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Porphyromonas gingivalis is an oral pathogen that has recently been associated with chronic inflammatory
diseases such as atherosclerosis. The strength of the epidemiological associations of P. gingivalis with athero-
sclerosis can be increased by the demonstration that P. gingivalis can initiate and sustain growth in human
vascular cells. We previously established that P. gingivalis can invade aortic, heart, and human umbilical vein
endothelial cells (HUVEC), that fimbriae are required for invasion of endothelial cells, and that fimbrillin
peptides can induce the expression of the chemokines interleukin 8 and monocyte chemotactic protein. In this
study, we examined the expression of surface-associated cell adhesion molecules on endothelial cells in
response to P. gingivalis infection by fluorescence-activated cell sorting FACS analysis and confocal microscopy.
Coculture of HUVEC with P. gingivalis strain 381 or A7436 resulted in the induction in the expression of
intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and P- and E-
selectins, which was maximal at 48 h postinfection. In contrast, we did not observe induction of ICAM-1,
VCAM-1, or P- or E-selectin expression in HUVEC cultured with the noninvasive P. gingivalis fim4A mutant
DPG3 or when P. gingivalis was incubated with fimbrillin peptide-specific anti-sera prior to the addition to
HUVEC. Furthermore, the addition of a peptide corresponding to the N-terminal domain of fimbrillin to
HUVEC resulted in an increase in ICAM-1, VCAM-1, and P- and E-selectins, which was maximal at 48 h and
similar to that observed for live P. gingivalis. Treatment of P. gingivalis-infected HUVEC with cytochalsin D,
which prevented P. gingivalis invasion, also resulted in the inhibition of ICAM-1, VCAM-1, or P- and E-selectin
expression. Taken together, these results indicate that active P. gingivalis invasion of HUVEC mediated via the
major fimbriae stimulates surface-associated cell adhesion molecule expression. Stimulation of adhesion
molecules involved in the recruitment of leukocytes to sites of inflammation by P. gingivalis may play a role in
the pathogenesis of systemic inflammatory diseases associated with this microorganism, including atheroscle-

rosis.

Porphyromonas gingivalis is an oral pathogen that causes a
chronic local inflammatory disease (periodontal disease),
which results in the destruction of the periodontal ligament
and alveolar bone (17, 38). Destruction of host tissues results
from the action of various toxic products released by P. gingi-
valis, as well as from the host responses elicited against this
organism (5). The induction of this inflammatory response can
lead to gingival ulceration and local vascular changes, which
have the potential to increase the incidence and severity of
transient bacteremias (12, 30). Based on the chronic nature of
this disease, and the exuberant local and systemic host re-
sponse to P. gingivalis infection (5, 30), recent studies have
focused on the association of P. gingivalis-mediated periodon-
tal infection and systemic diseases. Several reports support a
definite relationship between periodontal infections and cer-
tain systemic conditions including atherosclerosis and cardio-
vascular disease (2, 3, 12, 22, 42).

* Corresponding author. Mailing address: Department of Medicine,
Section of Infectious Diseases, Boston University School of Medicine,
650 Albany St., Boston, MA 02118. Phone: (617) 414-5305. Fax: (617)
414-5280. E-mail: caroline.genco@bmc.org.

257

Recent pathological studies have identified P. gingivalis in
diseased atherosclerotic tissue by PCR (14). P. gingivalis infec-
tion of apoE mice has also been shown to increase the mean
area and the extent of atherosclerotic lesions histologically
relative to those in uninfected animals (4). The strength of the
epidemiological and initial pathological associations of P. gin-
givalis with atherosclerosis can be increased by the demonstra-
tion that P. gingivalis can initiate and sustain growth in human
vascular cells. We have previously demonstrated that P. gingi-
valis can invade and replicate in endothelial cells, indicating
that this pathogen has the capability of localizing to the vas-
cular wall (9, 10). Endothelial cells, among other vascular wall
cells, may serve as reservoirs of P. gingivalis and P. gingivalis
components and as contributors to immune stimulation during
P. gingivalis infection. It has been proposed that P. gingivalis
invasion of endothelial cells may induce alterations in the en-
dothelial cell that could exhibit atherogenic properties (9).
However, it is not clear how active invasion of endothelial cells
by P. gingivalis modulates the inflammatory response of these
cells.

A hallmark of atherosclerosis is the accumulation of blood-
borne leukocytes in the inflamed tissues in response to anti-
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genic stimulation (28). This process is initiated with the bind-
ing of leukocytes to the activated endothelium via the induced
expression of cell adhesion molecules, including intercellular
adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, and P- and E-selectins (7, 21, 29, 36). Leukocyte
chemotaxis and migration across the endothelium are modu-
lated by several chemokines, including interleukin (IL)-8 and
monocyte chemotactic protein (MCP)-1 which have speci-
ficites for neutrophils and monocytes, respectively (11, 13).
Since the vascular endothelium is essential for the recruitment
of leukocytes during atherogenesis, studies aimed at the in-
flammatory activation of endothelial cells by P. gingivalis may
elucidate the role of this organism in atherosclerosis. We have
recently demonstrated that P. gingivalis outer membrane com-
ponents, including peptides corresponding to the N-terminal
region of fimbrillin, can induce the expression of both IL-8 and
MCP-1 in human endothelial cells (26). In this study, we ex-
amine the expression of the surface-associated cell adhesion
molecules ICAM-1, VCAM-1, and E- and P-selectins following
infection of endothelial cells with P. gingivalis. In addition, we
define the role of P. gingivalis adherence mediated via fimbriae,
in the induction of cell adhesion molecule expression in endo-
thelial cells.

