For 20 min the
sections were then incubated at room temperature with avidin-biotin complexes.
The complexes were prepared by adding horseradish peroxidase-conjugated bi-
otin to avidin, diluted 1:100 in ADB, and then left on ice for 30 min. After a
washing step with ADB, the sections were then incubated in diaminobenzidine
(DAB)-H2O2 for 15 min at room temperature, and the reaction was stopped with
water. The sections were then washed in water for 5 min and then counterstained
in Mayer’s hematoxylin for 30 s, differentiated in HCl, and stained with Scotts tap
water. After the sections were subjected to a final dehydration in alcohol and
xylol and mounting in di-n-butylphthalate in xylene (DPX) with a coverslip, they
were photographed with an Olympus OM2 camera attached to an Olympus BH2
microscope.

Bacterial growth conditions. P. gingivalis W50 was grown in an anaerobic
chamber (MK3 anaerobic workstation; Don Whitley Scientific Ltd., Shipley,
England) at 37°C on horse blood agar plates supplemented with 10% (vol/vol)
lysed horse blood. Bacterial colonies were used to inoculate 20 ml of brain heart
infusion medium containing 5 �g/ml of hemin and 0.5 �g/ml of cysteine and
grown overnight at 37°C. Typically, 2 ml of bacterial culture was then transferred
to 200 ml of fresh brain heart infusion medium, and the batch culture growth was
monitored at 650 nm using a spectrophotometer (Perkin-Elmer model 295E).
The bacterial culture was harvested during the exponential phase of growth.
Culture purity was routinely checked by Gram staining. Escherichia coli JM109
(Promega Corporation) was grown using LB medium following standard proce-
dures.

Epithelial and fibroblast cell culture. The human epithelial cell line KB
(ATCC CCL-17) and human oral fibroblast cell line MRC-5 (JRH Biosciences,
Australia) were maintained as frozen stocks and cultured in Earl’s minimum
essential medium (EMEM) supplemented with 2 mM L-glutamine, 10% (vol/vol)
heat-inactivated fetal calf serum, 100 IU/ml penicillin-streptomycin, and 30
�g/ml gentamicin in a 5% CO2 incubator at 37°C. Cell passage was performed
twice a week, and the cells used in experiments were never older than 12
passages. Epithelial and fibroblast cells were seeded into 24-well tissue culture
plates in a volume of 1 ml per well and grown to 95% confluence (106 cells/well)
before being used for cytokine and apoptosis studies.

Detection of cytokines in the culture fluid of the epithelial and fibroblast cell
cultures. P. gingivalis W50 grown to late exponential phase was washed twice with
PBS and resuspended in EMEM supplemented with 25 mM glutamine and 20
mM HEPES (serum-free culture medium). KB and MRC-5 cell monolayers (1 �
106 cells/well) were incubated with P. gingivalis cells added in 200 �l/well at a
bacterial cell-to-host cell ratio (bacteria cell ratio, or BCR) of 10:1, 50:1, 100:1,
500:1, or 1,000:1. The RgpA-Kgp complexes were purified from P. gingivalis W50
as described previously (57) and dissolved in serum-free culture medium to a
final concentration of either 10, 5, 2.5, 1.25, or 0.625 �g per 200 �l and added
onto the KB and MRC-5 cell monolayers. These amounts of RgpA-Kgp com-
plexes were equivalent to a BCR of 200:1, 100:1, 50:1, 25:1, and 12.5:1, respec-
tively (51, 57). The cell culture plates were then centrifuged at 800 � g for 5 min
at room temperature and then incubated at 37°C for 90 min in a 5% CO2

incubator. After incubation, the culture fluid was collected, the cell monolayers
were washed twice with sterile PBS (500 �l), and the washings were pooled with
the collected culture fluid. KB or MRC-5 cells detached during the incubation or
washings were collected by centrifugation at 800 � g for 5 min at room temper-
ature and washed twice with sterile PBS. Each cell pellet was then resuspended
in 200 �l of fresh EMEM supplemented with 25 mM glutamine, 100 IU/ml
penicillin-streptomycin, 30 �g/ml gentamicin, 20 mM HEPES, and 10% (vol/vol)
heat-inactivated fetal calf serum; the pellet suspensions were then added back to
the corresponding cell culture wells and incubated for a further 16 h at 37°C in
a 5% CO2 incubator. After the incubation period, the supernatants were col-
lected and centrifuged at 800 � g for 5 min at room temperature. The collected
supernatants were then stored at �70°C until analyzed by enzyme-linked immu-
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nosorbent assay (ELISA). The concentrations of IL-1�, IL-1�, IL-6, IL-8,
TNF-�, MIP-1�, MCP-1, and sICAM-1 in the supernatants of KB and MRC-5
cell monolayers incubated with either P. gingivalis or RgpA-Kgp were measured
using CytoScreen ELISA systems (Biosource International, Camarillo, CA) ac-
cording to manufacturer’s protocols. Data are expressed as pg/ml of three sep-
arate values from three separate experiments. The data were analyzed using a
one-way analysis of variance with SPSS software, and the effect sizes represented
as Cohen’s d were calculated using the effect size calculator provided online by
the Evidence-Based Education UK website at http://www.cemcenter.org/ebeuk
/research/effectsize/default.htm. According to Cohen (10) a small effect size is a
d of �0.2 and �0.5, a moderate d is �0.5 and �0.8, and a large d is �0.8.

