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Integrin �v�6 is generally not expressed in adult ep-
ithelia but is induced in wound healing, cancer, and
certain fibrotic disorders. Despite this generalized ab-
sence, we observed that �v�6 integrin is constitu-
tively expressed in the healthy junctional epithelium
linking the gingiva to tooth enamel. Moreover, ex-
pression of �v�6 integrin was down-regulated in hu-
man periodontal disease, a common medical condi-
tion causing tooth loss and also contributing to the
development of cardiovascular diseases by increasing
the total systemic inflammatory burden. Remarkably,
integrin �6 knockout mice developed classic signs of
spontaneous, chronic periodontal disease with char-
acteristic inflammation, epithelial down-growth,
pocket formation, and bone loss around the teeth.
Integrin �v�6 acts as a major activator of transform-
ing growth factor-�1 (TGF-�1), a key anti-inflamma-
tory regulator in the immune system. Co-expression
of TGF-�1 and �v�6 integrin was observed in the
healthy junctional epithelium. Moreover, an antibody
that blocks �v�6 integrin-mediated activation of
TGF-�1 initiated inflammatory periodontal disease in
a rat model of gingival inflammation. Thus, �v�6
integrin is constitutively expressed in the epithelium
sealing the gingiva to the tooth and plays a central
role in protection against inflammatory periodontal
disease through activation of TGF-�1. (Am J Pathol
2008, 172:1271–1286; DOI: 10.2353/ajpath.2008.071068)

Integrin �v�6 is an exclusively epithelial receptor that is
expressed during tissue development but is absent from
normal healthy epidermis and oral mucosa.1 Expression
of �v�6 integrin is induced in wound keratinocytes of

epidermis and oral mucosa, in cancer, and under certain
inflammatory conditions.2–5 Integrin �6 subunit pairs ex-
clusively with �v subunit, and the elimination of the �6
subunit leads specifically to �v�6 integrin deficiency.
Inactivation of the �6 integrin gene results in mild inflam-
matory changes in the skin and lungs.6 These changes
are associated with altered signaling of transforming
growth factor-�1 (TGF-�1).

TGF-�1 belongs to a family of polypeptides that has
multiple regulatory functions in tissue repair and the im-
mune system.7,8 It is secreted from cells as a latent
precursor complex, consisting of the mature dimeric growth
factor, the latency-associated propeptide (LAP), and la-
tent TGF-�1-binding protein (LTBP1). The secreted latent
TGF-�1 complex is bound to the extracellular matrix via
LTBP1,9 and LTBP1 plays a role in its activation.10–12 The
activation and release of latent TGF-�1 is a complex pro-
cess involving conformational changes that can be intro-
duced by many mechanisms, including proteolytic cleav-
age of LAP by plasmin, thrombin, matrix metalloproteinases
(MMPs), or endoglycosidases, cross-linking by transglu-
taminase, steroids, or active oxygen species, or binding to
thrombospondin-1 (TSP-1) or �v�6 integrin. In the �v�6
integrin-mediated activation of TGF-�1, �v�6 integrin binds
to the RGD sequence of LAP in the extracellular matrix-
bound latent TGF-�1 complex.13,14 This binding generates
a retractile force leading to a conformational change in LAP
and a subsequent release of active TGF-�1.14

Small basal levels of TGF-�1 expression had been
found in keratinocytes in normal mouse and human epi-
dermis, where it acts as an anti-proliferative agent.15,16

Inhibition of epithelial cell proliferation by TGF-�1 in-
volves up-regulation of cyclin-dependent kinase inhibi-
tors p15 and p21.17,18 One of the most recognized func-
tions of TGF-�1 is, however, in immunoregulation.19,20

This is evidenced by the fact that TGF-�1-knockout mice
die a few weeks after birth from massive infiltration of
lymphocytes and macrophages in many organs.21,22

TGF-�1 acts as an anti-inflammatory agent through its
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immunosuppressive action on T cells and macrophages.
Involvement of �v�6 integrin-mediated activation of
TGF-�1 in the regulation of lung and skin inflammation
has been demonstrated in �6 integrin-deficient mice.6

Double-knockout mice for �6 integrin and TSP-1 have a
more severe inflammatory phenotype that resembles that
of TGF-�1-null mice although in milder form.23 Recent
evidence indicates that integrin-mediated activation of
TGF-�1 plays a major role in immunoregulation in vivo.
Mice with a nonfunctional variant of the RGD sequence
(RGE) in LAP, the ligand for �v�6 integrin, cannot acti-
vate TGF-�1 and, therefore, develop multiorgan mononu-
clear cell infiltrations.24 Thus, it is likely that integrin-
mediated activation of TGF-�1 regulates inflammation in
many tissues, including soft tissues of the oral cavity.

