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In this study, we demonstrate that Porphyromonas gingivalis fimbriae use molecules of 3, integrin (CD11/
CD18) on mouse peritoneal macrophages as cellular receptors and also show that the {3 chain (CD18) may play
a functional role in signalling for the fimbria-induced expression of interleukin-13 (IL-13) and tumor necrosis
factor alpha (TNF-a) genes in the cells. Using a binding assay with '>*I-labeled fimbriae, we observed that
fimbrial binding to the macrophages was inhibited by treatment with CD11a, CD11b, CD11c, or CD18 antibody
but not by that with CD29 antibody. Western blot assays showed that the fimbriae bound to molecules of 3,
integrin (CD11/CD18) on the macrophages. Furthermore, Northern blot analyses showed that the fimbria-
induced expression of IL-133 and TNF-a genes in the cells was inhibited strongly by CD18 antibody treatment
and slightly by CD11a, CD11b, or CD11c antibody treatment. Interestingly, intracellular adhesion molecule 1
(ICAM-1), a ligand of CD11/CD18, inhibited fimbrial binding to the cells in a dose-dependent manner. In
addition, ICAM-1 clearly inhibited the fimbria-induced expression of IL-13 and TNF-a genes in the cells.
However, such inhibitory action was not observed with laminin treatment. These results suggest the importance
of 3, integrin (CD11/CD18) as a cellular receptor of P. gingivalis fimbriae in the initiation stage of the patho-

genic mechanism of the organism in periodontal disease.

Porphyromonas gingivalis is a predominant periodontal patho-
gen. The microorganism has been shown to adhere to human
gingival fibroblasts and monocytes/macrophages via its fim-
briae (8, 16, 23, 29, 35). Interestingly, a recent study (6) dem-
onstrated clearly that mutation of the fimA gene, encoding
fimbrillin, the major subunit of the fimbriae, prevents bacterial
adherence to host cells. Therefore, P. gingivalis fimbriae are an
important cell structure involved in the adherence of bacteria
to host cells. On the other hand, several investigators (15,
18-20, 22, 27, 28) have shown that P. gingivalis is able to bind
to the extracellular matrix. In fact, we (18, 27) recently dem-
onstrated a role for fibronectin, one of the matrix proteins, as
a regulatory protein in the fimbria-mediated pathogenesis of
the organism.

In addition, our previous studies (8, 10, 11, 26) showed that
P. gingivalis fimbriae are able to induce the expression of in-
flammatory cytokines in human gingival fibroblasts and mouse
peritoneal macrophages and suggested that N-acetyl-p-galac-
tosamine may play a functional role in the interaction of mac-
rophages with fimbriae. However, the cellular receptor for the
fimbriae on the macrophages was not identified in these stud-
ies.

Recently, many investigators (1-3, 5, 13, 14, 21, 25, 30-34)
reported that integrin functions as a cellular receptor for sev-
eral bacterial cell surface components. Therefore, in the pres-
ent study, we examined whether 3, integrin (CD11/CD18) on
monocytes/macrophages functions as a cellular receptor for P.
gingivalis fimbriae on macrophages and which subunit, « or 3,
of the molecule plays a central role in fimbrial signalling.
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We found that P. gingivalis fimbriae are able to bind to mouse
peritoneal macrophages via 3, integrin and that the B chain
(CD18) may play a central role in the signalling required for
the fimbria-induced expression of interleukin-18 (IL-1B) and
tumor necrosis factor alpha (TNF-a) genes in the cells.

MATERIALS AND METHODS

Preparation of P. gingivalis fimbriae and antibody. P. gingivalis ATCC 33277
fimbriae were prepared and purified from cell washings by the method of Yo-
shimura et al. (36) as described previously (8). We (17) previously demonstrated
that purified fimbriae were able to induce several biological activities that could
not be attributed to contaminants in the preparation. The protein content of the
fimbriae was measured by the method of Bradford (4). A monoclonal antibody
against P. gingivalis fimbriae was used as described previously (17).