MATERIALS AND METHODS

Bacterial strains. P. gingivalis A7436 was originally isolated from a patient with
refractory periodontitis and was characterized in our laboratory (10). P. gingivalis
wild-type strain 381 and the corresponding fimA mutant DPG3 have been de-
scribed previously (24). P. gingivalis A7436 and 381 were grown on anaerobic
blood agar plates (BBL media; Becton Dickinson Co., Cockeysville, Md.), and
DPG3 was grown on anaerobic blood agar containing erythromycin (10 pg/ml) in
an anaerobic chamber with 85% N,, 10% CO,, and 5% H, for 3 to 5 days. The
cultures were then inoculated into fresh Schaedler broth (Difco, Sparks, Md.)
(supplemented with erythromycin for DPG3) and grown for 24 h or until the
optical density at 660 nm reached 1.0.

Cell culture and infection of HUVEC with P. gingivalis. First-passage human
umbilical vein endothelial cells (HUVEC; Cascade Biologics Inc., Portland,
Org.) cultures were maintained in media-200 supplemented with low-serum-
growth supplement (20 pl/ml) (Cascade Biologics, Inc.) at 37°C in 5% CO, in
tissue culture flasks. For infection studies, cells were passaged into six-well dishes
with 0.25% trypsin and EDTA (0.02%). For confocal microscopy, cells were
grown on coverslips placed on the bottom of wells. Confluent fourth-passage
cells were used in all experiments. HUVEC were plated at a concentration of 10°
to 10° cells/ml, as determined by cell counting with a hemocytometer. The
multiplicity of infection (MOI) was calculated based on the number of cells per
well at confluence. P. gingivalis strains A7436, 381, and DPG3 grown to an optical
density of 1.0 were centrifuged, washed with phosphate-buffered saline (PBS),
and resuspended in HUVEC growth media at a final concentration of 10°® cells
per ml (10). Bacterial suspensions (1 ml) were added to confluent HUVEC
monolayers at an MOI of 1:100 and incubated at 37° in 5% CO, for 2, 24, or 48
h. Control cultures were incubated with medium alone. Bacterial adherence and
invasion were determined as described previously (10). At different times,
HUVEC cultures were harvested and processed for fluorescence-activated cell
sorting (FACS) analysis and confocal microscopy using fluorescein isothiocya-
nate (FITC)-labeled antibodies specific for ICAM-1, VCAM-1, and P- or E-
selectin expression (see below). All assays were performed in triplicate. Viability
of the endothelial cultures was monitored by either Trypan blue staining or with
an Annexin V apoptosis detection kit (Vibrant Apoptosis; Molecular Probes,
Eugene, Org.).

Role of bacterial adherence and invasion in the induction of surface-associ-
ated cell adhesion molecule expression. The role of bacterial adherence in P.
gingivalis-mediated cell adhesion molecule expression was examined by using the
P. gingivalis fimA mutant (DPG3) or by preincubating P. gingivalis with fimbrillin
peptide-specific antisera. We have previously established that preincubation of P.
gingivalis with fimbria-specific antisera inhibits P. gingivalis invasion of HUVEC
(10). Likewise, Sojar et al. (39) have established that preincubation of P. gingi-
valis with specific anti-fimbrillin peptide sera inhibits P. gingivalis invasion of oral
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FIG. 1. P. gingivalis infection stimulates ICAM-1 and VCAM-1 ex-
pression in HUVEC. P. gingivalis strain A7436 cultures were added to
a HUVEC monolayer at an MOI of 100:1 and incubated at 37°C for
2 h. Cells were then collected and processed for FACS analysis for
surface-associated ICAM-1 and VCAM-1. Values are the means =
standard errors of the means for three independent experiments. Sta-
tistical significance was assigned when the P value was <0.05 (*) or
<0.001 (#x*) compared to uninfected HUVEC (control).

epithelial cells. Thus, to further define the role of fimbriae on the induction of
cell adhesion expression, P. gingivalis was preincubated with rabbit polyclonal
anti-fimbrillin peptide sera or a normal rabbit serum control (1/500 dilution) for
60 min prior to infection of HUVEC. We utilized polyclonal anti-fimbrillin
peptide sera corresponding to amino acids 49 to 68 (VVMANTAGAMELVG
KTLAEVK) and 69 to 90 (ALTTELTAENQEAAGLIMTAEP) of the mature
fimbrillin protein as described previously (39). To examine the effects of invasion
on cell adhesion molecule expression in response to P. gingivalis, we preincu-
bated HUVEC with cytochalsin D (1 pg/ml in dimethylsulfoxide) for 30 min,
followed by washing with PBS. Fresh medium was then added to the HUVEC
together with P. gingivalis A7436. We previously determined that cytochalsin D
treatment effectively abolishes P. gingivalis invasion of HUVEC (10). At desig-
nated times, cells were processed for FACS analysis and confocal microscopy
using FITC-labeled antibodies specific for ICAM-1, VCAM-1 and P/E-selectin
expression (see below).