Periodontal diseases affect a large segment of the adult
population leading to loss of teeth and also contributing to
the total inflammatory burden associated with systemic con-
ditions such as cardiovascular diseases.25,26 Junctional
epithelium (JE) plays a critical role in the adhesion of
gingiva (gum) to tooth enamel and cementum, and this
unique epithelium continuously renews itself by prolifer-
ating and migration along the tooth surface.27,28 JE is
also a critical tissue barrier, which, when breached by
oral bacteria, initiates a robust, leukocyte-mediated im-
munological defense reaction within the gingival tissues.
In periodontal disease, oral microbes and the host re-
sponse induce JE to migrate apically and invade the
gingival connective tissue during its transformation to
pocket epithelium. Inflammation around the pocket epi-
thelium then leads to the resorption of alveolar bone
around the tooth, and thus also to the loss of the peri-
odontal ligament attachment, which is normally respon-
sible for suspending the tooth within the bone. The spe-
cific role of TGF-�1 activation by �v�6 integrin or by other
mechanisms in the maintenance or regulation of the im-
mune defense in the gingiva is not known. It is known,
however, that the periodontal disease process involves an
imbalanced Th1/Th2 cytokine profile, resulting in high levels
of interleukin-1� (IL-1�) and low levels of TGF-�1.29

In the present study, we investigated the hypothesis
that �v�6 integrin-mediated TGF-�1 activation in the JE
plays a major protective role in inflammatory periodontal
disease. We report that �v�6 integrin is constitutively
expressed in human and murine JE and that �6 integrin-
knockout mice develop all of the classic hallmarks of
chronic periodontal disease. We further show in a rat
model that initial signs of periodontal disease can be
introduced by local blocking of �v�6 integrin-mediated
TGF-�1 activation. In addition, �v�6 integrin is strongly
down-regulated in human periodontal disease, poten-
tially by Porphyromonas gingivalis, the main pathogen for
chronic periodontitis in humans.

Materials and Methods

Human Tissue Specimens

All of the procedures were approved by the Ethics Com-
mittee for Clinical Human Experimentation at the Univer-

sity of British Columbia. Twenty-one patients (15 males
and 6 females; average age, 50 years) who presented
with untreatable teeth requiring extraction for periodontal
or other reasons and which could be feasibly extracted
with gingival tissue attached were included in the present
investigation. A total of 35 teeth were sampled. Both teeth
with normal gingival apparatus (healthy controls) and
teeth with periodontal involvement (deep pockets ex-
ceeding 5 mm and representing periodontal disease)
were collected. A cohort of these patients were included
in a wound healing study in which gingival tissue from
periodontally involved teeth was excised from the tooth
with a small blade, followed by curettage of the periodon-
tal pocket using routine dental techniques. Tissue was
then left to heal up to 28 days before the tooth with
repairing tissue was extracted (minimum of two individu-
als per time point). Gingival tissue was removed from the
tooth using a dental chisel and a dissecting microscope.
Tissue samples were then placed in Tissue-Tek (OCT
compound; Sakura Finetek USA, Inc., Torrance, CA) and
snap-frozen in liquid nitrogen. Frozen sections (6 to 8
�m) were then cut using a cryostat and stored at �80°C
until used for immunolocalization studies.

In one group of specimens, the tooth substance was
carefully removed using a diamond bur, leaving only a
thin layer of tooth with undisturbed soft tissue, including
the JE, attached to it. The samples were then fixed with
4% formaldehyde in phosphate-buffered saline (PBS; pH
7.2) at room temperature for 2 hours. After this, the spec-
imens were transferred into a decalcifying solution con-
taining 12.5% ethylenediaminetetraacetic acid and 2%
formaldehyde in distilled water and kept at �4°C. The
solution was changed weekly for several weeks until the
tooth was soft. When the decalcification was complete,
the specimens were kept in 2.3 mol/L sucrose in PBS for
24 hours and then embedded in Tissue-Tek and frozen in
liquid nitrogen. Cryostat sections (6 �m) were cut and
stored at �80°C until used.