Antibodies. Rat anti-mouse CD11a monoclonal antibody (clone 8-6-2; Cedar-
lane, Hornby, Ontario, Canada), rat anti-mouse CD11b monoclonal antibody
(clone M1/70.15.1; Serotec, Oxford, England), hamster anti-mouse CD11c¢ mono-
clonal antibody (clone HL3; Pharmingen, San Diego, Calif.), rat anti-mouse
CD18 monoclonal antibody (clone C71/16; Cedarlane), and rat anti-mouse
CD29 monoclonal antibody (clone KM16; Pharmingen) were used in this study.

Preparation of mouse peritoneal macrophages. Thioglycolate-stimulated peri-
toneal exudate cells from 6- to 8-week-old BALB/c mice were harvested. Peri-
toneal macrophages were prepared and purified as described earlier (9). The
prepared macrophages were treated for selected times with test samples.

Preparation of membrane fractions of mouse peritoneal macrophages. The
cells were treated with homogenization buffer (20 mM Tris-HCI [pH 8.0], 0.5
mM CaCl,, 25 mM NaCl) and then centrifuged at 200 X g for 10 min to remove
nuclei. The supernatant was centrifuged at 100,000 X g for 60 min at 4°C. In
addition, the pellets were suspended in binding buffer (50 mM HEPES, 128 mM
NaCl, 5 mM KCl, 5 mM MgCl,, 1.2 mM CacCl,) containing 1% Nonidet P-40 and
0.25 mM phenylmethylsulfonyl fluoride (PMSF) and centrifuged at 100,000 X g
for 60 min at 4°C. The resulting supernatant was used as the soluble membrane
fraction.

Preparation of '*’I-labeled fimbriae. lodination of purified fimbriae was per-
formed with Iodo-Beads iodination reagent (N-chloro-benzenesulfonamide-de-
rivatized nonporous polystyrene beads; Pierce, Rockford, Ill.). In brief, fimbriae
(100 g of protein) were added to phosphate-buffered saline (PBS) solution
containing three Iodo-Beads and !*I-labeled Na (18.5 MBq). The reaction was
stopped 15 min after it was begun, and the beads were applied to a Sephadex
G-25 column to remove the free iodine. The labeled fimbriae were detected as
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FIG. 1. Autoradiogram of '*’I-labeled fimbriae of P. gingivalis on SDS-
PAGE. Arrows show the positions of proteins used as apparent molecular weight
(M. W.) markers.

a single band following sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) (Fig. 1).

Binding of '*5I-labeled fimbriae to mouse peritoneal macrophages. Macro-
phage monolayers formed by mouse peritoneal exudate cells (2 X 10°) seeded
into each well of a 96-well multiple microculture plate were fixed with 8%
formalin. The fixed cells were washed five times with PBS and kept overnight at
4°C. Then, '*I-labeled fimbriae (1 pg of protein) were inoculated into each cell
monolayer, and incubation was carried out for 4 h at 4°C in the absence or
presence of each antibody. Thereafter, the monolayer was washed 10 times with
15 mM phosphate buffer (pH 7.2). The amount of radioactivity bound to the
macrophages was measured with a gamma counter. The experiment was carried
out in triplicate, and the results were expressed as the mean = standard deviation
(SD) percent inhibition.

Immunoprecipitation with a fimbrial monoclonal antibody. Macrophage
membrane fractions (500 pg of protein) were incubated for 12 h at 4°C with
fimbriae (10 ng of protein) in binding buffer containing 1% Nonidet P-40 and
0.25 mM PMSF. Then, the mixtures were treated for 12 h at 4°C with a mono-
clonal antibody specific for the fimbriae in the presence of EDTA (5 mM).
Thereafter, the test samples were incubated for 6 h at 4°C with protein A-labeled
beads (20 wl) and then washed four times with immunoprecipitation buffer (20
mM Tris [pH 7.9], 1% Nonidet P-40, 150 mM NaCl, 20 mM EDTA, 0.25 mM
PMSF, 10 mg of leupeptin per ml).