Preparation of P. gingivalis and Escherichia coli LPS. P. gingivalis and E. coli
lipopolysaccharide (LPS) extraction was prepared by a hot phenol-water tech-
nique (41). LPS preparations were analyzed for protein contamination by elec-
trophoresis by overloading a sodium dodecylsulfate-12.5% polyacrylamide gel
stained with Coomassie blue and silver nitrate. LPS samples were also examined
on commercially prepared 10 to 20% gradient gels. LPS was further analyzed for
protein contamination by a bicinchoninic acid protein assay (Pierce, Rockford,
Ill.). For HUVEC stimulation assays, LPS samples were diluted, sonicated in
HUVEC culture media, and added to HUVEC cultures (see below).

Fimbrillin peptides. Fimbrillin peptides based on the amino acid sequence of
the native fimbrillin of P. gingivalis strain 381 and corresponding to amino acids
49 to 68 (VVMANTAGAMELVGKTLAEVK) and 171 to 185 (DANYLTGSLT
TFNGA), as well as peptides corresponding to a scrambled version of each
peptide to be tested, were commercially synthesized (BioSynthesis Inc., Lewis-
ville, Tex.). All peptides were determined to be free of contaminating endotoxin
by high-pressure liquid chromatography analysis as indicated by the manufac-
turer (BioSynthesis). Peptides were diluted to final concentrations of 2 and 10
png/ml and added to HUVEC as described below. After the designated incuba-
tion time, HUVEC cultures were harvested and processed for FACS analysis and
confocal microscopy.

FACS analysis. For FACS analysis, cells were grown in triplicate in six-well
dishes. Confluent fourth-passage HUVEC were incubated with P. gingivalis, P.
gingivalis outer membrane components, or under the various conditions de-
scribed above. Cells were then dissociated with trypsin and EDTA and processed
for labeling with anti-ICAM-1, anti-VCAM-1, anti-E-selectin, and anti-P-selectin
rabbit polyclonal antibodies (1:100 dilution; Serotec, Raleigh, N.C.) on ice as
described by the manufacturer. FITC-conjugated isotope-specific immunoglob-
ulin G (IgG; Serotec, Kidlington, Oxford, United Kingdom) was used as a
negative control, and we did not observe reactivity with this IgG. Cells were
labeled for 1 h with FITC-labeled primary antibodies (1:500), washed with
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FIG. 2. P. gingivalis infection stimulates E-selectin and P-selectin expression in HUVEC. P. gingivalis strain A7436 cultures were added to a
HUVEC monolayer at an MOI 100:1 and incubated at 37°C for 2 h. (Top) Cells were collected and processed for FACS analysis for
surface-associated E- and P-selectin. Values are the means * standard errors of the means for three independent experiments. Statistical
significance was assigned when the P value was <0.05 (*) or <0.001 (**) compared to uninfected HUVEC (control). (Bottom) Immunofluores-
cence staining of E- and P-selectin expression on HUVEC infected with P. gingivalis for 2 h. Fixed HUVEC on cover slips were incubated with
R-phycoerythrin-conjugated P- and E-selectin-specific antisera and with TopRo3 as a nuclear counterstain.

PBS-1% bovine serum albumin, and fixed with 0.5% formaldehyde as described
by the manufacturer. With a FACScan (Becton Dickinson, Sparks, Md.) flow
cytometer, HUVEC were gated by forward- and side-scatter settings that were
optimized with the use of autofluorescence of untreated HUVEC, and debris
were excluded by a hardware gate on forward scatter. Only viable cells, typically
75 to 90% of the starting cultures as determined by Annexin V staining, were
analyzed.

Confocal microscopy. For immunofluorescence studies, HUVEC were grown
on cover slips placed on the bottom of six well culture dishes. After incubation
for designated times, the HUVEC monolayers were washed and fixed with
ice-cold methanol-acetone (1:1) at —20°C. Fixed cells on coverslips were reacted
with anti-ICAM-1, anti-VCAM-1 anti-E-selectin, and anti-P-selectin sera (1:100
dilution) for 45 min at room temperature, and washed three times with PBS.
Coverslips were then inverted onto a slide containing 10 pl of Vectashield
mounting medium (Vector Laboratories, Inc., Burlingame, Calif.). Immuno-
staining was performed on ice, and slides were kept in the dark until analyzed by

confocal microscopy with an Axiovert 100M Carl Zeiss Lazer Scanning Micro-
scope (model LSM 500, version 2.5 S-12, Carl Zeiss Co., Heidelberg, Germany).