Measurement of epithelial cell and fibroblast apoptosis by flow cytometry. An
annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) apop-
tosis/necrosis detection kit (Beckton Dickinson Pharmingen) was used to analyze
epithelial cell and fibroblast apoptosis/necrosis following incubation with P. gin-
givalis W50 and the RgpA-Kgp complexes. P. gingivalis W50 was grown to late
exponential phase as described above, washed twice in PBS, and resuspended in
serum-free culture medium. KB and MCR-5 cells grown in 24-well cell culture
plates as described above were washed twice in sterile PBS and incubated with P.
gingivalis at a BCR of 10:1, 50:1, 100:1, 500:1, 1,000:1, and 10,000:1. RgpA-Kgp
was dissolved in serum-free culture medium to a final concentration of either
0.625, 1.25, 2.5, 5, or 10 �g per 200 �l and added onto the KB and MCR-5 cell
monolayers. The cell culture plates were centrifuged (800 � g for 5 min at room
temperature) and incubated for 90 min at 37°C. Following the incubation, su-
pernatants containing detached KB or MRC-5 cells were collected, and the
remaining epithelial or fibroblast cells were detached from the culture plate wells
by incubating with a trypsin-EDTA mixture (500 �l/well) (JRH Biosciences,
Victoria, Australia) for 5 min at 37°C and then pooled with the corresponding
supernatants. KB or MRC-5 cells were collected by centrifugation at 400 � g for
5 min at 4°C and washed twice with cold PBS (400 � g for 5 min at 4°C).
Following the washing steps, the KB and MRC-5 cell pellets were resuspended
in binding buffer (Beckton Dickinson Pharmingen) and stained simultaneously
with FITC-labeled annexin V and PI, according to the manufacturer’s protocol;
pellets were assessed by bivariate flow cytometry using a FACSCalibur flow
cytometer (Beckton Dickinson) equipped with lasers operating at 488 and 610
nm. The flow cytometer was set for annexin V-FITC (FL1) versus PI (FL2)
bivariate analysis. Forward and side scatter properties were used to acquire data
from 10,000 cells and to gate out small particles such as cell debris and bacterial
cells. The quadrants on the two-dimensional dot plots were set based upon
healthy unstimulated samples, and the percentage of cells in the respective
quadrants was analyzed by CellQuest software (Beckton Dickinson).

RESULTS

Immunolocalization of RgpA-Kgp in gingival tissue. (i)
Healthy tissue incubated with RgpA-Kgp. One of the healthy
specimens was incubated with RgpA-Kgp for 30 min to 24 h
and then probed with the nonimmune or specific antiserum
diluted 1:50 to 1:4,000. Sections probed with the specific serum
exhibited a diffuse, relatively homogeneous and moderately
intense brown stain (peroxidase-DAB reaction product) ex-
tending to various extents from the cut surface into the con-
nective tissue. This was clearly more intense and well demar-
cated from the less intense background stain (data not shown).
This more intense stain was not observed in sections probed
with nonimmune serum.

Time-dependent penetration of RgpA-Kgp into the connec-
tive tissue of these specimens was also observed. A band of
specific immunostaining confined to the edge of the connective
tissue was observed in specimens incubated with the antigen
for 30 min and extended farther into specimens incubated with
the antigen for 1 h. It was also interesting that after incubation
for 24 h the macroscopic structure of the tissue was clearly
altered, with the edges of the specimen appearing degraded.

(ii) Tissue associated with health, gingivitis, and periodon-
titis. Gingival tissue biopsies from 21 diseased sites from 14
patients and 11 healthy sites from 10 patients were probed with

the specific antibody to determine whether the RgpA-Kgp
antigen was present. Tissue from 7 of the 21 diseased sites
contained RgpA-Kgp (Fig. 1) whereas none of the healthy sites
was positive for the antigen. Results were analyzed using Fish-
er’s exact probability test using SPSS, version 15 (50). There
was a significant association (P � 0.035) between the disease
status of the gingival tissue and the presence of the RgpA-Kgp
antigen in that tissue as determined by immunolocalization.

An intense peroxidase-DAB reaction product for RgpA-Kgp
was observed in localized areas of connective tissue from sub-
jects with chronic periodontitis and GAP. Specimens from four
chronic periodontitis subjects are shown in Fig. 1 (panels E to
H, I, J and K, and L), and a specimen from one GAP subject
is also shown (Fig. 1A to D). The proportional area of speci-
mens containing this reaction product was generally limited
and varied between specimens, even specimens collected from
the same site. The intense reaction product was observed as
discrete dark brown to black spots of various sizes. A diffuse
lighter brown stain generally surrounded the discrete spots but
was also observed in areas without the discrete spots. These
two patterns of staining were observed in sections probed with
a high dilution of the specific anti-RgpA-Kgp antiserum (1:
4,000) in which nonspecific background staining was not ob-
served. This intense reaction product was not observed in con-
nective tissue of any diseased or control specimen probed with
nonimmune serum or in any control specimen probed with the
immune serum (Fig. 1M to P).

The largest amount of discrete specific immunostaining was
observed in the GAP subjects as shown in Fig. 1A to D,
whereas in specimens from chronic periodontitis subjects (Fig.
1E to H, I, J and K, and L), proportionally larger amounts of
specific diffuse immunostaining were observed. The sizes of the
discrete spots within each specimen varied, and the spots were
often observed in close proximity to each other or in aggre-
gates that also varied in size both between and within speci-
mens. Both patterns of specific immunostaining were observed
in areas with moderate to heavy infiltrates of chronic inflam-
matory cells, as shown in Fig. 1C and D. In the presence of
specific immunostaining, inflammatory cells appeared to be
somewhat dispersed compared with the cells in infiltrates de-
void of specific immunostaining. However, specific immuno-
staining was also observed in areas of some specimens with
relatively few inflammatory cells and also in some areas of
tissue exhibiting marked architectural changes (degradation).
In one chronic periodontitis specimen (Fig. 1F), specific diffuse
immunostaining was observed in the wall of a small blood
vessel extending around its entire circumference.

