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Alveolar bone resorption can be induced in specific-pathogen-free mice by oral infection with Porphyromonas
gingivalis (P. J. Baker, R. T. Evans, and D. C. Roopenian, Arch. Oral Biol. 39:1035-1040, 1994). Here we used
a mouse strain, C57BL/6J, which is relatively resistant to P. gingivalis-induced bone loss to examine whether
partial or complete deletion of various adhesion molecules would increase susceptibility. Complete deletion of
P-selectin or nearly complete lack of expression of intercellular adhesion molecule 1 (ICAM-1) led to increased
susceptibility to bone resorption after oral infection, while a hypomorphic defect in (3,-integrins did not. Both
the total amount of bone lost and the number of sites at which there was significant loss were increased in mice
deficient in either ICAM-1 or P-selectin. Each of the three adhesion molecule deficiencies was sufficient to
decrease P. gingivalis-specific serum immunoglobulin G responses, but lower antibody titers did not lead to
increased bone loss in partially (3,-integrin-deficient mice. In conclusion, P-selectin and ICAM-1 deficiencies
increase susceptibility to and severity of alveolar bone loss after P. gingivalis infection. This finding underscores
the importance of innate immunity in protection against P. gingivalis-induced alveolar bone resorption.

Periodontal diseases are chronic inflammatory diseases
which destroy the supporting tissues around the teeth and can
lead to tooth loss. One aspect of periodontal disease is resorp-
tion of the alveolar bone, which forms the bony sockets to
which the teeth are anchored (19, 23, 27). In the initiation of
periodontal disease, cells of the innate immune system are
recruited to the gingiva; neutrophils are thought to be protec-
tive against the disease (10). Periodontal disease in humans is
associated with the black-pigmented, gram-negative anaerobic
bacterium Porphyromonas gingivalis (18, 22, 25). Humans de-
velop a variety of adaptive immune responses to P. gingivalis
during the course of the disease (8, 9).

Using a mouse model in which oral infection with P. gingi-
valis results in loss of alveolar bone, we have previously shown
that one aspect of the adaptive immune response, CD4" T
cells and their cytokines, rather than being protective, contrib-
ute to destructive bone remodeling (4). Here, using the same
model, we examine the effects of adhesion molecule deficien-
cies on bone loss. Such deficiencies lead to defects in both
innate and adaptive immunity, due in part to the role of ad-
hesion molecules in extravasation of leukocytes from the cir-
culation into the tissues.

Several families of adhesion molecules are utilized at dif-
ferent steps of the extravasation process. Neutrophil and
macrophage rolling, the initial step in their leaving the
blood vessel, is mediated by selectins upregulated by endo-
thelial cells, such as those in blood vessels, in response to
activation signals such as C5a, interleukin-1B, and tumor
necrosis factor alpha. The integrin family of adhesion mol-
ecules on leukocytes then bind to the intercellular adhesion
molecules (ICAM-1 and ICAM-2) on endothelial cells, at-
taching the leukocytes to the endothelial walls and aiding in
transendothelial migration (28). The B,-integrins consist of
a common [, subunit (CD18) coexpressed with one of sev-
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eral o subunits (CDI1la in lymphocyte function antigen
LFA-1, CD11b in complement receptor type 3 [CR3 or
Mac-1], and CD11c in complement receptor type 4 [CR4 or
p150,95]) (1, 28). All three are present on neutrophils and
macrophages. In addition to their role in granulocyte ex-
travasation, the B,-integrins function in neutrophil phago-
cytosis and respiratory burst (1). ICAM-1 and ICAM-2 are
expressed on leukocytes, epithelium, and fibroblasts in ad-
dition to endothelium and are upregulated by stimulation
with bacterial lipopolysaccharide or inflammatory cytokines
(14).

In addition to their roles in innate immunity, two of these
adhesion molecules are also important in adaptive immunity.
Integrin binding to ICAM-1 is a costimulatory signal for T- and
B-lymphocyte activation, in addition to their extravasation
(12).