Animals

All animal procedures were approved by the Animal Care
Committee of the University of British Columbia. The mice
were maintained in a conventional animal care facility up
to 12 months of age and allowed free access to standard
mouse chow (Purina 5001; Purina, St. Louis, MO) and
water. Homozygous integrin �6-knockout mice (Itgb6�/�;
kindly provided by Dr. Dean Sheppard, University of
California at San Francisco, San Francisco, CA)6 were on
a FVB background. Cohorts of 3-month-old mice (six
mice in each group), 6-month-old mice (six mice in each
group), and 12-month-old mice [14 Itgb6�/� and 18 wild-
type (WT) mice] were studied. Animals were sacrificed by
carbon dioxide inhalation. After decapitation, maxilla and
mandible were separated and processed for analyses
(see below). Male Sprague-Dawley rats (8 weeks old)
were obtained from the Animal Care Centre of the Uni-
versity of British Columbia.
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Assessment of Bone Loss

Mandibles were cut in half, and using a dissecting micro-
scope, gingival tissue was removed and collected. The
mandibles were then mechanically partially defleshed
and exposed to 2% KOH until completely defleshed. To
delineate the cemento-enamel junction (CEJ), dry man-
dibles were stained using Van Gieson’s solution for 30
seconds followed by Ponceau S solution for 5 minutes.
The stained jaws were then used for quantification of
lingual alveolar bone loss as follows. Dried stained hemi-
mandibles were placed under a dissecting microscope
and aligned using dental impression putty so that the
lingual and buccal cusps were superimposed. Using a
digital camera (Eclipse TS100; Nikon, Tokyo, Japan),
images, including the lingual view of first and second
molars, were created from all of the jaws with the same
measurement probe for calibration present in all images.
Adobe Photoshop CS Me software (Adobe Systems, Inc.,
San Jose, CA) was used to standardize the images be-
fore any measurements. The area between the CEJ and
the crest of the alveolar bone was quantified using Im-
ageJ software (developed at the National Institutes of
Health, Bethesda, MD, and available at http://rsb.info.nih.
gov/ij/). The area of exposed root surface was docu-
mented for each tooth in pixel units as well as in mm2.
Repeated measurements on randomly selected teeth re-
vealed an intraexaminer agreement of �98%.

To determine intrabony bone loss, high-resolution ra-
diographs of hemi-mandibles (six in each group) were
captured with the Faxitron MX-20 radiography system
(Faxitron X-Ray Corporation, Wheeling, IL). Intrabony bone
loss around the first and second molars was analyzed
using a visual scale of 0 to 3 (0, no bone loss; 1, horizon-
tal and vertical bone loss less than one third of the root
length; 2, horizontal or vertical bone between one and
two thirds of the root length; 3, horizontal or vertical bone
loss more than two thirds of the root length). Furthermore,
the bone loss between the teeth and individual roots after
the crowns of teeth were removed with a fine bur was
visualized by scanning electron microscopy using routine
methods.

Rat Model of Gingival Inflammation

The rats were randomly divided into four groups (six mice
in each group) before treatment. All rats were anesthe-
tized with isoflurane (PrAErrane; Baxter Corporation, Mis-
sissauga, Canada), placed on their backs and kept un-
der anesthesia, while their mouths were kept open with
an orthodontic stainless steel wire piece. The first group
was treated with 3 � 0.3 �l of lipopolysaccharide (LPS)
(Escherichia coli, 25 �g/�l in pyrogen-free water; Sigma
BioSciences, St. Louis, MO), the second with a combina-
tion of LPS and 6.3G9 monoclonal antibody (50 �g/ml, a
potent inhibitor of �v�6-mediated TGF-�1 activation;
kindly provided by Drs. Shelia M. Violette and Paul H.
Weinreb, Biogen Idec, Inc., Cambridge, MA),30 the third
with a combination of LPS and 7.8B3 monoclonal anti-
body (50 �g/ml; a nonblocker of �6 integrin),30 and the

fourth group with pyrogen-free water only. The antibodies
used for the study have been extensively tested for spec-
ificity and effectiveness.30 Briefly, the IC50 for blocking
�v�6 integrin binding to LAP is 2.7 ng/ml for 6.3G9
(blocking antibody) and �10,000 ng/ml for 7.8B3 (control
antibody). The IC50 for blocking TGF-� activation via
�v�6 integrin is 0.5 ng/ml for 6.3G9 whereas 7.8B3 does
not block activation. The antibodies and LPS were ad-
ministered with a micropipette directly into the palatal
gingiva of the two molar teeth on both sides of the maxilla.
Each group was treated at the same time of the day until
the end of the experiment. After 8 weeks, all animals were
euthanized, and the maxilla was dissected for histology.