Secretion of sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, IL-1�,
IL-1�, and TNF-� from oral epithelial (KB) and fibroblast
(MRC-5) cells following incubation with P. gingivalis W50. The
levels of sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, IL-1�, IL-1�,
and TNF-� in culture supernatants of KB and MRC-5 cells
stimulated with P. gingivalis W50 were analyzed by ELISA
(Biosource International, Camarillo, CA). KB and MRC-5 cell
monolayers were incubated with increasing cell numbers of P.
gingivalis W50 at BCRs ranging from 10:1 to 1,000:1 for 90 min
at 37°C. After incubation, P. gingivalis cells were removed, and
cell monolayers were washed and reincubated in fresh cell
culture medium for a further 16 h at 37°C. As controls, KB and
MRC-5 cell monolayers were incubated with cell culture me-
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FIG. 1. Photomicrographs of frozen sections of gingival tissue associated with chronic periodontitis, GAP, and periodontal health/gingivitis
stained for the P. gingivalis RgpA-Kgp proteinase-adhesin complexes. Panels A to D show sections of diseased tissue from a previously untreated
GAP patient that demonstrate discrete staining, observed as dark brown spots often in aggregates (especially panels B and D), as well as less
intense diffuse staining, observed as a light brown “smear” around the discrete staining. The diffuse staining is also seen in areas devoid of the
discrete staining. Note the large amount of discrete staining scattered among inflammatory cells in panels C and D. Panels E to H show sections
of diseased tissue from a previously treated chronic periodontitis patient. Note the comparatively high proportions of diffuse staining in these
panels. Panel E contains mostly diffuse staining, whereas panels F to H show both discrete and diffuse staining with relatively large amounts of
diffuse staining also observed independent of the discrete staining. The arrow in panel F points to diffuse staining associated with a small blood
vessel extending around its entire circumference. The pink amorphous material observed in panels G and H represents plaque bacteria. Panel I
shows a section of diseased tissue from another previously treated chronic periodontitis patient, showing mostly diffuse staining associated with a
moderately dense inflammatory cell infiltrate. Spots indicating discrete staining, some in small aggregates, are also evident. Panels J and K show
sections of diseased tissue from another previously treated chronic periodontitis patient that contain discrete stains of various sizes, sometimes in
aggregates, along with moderate amounts of surrounding diffuse staining. Panel L shows a section of diseased tissue from another previously
treated chronic periodontitis patient that contains discrete stains, mostly in aggregates, along with surrounding diffuse staining. Panels M to
P show sections of control tissue (healthy or gingivitis only) from four different patients that demonstrate the absence of either discrete or
diffuse staining in areas with various amounts of inflammatory cell infiltrate. Scale bars: 30 �m (A to E, G, H, J, L to P), 20 �m �(F), and
50 �m (I and K).
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dium alone or with an equivalent cell number of E. coli JM109
cells.

Figure 2 shows the levels of sICAM-1, IL-8, IL-6, MCP-1,
MIP-1�, and IL-� in KB and MRC-5 cell supernatants follow-
ing incubation with P. gingivalis W50. For both cell types,
incubation with increasing numbers of P. gingivalis cells re-
sulted in a corresponding increase in sICAM-1, IL-8, and IL-6
secretion up to a BCR of 100:1 that was significantly (P � 0.01)
higher than the basal levels of secretion (Fig. 2A, B, and C).
However, at higher BCRs (500:1 and 1,000:1), there was a
significant (P � 0.01) decrease in sICAM-1 and IL-8 secretion
from KB and MRC-5 cells compared with the basal levels of
secretion. Although there was a reduction in IL-6 secretion
from both KB and MRC-5 cells at high BCRs (500:1 and
1,000:1), it was only significantly less than the basal level of
secretion (P � 0.01) in KB cells incubated with P. gingivalis at
a BCR of 1,000:1. For KB cells, P. gingivalis was more effective
(as indicated by effect sizes) at inducing the secretion of
sICAM-1 (d � 22; 99% confidence interval [CI], 3.17 to 23.31)
compared with MRC-5 cells (d � 11; 99% CI, 1.15 to 11.35),
with KB cells secreting a maximum of 1,442 pg/ml of sICAM-1
above the basal level of secretion (BCR of 100:1) compared
with 353 pg/ml from MRC-5 cells (BCR of 50:1). P. gingivalis
was also more effective in inducing IL-8 secretion from KB
cells (d � 106; 99% CI, 30.48 to 207.47) than MRC-5 cells (d �
24; 99% CI, 6.90 to 47.46) with significantly (P � 0.01) more
IL-8 secreted above the basal level from KB cells (1,594 pg/ml;
BCR of 100:1) than from MRC-5 cells (1,300 pg/ml; BCR of
100:1). In contrast to sICAM-1 and IL-8 secretion, P. gingivalis
was more effective at inducing IL-6 secretion in MRC-5 cells
(d � 14.00; 99% CI, 3.54 to 25.65) than in KB cells (d � 7; 99%
CI, 1.49 to 13.17); MRC-5 cells secreted a maximum of 3,380
pg/ml, above the basal level of secretion (BCR of 100:1) com-
pared with 107 pg/ml from KB cells (BCR of 100:1).

P. gingivalis induced a significant (P � 0.01) increase in the
secretion of MCP-1 compared to controls from both KB and
MRC-5 cells, with a maximum secretion reached at a BCR of
10:1 for both host cells (Fig. 2D). At higher BCRs, the amount
of MCP-1 secreted from KB cells decreased to basal levels, and
for MRC-5 cells, the reduction was significantly (P � 0.01) less
than basal levels at a BCR �100:1. P. gingivalis was more
effective at inducing MCP-1 from MRC-5 cells (d � 38; 99%
CI, 2.58 to 19.58) than from KB cells (d � 20; 99% CI, 3.43 to
34.97); MCR-5 cells secreted a maximum of 121 pg/ml of
MCP-1 above the basal level (BCR of 10:1), whereas epithelial
cells secreted a maximum of 15 pg/ml of MCP-1 (BCR of 10:1)
above basal level.