In this study, we investigated the consequences of adhesion
defects by comparing three strains of mice with a range of
severity of adhesion deficiencies. One strain has a hypomor-
phic allele at the CD18 locus, resulting in decreased CD18
expression and thus in reduced cell surface expression of all of
the B,-integrins. These mice are a model for the moderate
form of human CD18 deficiency (28). The second mouse strain
is severely but not entirely deficient in ICAM-1; these mice do
express low levels of cell surface ICAM-1, but the expression is
more severely inhibited than is integrin expression in the CD18
mutant mice (21, 28). However, even when mice are com-
pletely deficient in cell surface ICAM-1, neutrophil transendo-
thelial migration is not completely eliminated, indicating that
there are ICAM-1-independent mechanisms for extravasation
(21). Therefore, we also tested a third mouse strain, in which
there is a complete lack of expression of P-selectin. Both
ICAM-dependent and ICAM-independent mechanisms of leu-
kocyte emigration are blocked in P-selectin-deficient mice
(17). The three mutant mouse strains thus provide a graded
series of adhesion defects. We examined the effects of different
degrees of adhesion molecule deficiency on alveolar bone loss
in response to P. gingivalis and on specific antibody responses
after infection.
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FIG. 1. Deficiency of ICAM-1 or P-selectin, but not B,-integrin, increases susceptibility to alveolar bone loss after oral infection with P. gingivalis. Data are the
means and 1 standard error of the mean (n = 8) of the number of millimeters of change in the CEJ-ABC at the total of 14 sites in infected mice compared to
sham-infected mice. Panels A, B, and C show results of separate experiments. (A) Neither wild-type C57BL/6J control mice nor B,-integrin-deficient C57BL/6J mice
lost bone after infection. Data shown for infected mice are not significantly different from those for sham-infected mice (P > 0.05). (B) Wild-type C57BL/6J mice did
not lose bone after infection, but ICAM-1-deficient C57BL/6J mice did. (C) Wild-type C57BL/6J mice did not lose bone after infection, but P-selectin-deficient
C57BL/6J mice did. *, infected mice were different from sham-infected mice (P < 0.05); A, infected mice lost significantly more bone than infected wild-type C57BL/6J

mice did (P < 0.05).

MATERIALS AND METHODS

Animals. Specific-pathogen-free mice were bred and raised at The Jackson
Laboratory (Bar Harbor, Maine). ICAM-1-deficient C57BL/6J-Icam1™ 5% (21),
CD18-deficient C57BL/6J-Itgh2" /5% mice (28), and P-selectin (Selp)-deficient
C57BL/6J-Selp™ 2% mice were produced by gene targeting of strain 129-derived
embryonal stem cells followed by at least 10 generations of backcrossing onto
the C57BL/6J background mice. These mice and their wild-type C57BL/6J con-
trols were kept on a 12-h light-dark cycle and received distilled water and food
ad libitum. The animals within an experiment were age-matched females, 10 to
15 weeks old at the start of experiments. All experiments were approved by the
Animal Care and Use Committee, Bates College.

Bacteria. P. gingivalis ATCC 53977 (A7A1-28) was maintained frozen in de-
fibrinated sheep blood at —70°C and by weekly transfer on supplemented blood
agar (Trypticase soy agar base with 0.1% yeast extract, 5.0 pg of hemin per ml,
0.5 pg of menadione per ml, and 5% defibrinated sheep blood). For experiments,
the bacteria were anaerobically grown under 5% CO,-10% H,-85% N, on
supplemented blood agar at 37°C for 4 to 7 days.

Oral infection. As described previously (4), mice were given sulfamethoxazole-
trimethoprim (Sulfatrim; Goldline Laboratories, Fort Lauderdale, Fla.), 10 ml
per pint in deionized water, ad libitum for 10 days. This was followed by a 3-day
antibiotic-free period. The mice were then infected with 10° CFU of live P.
gingivalis in 100 pl of phosphate-buffered saline with 2% carboxymethylcellulose
(15) placed into the esophagus and oral cavity three times at 2-day intervals.
Controls included sham-infected mice which received the antibiotic pretreatment
and the carboxymethylcellulose gavage but without P. gingivalis. At 47 days after
the first gavage, the mice were euthanized by CO, inhalation.

