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Porphyromonas gingivalis secretes a serine phosphatase enzyme, SerB, upon contact with gingival
epithelial cells in vitro. The SerB protein plays a critical role in internalization and survival of the
organism in epithelial cells. SerB is also responsible for the inhibition of interleukin-8 (IL-8) secretion
from gingival epithelial cells infected with P. gingivalis. This study examined the ability of a P. gingivalis
SerB mutant to colonize the oral cavity and induce gingival inflammation, immune responses, and alveolar
bone resorption in a rat model of periodontal disease. Both P. gingivalis ATCC 33277 and an isogenic
ASerB mutant colonized the oral cavities of rats during the 12-week experimental period. Both of the
strains induced significant (P < 0.05) systemic levels of immunoglobulin G (IgG) and isotypes IgGl,
IgG2a, and IgG2b, indicating the involvement of both T helper type 1 (Thl) and Th2 responses to
infection. Both strains induced significantly (P < 0.05) higher levels of alveolar bone resorption in infected
rats than in sham-infected control rats. However, horizontal and interproximal alveolar bone resorption
induced by the SerB mutant was significantly (P < 0.05) lower than that induced by the parental strain.
Rats infected with the ASerB mutant exhibited significantly higher levels of apical migration of the
junctional epithelium (P < 0.01) and polymorphonuclear neutrophil (PMN) recruitment (P < 0.001) into
the gingival tissues than rats infected with the wild type. In conclusion, in a rat model of periodontal
disease, the SerB phosphatase of P. gingivalis is required for maximal alveolar bone resorption, and in the

absence of SerB, more PMNs are recruited into the gingival tissues.

One of the predominant polymicrobial infections of hu-
mans is expressed clinically as periodontal disease. A bac-
terial etiology for periodontal diseases is well established,
and a group of Gram-negative, mostly anaerobic bacteria is
associated with the initiation and progression of disease.
Porphyromonas gingivalis is considered one of the more
pathogenic members of this group, and elevated levels of
this organism are associated with an increased risk of peri-
odontal breakdown (4, 54). P. gingivalis produces a variety of
virulence factors that enable colonization of the periodontal
pocket and destruction of the structural components of the
periodontium. These virulence factors include proteolytic
enzymes that can damage host cells, tissues, and immune
response mediators; toxic metabolites; surface components
with immune-modulating activity; and adherence factors
that promote colonization and persistence (7, 8, 15, 18, 21,
22, 35, 38). Moreover, the role of some of these virulence
factors, such as fimbriae and proteases, has been verified in
animal models of periodontal disease (36, 44, 46). P. gingi-
valis is also an intracellular organism that can invade gingi-
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val epithelial cells in culture (37, 39, 58). In addition, P.
gingivalis has been observed within epithelial cells in ex vivo
samples such as gingival biopsy samples (45, 49), and high
numbers of P. gingivalis have been observed within gingival
and buccal epithelial cells obtained from healthy and disease
subjects (5, 50, 51). Mechanistically, P. gingivalis invasion is
mediated through fimbria-mediated attachment to gingival
epithelial cell integrin receptors and cytoskeletal rearrange-
ments that allow the bacteria to enter the cell (64, 65). A key
effector of the invasive process is SerB, a haloacid dehydro-
genase family phosphoserine phosphatase enzyme. SerB is
present in the outer membrane of P. gingivalis, and contact
with gingival epithelial cells induces secretion into the ex-
tracellular milieu (67). Cell-associated and extracellular
SerB impacts host cell signal transduction pathways that
control the cytoskeletal architecture, and treatment of epi-
thelial cells with SerB induces actin microfilament and tu-
bulin microtubule rearrangements (19, 59). Furthermore,
SerB is required for intracellular persistence, as a mutant
lacking SerB is compromised in intracellular survival (59).
An additional role of SerB concerns involvement in the
stealth-like properties of P. gingivalis (18). P. gingivalis is
capable of both inhibiting secretion of interleukin-8 (IL-8)
from gingival epithelial cells and antagonizing IL-8 produc-
tion stimulated by other organisms (9, 23, 26, 60). SerB
activity is required for this innate immune suppression,
known as localized chemokine paralysis (9, 19).
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FIG. 1. Schematic diagram illustrating the experimental design, including rat acclimation, antibiotics treatment, Peridex swabbing, preinfection,
oral microbial sample collection, bacterial infection (6 infections), oral microbial sample collections (two times), PCR analysis, euthanasia, and
gingival tissue and alveolar bone collection. For detailed information, see Materials and Methods.