Western blot analysis with several kinds of antibody. The immunoprecipitates
obtained with the fimbrial monoclonal antibody as described above were sus-
pended in sample buffer (0.06 M Tris [pH 7.9], 2% SDS, 6% 2-mercaptoethanol,
10% glycerol), boiled for 2 min, and then electrophoresed on 5% polyacrylamide
gels (SDS-PAGE). The proteins were transferred to a polyvinylidene difluoride
membrane (Millipore, Bedford, Mass.) by means of a semidry Transblot system
(Atto Co., Tokyo, Japan) with transfer buffer composed of 0.025 M Tris, 0.192 M
glycine, and 20% methanol. The membrane was then washed with 0.1% Tween
20 in Tris-buffered saline (TBS; 100 mM Tris [pH 7.9], 150 mM NaCl) and
blocked with 2% skim milk in TBS containing 0.05% Tween 20 for 12 h. The
membrane was subsequently washed with TBS containing 0.1% Tween 20 and
incubated with each antibody in TBS for 18 h. Rat immunoglobulin G (IgG) was
used as a control antibody. After a wash with TBS containing 0.1% Tween 20, the
membrane was incubated with 2 j.Ci of '*I-labeled sheep anti-rat IgG antibody
(Amersham Japan, Tokyo, Japan) or '*’I-labeled protein A (Amersham Japan)
per ml in TBS for 3 h. Finally, the membrane was washed with 0.1% Tween 20
in TBS and exposed to X-ray film.

¢DNA hybridization probes. Plasmids containing mouse TNF-a and IL-1B
cDNA sequences were provided by T. Hamilton. In addition, a plasmid bearing
B-actin cDNA was obtained from the Japanese Cell Resource Bank (JCRB),
Tokyo, Japan. The methods used for plasmid preparation were described earlier
(24).

Preparation of total RNA and Northern blot analysis. Macrophage monolay-
ers prepared from mouse peritoneal exudate cells (107) were incubated in the
presence or absence of fimbriae (5 pg of protein/ml) that had been pretreated or
not pretreated for 2 h at room temperature with CD11a, CD11b, and CD11c
antibodies or CD18 antibody. After 1 h of incubation, the monolayers were
washed five times with PBS to remove the test samples. Total RNA was then
extracted, and the expression of IL-1B and TNF-a genes in the macrophages was
analyzed by the Northern blot assay as described previously (7). B-Actin was used
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FIG. 2. Binding of '**I-labeled fimbriae to mouse peritoneal macrophage is
inhibited by several antibodies against §, integrin. 1>’I-labeled fimbriae (1 pg of
protein) were added to peritoneal macrophage monolayers formed in each well
of a 96-well multiple microculture plate as described in Materials and Methods.
Then, each monolayer was incubated at 4°C in the absence or presence of each
antibody. The binding of '**I-labeled fimbriae to cells was measured after 4 h.
Rat IgG was used as a control antibody. Each experiment was performed in
triplicate. The results are expressed as the mean *= SD percent inhibition of
binding of '?*I-labeled fimbriae (49,050 *+ 2,571 cpm) in the absence of antibody.
An identical experiment performed independently gave similar results.

as an internal standard for the quantification of total mRNA on each lane of the
gel.

RESULTS

P. gingivalis fimbrial binding to mouse peritoneal macro-
phages is inhibited by CD11/CD18 antibodies. First, using pu-
rified '*°1-P. gingivalis fimbriae (Fig. 1) and several antibodies
against 3, integrin (CD11/CD18) or an antibody against CD29,
we examined whether fimbriae could utilize molecules of B, in-
tegrin on peritoneal macrophages as cellular receptors. As shown
in Fig. 2, fimbrial binding to the cells was inhibited by each
antibody to B,-integrin subunits in a dilution-dependent man-
ner. The inhibitory activity of the CD18 antibody was stronger
than that of the other antibodies. However, no inhibitory effect
was observed with the CD29 antibody. These results suggest
that P. gingivalis fimbriae are able to bind to molecules of 3,
integrin on peritoneal macrophages.