Recovery of P. gingivalis. A sterile medium-sized paper point (Johnson &
Johnson, East Windsor, N.J.) was held against the gumline of the upper molars
for 5 s and then vortexed in 1 ml of prereduced brain heart infusion broth
supplemented with hemin and menadione. An aliquot plated onto supplemented
blood agar was incubated anaerobically for 4 weeks. P. gingivalis colonies were
identified by their black pigmentation and by Gram stain (2).

P. gingivalis-specific IgG. Blood was collected from each mouse at the time of
euthanasia. Sera were stored at —70°C for later assessment of specific immuno-
globulin G (IgG) antibody by enzyme-linked immunosorbent assay, as described
previously (2), in polystyrene plates (Falcon, Becton-Dickinson Labware, Lin-
coln Park, N.J.) coated with formalin-killed whole P. gingivalis ATCC 53977. The
enzyme-linked immunosorbent assay titer was defined as the reciprocal of the
highest serum dilution (expressed in log,) which produced absorbance readings
more than two standard deviations above background levels. Values in sham-

infected mice were only slightly greater than zero and have been subtracted from
the titers in infected mice shown in Fig. 4.

Alveolar bone loss. Horizontal bone loss around the maxillary molars was
assessed by a morphometric method (15). Skulls were defleshed after 10 min of
treatment in boiling water under 15-1b/in? pressure, immersed overnight in 3%
hydrogen peroxide, pulsed for 1 min in bleach, and stained with 1% methylene
blue. The distance from the cementoenamel junction (CEJ) to the alveolar bone
crest (ABC) was measured at a total of 14 buccal sites per mouse. This mea-
surement is referred to below as CEJ to ABC. Measurements were made under
a dissecting microscope (magnification, X40) fitted with a video image marker
measurement system (model VIA 170; Boeckeler Instruments, Inc., Tucson,
Ariz.) standardized to give measurements in millimeters. Bone measurements
were made a total of three times in a random and blinded protocol by two
evaluators. In some cases the CEJ-to-ABC measurements are shown directly. In
other cases, data are shown as the number of millimeters of bone lost in infected
animals: the “total millimeter change in bone” was calculated by subtracting the
CEJ to ABC of individual mice from the mean CEJ to ABC of groups of
sham-infected mice, totaled for the 14 measurement sites. Since the CEJ-to-ABC
increases if bone is resorbed, this calculation gives negative values of “total
millimeter change in bone” when there has been bone loss.

Statistics. Differences between groups were evaluated by the ¢ test (Excel;
Microsoft).

RESULTS

The effects of deletion of different adhesion molecules on
alveolar bone loss after oral infection with P. gingivalis are
shown in Fig. 1. A hypomorphic allele of CD18, leading to
reduced expression of all B,-integrins, did not render mice
more susceptible to bone loss after infection (P > 0.05), (Fig.
1A). A more severely hypomorphic allele of ICAM-1 (Fig. 1B)
or a complete deletion of P-selectin (Fig. 1C) did, however,
render C57BL/6J mice more susceptible to bone loss (P <
0.05).

Bone loss was not evenly distributed at all sites, and deletion
of ICAM-1 or P-selectin increased its distribution. Although
bone loss in infected wild-type C57BL/6J mice was not signif-
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FIG. 2. ICAM-1-deficient mice show more sites with bone loss after P. gin-
givalis oral infection than do wild-type C57BL/6J mice. Data are the means and
1 standard error of the mean for eight mice. *, infected mice different from
sham-infected mice (P < 0.05).

icant when all 14 sites were considered (Fig. 1), there were
individual sites with significant bone loss (P < 0.05), as shown
in Fig. 2A and Fig. 3A. Infection of ICAM-1-deficient mice
(Fig. 2B) or P-selectin knockout mice (Fig. 3B), but not of
partially B,-integrin-deficient mice (data not shown), induced
bone loss at a greater number of sites.