While SerB is important for invasion, intracellular sur-
vival, and immune suppression in vitro, its contribution to in
vivo pathogenicity has not been addressed. Study of the in
vivo role of P. gingivalis virulence factors has employed a
variety of animal models (16). Among these, the oral infec-
tion model in rodents has been used to study colonization,
periodontal inflammation, immune responses, and induction
of alveolar bone resorption by P. gingivalis (3, 29, 32). The
pathological processes induced by oral infection with peri-
odontal pathogens in rodent models, including gingival and
periodontal ligament destruction and resorption of the al-
veolar bone, resemble those that occur in humans (34). In
this study, we examine the in vivo role of SerB in coloniza-
tion, inflammation, immune response, alveolar bone resorp-
tion, and induction of periodontal disease in rats.

MATERIALS AND METHODS

Bacterial strains and microbial inocula. P. gingivalis strain ATCC 33277 and
its isogenic serB-defective mutant, ASerB (59), were maintained anaerobically
at 37°C on blood agar plates as described previously (32). For infection,
bacteria were suspended at 2 X 10'° bacteria ml™!, as determined by the
optical density at 600 nm (ODy). Bacteria were mixed with equal volumes
of sterile 4% (wt/vol) low-viscosity carboxymethylcellulose (CMC; Sigma-
Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS), and 0.25 ml was
used for infection (2.5 X 10? cells) by oral gavage as described previously (32,
61, 62).

P. gingivalis oral infections and sampling. Female Sprague-Dawley rats (8 to
9 weeks old; Charles River Laboratories, Boston, MA) were maintained in
groups and housed in microisolator cages. Rats were fed standard powdered
chow (Teklad Global 18% protein rodent diet 2918; Harlan, Madison, WI)
and water ad libitum and were kept at 25°C with alternating 12-h periods of
light and dark. All animal procedures were performed in accordance with the
approved protocol guidelines set forth by the Institutional Animal Care and
Use Committee of the University of Florida. In addition, adequate measures
were taken to minimize pain or discomfort of rats during oral infection and
sampling. Rats were administered kanamycin (20 mg/rat) and ampicillin (20
mg/rat) daily for 4 days in the drinking water (32, 33, 53), and the oral cavity
was swabbed with 0.12% chlorhexidine gluconate (Peridex; 3M Espe Dental
Products, St. Paul, MN) mouth rinse (32, 53) to inhibit endogenous organisms
and to promote subsequent colonization of P. gingivalis. After a 3-day anti-
biotic washout period, rats were randomized into three groups (n = 9). The
microbial inocula were administered by oral gavage for 4 consecutive days per
week on 6 alternate weeks for a total of 24 inoculations during 12 weeks of
the experimental infection period (Fig. 1). Sham-infected control rats re-
ceived the vehicle (sterile CMC) only. Oral microbial samples obtained from
isoflurane-anesthetized rats were collected at pre- and postinfections, as
described previously (32, 53). In order to monitor the colonization/infection
with minimal disruption of the biofilms, a total of 2 postinfection microbial

samples (following the fourth and sixth infections) were collected from all
infected rats. Rats were sacrificed, blood specimens were collected, and sera
were stored at —20°C for immunoglobulin G (IgG), IgA, IgM, and IgG
isotype antibody analysis (61, 62). Rat skulls were removed, autoclaved, and
mechanically defleshed with a periodontal scaler for evaluation of alveolar
bone resorption by morphometric and radiographic analysis. The rat jaws
were also suspended in 10% buffered formalin and decalcified for histology
and histomorphometry (61, 62).

Determination of P. gingivalis colonization. DNA was isolated from rat oral
samples using a Wizard genomic DNA purification kit (Promega, Madison, WI).
Subsequently, PCR was performed with a Bio-Rad thermal cycler using the
following 16S rRNA gene species-specific PCR oligonucleotide primers: 5'-TG
TAGATGACTGATGGTGAAAACC-3’ (forward) and 5'-ACGTCATCCCCA
CCTTCCTC-3' (reverse). Genomic DNAs extracted from P. gingivalis parental
and mutant strains served as positive controls, and PCR performed with no
template DNA was the negative control. Each PCR assay could detect at least
0.05 pg of DNA standard.