Statistical analysis. To evaluate statistical significance of differences for ad-
hesion molecules and selectins expression between experimental groups, analysis
of variance with Fisher protected least significant difference and Bonferroni
Dunn Post Hoc analysis were performed with the use of the StatView statistical
program (SAS, Inc., Cary, N.C.) Statistical significance was assigned when the P
value was <0.05 or < 0.001, as indicated in each figure.

RESULTS

P. gingivalis stimulates ICAM-1, VCAM-1, P-selectin, and
E-selectin expression in endothelial cells. To determine
whether infection of endothelial cells by P. gingivalis could
stimulate the expression of surface-associated cell adhesion
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TABLE 1. Invasion of HUVEC by P. gingivalis

No. of bacteria

Strain Treatment®

(CFUY
381 None 32%x10°+05
381 NRS 25X 10° = 0.4
381 Anti-fimbrillin peptide sera 1.5 X 10 = 0.3¢
381 Cytochalsin D 1.1 X 10* = 0.4¢
DPG3 None 1.4 X 10> = 0.2¢

“ P. gingivalis strain 381 was preincubated with distilled water (none), normal
rabbit serum (NRS), or anti-fimbrillin peptide sera (corresponding to amino acid
69 to 90 of P. gingivalis fimbrillin), or pretreated with cytochalsin D prior to the
addition of P. gingivalis as discussed in Materials and Methods.

b Data are the total CFU associated with HUVEC and represent both bacteria
adhering to and invading HUVEC at 48 h.

¢ P <0.05 compared to P. gingivalis 381 treated with normal rabbit serum.

4 P <0.05 compared to P. gingivalis 381 without treatment.

molecules, we incubated HUVEC with P. gingivalis strain
A7436 and monitored cell adhesion molecule expression by
FACS analysis and confocal microscopy. In preliminary exper-
iments, we determined that the antisera used for the detection
of ICAM-1, VCAM-1, P-selectin, and E-selectin did not react
with P. gingivalis (data not shown). FACS analysis of P. gingi-
valis-infected HUVEC at 2 h postinfection demonstrated a 4-
and 5.5-fold increase in ICAM-1 and VCAM-1 expression,
respectively, compared to that in uninfected cultures (Fig. 1A).
The stimulation of both ICAM-1 and VCAM-1 observed in P.
gingivalis-infected cultures was statistically significant (P < 0.05
and P < 0.001, respectively) compared to that in uninfected
HUVEC cultures. The expression of ICAM-1 and VCAM-1 in
P. gingivalis-infected HUVEC was further confirmed by con-

>
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a
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P-selectin
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focal microscopy. Following a 2-h incubation with P. gingivalis
strain A7436, HUVEC cultures were found to exhibit extensive
cell-associated staining by using either anti-ICAM-1 or anti-
VCAM-1 serum (data not shown).

We also examined the expression of E- and P-selectins in P.
gingivalis-infected HUVEC. In agreement with the results ob-
tained for ICAM-1 and VCAM-1, we observed an increase in
both cell surface-associated E- and P-selectin following the
addition of P. gingivalis cultures to HUVEC detected at 2 h
(Fig. 2A). This result was statistically significant for both P-
selectin (P < 0.05) and E-selectin (P < 0.001). Expression of
E- and P-selectin on the surface of P. gingivalis-infected
HUVEC was confirmed by confocal microscopy. For these
studies, P. gingivalis-infected HUVEC were also stained with
TopRo3 as a nuclear counterstain. As shown in Fig. 2B, infec-
tion of HUVEC with P. gingivalis strain A7436 resulted in
extensive cell-associated staining using anti-E- and P-selectin
sera compared to that in uninfected HUVEC cultures. The
upregulation of the cell adhesion molecules was most likely not
mediated by tumor necrosis factor or IL-1f since these cyto-
kines were not expressed in P. gingivalis-infected HUVEC cul-
ture supernatants (data not shown).

The requirement for bacterial invasion of HUVEC for P.
gingivalis-induced cell surface adhesion molecule expression
was confirmed following treatment of HUVEC with cytochal-
sin D. We have previously established that pretreatment of
HUVEC with cytochalsin D prevents uptake of P. gingivalis
(10). Preincubation of HUVEC with cytochalsin D prior to the
addition of P. gingivalis resulted in a 4-log decrease in the CFU
associated with HUVEC compared to that in HUVEC without