Increased bone loss was not a result of any differences in
alveolar anatomy in adhesion molecule-deficient mice. The
CEJ to ABC at the various sites was the same in sham-infected
ICAM-deficient and P-selectin-deficient mice as in sham-in-
fected C57BL/6J mice (Fig. 2 and 3). This was also true for the
B,-integrin-deficient mice (data not shown).

Deficiency of any of the three adhesion molecules decreased
antibody responses to oral infection (Fig. 4). P. gingivalis-spe-
cific IgG titers were zero in sham-infected mice and were
significantly (P < 0.05) elevated in infected immunocompetent
C57BL/6J mice. Specific IgG titers were also zero in sham-
infected B,-integrin-, [CAM-1- or P-selectin-deficient mice;
however, in these mice, the titer did not increase after infec-
tion. The titers in infected adhesion molecule-deficient mice
were not significantly different (P > 0.05) from those in sham-
infected adhesion molecule-deficient mice.
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Deficiency of adhesion molecules did not change the relative
P. gingivalis load. Bacteria were sampled from the oral cavity by
using paper points at the end of the experiments (42 days after
the final infection). There were no differences among the three
experiments in Fig. 5 in the percentages of P. gingivalis in the
cultivable anaerobes in infected mice. However, while we did
not observe higher percentages of P. gingivalis in infected ad-
hesion molecule-deficient mice than in infected wild-type mice,
it is still possible that the total bacterial load was greater in the
adhesion molecule-deficient mice.

DISCUSSION

C57BL/6J mice are fairly resistant to alveolar bone loss after
infection with P. gingivalis compared with other immunocom-
petent mouse strains such as BALB/c (P. J. Baker, M. Dixon,
and D. C. Roopenian, submitted for publication). Among the
three adhesion molecules examined, a hypomorphic 3,-inte-
grin allele was not a defect sufficient to overcome the resis-
tance of the C57BL/6J parent strain whereas both a more
severely hypomorphic allele of ICAM-1 and a complete abro-
gation of P-selectin made C57BL/6J mice more susceptible to
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FIG. 3. P-selectin (Selp)-deficient mice have more sites with bone loss after
P. gingivalis oral infection than do wild-type C57BL/6J mice. Data are the
means = 1 standard error of the mean for eight mice. *, infected mice different
from sham-infected mice (P < 0.05).
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FIG. 4. P. gingivalis-specific IgG titers in infected wild-type C57BL/6J mice
and in adhesion molecule-deficient mice. Panels A, B, and C show results of
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from the same eight mice as in Fig. 1 and 5. Titers were zero in sham-infected
mice. *, titers in infected C57BL/6J mice are significantly greater (P < 0.05) than
titers in sham-infected C57BL/6J mice and also significantly greater than titers in
infected B,-integrin-deficient mice (A), ICAM-1-deficient mice (B), or P-selec-
tin-deficient mice (C). Titers in infected adhesion molecule-deficient mice were
not significantly different from the titers in sham-infected adhesion molecule-
deficient mice (N.S., P > 0.05).

bone loss. Whether differential susceptibility in the adhesion
mutants is due to differences in the degree of expression or to
something more specific to the different types of adhesion
molecules remains to be established.

We cannot say definitively whether our results are due to
changes in cell-mediated immunity or changes in innate immu-
nity, although several lines of evidence indicate that impaired
innate immunity is the more plausible explanation. B,-Inte-
grins and ICAMs, but not P-selectin, are involved in lympho-
cyte activation (12). If adaptive immunity is primarily protec-
tive, strains with impaired lymphocyte activation should show
increased bone loss; conversely, if specific immunity does not
protect against bone loss, its abrogation would not increase
bone loss. We have previously shown that the adaptive anti-
body response, particularly the low levels that are induced by
oral infection in this model, is not protective; although anti-
body develops in immune normal mice before the onset of
detectable bone loss, it does not prevent it (3). Here we show
that although antibody responses were decreased in all three
mouse strains (Fig. 4), only two of the three strains showed
increased susceptibility to bone loss after oral infection (Fig.
1). In terms of cell-mediated adaptive immunity, we have pre-
viously reported that CD4™ T cells contribute to alveolar bone
loss induced by oral infection with P. gingivalis (4), a finding
that is consistent with the T-cell response being destructive
rather than protective. If cell-mediated immunity is destruc-
tive, mice with diminished cell-mediated immunity (12, 21)
should show less bone loss, not the increased bone loss we
found in infected adhesion molecule-deficient mice.