Serum antibody and IgG subclass analysis. Sera obtained from infected rats
(n = 9) at 12 weeks were used to determine IgG, IgM, IgA, and IgG subclass
(IgG1, IgG2a, IgG2b, and IgG2c) antibody concentrations against whole cells
of the strain of P. gingivalis (wild type or ASerB) used for infection with a
standard enzyme-linked immunosorbent assay (ELISA) (61, 62). Briefly, P.
gingivalis cells were treated overnight with 0.5% formalin in buffered saline
(FK cells), washed, diluted to an ODg of 0.3, and deposited in the wells of
microtiter plates (32). Diluted rat sera (1:100 for IgG and 1:20 for IgM, IgA,
and subclasses of IgG) were reacted with the bacteria for 2 h at room
temperature. After being washed, goat anti-rat IgG, IgG1, IgG2a, IgG2b,
IgG2c, IgM, or IgA conjugated to alkaline phosphatase (1:5,000) (Bethyl
Laboratories, Montgomery, TX) was added (1:500) to the plates, and the
assay was developed with p-nitrophenyl phosphate (Sigma). The assay reac-
tions were terminated by the addition of 3 M NaOH and analyzed at an
OD,s using a Bio-Rad microplate reader. Serum antibody concentrations
were determined using a gravimetric standard curve. The standard curve
consisted of 8 rat IgG concentrations (Sigma), which were coated onto wells,
detected, and developed as described above (61, 62).

Alveolar bone resorption. The pattern of horizontal or interproximal alve-
olar bone resorption induced by P. gingivalis was measured by morphometric
or radiographic methods, respectively. For horizontal bone loss, the rat max-
illae and mandibles (n = 6) were immersed in 3% (vol/vol) hydrogen peroxide
overnight, washed with deionized water, air dried, and stained for 1 min in an
aqueous solution of 0.1% (wt/vol) methylene blue to delineate the cement-
oenamel junction (CEJ) (48, 61, 62). Digital images of both buccal and lingual
root surfaces of all molar teeth were captured under a 10X stereo dissecting
microscope (SteReo Discovery V8; Carl Zeiss Microlmaging, Inc., Thorn-
wood, NY), after superimposition of buccal and lingual cusps to ensure
reproducibility and consistency. The line tool was used to make horizontal
bone resorption measurements from the CEJ to the alveolar bone crest
(ABC). The surface perimeters of the CEJ and ABC were traced using the
calibrated line tool (AxioVision LE 29A software version 4.6.3.). Two blinded
investigators were used, all measurements were performed twice by the same
examiner at separate times, and the means of the measurements for each of
the four quadrants were obtained.
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FIG. 2. IgG, IgG subclass (IgG1, IgG2a, IgG2b, and IgG2c), IgM, and IgA antibody levels in sera collected from rats at the end of 12 weeks
of infection. (A) P. gingivalis wild-type-infected rats (n = 9); (B) P. gingivalis ASerB-infected rats (n = 9). The control used was sera obtained from
sham-infected rats. Whole cells of the P. gingivalis wild type or SerB mutant (according to the infection condition) were used as the antigen in an

ELISA. Error bars indicate standard deviations.

For interproximal bone loss, the maxillac and mandibles were trimmed to
reduce the buccolingual dimensions in order to allow close proximity of the teeth
to the digital Kodak 6000 sensor (Carestream Health, Rochester, NY). Digital
radiographs of the distal and mesial sides of the molars were acquired using
orthogonal projection geometry and an exposure time of 0.08 s at 60 peak kV
[kVp] and 15 mA. All radiographic images were exported into the TACT (tuned
aperture computed tomography) Workbench, and histograms were equalized.
The line tool was used to make vertical bone resorption (interproximal defect)
measurements on the distal and mesial sides of each interproximal surface (2
sites [mesial and distal] per tooth) for each of the molars in each quadrant from
the CEJ to the ABC (i.e., resorption). Measurements were made by investigators
blinded to the group designation. The summation of alveolar bone loss in mil-
limeters was tabulated and analyzed for intra- and intergroup differences (32, 53,
61, 62).