B
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FIG. 3. P. gingivalis fimbrillin peptide-specific antisera inhibits ICAM-1, VCAM-1, and E- and P-selectin expression in P. gingivalis-infected
HUVEC. P. gingivalis strain 381 cultures were preincubated with P. gingivalis fimbrillin-specific antisera for 2 h under anaerobic conditions prior
to the addition to HUVEC. Following a 48-h incubation, HUVEC were harvested and processed for FACS analysis for detection of ICAM-1 (A),
VCAM-1 (B), P-selectin (C), and E-selectin (D). In uninfected HUVEC (diagonal bars), HUVEC infected with P. gingivalis (gray bars), P.
gingivalis incubated with normal rabbit serum (black bars), and HUVEC infected with P. gingivalis preincubated with fimbrillin-specific antisera
(open bars), values are the means * standard errors of the means for three independent experiments. Statistical significance was assigned when
the P value was <0.05 () or <0.001 (**) compared to uninfected HUVEC.
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FIG. 4. P. gingivalis fimbrillin peptide-specific antisera inhibits P- and E-selectin expression as detected by confocal microscopy. HUVEC were
infected with P. gingivalis 381 for 2 h and processed for confocal microscopy for P- and E-selectin expression. HUVEC were stained with TopRo3
as a nuclear counterstain. HUVEC were infected with P. gingivalis, with P. gingivalis preincubated with fimbrillin peptide-specific antisera, or with

P. gingivalis preincubated with normal rabbit serum (NRS) as indicated.

added cytochalsin D (Table 1). Expression of ICAM-1 and
VCAM-1 was significantly decreased in P. gingivalis-infected
HUVEC cultures which were exposed to cytochalsin D com-
pared to expression in HUVEC without added cytochalsin D
(data not shown). Taken together, these results demonstrate
that infection of HUVEC by P. gingivalis induces the expres-
sion of cell surface-associated ICAM-1, VCAM-1, and E- and
P-selectins.

Stimulation of cell adhesion molecule expression by P. gin-
givalis is dependent on fimbria-mediated adherence. To deter-
mine whether adherence of P. gingivalis to HUVEC was re-
quired for the stimulation of cell adhesion molecule expression,
we performed a series of experiments in which we blocked P.
gingivalis adherence to HUVEC and monitored the cell adhe-
sion molecule response of the HUVEC. For these studies, we
utilized antisera raised against the N-terminal region of P.
gingivalis fimbrillin (corresponding to two separate regions and
encomposing amino acids 49 to 68 or 69 to 90); both antiserum
preparations have been shown to inhibit the binding of fim-
briae and of P. gingivalis to epithelial cells (39). The anti-
fimbrillin peptide sera was also shown to react with P. gingivalis
fimbriae as shown by immunogold labeling and immunoblot
analysis indicating that these peptide domains are exposed on
the surface of fimbrillin. Furthermore, we demonstrated that a
peptide corresponding amino acids 48 to 69 stimulated cell
adhesion molecule expression in HUVEC (see below). The
ability of the anti-fimbrillin peptide sera to inhibit P. gingivalis
strain 381 invasion of HUVEC was confirmed by culturing the

P. gingivalis associated with HUVEC (Table 1). Preincubation
of P. gingivalis with fimbrillin-specific antisera (corresponding
to amino acids 69 to 90) prior to culture with HUVEC resulted
in a 4-log decrease in the CFU associated with HUVEC. Sim-
ilar results were obtained with the antisera raised against
amino acid 49 to 68 of fimbrillin (data not shown). However,
preincubation of P. gingivalis with normal rabbit sera did not
inhibit the ability of P. gingivalis to invade HUVEC (Table 1).
As shown in Fig. 3, when P. gingivalis was preincubated with
fimbrillin peptide-specific antisera (corresponding to amino
acids 69 to 90) prior to the addition to HUVEC, we detected
a significant decrease in the expression of ICAM-1 and E-
selectin in HUVEC compared to that in HUVEC infected with
P. gingivalis that was preincubated with normal rabbit sera. A
similar decrease in the expression of VCAM-1 and P-selectin
was observed in HUVEC infected with P. gingivalis that was
preincubated with fimbrillin peptide-specific antisera com-
pared to that in HUVEC infected with P. gingivalis that was
preincubated with normal rabbit sera.

The expression of surface-associated cell adhesion mole-
cules on HUVEC infected with P. gingivalis cultures that were
preincubated with anti-fimbrillin peptide sera was further con-
firmed by confocal microscopy. Coculture of HUVEC with P.
gingivalis strain 381 that was preincubated with normal rabbit
serum resulted in extensive cell-associated staining using anti-
ICAM-1, anti-VCAM-1, anti-E-selectin, and anti-P-selectin
sera detected at 2 h postinfection (Fig. 4; data not shown). In
contrast, we observed minimal staining for these cell adhesion
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FIG. 5. Infection of HUVEC with a P. gingivalis fimnA mutant does not stimulate P-selectin (A) and E-selectin (B) expression. HUVEC were
infected with P. gingivalis strains 381 (wildtype [wt]) and DPG3 (fimA). Cells harvested at 2 h postinfection and processed for FACS analysis (upper
panels) or for confocal microscopy (lower panels). Values are the means = standard errors of the means for three independent experiments.
Statistical significance was assigned when the P value was <0.05 (*) compared to uninfected HUVEC.

molecules in HUVEC cocultured with P. gingivalis that was
preincubated with fimbrillin peptide-specific antisera (Fig. 4;
data not shown). These results indicate that blocking adher-
ence of P. gingivalis mediated via the major fimbriae can ef-
fectively inhibit the expression of cell surface adhesion mole-
cules seen in P. gingivalis-infected endothelial cells.