Histology

The maxillae of the FVB and �6 integrin-knockout mice
were decalcified in PBS containing 0.4 mol/L ethylenedia-
minetetraacetic acid and 2% formaldehyde. The solution
was changed every other day for 6 weeks. The rat man-
dibles and maxillae were treated similarly. The speci-
mens were then processed for embedding in paraffin and
sectioning using routine protocols. The specimens were
sectioned (7 �m) in the bucco-lingual or mesio-distal
direction. Every 10th slide from each block of sections
was stained with hematoxylin and eosin (H&E). Stained
sections were used to assess the migration of JE and the
level of inflammation by light microscopy. Using a digital
camera, images were captured from all stained sections
with a standard scale and transferred to Adobe Photo-
shop CS Me. The migration of epithelial tissue (junctional
or pocket epithelium) was measured in mm or in pixels
using the ImageJ program. Inflammation underneath the
epithelial tissue was scored using a visual scale of 0 to 3
(0, no inflammatory cells present; 1, scattered mild in-
flammatory infiltrate; 2, moderate inflammatory infiltrate;
3, heavy inflammatory infiltrate). In the rat model, the
inflammatory infiltrate adjacent to the epithelium was
quantified in H&E-stained sections using a combination
index based on both the area occupied by inflammatory
cells and the inflammatory cell density. Briefly, 15 tissue
sections for three individual rats in a group were analyzed
using a light microscope with a microscopic grid of 100
squares in 1 mm2 (Axiolab E; Zeiss, North York, Canada)
and �20 magnification. The area occupied by inflamma-
tory cells was determined by counting the squares in the
grid containing the inflammatory infiltrate immediately ad-
jacent to the epithelium. An index of 1 to 5 was assigned
to this measurement. The density of infiltrate was deter-
mined by counting the number of leukocytes found in 10
randomly selected squares. Again, each measurement
was scored from 1 to 5 (1, 0 to 9 cells per field; 2, 10 to
19 cells per field, and so forth). To determine the final
histological inflammation index, the two measurements
were added together. In addition to H&E staining, a co-
hort of slides in each experiment was stained with Movat
pentachrome for qualitative assessment of cellular and
extracellular matrix components.
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Immunohistochemistry

Primary antibodies used for immunostaining were: cyto-
keratin 19 (CK19; sc-6278; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), laminin-5 (ab1207; Abcam, Inc.,
Cambridge, MA), tenascin-C (T-2551, Sigma), EDA-fi-
bronectin (OBT0082; Accurate Chemical and Scientific,
Westbury, NY), TGF-�1 (sc-7892, Santa Cruz Biotechnol-
ogy) and �v�6 integrin (�6B1, kindly provided by Dr.
Dean Sheppard; recognizes both human and mouse).31

Frozen sections were fixed with acetone (�20°C) for 5
minutes, rinsed, and incubated in normal blocking serum
(Vectastain; Vector Laboratories, Inc., Burlingame, CA) in
a humidified chamber at room temperature for 30 min-
utes. After rinsing, the sections were incubated overnight
with the primary antibody of interest, which was diluted in
PBS containing bovine serum albumin (1 mg/ml, Sigma)
and 0.01% Triton X-100. They were then rinsed and in-
cubated with a biotinylated, fluorescein isothiocyanate-
or Alexa Fluor 488-conjugated secondary antibody (In-
vitrogen Detection Technologies, Eugene, OR) for 1 hour.
In the samples incubated with biotinylated antibodies, the
reaction was followed by incubation with ABC avidin/
peroxidase reagent (Vectastain Elite Kit, Vector Labora-
tories). The sections were then rinsed and reacted with
Vector VIP substrate peroxidase for the appropriate time
for each antibody. To stop the reaction, the sections were
rinsed with distilled water for 10 minutes. They were then
allowed to air dry, mounted using Vectamount permanent
mounting medium (Vector Laboratories), viewed, and
photographed using a light microscope. For nuclear
staining, the sections were stained for 5 minutes with 0.5
�g/ml of 4,6-diamidino-2-phenylindole (Sigma) in the
dark and then rinsed with PBS. Fluorescently labeled
specimens were rinsed and mounted using Immu-Mount
medium (Thermo Shandon, Pittsburgh, PA) and viewed
using a fluorescence microscope (Axioplan2, Zeiss). Im-
ages were captured using a QIcam camera (Burnaby,
Canada) mounted to the microscope and fed directly to
the Northern Eclipse software program (Haverhill, Suffolk,
UK).

Analysis of MMP Expression in Mouse Gingiva
by Gelatin Zymography

The gingiva around molar teeth was excised from six
Itgb6�/� and six WT mice. Each sample was ground over
dry ice using a mortar and pestle. One ml of cold Dul-
becco’s modified Eagle’s medium (Gibco, Invitrogen
Corporation, Grand Island, NY) containing 0.1% pyro-
gen-free bovine serum albumin and 1� Complete pro-
tease inhibitor cocktail (Roche Applied Science, Laval,
Canada) was added to each 20 mg of homogenized
tissue. The suspended tissues were sonicated three
times for 10 seconds on ice. Tissue debris was removed
from the samples by centrifugation (10,000 rpm for 10
minutes at �4°C), and filtering through a 0.2-�m syringe
filter. Twenty-five �l of each sample was then separated
in a 4%/10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel containing 1 mg/ml of fluorescently

labeled gelatin as a substrate for gelatinases. The gelatin
zymography gels were developed as described previ-
ously.32 The gels were illuminated with UV light, and the
images were captured with a digital camera. The band
intensities were quantified using the ImageJ software.