Histomorphometric analysis of periodontal tissue. Infected and control rat
jaws (n = 3) were removed randomly and fixed in 10% buffered formalin.
Bone was decalcified in Immunocal (Decal Chemical, Tallman, NY) for 28
days at 4°C (61, 62). The decalcified tissue was embedded in paraffin blocks,
4-um sections were prepared and stained with hematoxylin and eosin, and
whole slides were digitally scanned with a ScanScope CS system (Aperio,
Vista, CA). The scanned slides were viewed with ImageScope viewing soft-
ware (Aperio). The inflammation of the supracrestal gingival connective
tissue between the molars in each specimen at consecutive sections or levels
10 and 20 was examined based on multiple parameters, including apical
migration of the junctional epithelium (JE), rete ridge elongation, interdental
crestal alveolar bone resorption, lymphocyte numbers, and blood vessel den-
sity (14, 57). The number of lymphocytes per unit area (0.05 mm by 0.05 mm)
was counted in the area of the JE and adjacent connective tissue (14, 57, 61,
62). The apical migration of the JE, elongation of rete ridges, and resorption
of alveolar bone was measured using ImageScope software with a microgrid
at a magnification of X200. The distances from the CEJ to the coronal
portion of the connective tissue attachment (apical migration), from the CEJ
to the apical portion of the rete ridge, and from the CEJ to the level of the
alveolar bone crest were measured (14, 57, 61, 62).

Quantitation of neutrophils. Immunohistochemical analysis for polymor-
phonuclear neutrophils (PMNs) was performed on paraffin-embedded rat
tissue sections as described previously (17). Tissue sections were deparaf-
finized in xylene and rehydrated in decreasing concentrations of alcohol.
Unmasking was performed using sodium citrate, and endogenous peroxidase
activity was blocked with 3% hydrogen peroxide. Slides were reacted with
rabbit anti-rat PMN antibody (Accurate Chemical and Scientific Corp., West-
bury, NY) followed by secondary alkaline phosphatase anti-rabbit IgG. Vi-
sualization was performed with Vector red alkaline phosphatase (Vector
Laboratories, Burlingame, CA), followed by hematoxylin QS counterstaining
(Vector Laboratories). PMNs were counted in 10 randomly chosen high-
powered fields per slide (3 slides/group).

Osteoclast analysis of alveolar bone. Following 12 weeks of infection, rat right
maxillae (n = 3) were decalcified and embedded in paraffin, and sections at 4 pm
were prepared and stained for tartrate-resistant acid phosphatase (TRAP;
Sigma). The TRAP-stained whole slides were digitally scanned immediately with
a ScanScope CS system (Aperio) to minimize color fading. The scanned slides
were viewed with ImageScope viewing software (Aperio). The right maxillary
interdental areas of the crestal alveolar bone from the first molar to third molar

were used to quantify osteoclasts (31, 42, 68). Activated osteoclasts were iden-
tified as multinucleated dark red cells.

Statistical analysis. Antibody and alveolar bone resorption data were analyzed
using Kruskal-Wallis analysis of variance (ANOVA) with Dunn’s correction for
multiple comparisons. Inflammatory marker and osteoclast data were analyzed
by the Mann-Whitney test with Welch’s correction. PMN counts were compared
using the Tukey-Kramer multiple-comparison test.

RESULTS

Oral bacterial infections. Prior to infection, we examined
all rats by PCR of oral samples using P. gingivalis-specific
primers, and all rats were negative for P. gingivalis genomic
DNA. PCR evaluations of the oral samples collected at 2
time points postinfection demonstrated that 100% of rats
were infected with P. gingivalis during the experimental peri-
odontal disease period. PCR products were examined by
electrophoresis and scanning densitometry, and no differ-
ences were observed between samples obtained from parent
strain- or mutant-infected rats. None of the sham-infected
control rats were positive for P. gingivalis during the study
period.