An alternative explanation for our results is that susceptibil-
ity is caused by weakened innate antibacterial immune mech-
anisms. Our results do not correlate with the known effects of
adhesion molecules on lymphocytes but are in line with the
degree of inhibition of neutrophils in the three immunodefi-
cient mouse strains. P-selectin-deficient mice exhibited in-
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creased bone loss after infection, but P-selectin is not known to
be directly involved in lymphocyte activation, and mice defi-
cient in B,-integrin, which does function in lymphocyte activa-
tion, did not show increased bone loss. Adhesion molecule
deficiencies decrease the numbers of neutrophils at an infec-
tion site, and the three mouse strains we used vary in the
degree of their neutrophil defects (17, 21, 28). The B,-integrin-
deficient mouse strain we used has the smallest defect in neu-
trophil emigration and did not show altered bone loss com-
pared to immune normal mice, while the P-selectin-deficient
strain has the greatest extravasation defect and exhibited in-
creased susceptibility to bone loss.

If neutrophils are primarily proinflammatory, a defect in
adhesion molecules might be expected to decrease bone loss.
On the other hand, neutrophils are thought to be protective
against periodontal disease and can kill P. gingivalis (10), so
that a decrease might make bone loss worse. Although disease
severity increased in ICAM-1-deficient and P-selectin-deficient
mice, we did not see higher percentages of P. gingivalis in
infected adhesion molecule-deficient mice than in infected im-
munocompetent mice (Fig. 5). However, because we did not
perform limiting-dilution analyses of the total oral flora, we
cannot rule out the possibility that the total bacterial load was
greater in the adhesion-deficient mice.

The integrins were the least inhibited of the molecules and
may have been sufficient to afford protection, since we did not
see increased bone loss in our partially B,-integrin-deficient
mice. Patients with Mac-1 integrin deficiencies often develop
periodontal disease, but the disease severity depends on the
degree of the defect (26). Other contributions of the genetic
background may have overcome the integrin defect. Indeed,
studies have indicated that other inflammatory diseases do not
result from integrin defects unless they are combined with
other defects (6). P. gingivalis can use the integrins (CD11/
CD18) as attachment sites for binding to macrophages, induc-
ing interleukin-13 and tumor necrosis factor alpha gene ex-
pression in these host cells (24). Since these cytokines induce
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was not significantly different (P > 0.05) in C57BL/6J mice from that in B,-
integrin-deficient mice (A), ICAM-1-deficient mice (B), or P-selectin-deficient
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bone resorption (5, 11, 16), integrins may tip the balance to-
ward destructive inflammation rather than protection. If so, an
integrin defect would not promote bone loss, which is in line
with the lack of bone loss in our integrin-deficient mice.

In contrast to the proinflammatory activities of the integrins,
soluble P-selectin is anti-inflammatory in vitro and P-selectin
deficiency leads to a worsening of some experimental inflam-
matory diseases (20). ICAM can also be anti-inflammatory.
Human rheumatoid arthritis patients have been helped by anti-
ICAM antibodies (13), and the improvement was associated
with decreased T-cell activity (7), which is in line with our
previous finding that CD4*-T-cell deficiencies decrease alve-
olar bone loss (4).

These results, in addition to our findings, are most consistent
with a protective role for some adhesion molecules through
their regulation of innate immune mechanisms. The amplifi-
cation of such innate protective immune responses without
inducing destructive adaptive immunity may be a useful way to
prevent periodontal disease.
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