We further confirmed the role of P. gingivalis adherence in
the stimulation of cell surface adhesion molecule expression
following infection with a nonadherent, noninvasive P. gingi-
valis fimA mutant (DPG3). The nonadherent, noninvasive phe-
notype of P. gingivalis DPG3 was confirmed by culturing P.

gingivalis associated with HUVEC (Table 1). P. gingivalis
DPG3 exhibited a 4-log decrease in the CFU associated with
HUVEC compared to that in wild-type strain 381. Likewise,
we did not observe a significant increase in cell-associated E-
or P-selectin expression in HUVEC infected with P. gingivalis
strain DPG3 following a 2-h infection (Fig. SA and C). As
expected, we observed a significant increase (P < 0.05), in E-
or P-selectin expression in the corresponding P. gingivalis wild-
type strain 381 (Fig. 5A and C). These results were further
confirmed by confocal microscopy. Infection of HUVEC with
P. gingivalis wild-type strain 381 resulted in extensive cell-as-
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FIG. 6. Infection of HUVEC with a P. gingivalis fimA mutant does
not stimulate ICAM-1 and VCAM-1 expression. HUVEC were in-
fected with P. gingivalis strains 381 and DPG3 (fimA); cells harvested
at 2, 24, and 48 h postinfection and processed for FACS analysis for
ICAM-1 (A) and VCAM-1 (B). For uninfected HUVEC (black bars),
HUVEC infected with P. gingivalis strain 381 (gray bars), and HUVEC
infected with P. gingivalis strain DPG3 (open bars), values are the
means * standard errors of the means for three independent experi-
ments. Statistical significance was assigned when the P value was <0.05
(*) or <0.001 (**) compared to uninfected HUVEC.

sociated staining using anti- E- and P-selectin sera compared
to that in uninfected HUVEC cultures. In contrast, we ob-
served minimal staining for E- and P-selectin in P. gingivalis
DPG3-infected HUVEC cultures (Fig. 5B and D).

We observed similar results when we examined cell surface-
associated VCAM-1 and ICAM-1 expression in HUVEC in-
fected with P. gingivalis DPG3. We did not observe a significant
increase in cell-associated ICAM-1 or VCAM-1 expression in
HUVEC infected with P. gingivalis strain DPG3 even following
a 48-h infection (Fig. 6). As expected, we observed a significant
increase in VCAM-1 and ICAM expression in the correspond-
ing P. gingivalis wild-type strain 381 (Fig. 6). These results were
also confirmed by confocal microscopy (data not shown).
Taken together, these results indicate that adherence of P.
gingivalis to HUVEC mediate via fimbriae is required for the
observed stimulation of cell adhesion molecules in P. gingivalis-
infected HUVEC.

P. gingivalis fimbrillin peptides stimulate ICAM-1, VCAM-1,
and E- and P-selectin expression in HUVEC. The results de-
scribed above indicated that adherence of P. gingivalis to en-
dothelial cells mediated via fimbriae could stimulate the pro-
duction of surface-associated cell adhesion molecules. To
determine whether fimbrillin itself could stimulate cell adhe-
sion molecule expression in HUVEC, we utilized a peptide
corresponding to the N-terminal region of the mature P. gin-
givalis fimbrillin protein. As shown above, uninfected HUVEC
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cultures were found to constitutively express low levels of sur-
face-associated ICAM-1 and VCAM-1 (Fig. 7). The addition
of a peptide corresponding to the N-terminal region of the
mature P. gingivalis fimbrillin protein (amino acid 48 to 69)
stimulated the expression of surface-associated ICAM-1 and
VCAM-1, which was statistically significant at 48 h (Fig. 7). In
contrast, HUVEC incubated with a scrambled peptide control
expressed low levels of ICAM-1 and VCAM-1 (Fig. 7). The
addition of P. gingivalis or E. coli LPS also stimulated the
expression of surface-associated ICAM-1 and VCAM-1 (Fig.
7). Only a modest ICAM-1 and VCAM-1 response was ob-
served with a peptide corresponding to amino acid 171 to 185
of the mature fimbrillin (data not shown).

We observed a similar increase in both E- and P-selectin
following stimulation with the fimbrillin-specific peptide. Un-
infected HUVEC cultures were found to constitutively express
low levels of surface-associated E- and P-selectin (Fig. 7). The
addition of a peptide corresponding to the N-terminal region
of the mature P. gingivalis fimbrillin protein (amino acid 48 to
69) stimulated the expression of surface-associated E- and
P-selectin, which was statistically significant at 2 h (Fig. 8).
HUVEC incubated with a scrambled peptide control ex-
pressed low levels of E- and P-selectin (Fig. 8). P. gingivalis or
E. coli LPS was also found to stimulate the expression of
surface-associated E- and P-selectin in HUVEC (Fig. 8). Con-
focal microscopy further confirmed the expression of surface-
associated E- and P-selectin localized to the HUVEC cell
membrane in cultures treated with the fimbrillin peptide and P.