Antibody responses to oral infections. To investigate the
antibody responses to P. gingivalis wild-type and ASerB mutant
infection, we measured the levels of species-specific IgG, IgM,
IgA, and IgG subclass (IgG1, IgG2a, IgG2b, and IgG2c) anti-
bodies in rat sera after 12 weeks of oral infection. Sera ob-
tained from rats in the P. gingivalis wild-type-infected group
displayed robust levels of anti-whole-cell-specific IgG antibody
following oral infection compared with those levels in sera
obtained from sham-infected control rats (Fig. 2A). In addi-
tion, rats infected with the SerB mutant also produced signif-
icant levels of anti-whole-cell-specific IgG antibody (Fig. 2B).
The P. gingivalis wild type induced low levels of IgM and
undetectable levels of IgA antibodies. In comparison to the
parental strain, the SerB mutant induced approximately 10-
fold-lower IgG levels, along with >10-fold-higher IgM and IgA
levels (P < 0.001).

In order to more fully evaluate the characteristics of the IgG
antibody responses, we determined the IgG antibody subclass
responses. In P. gingivalis wild-type infection, the IgG2b sub-
class levels were significantly (P < 0.001) higher than the IgG1,
IgG2a, and IgG2c antibody levels (Fig. 2A). In ASerB mutant
infection, the IgG1 and IgG2b subclass levels were equal and
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FIG. 3. Maxillary (A), mandibular (B), and combined (C) morphometric horizontal area alveolar bone resorption in rats (n = 6) following
infection with the P. gingivalis wild type or SerB mutant strain. Each bar indicates the mean level of horizontal area alveolar bone loss for the
distance measured between the cementoenamel junction and alveolar bone crest of three molar teeth. Error bars indicate standard deviations.
Asterisks denote significant differences from values obtained with sham-infected control rats (P < 0.05). Pg, P. gingivalis; SerB, ASerB; Cont,

sham-infected control.

were higher (P < 0.001) than the IgG2a and IgG2c antibody
levels (Fig. 2B). Additionally, SerB mutant infection induced a
higher (P < 0.001) concentration of IgG1, IgG2a, and IgG2c
subclass antibodies than that induced by wild-type P. gingivalis.

Horizontal alveolar bone resorption. Infection with either
wild-type or SerB mutant strains induced maxillary palatal
areas of alveolar bone resorption, which were measured mor-
phometrically and found to be significantly greater (P < 0.05)
than those of the control uninfected rats (Fig. 3A). However,
infection with the SerB mutant induced less (P < 0.05) man-
dibular alveolar bone loss than wild-type P. gingivalis (Fig. 3B),
and combined total palatal (mandibular and maxillary) bone
loss was not significantly higher in the SerB mutant-infected
animals than in control animals (Fig. 3C).

Interproximal alveolar bone resorption. To corroborate
our observations of horizontal area alveolar bone loss, dig-
ital radiographic analyses of vertical alveolar bone loss were
also performed. All interproximal bone loss measurements
were taken from the CEJ to the most coronal level of the
crestal alveolar bone to the mesial and distal sides of the
three molars. P. gingivalis wild-type infection resulted in
significantly increased maxillary and mandibular interprox-
imal alveolar bone loss at 12 weeks of infection compared
with that of sham-infected rats (P < 0.05) (Fig. 4). In con-
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trast, infection with the SerB mutant demonstrated de-
creased vertical bone loss compared to that resulting from
wild-type P. gingivalis infection (P < 0.05) and showed no
significant increase over that of sham-infected control rats
(Fig. 4). These data confirm the in vivo-altered virulence
potential of the SerB-deficient mutant.

Histological evaluation of inflammation and bone loss. In
order to examine the levels of inflammation associated with
wild-type and SerB mutant infection, sections of maxillae at
consecutive levels 1, 10, and 20 were examined histologically
for inflammatory markers. The sham-infected control rat
maxilla exhibited minimal hyperplasia of the crevicular ep-
ithelium with scattered chronic inflammatory cells (PMNs
and lymphocytes), lack of migration of the junctional epi-
thelium (JE), and minimal inflammation in the connective
tissue (Fig. 5A). In contrast, the rats infected with both
parental and mutant P. gingivalis strains showed prominent
epithelial hyperplasia, apical migration of the JE, an in-
crease in the number of blood vessels, and dense inflamma-
tory infiltrates in the connective tissue (Fig. 5B and C). In
addition, there was extensive intra- and subepithelial edema
in response to both parent and mutant strains (Fig. 5D and
E). Quantitation of inflammatory markers (Table 1) con-
firmed a significant increase in apical migration of the JE,
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FIG. 4. Maxillary (A) and mandibular (B) radiographic interproximal alveolar bone resorption in rats (n = 6) following infection with the P.
gingivalis wild type or SerB mutant strain. Each bar indicates the mean level of interproximal alveolar bone loss for the distance measured between
the cementoenamel junction and alveolar bone crest at mesial and distal sites of three molar teeth (6 sites). Error bars indicate standard deviations.
Asterisks denote significant differences from values obtained with sham-infected control rats (P < 0.05). Pg, P. gingivalis; SerB, ASerB; Cont,