P. gingivalis was also found to stimulate MIP-1� secretion
from KB and MRC-5 cells but only at high BCRs of 500:1 and
1,000:1 (Fig. 2E). Effect size values indicate that P. gingivalis
was more effective in inducing MIP-1� from MRC-5 cells (d �
365; 99% CI, 105.71 to 718.83) than from KB cells (d � 306;
99% CI, 5.76 to 40.18); MRC-5 cells secreted a maximum of 75
�g/ml MIP-1� above basal levels (BCR of 1,000:1), whereas
epithelial cells secreted a maximum of 31 pg/ml of MIP-1�
above basal levels (BCR of 1,000:1). P. gingivalis was also
found to induce a significant (P � 0.01) increase in IL-1�
secretion but only from KB cells at BCRs of 100:1, 500:1, and
1,000:1, with maximum secretion above basal level (11.6 pg/ml)
reached at 500:1 (Fig. 2F). However, at a BCR of 1,000:1, there

was a threefold reduction in the amount of IL-1� compared
with the amount induced at a BCR of 500:1. P. gingivalis was
found not to induce detectable levels of IL-1� or TNF-� from
KB or MRC-5 cells.

The incubation of E. coli JM109 cells with KB or MRC-5
cells at the BCRs used for P. gingivalis under the same exper-
imental conditions did not result in significant cell binding,
induction of cytokines, or the pattern of suppression of the
cytokines at high BCR values as observed with P. gingivalis.

Secretion of sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, IL-1�,
IL-1�, and TNF-� from KB and MRC-5 cells following incu-
bation with RgpA-Kgp proteinase-adhesin complexes. The
amounts of sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, IL-1�, IL-
1�, and TNF-� in supernatants of KB and MRC-5 cells fol-
lowing incubation with RgpA-Kgp were determined by ELISA.
Overall, incubation with increasing amounts of RgpA-Kgp re-
sulted in corresponding and significant (P � 0.01) increases in
IL-8, IL-6, sICAM-1, and MCP-1 secretion from both KB and
MRC-5 cells, with a maximum secretion level reached at an
RgpA-Kgp concentration of between 1.25 to 5 �g/well for each
cytokine (Fig. 3A-D). Incubation with higher concentrations of
RgpA-Kgp resulted in a reduction in the amounts of IL-8, IL-6,
sICAM-1, and MCP-1 for both KB and MRC-5 cells (Fig. 3).
The RgpA-Kgp complexes did not induce secretion of MIP-1�,
IL-1�, or IL-1� from either KB or MRC-5 cells (data not
shown).

Induction of apoptosis in KB epithelial and MRC-5 fibro-
blast cells by P. gingivalis. Apoptosis was quantified by flow
cytometry after staining KB and MRC-5 cells with annexin
V-FITC and PI following incubation with increasing BCRs of
P. gingivalis. KB and MRC-5 cells incubated with medium
alone or E. coli JM109 were used as controls. Viable cells were
defined as FITC negative/PI negative, early apoptotic cells
were defined as FITC positive/PI negative, late apoptotic/ne-
crotic cells were defined as FITC positive/PI positive, and
necrotic cells with a permeabilized membrane only were de-
fined as FITC negative/PI positive.

The induction of apoptosis in KB and MRC-5 cells after
incubation with various concentrations of P. gingivalis for 90
min is shown in Fig. 4. For KB cells, incubation with P. gingi-
valis resulted in a significant (P � 0.01) reduction in the num-
ber of viable cells from 97.9% in the control to 80.9% at a BCR
of 1,000:1, and at a BCR of 10,000:1 only 5.3% of KB cells
remained viable. The percentage of KB cells undergoing early
apoptosis was shown to significantly (P � 0.01) increase from
0.4% in the control to 2.2% at a BCR of 50:1 and continued to
increase, reaching 19.7% at a BCR of 10,000:1. P. gingivalis was
shown to induce late apoptosis/necrosis in KB cells only at a
high BCR of 10,000:1, where 71.8% of KB cells were in the late
apoptotic/necrotic stage.

For MRC-5 cells, incubation with P. gingivalis resulted in a
significant (P � 0.05) reduction in the number of viable cells
from 99.0% in the control to 93.2% at a BCR of 1,000:1, and
at a BCR of 10,000:1, only 4.2% of MRC-5 cells were viable
(Fig. 4). Incubation with P. gingivalis was shown to significantly
(P � 0.05) increase the percentage of MRC-5 cells undergoing
early apoptosis from 0.5% in the control to 2.8% at a BCR of
50:1 and continued to increase, reaching 48.0% at a BCR of
10,000:1. P. gingivalis induced late apoptosis/necrosis in
MRC-5 cells only at a high BCR of 10,000:1, where 47.6% of
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FIG. 2. Secretion of sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, and IL-1� by KB and MRC-5 cells following incubation with viable P. gingivalis W50
whole cells. Confluent KB and MRC-5 cell monolayers were incubated with P. gingivalis W50 at various BCRs (10:1. 50:1, 100:1 500:1, 1,000:1, and
10,000:1 for 90 min at 37°C. After incubation, P. gingivalis was removed, and the cell monolayers were incubated with fresh culture medium for a further
16 h at 37°C. Following incubation, the culture supernatants were collected and assayed for sICAM-1, IL-8, IL-6, MCP-1, MIP-1�, and IL-1� by ELISA.
The values represent the means and standard deviations of triplicate determinations from three representative experiments. The dotted line represents
basal cytokine levels as determined by unstimulated cells (control). Data were analyzed by a t test and effect size (Cohen’s d) compared to the control.
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MRC-5 cells were in the late apoptotic/necrotic stage. KB cells
were found to be more susceptible to P. gingivalis-induced
apoptosis as a higher percentage of KB cells than MRC-5 cells
were shown to undergo early apoptosis (BCRs of 500:1 and
1000:1) and late apoptosis/necrosis (BCR 10,000:1).