Bacteria and LPS Preparations

P. gingivalis (ATCC 33277), Treponema denticola (ATCC
35405), Fusobacterium nucleatum subsp. nucleatum (ATCC
25586), and Tannerella forsythensis (ATCC 43037) were
grown in their appropriate culture media.33 LPS were
isolated from these bacterial strains as previously reported,34

using proteinase K digestion of a whole cell extract and
successive solubilization and precipitation steps. The
LPS preparations were freeze-dried and kept at �20°C.
The amount of contaminating protein was evaluated us-
ing a protein assay kit (Bio-Rad Laboratories, Missis-
sauga, Canada) with bovine serum albumin as a control,
and it was less than 0.001% in all LPS preparations. A
whole cell extract of P. gingivalis was prepared as follows.
Freeze-dried bacteria were suspended in distilled water
and sonicated at 200 W with pulse mode on ice for 10 �
30 seconds. Unbroken cells and large membrane frag-
ments were removed by centrifugation (10,000 � g for
15 minutes). The cell lysate was freeze-dried and kept
at �20°C.

Cell Culture, Real-Time PCR, and Flow
Cytometry

The spontaneously immortalized gingival keratinocytes35

were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 23 mmol/L sodium bicarbonate, 20
mmol/L HEPES, antibiotics (50 �g/ml streptomycin sul-
fate, 100 U/ml penicillin) and 10% heat-inactivated fetal
bovine serum (Gibco). To investigate the regulation of �6
integrin expression in keratinocytes, the cells (6 � 105)
were seeded into six-well plates in Dulbecco’s modified
Eagle’s medium, which were precoated with 10 �g/ml of
type I collagen in 0.012 mol/L HCl at �4°C overnight
followed by washings and blocking with 1% heat-dena-
tured bovine serum albumin for 48 hours. The cells were
allowed to attach for 2 hours and then treated with
TGF-�1 (10 ng/ml; Chemicon International, Temecula,
CA), IL-1� (500 ng/ml; Sigma), prostaglandin E2 (200
ng/ml; Sigma), tumor necrosis factor-� (TNF-�) (200 ng/
ml; Chemicon), IL-6 (100 ng/ml, Chemicon), LAP (1 �g/
ml; Sigma), a function-blocking anti-TGF-�1,2,3 antibody
(10 �g/ml; R&D Systems, Inc., Cedarlane Laboratories
Ltd., Burlington, Canada), or PBS only as a control for 24
hours. In a set of experiments, the cells were treated with
a whole cell extract of P. gingivalis (10 �g/ml) or the LPS
fractions (50 �g/ml) of P. gingivalis, T. denticola, F. nuclea-
tum, or T. forsythensis. The treatments were repeated two
to seven times. In some experiments, the P. gingivalis
extract was heated for 10 minutes at 100°C before cell
treatment. Total RNA was extracted from the treated ker-
atinocytes using the NucleoSpin RNA II kit (Macherey-
Nagel Inc., Bethlehem, PA) and treated with DNase I
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digestion. Total RNA integrity was verified by agarose gel
electrophoresis, and total RNA concentration was mea-
sured by spectrophotometry at 260 nm. Total RNA (1 �g)
was reverse-transcribed with oligo(dT) primers using
iScript Select cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA) according to the manufacturer’s instruc-
tions. Each RT product was diluted to a concentration
with a threshold-cycle value well within the range of its
standard curve. Amplification reactions were conducted
for �6 integrin with �-actin as a reference in triplicates.
Five �l of each diluted RT product was mixed with 10 �l
of 2� iQ SYBR Green I Supermix (Bio-Rad) and either 15
pmol of �-actin primers or 10 pmol of �6 integrin primers
in a final volume of 20 �l. The primers for �-actin were
5�-CTGTGGCATCCACGAAAC-3� and 5�-CAGACAG-
CACTGTGTTGG-3�, corresponding to nucleotides 886 to
903 and 957 to 974 of �-actin cDNA, respectively. The
primers for �6 integrin were 5�-CGCTGTAACCCAAGAA-
CAAG-3� and 5�-TGTTTCCGGAGTCCTTCTGA-3�, and
they were designed to produce a 95-bp cDNA fragment.
Real-time PCR amplification was performed with the
MiniOpticon real-time system (Bio-Rad) (program: 3 min-
utes at 95°C, followed by 40 cycles of 15 seconds at
94°C, 20 seconds at 58°C, 20 seconds at 72°C). The data
were analyzed with Gene Expression Analysis for iCycler
iQ Real-Time PCR detection system software (Bio-Rad).