A 100 -

% ICAM-1

=

% VCAM-1

FIG. 7. P. gingivalis fimbrillin peptide stimulates ICAM-1 and
VCAM-1 expression. HUVEC were incubated with media alone
(black bars), a peptide corresponding to the N-terminal region of the
P. gingivalis fimbrillin (amino acids 49 to 68; 10 pg/ml; gray bars), a
scrambled peptide control (10 wg/ml; open bars), P. gingivalis LPS (10
wg/ml; diagonal bars), or E. coli LPS (0.1 pg/ml; stippled bars). Cells
were harvested at 2, 24, and 48 h for FACS analysis for the detection
of ICAM-1 (A) and VCAM-1 (B) expression. Values are the means =
standard errors of the means for three independent experiments. Sta-
tistical significance was assigned when the P value was <0.05 (*) or
<0.001 (**) compared to uninfected HUVEC.
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gingivalis or E. coli LPS (Fig. 8). Taken together, these results
indicate that both P. gingivalis LPS and a peptide correspond-
ing to the N-terminal region of fimbrillin can mimic the sur-
face-associated cell adhesion molecule response observed in P.
gingivalis-infected endothelial cells.

DISCUSSION

Recent studies point to the importance of bidirectional sig-
naling between bacteria and host cells and to the relevance of
this activity in bacterial virulence (1, 15, 16). Contact between
bacterial fimbriae and their complementary receptors on host
cells is a dynamic event that can trigger distinct responses in
host cells as well as in bacteria (1, 8). In the present study we
have established that adherence of P. gingivalis to endothelial
cells mediated via the major fimbriae stimulates the expression
of cell surface-associated ICAM-1, VCAM-1, and E- and P-
selectin. The requirement for bacterial adherence was con-
firmed by the use of the nonadherent, noninvasive P. gingivalis
fimA mutant and by preincubation of P. gingivalis with anti-
fimbrillin peptide-specific sera prior to infection of HUVEC.
We also found that treatment of HUVEC with cytochalsin D,
which prevented P. gingivalis uptake into HUVEC, also pre-
vented the expression of ICAM-1, VCAM-1, and E- and P-
selectin. These results indicate that both adherence and uptake
of P. gingivalis are required for efficient stimulation of these
cell adhesion molecules in HUVEC.

Initial binding of P. gingivalis to host cells is mediated pri-
marily via the major P. gingivalis fimbriae. In vitro, P. gingivalis
fimbriae have been demonstrated to bind to various host cells,
including human epithelial cells, erythrocytes, and gingival fi-
broblasts (5, 25, 39, 41). A P. gingivalis finA mutant (DPG3)
has also been demonstrated to be impaired in its ability to
adhere to and invade epithelial and endothelial cells (10, 27).
Furthermore, the ability of P. gingivalis to invade primary gin-
gival epithelial cells has been correlated with fimA expression
(43). P. gingivalis fimbriae have also been reported to induce
the expression of inflammatory cytokines in human gingival
fibroblasts and mouse peritoneal macrophages and to induce
monocyte adhesion to HUVEC (18, 19, 31-35). A recent study
has demonstrated that P. gingivalis fimbriae use molecules of
the B-2 integrin family (CD18) on mouse macrophages as
cellular receptors and that CD18 may play a functional role in
signaling for the fimbria-induced expression of IL-1B and tu-
mor necrosis factor from these cells (40). Specific domains of
the fimbrillin protein have been shown to be important in
triggering signaling in host cells (31-35, 39). In particular, the
amino-terminal domain corresponding to amino acid residues
49 to 90 of the fimbrillin protein has been demonstrated to
function as a major epithelial cell binding domain of P. gingi-
valis fimbriae (39). Our results indicate that this amino-termi-
nal domain also mediates adherence of P. gingivalis to endo-
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thelial cells and that this peptide domain is sufficient for the
stimulation of ICAM-1, VCAM-1, and E- and P-selectins in
endothelial cells.