For time course experiments, KB and MRC-5 cells were
incubated with P. gingivalis at a BCR of 10,000:1 for 30, 60, and
90 min (Fig. 5). The percentage of viable KB cells was shown

to significantly (P � 0.01) decrease from 97.8% in the control
to 10.2% following a 30-min incubation with P. gingivalis, and
at 90 min, only 2.5% of the KB cells were viable. KB cells
undergoing early apoptosis significantly (P � 0.01) increased
from 0.0% in the control to 73.7% following a 30-min incuba-
tion with P. gingivalis, reached a maximum of 80.4% at 60 min
of incubation, and then decreasing to 71.8% at 90 min of
incubation. The percentage of late apoptotic/necrotic KB cells

FIG. 3. Secretion of sICAM-1, IL-8, MCP-1, and IL-6 by KB and MRC-5 cells following incubation with P. gingivalis RgpA-Kgp complexes.
Confluent KB and MRC-5 cell monolayers were incubated with RgpA-Kgp complexes at various concentrations (0.625, 1.25, 2.5, 5, and 10 �g)
equivalent to BCRs of 12.5:1, 25:1, 50:1, 100:1, and 200:1, respectively, for 90 min at 37°C. After incubation, the cells were washed and incubated
with fresh culture medium for another 16 h at 37°C. Following incubation, the culture supernatants were assayed for sICAM-1, IL-8, IL-6, MCP-1,
and IL-6 by ELISA. The values represent the mean and standard deviation of triplicate determinations from three representative experiments. The
dotted line represents basal cytokine levels as determined by unstimulated cells (control). Data were analyzed by a t test and effect size (Cohen’s
d) compared to control.
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was shown to significantly (P � 0.05) increase with a corre-
sponding increase in incubation time from 0.1% in the control
to 12.5% following a 30-min incubation with P. gingivalis and
reached a maximum of 18.1% at 90 min.

For MRC-5 cells, the percentage of viable cells was shown to
significantly (P � 0.01) decrease from 99.1% in the control to
36.9% following a 30-min incubation with P. gingivalis, and
only 4.1% of MRC-5 cells were viable after a 90-min incuba-
tion (Fig. 5). MRC-5 cells undergoing early apoptosis in-
creased from 0.6% in the control to 44.0% following a 30-min
incubation with P. gingivalis, reaching a maximum of 71.5% at
60 min of incubation and then decreasing to 61.9% at 90 min
of incubation. At 90 min of incubation with P. gingivalis, two
distinct populations of MRC-5 cells undergoing either early
apoptosis (61.9%) or late apoptosis/necrosis (22.6%) were ob-
served. In general, KB cells were more susceptible to P. gingi-
valis-induced apoptosis as a greater percentage of KB cells
than MRC-5 cells was shown to be apoptotic or necrotic at
each time point. E. coli JM109 at the same BCR values did not
induce apoptosis of the KB or MRC-5 cells under the same
experimental conditions.

Induction of KB epithelial and MRC-5 fibroblast cell apop-
tosis by the RgpA-Kgp proteinase-adhesin complexes. To in-
vestigate the effect of RgpA-Kgp on KB and MRC-5 cell
apoptosis, cells were incubated with the complexes at various
concentrations and times and then stained with annexin V-
FITC and PI and analyzed by flow cytometry. The induction of
apoptosis in KB and MRC-5 cells after incubation with either
10 or 50 �g of RgpA-Kgp for 90 min is shown in Fig. 6. The
percentage of viable KB cells was shown to significantly (P �
0.05) decrease from 90.0% in the control to 87.0% and 75.5%
following incubation with 10 and 50 �g of RgpA-Kgp, respec-
tively. An increase in RgpA-Kgp concentration resulted in an
increase in KB cells undergoing both early apoptosis and late
apoptosis/necrosis. KB cells in the early apoptotic stage in-
creased from 2% in the control to 16.9% following incubation
with 50 �g of RgpA-Kgp complex. Late apoptosis/necrosis in
KB cells was shown to significantly (P � 0.05) increase from
2.3% in the control to 6.6% following incubation with 50 �g of
RgpA-Kgp.

For MRC-5 cells, the number of viable cells significantly
(P � 0.05) decreased from 91.1% in the control to 90.6% and

FIG. 4. Induction of apoptosis in KB and MRC-5 cells after incu-
bation with P. gingivalis W50 at various BCRs. Confluent monolayers
of KB and MRC-5 cells were incubated with P. gingivalis W50 at
various BCRs (10:1, 50:1, 100:1, 500:1, 1,000:1, and 10,000:1) for 90
min at 37°C. The cells were stained simultaneously with annexin V-
FITC and PI and then analyzed on a FACSCalibur flow cytometer to
determine the proportion of apoptotic and viable cells. The quadrants
on the two-dimensional dot plots were set based upon healthy un-
treated cells (Control). The lower-left quadrant represents viable cells
negative for both annexin V-FITC and PI. The lower-right quadrant
represents a PI-negative, annexin V-FITC-positive early apoptotic cell
population. The upper-left quadrant represents PI-positive, annexin
V-FITC-negative necrotic cells with a permeabilized membrane only.
The upper-right quadrant represents an annexin V-FITC- and PI-
positive late apoptotic/necrotic cell population. Analysis is based on
duplicate samples of 10,000 cells, and the data are representative of
three experiments.
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FIG. 5. Time course analysis of KB and MRC-5 cell apoptosis induction by P. gingivalis W50. Confluent monolayers of KB and MRC-5 cells
were incubated for 30, 60, and 90 min with P. gingivalis at a BCR of 10,000:1. The cells were stained simultaneously with annexin V-FITC and PI
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57.3% following incubation with 10 and 50 �g of RgpA-Kgp,
respectively (Fig. 6). The percentage of MRC-5 cells in the
early apoptotic stage was shown to significantly (P � 0.01)
increase from 2.6% in the control to 33.2% following incuba-
tion with 50 �g of RgpA-Kgp. The late apoptotic/necrotic
MRC-5 cell population increased from 1.0% to 4.1% after
incubation with 50 �g of RgpA-Kgp.

For the time course experiments, KB and MRC-5 cells were
incubated with 50 �g of RgpA-Kgp for 30, 60, and 90 min (Fig.
7). The percentage of viable KB cells was shown to significantly
(P � 0.05) decrease from 88.2% in the control to 65.9% after
30 min of incubation with RgpA-Kgp and continued to de-
crease; at 90 min only 50.1% of the cells remained viable. The
early apoptotic cell population was shown to increase from
1.0% in the control to 10.3%, 29.6%, and 34.4% after 30, 60,
and 90 min of incubation with RgpA-Kgp, respectively. There
was also a significant (P � 0.05) increase in the percentage of
KB cells undergoing late apoptosis/necrosis from 3.5% in the
control to 11.3% after 90 min of incubation with RgpA-Kgp.