sham-infected control.
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FIG. 5. Comparative histology (hematoxylin and eosin staining) of alveolar bone sections from the maxillae of rats after 12 weeks of infection
with the P. gingivalis wild type or ASerB strain. (A) Section from a control rat displaying minimal inflammation, lack of migration of the junctional
epithelium (JE), and minimal inflammation in the connective tissue (CT). (B) Section from a P. gingivalis wild-type-infected rat showing migration
of the JE, an increase in the number of blood vessels (BV) (short black arrows), and dense inflammatory infiltrates (I). (C) Section from a SerB
mutant-infected rat also exhibiting migration of the JE (long arrow shows direction of apical migration), prominent epithelial hyperplasia (EH)
(white arrows), dilated blood vessels, and dense inflammation. Images are shown at 200X magnification. (D) P. gingivalis wild-type-infected tissue
demonstrating extensive intra- and subepithelial edema (*), with prominent epithelial hyperplasia. (E) SerB mutant-infected tissue exhibiting
extensive intra- and subepithelial edema (*), proliferation of blood vessels, epithelial hyperplasia, and migration of the JE. Images are shown at
600X magnification and are representative of over 5 rats from each group.

lymphocyte infiltration, and blood vessel density induced by
the wild-type and ASerB strains in comparison to those in
sham-infected control tissues. Furthermore, both strains in-
duced significant elongation of rete ridges. Thus, while the
SerB mutant caused significantly less alveolar bone resorp-
tion, the inflammatory response to the mutant was not ab-
rogated; indeed, apical migration of the JE was significantly
higher in rats infected with the mutant than in parent strain-
infected rats. These results suggest that inflammation is not
directly related to alveolar bone resorption and, further,
that the SerB enzyme can limit, to some extent, inflamma-
tory responses to P. gingivalis. As SerB, suppresses produc-
tion of the neutrophil chemokine IL-8 in vitro (9), we
counted the numbers of PMNs in the tissues of infected and
control rats. PMN recruitment into the gingival tissues was
significantly (P < 0.001) increased in rats infected with the

SerB mutant compared to that in rats infected with the
parental strain (Fig. 6). Thus, the ability of SerB to antag-
onize IL-8 production in vitro is reflected in vivo through
decreased neutrophil chemotaxis.

Osteoclast analysis of alveolar bone. To determine if the P.
gingivalis strains induced differing levels of osteoclasts,
which could be responsible for the alveolar bone resorption
pattern, osteoclasts in rat maxillae were quantitated. In the
interdental area from molars 1 to 3, wild-type P. gingivalis
infection induced a mean of 10.0 = 1.18 activated oste-
oclasts (Fig. 7A and B), which was significantly (P < 0.005;
n = 8) higher than the mean of 5.1 = 0.81 osteoclasts found
in the same area in sham-infected control rats (Fig. 7D).
Infection with the SerB mutant strain (Fig. 7C) did not show
a statistically significant increase in osteoclast number
(5.1 £ 0.81) compared to those of the controls (P > 0.05).
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TABLE 1. Histometrical analysis of rat periodontal tissue after infection with P. gingivalis ATCC 33277 or the SerB mutant

Value for':
Histological parameter
Control ATCC 33277 ASerB

Apical migration (um) 24.4 = 14.4 80.5 + 27.8° 96.5 = 10.3¢
Rete ridge elongation (pum)”" ) 36.1 =129 73.7 = 26.3¢ 84.1 = 21.2°
Alveolar bone resorption (pwm)’ 234.0 = 31.9 330.8 £ 44.6¢ 266.7 + 33.7°
No. of lymphocytes per 0.05- by 0.05-mm area 40x14 8.0 = 3.8 6.2 =247
Blood vessel density (no. of blood vessels per 0.05- by 0.05-mm area) 27*14 52+19 7.0 *2.1°

“ Significantly higher than values obtained with the sham-infected control group (P < 0.05).
® Significantly higher than values obtained with the sham-infected control group (P < 0.01).
¢ Significantly higher than values obtained with the sham-infected control group (P < 0.001).