P. gingivalis fimbriae bind to molecules of the {3,-integrin
(CD11/CD18) family on mouse peritoneal macrophages. Next,
we examined by the Western blot assay whether the fimbriae
actually were able to bind to the macrophage-derived 3, inte-
grin (CD11/CD18) and B, integrin (CD29) on peritoneal mac-
rophages. As shown in Fig. 3A to D, the fimbriae bound to each
molecule of B, integrin in the membrane fraction prepared
from the cell homogenates by centrifugation at 100,000 X g.
However, as shown in Fig. 3E, no fimbrial binding to the CD29
molecule in the membrane fraction was detected.

The CD18 molecule plays a central role in the gene expres-
sion of inflammatory cytokines in P. gingivalis fimbria-treated
mouse peritoneal macrophages. Since our previous studies (11,
26) had demonstrated fimbria-induced expression of IL-1p and
TNF-a genes in peritoneal macrophages, it was of interest to
examine which molecules of B, integrin play a central role in
the fimbria-induced expression of these genes in cells. There-
fore, we examined this point by using the Northern blot assay.
Macrophages were pretreated or not pretreated for 2 h with
each antibody, incubated in the presence or absence of fim-
briae, and then analyzed for the expression of IL-13 and TNF-
a genes. As shown in Fig. 4A, B, and C, the fimbria-induced
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FIG. 3. Western blot analysis of binding of P. gingivalis fimbriae to B,-integrin molecules on mouse peritoneal macrophages. Test samples of the cell membrane
fraction prepared by immunoprecipitation of a fimbria-treated fraction with fimbrial antibody as described in Materials and Methods were separated by SDS-PAGE
and blotted onto polyvinylidene difluoride membranes. The membranes were incubated for 18 h with a rat monoclonal antibody against each mouse B,-integrin
molecule or B, integrin (A to E), and then the bound antibody was detected with '?*I-labeled sheep anti-rat IgG antibody. Rat IgG was used as a control antibody.
An identical experiment performed independently gave similar results. M.W., molecular weight.

expression of IL-1B and TNF-a genes in cells was slightly
inhibited by CD11a, CD11b, or CD11c antibody treatment.
Interestingly, CD18 antibody treatment markedly inhibited the
expression of both genes (Fig. 4D). However, the CD29 anti-
body had no effect on the expression of these genes in fimbria-
treated cells (Fig. 4E). Likewise, a control antibody (rat IgG)
also had no effect (data not shown). These results strongly
suggest a central role for CD18 (B chain) in the signalling of
the fimbria-induced expression of the IL-1p and TNF-a genes
in cells and indicate that CD11 (« chain) is not deeply involved
in signalling, although the chain is able to bind to fimbriae.

ICAM-1, a ligand of CD11/CD18, also inhibits fimbrial bind-
ing to mouse peritoneal macrophages. Since intracellular ad-
hesion molecule 1 (ICAM-1) is a ligand of CD11/CD18, we
considered the possibility that fimbrial binding to macrophages
may be inhibited by ICAM-1 treatment. As we expected, ICAM-
1 (Ancell Corp., Bayport, Minn.) indeed inhibited fimbrial bind-
ing to cells in a dose-dependent manner (Fig. 5A). However,
laminin (Koken Co., Tokyo, Japan), a ligand of B, integrin, did
not inhibit fimbrial binding to cells (Fig. 5B). These results
suggest that the fimbriae as well as ICAM-1 uses 3, integrin on
macrophages as a cellular receptor.