The percentage of viable MRC-5 cells was shown to signif-
icantly (P � 0.05) decrease from 91.1% in the control to 83.5%
after 30 min of incubation with RgpA-Kgp, and at 90 min only
57.3% of the fibroblast cells remained viable. The cell popu-
lation in the early apoptotic stage was shown to increase from
2.6% in the control to 6.4%, 15.2%, and 33.2% after 30, 60,
and 90 min of incubation with RgpA-Kgp, respectively. Late
apoptosis/necrosis in the fibroblast cell population increased
from 1.0% in the control to 4.1% after 90 min of incubation
with RgpA-Kgp.

DISCUSSION

The P. gingivalis RgpA-Kgp complex was immunolocalized
in connective tissue of gingival tissue specimens associated
with periodontitis using an immunoperoxidase staining tech-
nique. The immunolocalization was evident from the presence
of discrete and diffuse peroxidase-DAB reaction products
(specific immunostaining) in localized areas of these specimens
probed with specific antiserum and from the absence of the
discrete and diffuse staining in serial sections from these spec-
imens probed with nonimmune serum. None of the control
specimens probed with either nonimmune or immune serum
contained either discrete or diffuse specific immunostaining.

The precise physical nature (e.g., discrete antigen, outer
membrane vesicles, or whole bacterial cells) of the antigens
stained with the specific antiserum could not be determined.
The combination of both staining patterns (discrete and dif-
fuse) resembled that reported previously in epithelial and con-
nective tissues of gingival specimens from sites associated with
experimental gingivitis, chronic periodontitis, and localized ag-
gressive periodontitis probed with antiserum raised against

whole P. gingivalis, Actinobacillus actinomycetemcomitans, and
Capnocytophaga sputigena cells and stained with peroxidase-
DAB (64–68). The discrete immunostaining observed in the
localized aggressive periodontitis and chronic periodontitis
specimens probed with antisera raised against these species
was subsequently shown to represent bacterial cells (64, 65,
68). Discrete immunostaining has also been identified in peri-
odontitis tissue using immunofluorescence after probing with
antiserum to P. gingivalis (11, 58), Actinomyces, Prevotella in-
termedia (58), and A. actinomycetemcomitans (9). Similar to
our results, previous studies also found discrete immunostain-
ing interspersed with varied amounts of diffuse immunostain-
ing (65, 66, 68). The diffuse immunostaining may have repre-
sented released bacterial antigens (68).

The discrete immunostaining was typical of the insoluble
and homogeneous peroxidase-DAB reaction product observed
with DAB immunocytochemistry. While it is possible that the
spots represented P. gingivalis cells, evidence from histological
investigations suggests that active invasion of chronic peri-
odontitis tissue by whole bacterial cells is limited and difficult
to confirm in naturally occurring disease (40, 41, 69, 78).

While the size of some discrete spots was consistent with
that of P. gingivalis cells or outer membrane vesicles (45), the
identity of the discretely stained material could not be ascer-
tained from size since this reflects the duration of the oxidation
reaction. Therefore, the discrete spots may have represented
only released antigen at higher concentrations. In this context,
E. coli lipopolysaccharide stained with avidin-biotin complexes
appears as discrete structures and often in clusters at the trans-
mission electron microscopy level (42). In our study, the inten-
sity of the discrete spots was generally higher than that of the
diffuse specific stain, which likely reflected differences in anti-
gen concentration. (92) Watanabe et al. have reported that the
intensity of DAB-peroxidase staining of alpha-fetoprotein was
proportional to the levels of this antigen in the tissue. There-
fore, the intense immunostaining in our study is likely to rep-
resent higher concentrations of antigen that were located pre-
dominantly at the edge of the tissue samples (Fig. 1) which
were proximal to the subgingival plaque.

Diffuse specific staining was found near discrete spots and in
areas devoid of these spots. A similar pattern of diffuse immu-
nostaining was also observed interspersed among discrete
spots in gingivitis and periodontitis tissue probed with anti-
serum to P. gingivalis and to other species using an immuno-
peroxidase technique (65–68). It is likely that the diffuse
immunostaining in our diseased specimens represented RgpA-
Kgp at lower concentrations in the tissues (92). Hence, the
staining pattern is indicative of a concentration gradient of the
RgpA-Kgp antigen in the gingival connective tissue, as would
be expected from diffusion of the antigen from subgingival
plaque into the subjacent tissue. It is significant that the A1

and then analyzed on a FACSCalibur flow cytometer to determine the proportion of apoptotic and viable cells. The quadrants on the two-
dimensional dot plots were set based upon healthy untreated cells (Control). The lower-left quadrant represents viable cells negative for both
annexin V-FITC and PI. The lower-right quadrant represents the PI-negative, annexin V-FITC-positive early apoptotic cell population. The
upper-left quadrant represents PI-positive, annexin V-FITC-negative necrotic cells with a permeabilized membrane only. The upper-right quadrant
represents the annexin V-FITC- and PI-positive late apoptotic/necrotic cell population. Analysis is based on duplicate samples of 10,000 cells, and
the data are representative of three experiments.
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adhesins associated with the RgpA-Kgp proteinase/adhesin
complexes have been shown to bind to various connective
tissue proteins and proteoglycans such as fibronectin, laminin,
and collagen type V (53, 59, 63). Therefore, it is likely that
these adhesins were responsible for binding RgpA-Kgp to tis-
sue. Specific immunostaining was also observed in the wall of

a small blood vessel. This is consistent with binding of RgpA-
Kgp adhesin domains to collagen type V and laminin associ-
ated with vascular endothelium (90) and binding to heparan
sulfate found in the extracellular matrix of blood vessels. The
result is also consistent with binding of RgpA-Kgp to endothe-
lial cells (51). Targeting of the RgpA-Kgp complexes to blood