“ Significantly higher than values obtained with the P. gingivalis group (P < 0.05).

¢ Significantly different from values obtained with the P. gingivalis group (P < 0.01).

/Values are presented as means * standard deviations (n = 5 to 11).

& Distance from the CEJ to the coronal portion of the connective tissue attachment (apical migration of the JE).

’f Distance from the CEJ to the apical portion of the rete ridge.
! Distance from the CEJ to the level of the ABC.

These results indicate that the reduced crestal alveolar bone
loss in the SerB mutant-infected animals is due to fewer
activated osteoclasts.

DISCUSSION

Tightly controlled patterns of protein phosphorylation/
dephosphorylation control a multitude of signal transduc-
tion processes in both eukaryotes and prokaryotes. In bac-
teria, signal transduction frequently involves histidine
phosphorylation/dephosphorylation-based two-component
systems. However, serine/threonine kinases and phospha-
tases are emerging as major contributors to bacterial control
mechanisms, and these enzymes have been described in
Yersinia, Pseudomonas aeruginosa, Listeria monocytogenes,
Streptococcus agalactiae, Staphylococcus aureus, Bacillus an-
thracis, and Streptococcus mutans, where they contribute to
virulence (11, 24, 47). Serine/threonine kinases and phos-
phatases have been shown to play a role in the molecular
dialog between bacteria and host cells. For example, Shigella
flexneri produces a dually specific phosphatase, OspF,
that dephosphorylates mitogen-activated protein kinase
(MAPK), which in turn prevents histone H3 phosphoryla-
tion (1). A reduction in the level of H3 phosphorylation
impedes access of the transcription factor NF-kB to the
chromosome, and thus, transcription of NF-kB-responsive
genes such as IL-8 is reduced. The P. gingivalis serine phos-
phatase SerB is involved in internalization and survival in
gingival epithelial cells (59). SerB is functional within epi-
thelial cells, interacting with cytoplasmic GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) and HSP90 and
modulating microtubule dynamics. SerB also regulates the
dynamics of the actin cytoskeleton and inhibits the produc-
tion of IL-8 (19). SerB thus plays numerous roles in P.
gingivalis-host cell interaction, and in this study we estab-
lished a direct role of SerB in P. gingivalis virulence in a rat
model of periodontitis.

The SerB mutant induced less alveolar bone loss than the
parental strain. Both horizontal alveolar bone loss and in-
terproximal alveolar bone loss was lower in rats infected
with the ASerB strain than in those infected with the wild
type. These results indicate that loss of SerB function in P.