ICAM-1 inhibits the fimbria-induced expression of IL-13
and TNF-« genes in mouse peritoneal macrophages. ICAM-1
inhibition of fimbrial binding to macrophages also suggested to
us that the adhesion molecule may be able to inhibit the fim-
bria-induced expression of IL-1f and TNF-a genes in macro-
phages. Therefore, we explored this possibility. In preliminary
experiments, we observed that peak expression of the IL-18
and TNF-a genes in cells occurred at 2 h after the initiation
of ICAM-1 treatment and thereafter that the expression de-
creased to near baseline levels. We also found that the peak of
fimbria-induced expression of both cytokine genes occurred at
1 h after the initiation of treatment (data not shown). There-
fore, the cells were pretreated or not pretreated with [CAM-1
at 50 U/ml for 3 h before the addition of fimbriae and then

were incubated for 1 h in the absence or presence of fimbriae.
As shown in Fig. 6, ICAM-1 at 50 U/ml clearly inhibited the
fimbria-induced expression of the IL-13 and TNF-a genes in
cells. On the other hand, such inhibitory action was not ob-
served with laminin pretreatment (data not shown).

DISCUSSION

Many studies (1-3, 5, 13, 14, 21, 25, 30-34) have shown that
some integrins interact with bacterial cell surface components.
Therefore, we investigated here whether P. gingivalis fimbriae
use molecules of B2 integrin (CD11/CD18) as cellular recep-
tors for binding to mouse peritoneal macrophages, because this
integrin is predominantly expressed on these macrophages.
Our findings clearly indicate such a role for (3,-integrin mole-
cules and a functional role for their B chain in fimbrial signal-
ing.

In an assay for inhibition of '**I-labeled P. gingivalis fimbria
binding with several antibodies against (3, integrin, we ob-
served that the fimbriae were able to bind to molecules of B,
integrin (CD11/CD18) on the cells, suggesting to us that 3, in-
tegrin (CD11/CD18) may be the macrophage cellular receptor
of fimbriae of this bacterium. This suggestion was validated by
the results of the Western blot assay, because the fimbriae
bound to B,-integrin (CD11/CD18) molecules localized in the
macrophage membrane fraction.

We (8, 10, 11, 26) previously showed that P. gingivalis fim-
briae are able to induce the expression of several inflammatory
cytokines, such as IL-la, IL-1B8, TNF-a, JE/monocyte che-
moattractant protein 1 (MCP-1), and KC, by mouse macro-
phages and human gingival fibroblasts. Svanborg et al. (33)
also showed the inducing action of E. coli fimbriae on IL-6
production by urinary epithelial cells. Interestingly, they re-
cently suggested the importance of ceramide, a secondary mes-
senger of the sphingosine pathway, in cytokine expression by
the cells (12). These investigations suggested that inflamma-
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FIG. 4. Effect of B,-integrin antibodies on the fimbria-induced expression of
IL-18 and TNF-a genes in peritoneal macrophages. Peritoneal macrophage
monolayers prepared as described in Materials and Methods were incubated
with or without fimbriae (4 wg of protein/ml) that had been pretreated or not
pretreated for 2 h with each antibody (A to E). After 1 h of incubation, total
RNAs were prepared, and Northern blot analysis was performed with IL-1p,
TNF-a, and B-actin cDNAs as probes. An identical experiment performed in-
dependently gave similar results.

tory cytokines induced via binding of fimbriae to their recep-
tors on host cells play an important role in the pathogenic
mechanism of bacterial fimbriae. Therefore, it was of interest
to us to explore what kinds of cellular receptors on peritoneal
macrophages are involved in P. gingivalis fimbria-induced ex-
pression of various inflammatory cytokines. Since it is known
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FIG. 5. ICAM-1 inhibits the binding of '**I-labeled fimbriae to mouse peri-
toneal macrophages. '*°I-labeled fimbriae (1 wg of protein) were treated or not
treated with ICAM-1 (A) or laminin (B) at the indicated doses in each well of a
microculture plate containing formalin-fixed peritoneal macrophages. The bind-
ing of '*I-labeled fimbriae to cells was measured after 4 h. Each assay was
carried out in triplicate. The results are expressed as the mean = SD percent
inhibition of binding of '*’I-labeled fimbriae (40,050 * 2,171 cpm) in the absence
of test samples. An identical experiment performed independently gave similar
results.
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FIG. 6. ICAM-1 inhibits the fimbria-induced expression of IL-1B8 and TNF-«
genes in peritoneal macrophages. (A) Peritoneal macrophages in each well of a
microculture plate were pretreated or not pretreated for 3 h with ICAM-1 at 50
U/ml and then incubated for 1 h with or without fimbriae (4 pg of protein/ml).
After incubation, total RNAs were prepared, and Northern blot analysis was
performed with IL-1B, TNF-a, and B-actin cDNAs as probes. (B) Quantification
of IL-1B and TNF-a gene expression in panel A was done by densitometry, and
the results are expressed as percent inhibition. An identical experiment per-
formed independently gave similar results.