The effect of P. gingivalis on the cell surface expression
of �v�6 integrin in gingival keratinocytes was analyzed
by flow cytometry as described previously.36 Briefly, 6 �
105 cells were seeded into six-well plates in their com-
plete growth medium for 24 hours. The cells were then
washed with PBS and exposed to 10 ng/ml of TGF-�1, 10
ng/ml of TGF-�1 plus 40 �g/ml of freeze-dried cell lysate
of P. gingivalis, or the bacterial cell lysate alone in Dul-
becco’s modified Eagle’s medium for 18 hours. The cells
were detached and reacted with monoclonal antibody
against human �v�6 integrin (MAB2077, Chemicon) fol-
lowed by donkey anti-mouse Alexa Fluor 488-conjugated
IgG (Invitrogen) and washes. The samples were ana-
lyzed with FACSCalibur flow cytometer (BD Biosciences,
Mississauga, Canada).

Statistical Analysis

The Student’s t-test was used to determine whether the
differences in MMP expression in WT and Itgb6�/� mice
were statistically significant. Comparison of parametric
data between WT and Itgb6�/� mice, including the dif-
ferences in alveolar bone loss and the migration of the
epithelial tissue were also achieved with the Student’s
t-test. The nonparametric data, including severity of in-
flammation and degree of bone loss from radiographical
images, were analyzed using the Mann-Whitney U-test.
One-way analysis of variance and Tukey’s posttest were
used to analyze the differences in �6 integrin expression
in gingival keratinocytes as well as for the analyses of rat
JE migration. The statistical significance was set at P �
0.05.

Results

The �v�6 Integrin Is Constitutively Expressed in
the Epithelium of Human and Murine Gingiva
that Interfaces with Enamel (JE) and
Co-Localizes with TGF-�1

We have previously shown that oral epithelium and epi-
dermis lack �v�6 integrin expression but that it is in-
duced in wound epithelium during tissue repair.3 The
specialized epithelium (JE) that links gingiva to the tooth
enamel mimics wound epithelium in many respects.
Therefore, we investigated whether �v�6 integrin is ex-
pressed in the JE of fully erupted teeth by immunohisto-
chemistry. In human gingival soft tissue specimens, the
JE was identified by morphology and also with antibodies
against specific molecular markers—cytokeratin 19
(CK19) and laminin-5.28 As expected, CK19 was highly
expressed in the JE cells between the gingival connec-
tive tissue and enamel (Figure 1A). Laminin-5 decorated
both the external basal lamina against the connective
tissue and internal basal lamina against the tooth (Fig-
ure 1A). All epithelial keratinocytes in the JE strongly
expressed �v�6 integrin (Figure 1A). We then localized
the expression of some of the known ligands of �v�6
integrin in these specimens. Tenascin-C was localized
mainly at the basement membrane zone against the
connective tissue whereas EDA-fibronectin was local-
ized throughout the connective tissue stroma (Figure
1A). Expression of TGF-�1, however, was localized in
all cell layers of the JE, thus co-localizing in the same
area as �v�6 integrin (Figure 1A). The most apical
epithelial tissue attached to the tooth is often lost when
removing the soft tissue from the tooth. Therefore, to
further confirm these observations, we prepared frozen
sections of decalcified teeth that were removed with
small amounts of gingival soft tissue present. The narrow
JE present in these specimens between the enamel and
the connective tissue was positive for the specific mark-
ers (CK19 and laminin-5) and for �v�6 integrin (data not
shown). To determine whether �v�6 integrin is also ex-
pressed in rodent JE, we immunostained frozen sections
of both rat and mouse JE with specific antibodies
recognizing murine epitopes of �v�6 integrin. In agree-
ment with the human specimens, �v�6 integrin was
expressed in all cell layers of the murine and rat JE
(Figure 1B).