gingivalis reduces virulence and establish a direct role for
the SerB serine phosphatase in alveolar bone loss. As both
the parental and mutant strains colonized the rat oral cavity
to the same degree, these results also provide indirect evi-
dence for the importance of intracellular invasion in P.
gingivalis pathogenicity. Moreover, reduced virulence of the
invasion-deficient SerB mutant corroborates reports that P.
gingivalis strains isolated from diseased sites possess greater
in vitro invasion efficiencies than strains isolated from
healthy sites (25). Together with studies that P. gingivalis
mutants lacking FimA fimbriae, a major invasion effector,
are less virulent in animal models (44), a picture emerges of
intracellular invasion as an important contributor to alveo-
lar bone loss, and disruption of the invasive process renders
P. gingivalis less virulent. Interestingly, despite the reduced
bone loss resulting from infection with the SerB mutant, the
maxillary gingival inflammatory response to both organisms
was similar and, indeed, in some cases elevated in response
to the SerB mutant. Rete ridge elongation, blood vessel
density, and lymphocyte infiltration were elevated to similar
extents by both the wild-type and mutant strains. However,
apical migration of the junctional epithelium (JE) and neu-
trophil infiltration were significantly increased in response
to ASerB. The adverse effects on the JE may result from the
inability of the SerB mutant to penetrate the tissue and thus
remain extracellular. Extracellular P. gingivalis organisms
are more intensely proteolytic than their intracellular coun-
terparts (63), and protease activity may contribute to apical
migration of the JE (20, 30). Enhanced PMN infiltration in
response to the mutant is likely the direct result of the loss
of the SerB enzyme. In vitro, SerB inhibits production of
IL-8 from gingival epithelial cells (9). Reduced amounts of
IL-8 in the gingival tissue will impede recruitment of PMNs,
and hence, in the absence of SerB, PMN recruitment will
increase. These results show that localized chemokine pa-
ralysis induced by P. gingivalis also occurs in vivo through the
action of SerB. In addition, the proinflammatory properties
of the SerB mutant also support the concept that acute
inflammation is not a proximate cause of bone resorption
(43, 55). Furthermore, neutrophil responses in this model
system are associated with protection against bone loss. This
notion is supported by the finding of increased periodontitis
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FIG. 6. PMN recruitment in rat tissue following infection with the P. gingivalis wild type (33277) or ASerB. Cont, sham-infected control.
(A) Mean PMN counts in a microscope field. Error bars indicate standard deviations (n = 30). *, P < 0.05; *%x, P < 0.001. (B, C) P. gingivalis
wild-type-infected (B) and SerB mutant-infected (C) rat tissue stained with anti-PMN antibody (200X magnification). Images are representative
of 30 examined in each group.

severity in congenital diseases such as leukocyte adhesion
deficiency, Chediak-Higashi syndrome, Papillon-Lefévre
syndrome, and chronic/cyclic neutropenia, in which neutro-
phil recruitment is compromised (12). Moreover, IL-17 re-
ceptor-deficient mice show greater P. gingivalis-induced
bone loss as a result of a defective ability to stimulate PMN
migration (66). Impaired PMN activity may fail to ade-
quately control the bacterial challenge or may disrupt cyto-
kine networks that control bone formation and resorption.

An ELISA of rat sera showed that infection with either
parent or mutant P. gingivalis induced elevated IgG antibody
responses. However, the level of IgG induced by the SerB
mutant was approximately 10-fold less than that induced by
the parent strain. These results indicate that antibody re-
sponses to infection by P. gingivalis are not protective
against bone loss induced by the infecting organisms. Simi-

33277

larly, previous studies in mice and rats have found that
serum IgG to P. gingivalis does not protect against bone loss
(2, 46, 61, 62). Furthermore, disease severity in humans can
show a positive correlation with levels of IgG against P.
gingivalis (6, 13, 52). In contrast, IgM and IgA responses to
ASerB were higher than those to the parental strain. Ele-
vated levels of IgA may be a reflection of the impaired
ability of the SerB mutant to enter epithelial cells, and thus,
these bacteria remain extracellular and capable of stimulat-
ing mucosa-associated lymphoid tissue. Higher IgM and
lower IgG levels may also reflect an inability of the ASerB
strain to penetrate the gingival tissues. The predominant
IgG subclass response following infection with either the
parental or mutant strain of P. gingivalis was 1gG2b (T
helper type 1 [Thl]) followed by IgG1l (Th2) and IgG2a
(Thl), indicating stimulation of both Thl and Th2 re-
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FIG. 7. Representative histological sections with TRAP staining showing osteoclastic activity from the right maxillae of rats. (A) P. gingivalis
wild-type infection demonstrating an alveolar bone crest and tooth with numerous osteoclasts (yellow arrows) in the area of the alveolar bone crest
(white arrow). Magnification of X100. (B) Higher magnification (X200) of the same area as shown in panel A, demonstrating Howship’s lacunae
and osteoclasts. (C) Infection with the SerB mutant demonstrating the alveolar bone crest (white arrow), interdental area, and few osteoclasts
(yellow arrow). Magnification of X100. (D) Sham-infected control with minimal osteoclastic activity (yellow arrow). Magnification of X100.

sponses. Both Th1l- and Th2-type responses have been re-
ported in experimental animals infected with P. gingivalis
and in humans with periodontal disease (10, 27, 28, 40, 41,
56), indicating that complex inflammatory and immune re-
sponses are involved in the progression of periodontal dis-
ease, and the balance between Thl and Th2 activities may
be important in determining whether the responses induced
are protective or destructive.
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