FIG. 6. KB and MRC-5 cell apoptosis induced after incubation with RgpA-Kgp complexes at various concentrations. Confluent monolayers of
KB and MRC-5 cells were incubated with 10 �g and 50 �g of RgpA-Kgp complexes (equivalent to BCRs of 200:1 and 1,000:1, respectively) for
90 min at 37°C. The KB and MRC-5 ells were stained simultaneously with annexin V-FITC and PI and then analyzed on a FACSCalibur flow
cytometer to determine the proportion of apoptotic and viable cells. The quadrants on the two-dimensional dot plots were set based upon healthy
untreated cells (Control). The lower-left quadrant represents viable cells negative for both annexin V-FITC and PI. The lower-right quadrant
represents the PI-negative, annexin V-FITC-positive early apoptotic cell population. The upper-left quadrant represents PI-positive, annexin
V-FITC-negative necrotic cells with a permeabilized membrane only. The upper-right quadrant represents the annexin V-FITC- and PI-positive
late apoptotic/necrotic cell population. Analysis is based on duplicate samples of 10,000 cells, and the data are representative of three experiments.
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FIG. 7. Time course analysis of KB and MRC-5 cell apoptosis induction by RgpA-Kgp complexes. Confluent monolayers of KB and MRC-5
cells were incubated with 50 �g of RgpA-Kgp complexes (equivalent to a BCR of 1,000:1) for 30, 60, and 90 min. The KB and MRC-5 cells were
stained with annexin V-FITC and PI and then analyzed on a FACSCalibur flow cytometer to determine the proportion of apoptotic/necrotic and
viable cells. The quadrants on the two-dimensional dot plots were set based upon healthy untreated cells (Control). The lower-left quadrant
represents viable cells negative for both annexin V-FITC and PI. The lower-right quadrant represents the PI-negative, annexin V-FITC-positive
early apoptotic cell population. The upper-left quadrant represents PI-positive, annexin V-FITC-negative necrotic cells with a permeabilized
membrane only. The upper-right quadrant represents the annexin V-FITC- and PI-positive late apoptotic/necrotic cell population. Analysis is
based on duplicate samples of 10,000 cells, and the data are representative of three experiments.
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vessels and subsequent vascular disruption may be highly sig-
nificant in the virulence of P. gingivalis in periodontitis (51).

Specific immunostaining was often localized between
chronic inflammatory cell infiltrates. It is possible therefore
that these cells included antibody-producing B cells specific for
the P. gingivalis RgpA-Kgp (15, 19, 54). Specific immunostain-
ing was occasionally observed in areas containing few chronic
inflammatory cells, possibly suggesting suppression or dysregu-
lation of cellular infiltration. Specific immunostaining was also
identified in areas with significant loss of tissue architecture,
which is consistent with the proteolytic enzyme activity of
RgpA-Kgp and cellular apoptosis/necrosis. This may have been
due to the capacity of RgpA-Kgp at high concentrations to
directly and indirectly participate in the degradation of colla-
gens type I, III, IV, and V and fibronectin (7, 59, 61, 76, 77) and
to induce apoptosis/necrosis. The relatively low numbers of
fibroblasts in many stained areas may also be partly due to
apoptotic/necrotic effects displayed by RgpA-Kgp at high con-
centrations (73).

The presence of RgpA-Kgp complexes in contact with
pocket epithelial and fibroblast cells led us to investigate the
effect of these complexes on the secretion of inflammatory
mediators by these cells. There is increasing evidence to sug-
gest that both epithelial cells and fibroblasts are integral parts
of the innate immune system as they actively participate in the
inflammatory response by secreting cytokines in response to
the presence of pathogens (26, 49). Hence, we investigated the
secretion of inflammatory mediators IL-1�, IL-1�, IL-6, IL-8,
MCP-1, MIP-1�, TNF-�, and sICAM-1 from KB epithelial and
MRC-5 fibroblast cells and the degree of apoptosis in these
cells following incubation with various concentrations of P.
gingivalis and the RgpA-Kgp proteinase-adhesin complexes.

Results presented show that incubation with low concentra-
tions of P. gingivalis whole cells (BCR of �500:1) and RgpA-
Kgp (1.25 to 5 �g) stimulated secretion of sICAM-1, IL-8,
IL-6, and MCP-1 from KB and MRC-5 fibroblast cells. Secre-
tion of proinflammatory cytokines in response to P. gingivalis
and RgpA-Kgp is likely to have a significant impact on the
pathogenesis of chronic periodontitis. IL-6 is known to have
pleiotropic effects including the maturation of B cells into
immunoglobulin-producing plasma cells; hence, excessive se-
cretion of IL-6 by epithelial and fibroblast cells may contribute
to the production of P. gingivalis-specific antibody that was
observed in serum of chronic periodontitis patients (52). In
addition to the effects on B cells, IL-6 has been reported to
induce bone resorption (30); hence, excessive secretion of IL-6
in response to P. gingivalis may play a role in inducing alveolar
bone loss, a clinical hallmark of chronic periodontitis. En-
hanced secretion of IL-8, MCP-1, and sICAM-1 by epithelial
and fibroblast cells in response to P. gingivalis and the RgpA-
Kgp complexes would induce the migration of cells such as
monocytes, neutrophils, and T cells to the periodontal site (22,
88). This cellular infiltrate is considered to play a major role in
the destructive processes including periodontal bone resorp-
tion that lead to the loss of tooth attachment (5, 83). However,
the ability of P. gingivalis cells and RgpA-Kgp to induce secre-
tion of these cytokines from epithelial and fibroblast cells was
found to be concentration dependent. While P. gingivalis cells
and RgpA-Kgp at low concentrations stimulated secretion of

sICAM-1, IL-8, IL-6, and MCP-1, at higher concentrations the
levels of these cytokines were substantially reduced.