During Repair of the JE, the Expression of �v�6
Integrin Is Rapidly Restored

Gingival tissue is prone to regular trauma from mastication
and from routine use of oral hygiene aids (such as tooth
brushing). To investigate whether the expression of �v�6
integrin is restored after repair of gingival tissue after surgi-
cal trauma, we removed the soft tissue adjacent to teeth in
volunteers and followed healing of the tooth-soft tissue in-
terface for up to 28 days. Specimens collected immediately
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after tissue removal without any healing time showed effi-
cient removal of the JE (Figure 2). In 1-day-old wounds, the
epithelial edge showed initial signs of migration into the
fibrin clot (Figure 2). This migration continued in 3-day-old
wounds and reached the most apical detectable level after
7 days (Figure 2). Immunolocalization of CK19 showed that
some CK19-positive keratinocytes remained next to the ini-
tial wound immediately after wounding (Figure 2). During
the migratory phase, only the CK19-positive cells moved
into the wound provisional matrix of the wound (Figure 2). In
7-day-old wounds, all cells in the JE expressed CK19 (Fig-
ure 2). Integrin �v�6 was strongly expressed in the JE of
nonwounded specimens, but was absent from the soft tis-
sue immediately after wounding (Figure 2). Cells advancing
to the wound bed in 1-day-old wounds expressed low levels
of �v�6 integrin (Figure 2). However, after 3 days of healing,
the migrating cells became strongly positive for �v�6 inte-
grin and its expression remained unchanged during later
time points of the study (Figure 2). Expression of EDA-
fibronectin was limited to the connective tissue, and tenas-

cin-C was expressed strongly at the basement membrane
zone of JE and the blood vessels (data not shown). Tena-
scin-C was also occasionally observed at the soft tissue-
tooth interface (data not shown).

Expression of �v�6 Integrin Is Strongly
Down-Regulated in Periodontal Disease

In periodontal disease, JE transforms to an invasive
pocket epithelium, which shows unique pathological
features such as ulcerations and formation of epithelial
ridges that are surrounded by a heavy inflammatory
infiltrate. To investigate the expression of �v�6 integrin
in the invasive pocket epithelium, we collected speci-
mens of periodontally diseased tissue from a number
of individuals with deep periodontal pockets around
their teeth. Expression of �v�6 integrin in four such
patients is demonstrated in Figure 3. All specimens

Figure 1. JE expresses �v�6 integrin and TGF-�1. A: Immunolocalization of CK19 (a), laminin-5 (b), tenascin-C (c), �v�6 integrin (d), EDA-fibronectin (e), and
TGF-�1 (f) in JE from fully erupted human teeth. B: Immunolocalization of �v�6 integrin in rat (a) and mouse (b) gingiva from molar teeth. Insets show magnified
area indicated by a box in each panel. CT, connective tissue; SE, sulcular epithelium; OE, oral epithelium. Scale bars � 100 �m.

1276 Ghannad et al
AJP May 2008, Vol. 172, No. 5



showed epithelial invasion into heavily inflamed connective
tissue (Figure 3). Compared to normal JE, the expression of
CK19 was reduced in pocket epithelium of some speci-

mens (Figure 3, patients 1 and 2). Expression of �v�6
integrin was strongly down-regulated in all specimens (Fig-
ure 3), even in those that had maintained CK19 expression.

Figure 2. The expression of �v�6 integrin is restored in healing JE. JE was removed surgically, and samples of the healing tissue were collected immediately after
tissue removal (D–F) and after 1 (G–I), 3 (J–L), or 7 (M–O) days of healing. Normal tissue (A–C) is shown as a control. H&E staining of healing tissue (A, D, G,
J, M); immunolocalization of CK19 (B, E, H, K, N) and �v�6 integrin (C, F, I, L, O). Arrowheads point to the wound edge. Higher magnifications of the migrating epithelial
front and restored JE are shown in the insets. CT, connective tissue; GT, granulation tissue; OE, oral epithelium; E, epithelium; FC, fibrin clot. Scale bar � 200 �m.
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Expression of �v�6 Integrin Is Reduced in
Gingival Keratinocytes by P. gingivalis

Having established that �v�6 integrin is constitutively
expressed in JE of healthy gingiva but strongly down-
regulated in periodontal disease, we investigated whether
cytokines and bacterial products could be responsible
for the reduced expression levels. A number of cytokines
(prostaglandin E2, TNF-�, IL-1�, IL-6) and LPS from
pathogens (P. gingivalis, T. denticola, F. nucleatum, T.
forsythensis)37 involved in the pathogenesis of periodon-
tal disease were tested for regulation of �6 integrin mRNA
expression in human gingival keratinocytes under various
culture conditions and concentrations. Only negligible
effects were observed (Figure 4A, and data not shown).
As reported previously for other epithelial cell lines,
TGF-�1 strongly increased the expression of �6 integrin
mRNA and �v�6 integrin cell surface levels in gingival
keratinocytes (Figure 4, A and B). When whole extract of
the chronic periodontal disease-associated pathogenic
bacterium, P. gingivalis, was added simultaneously with
TGF-�1, it effectively prevented the stimulation of �v�6

integrin expression by TGF-�1 (Figure 4B). The active
component in the bacterial extract was found to be heat-
labile, because heating the extract (10 minutes, 100°C)
abolished the inhibitory effect (data not shown). Blocking
endogenous TGF-�1 signaling with LAP or anti-TGF-�1
antibody reduced the expression of �6 integrin mRNA in
keratinocytes by �50% (Figure 4C), suggesting that en-
dogenous TGF-�1 plays a major role in the regulation of
the basal expression level of �v�6 integrin.