Reports vary on whether P. gingivalis infection or P. gingi-
valis components can stimulate cell adhesion molecule expres-
sion in various host cells. In our study, we established that P.
gingivalis outer membrane components, as well as live organ-
isms stimulated the expression of surface-associated VCAM-1,
ICAM-1, and E- and P-selectins. Our results are in contrast to
those of studies which have reported that P. gingivalis LPS does
not stimulate the expression of soluble E-selectin in HUVEC
or that live P. gingivalis does not stimulate neutrophil adhesion
to these cells (6). Another study reported that P. gingivalis
cultures can attenuate the expression of soluble ICAM-1 from
epithelial cells cocultured with human polymorphonuclear leu-
kocytes (23). A third study recently reported that P. gingivalis
inhibits soluble ICAM-1 expression in gingival epithelial cells
(20). Intricate differences in the endothelial cells used in our
study may account for the different results observed for epi-
thelial cells. In addition, the differences reported by previously
published studies and our studies may be due to differences in
the P. gingivalis strains used and to growth of the bacteria used
for the infection assays, as well as the time that cells were
exposed to P. gingivalis cultures or outer membrane compo-
nents. Indeed, we did observe some differences in the ability of
P. gingivalis strains 381 and A7436 to stimulate cell adhesion
molecules. For the studies described herein, P. gingivalis cul-
tures were grown to the logarithmic phase in liquid broth. In
contrast, in studies described by Darveau et al. (6) and Madi-
anos et al. (23), bacteria were grown on agar plates and pre-
sumably the majority of bacteria were in the stationary phase
of growth. P. gingivalis adherence to endothelial cells is maxi-
mal during logarithmic growth (C. A. Genco, unpublished
data). It has also been reported that the fimA promoter activity
decreases by 50% upon culture of P. gingivalis on solid agar
medium (43). Since our studies indicate that P. gingivalis fim-
bria-mediated adherence is required for the stimulation of cell
adhesion molecule expression, organisms isolated from sta-
tionary-phase cultures may not be as effective in adherence and
subsequent activation of cell adhesion molecule expression.
Furthermore, our studies were intended to mimic a chronic
infection in which P. gingivalis was present throughout the
incubation period. We demonstrated that cell surface-associ-
ated adhesion molecule expression was maximal at 48 h postin-
fection. the ability of P. gingivalis to stimulate cell adhesion
molecules at later times may well explain the differences in
previous studies (6, 20, 23, 37) and the results presented in this
study.

Our recent studies presented in an accompanying manu-
script (26) indicate that the initial response following attach-
ment of P. gingivalis to the endothelial cell mediated via fim-
briae includes the expression of IL-8 and MCP-1. Stimulation

FIG. 8. P. gingivalis fimbrillin peptide stimulate P- and E-selectin expression. HUVEC were incubated with media alone (black bars), a peptide
corresponding to the N-terminal region of the P. gingivalis fimbrillin (amino acids 49 to 68; 10 wg/ml; gray bars), a scrambled peptide control (10
pg/ml; open bars), P. gingivalis LPS (10 wg/ml; diagonal bars), or E. coli LPS (0.1 wg/ml; stippled bars). Cells were harvested at 2 h for FACS
analysis (upper panels) or confocal microscopy (lower panels) for the detection of P-selectin (A) and E-selectin (B) expression. Values are the
means * standard errors of the means for three independent experiments. Statistical significance was assigned when the P value was <0.05 ()

or <0.001 (#x) compared to uninfected HUVEC.
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of these chemokines, which function in the recruitment of
neutrophils and monocytes to the endothelial cell, together
with the stimulation of adhesion molecules involved in the
recruitment of leukocytes to sites of inflammation by P. gingi-
valis may play a role in the pathogenesis of systemic inflam-
matory diseases associated with this microorganism, including
atherosclerosis. Recruitment and adhesion of circulating
monocytes and leukocytes to endothelial cells represent the
first steps in an inflammatory reaction that is regulated by a
complex communication between the cell types involved. It is
well-established that leukocyte accumulation is an important
feature of inflammatory diseases, and the infiltration of circu-
lating leukocytes to foci of infection can be instrumental in the
resolution of an infection. However, promoting the infiltration
of leukocytes into atherosclerotic plaque may contribute to an
exacerbation of these lesions and possibly to the initiation of
cardiovascular events. Leukocyte chemotaxis and migration
across the endothelium are modulated by several chemokines,
including IL-8 and MCP-1. Circulating leukocytes adhere to
the endothelial cells of the vessel wall via cell adhesion mole-
cules including selectins, ICAM-1, and VCAM-1. The expres-
sion of surface adhesion molecules can be modulated by host-
derived inflammatory mediators, as well as by microbes or
microbial products. Stimulation of endothelial cells results in
both transient and sustained increases in cell adhesion mole-
cule expression on endothelial cell surfaces and facilitates ad-
hesiveness for neutrophils. Transient increases in endothelial
adhesion are largely attributable to P-selectin, whereas sus-
tained increases are effected by E-selectin and ICAM-I1.
ICAM-1 is thought to facilitate leukocyte attachment and
transendothelial migration at inflammatory sites, whereas E-
and P-selectins mediate neutrophil and monocyte rolling,
which is the end result of tight binding of these cells to endo-
thelial cells (21). E-selectin, ICAM-1, and VCAM-1 are instru-
mental in the recruitment of monocytes and have been de-
tected in human atheromatous lesions (7, 29).

In summary, our studies indicate that P. gingivalis can stim-
ulate cell surface-associated adhesion molecules in endothelial
cells, which is mediated in part by fimbria-mediated adherence.
The ability of P. gingivalis to stimulate cell surface-associated
adhesion molecules in endothelial cells may have important
consequences in the pathogenesis of systemic inflammatory
diseases associated with this organism, including atherosclero-
sis. Studies to define the role of cell adhesion molecule stim-
ulation in a P. gingivalis in vivo infection model system are
currently in progress.
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