In previous studies where epithelial cells were incubated
with P. gingivalis strains ATCC 33277 or 381 at a single BCR of
�100:1, there was in a moderate increase in IL-8 secretion;
however, in other studies using higher BCRs of 	150:1 of the
same P. gingivalis strains, there was a decrease in the secretion
of IL-8 and surface expression of ICAM-1 (24, 29, 43). These
previous papers are consistent with the findings of the current
study. The reduction in the levels of IL-6, IL-8, MCP-1, and
sICAM-1 secretion at high P. gingivalis cell numbers and high
concentrations of RgpA-Kgp may in part be attributed to deg-
radation of these cytokines by the Arg- and Lys-specific pro-
teinases of RgpA-Kgp. Previous studies have shown that P.
gingivalis Arg- and Lys-specific proteinases degrade a variety of
cytokines such as IL-8 (95), IL-6 (4), TNF-� (8), and surface
ICAM-1 on gingival epithelial cells (82, 91). Furthermore, mu-
tant strains of P. gingivalis deficient in Arg- and Lys-specific
proteinase activity have been reported to stimulate signifi-
cantly more IL-8, ICAM-1, and IL-6 from gingival epithelial
cells and fibroblasts than wild-type P. gingivalis (29, 80). The
reduction in sICAM-1, IL-8, IL-6, and MCP-1 secretion could
also be attributed to epithelial and fibroblast cell apoptosis
induced by high concentrations of P. gingivalis cells and RgpA-
Kgp. Although P. gingivalis cells at high concentrations (BCR
of �500:1) attenuated secretion of sICAM-1, IL-8, IL-6, and
MCP-1, the secretion of MIP-1� in both epithelial and fibro-
blast cells and IL-1� in epithelial cells was enhanced following
incubation with high P. gingivalis cell numbers. Both IL-1� and
MIP-1� have been associated with the induction of antiapop-
totic pathways (34, 35). Epithelial cells pretreated with IL-1
have been reported to be resistant to apoptosis induced by
TNF-associated ligands such as APO-2 (34, 35). Members of
the CCR3 family of chemokines, to which MIP-1� belongs,
have been shown to inhibit apoptosis of cells such as lympho-
cytes (60) and eosinophils (75). Hence, the secretion of IL-1�
and MIP-1� by epithelial and fibroblast cells in response to
high concentrations of P. gingivalis cells may be an immuno-
logical defensive/survival strategy that protects surrounding
and infiltrating cells against P. gingivalis-induced apoptosis.

Gingival cell apoptosis is reported to be a common feature
in diseased periodontal sites (36, 71). We assessed apoptosis of
cultured human epithelial and fibroblast cells following incu-
bation with P. gingivalis W50 whole cells or RgpA-Kgp on the
basis of labeling with annexin V-FITC and PI as described
previously (3, 89). For both cell types, it was shown that incu-
bation with P. gingivalis induced early apoptosis at a BCR of
�50:1, while a mixture of early apoptosis and late apoptosis/
necrosis was observed at a BCR of 10,000:1. A BCR of
10,000:1 was based on 104 epithelial cells lining a 6-mm peri-
odontal pocket (14, 72) harboring 108 bacterial cells in subgin-
gival plaque (20). Time course experiments showed an increase
in epithelial cells undergoing early apoptosis and late apopto-
sis/necrosis after 30 min of incubation with P. gingivalis, while
for fibroblast cells only early apoptosis was observed at this
time point. An increase in fibroblast cells undergoing late apop-
tosis/necrosis was observed only after a 90-min incubation with
P. gingivalis, suggesting that epithelial cells are more suscepti-
ble than fibroblasts to programmed cell death induced by P.
gingivalis. RgpA-Kgp also induced apoptosis of the epithelial
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and fibroblast cells, with the epithelial cells being more sus-
ceptible. In contrast to results presented here, a number of
studies have reported that prolonged incubation (24 h) with P.
gingivalis strain ATCC 33277 did not induce epithelial cell
apoptosis (47, 94). Furthermore, Nakhjiri et al. (47) reported
that P. gingivalis ATCC 33277 prevented apoptosis of epithelial
cells following incubation with camptothecin, a chemical in-
ducer of apoptosis. These conflicting results may be due to the
different human epithelial cells or P. gingivalis strains used in
this and other studies. P. gingivalis strain W50 used here has
been reported to be more virulent than strain ATCC 33277
based on invasiveness in animal models and prevalence in
patients with chronic periodontitis (23, 48).

In summary, we show that the ability to stimulate the secre-
tion of inflammatory mediators and the induction of apoptosis
in epithelial and fibroblast cells is dependent on the concen-
tration of P. gingivalis cells and the RgpA-Kgp complexes.
These results have led us to propose a new pathogenic mech-
anism for P. gingivalis-induced periodontitis that helps explain
the bacterial specificity of disease related to the presence of the

bacterium’s major virulence factor, the RgpA-Kgp proteinase-
adhesin complexes that are released from subgingival plaque
into the subjacent epithelium and connective tissue (Fig. 8). In
the subjacent tissue distal from the biofilm, the concentration
of the RgpA-Kgp complexes will be low due to the natural
concentration gradient into the tissue of bacterial products
produced in the biofilm. At these low concentrations RgpA-
Kgp will induce, in a susceptible host, the secretion of proin-
flammatory mediators, resulting in cellular infiltration, inflam-
mation, and bone resorption, the clinical hallmarks of chronic
periodontitis. However, at sites proximal to the biofilm where
the concentration of RgpA-Kgp will be high, the proinflam-
matory mediators will be rapidly degraded, and the plaque
biofilm will be protected from the host’s defenses. Further-
more, RgpA-Kgp at high concentrations at sites proximal to
the biofilm may also induce host cell apoptosis, further leading
to tissue destruction and protection of the plaque biofilm. The
attenuation of host proinflammatory mediators close to the
plaque biofilm by high RgpA-Kgp concentrations would result
in the dysregulation of the host immune system, thereby inef-
fectively clearing the bacterial toxic products, which allows
them to penetrate deep into the connective tissue and stimu-
late chronic inflammation and disease.
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