that B,-integrin molecules are expressed predominantly on
macrophages and function as cellular receptors for several
bacterial cell components and since our Western blot assay
showed binding of the fimbriae to molecules of B, integrin on
mouse peritoneal macrophages, we used a Northern blot assay
to determine if the fimbria-induced expression of IL-13 and
TNF-a genes in the cells occurred via this integrin. CD18
antibody markedly inhibited their expression; however, such
strong action was not detected following treatment with anti-
body to CD11a, CD11b, or CD11c. These observations suggest
a significant involvement of the § chain (CD18) of B, integrin
in the initial stage of signalling in the fimbria-induced expres-
sion of IL-1B and TNF-a genes in these macrophages, al-
though the o chain (CD11a, CD11b, or CD11c) is able to bind
to the fimbriae.

ICAM-1 is a ligand for CD11/CD18 and has five Ig-like
domains; domains 3 through 5 are essential for the binding of
ICAM-1 to integrins. With this fact in mind, we examined
whether the fimbriae have amino acid sequence homology with
domains 3 through 5 of ICAM-1 and found that fimbrillin
contains some regions in its amino acid sequence homologous
to some sites in domains 3 through 5 of ICAM-1. A highly ho-
mologous sequence was located in the region from positions
331 to 346 (homology rate, 44 to 55%) of the fimbriae. This
homology suggested to us the possibility that fimbrial binding
to the macrophages might be inhibited by ICAM-1 treatment.
In fact, this suggestion was proved by our observations that
ICAM-1 significantly inhibited fimbrial binding to the perito-
neal macrophages and also reduced the fimbria-induced ex-
pression of IL-1B and TNF-a genes in the cells, whereas lami-
nin was unable to inhibit fimbrial binding or the fimbria-
induced expression of IL-18 and TNF-a genes in the cells.

Several investigators (14, 32) have shown that molecules of
B, integrin serve as cellular receptors for bacterial cell com-
ponents, such as Bordetella pertussis filamentous hemagglutinin
and Escherichia coli pili and lipopolysaccharide. Also, an in-
teresting study (13) indicated that Rhodococcus equi, an intra-
cellular bacterium that causes disease in individuals with AIDS,
requires CD11b/CD18 to bind to mammalian cells. However,
to our knowledge, no earlier studies have demonstrated that
the B,-integrin cellular receptor plays a functional role in cy-



4060 TAKESHITA ET AL.

tokine expression by promoting adherence of pathogenic bac-
teria to mammalian cells. Our present study is the first to dem-
onstrate that P. gingivalis fimbria-induced expression of IL-13
and TNF-a genes in mouse peritoneal macrophages occurs via
B,-integrin molecules.

On the other hand, we observed that P. gingivalis fimbriae
are also able to bind to human gingival fibroblasts and subse-
quently induce the production of several inflammatory cyto-
kines, such as IL-6 and monocyte chemoattractant protein 1,
by these cells (unpublished data). Therefore, in a future study,
we propose to identify the cellular receptor and the signalling
molecule of the fimbriae on the gingival fibroblasts.

In conclusion, we have demonstrated here that P. gingivalis
fimbriae bind to mouse peritoneal macrophages via (3,-integrin
molecules and that the B chain (CD18) of these molecules
plays an important role in signalling the fimbria-induced ex-
pression of IL-1B and TNF-a genes in these cells.
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