Mice Deficient in �v�6 Integrin Show Hallmarks
of Human Periodontal Disease

To investigate whether the lack of �v�6 integrin is directly
involved in the initiation of periodontal disease, we first
assessed whether �6 integrin-knockout mice (Itgb6�/�)
have any abnormalities in the development or mainte-
nance of soft tissue attachment to their molar teeth. In the
first cohort of 6-month-old mice, we observed striking
alterations in the organization of JE in the Itgb6�/� mice.
There were no obvious changes, however, in overall

Figure 3. The expression of integrin �v�6 is down-regulated in periodontal disease. Tissue was collected from four patients. Healthy tissue was collected as a
control. Tissue sections from individuals with periodontal disease (B–E, G–J, L–O) or from healthy patients (A, F, K) were immunostained for CK19 (A–E) and
�v�6 integrin (F–J). 4,6-diamidino-2-phenylindole staining (K–O) was performed to highlight the nuclei. CT, connective tissue; PE, pocket epithelium. Scale bar �
200 �m.
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structure of the molars or their eruption rate in these
animals. In WT mice, the epithelium showed typical fea-
tures of normal murine JE, which extends down and then
reflects back up against the enamel surface, with most
apical cells being near the CEJ (Figure 5A). Interestingly,
the JE of Itgb6�/� mice showed disorganization, invasion
into the connective tissue, migration along the root sur-
face, and inflammatory infiltrate around the epithelial tis-
sue (Figure 5A). However, there was no evidence for
separation of the epithelium from the tooth, suggesting
that that the physical adhesion of JE to the tooth was not
altered. To investigate further the progression of the his-
topathological changes of the tooth attachment appara-
tus in Itgb6�/� mice, we subjected a group of 12-month-

old mice to qualitative assessment of cellular and
extracellular matrix components using histological stain-
ing. In the aged WT mice, the JE continued to demon-
strate normal structure and its adhesion remained close
to the CEJ (Figure 5B). In Itgb6�/� mice, however, the JE
had transformed to a typical pocket epithelium extending
in some specimens to more than 50% of the root length
(Figure 5B). In addition, epithelial invasions were seen
inside the connective tissue, forming abscess-like lesions
full of mononuclear inflammatory cells (Figure 5B). We
then quantified the distance of epithelial migration in
stained paraffin sections of multiple teeth from six 12-
month-old mice. WT mice showed minimal migration of
JE beyond the CEJ. In contrast, the JE of Itgb6�/� mice
showed significantly (P � 0.01) more migration with an
average of �0.4 mm (Figure 6A).

To verify whether apical migration of JE was associ-
ated with chronic inflammation, we quantified the relative
number of inflammatory cells adjacent to the JE in WT
mice and Itgb6�/� mice. The results showed a significantly
higher inflammatory score for sites in Itgb6�/� mice with
epithelial migration compared to those in the WT mice with
negligible migration (Figure 6B), indicating that formation of
pocket epithelium was associated with inflammation.

Expression of high levels of MMPs is associated with
inflammatory periodontal disease.38 Therefore, we ana-
lyzed the amount of gelatin-degrading MMPs in the gin-
gival extracts from four 12-month-old WT and five Itgb6�/�

mice by zymography. In WT mice, proMMP-9 and
proMMP-2, with small amounts of active MMP-2 and
MMP-9 were present (Figure 6C). In Itgb6�/� mice, the
expression of active MMP-2 and MMP-9 was increased
(Figure 6, C and D). In addition, four of these samples
contained elevated amounts of unknown, low molecular
weight gelatinases (Figure 6, C and D).

Taken together, we have now demonstrated at the
histopathological and biochemical level that Itgb6�/�

mice possess two of the three hallmarks of spontaneous
periodontal disease: formation of periodontal pockets
and inflammation. To investigate whether they also suf-
fered from alveolar bone loss around the molar teeth (the
third hallmark of periodontal disease), a number of as-
says were performed. The histological analysis of a lim-
ited number of specimens had shown that the level of
tooth-supporting alveolar bone was reduced and that
active bone resorption with multinucleated osteoclasts
was present in many specimens (Figure 5B). To quantify
the bone loss at the lingual surfaces of the molars, the
jaws from both genders were defleshed and stained to
measure the area of exposed root surface (Figure 7A).
The WT mice showed some exposed root surface at the
age of 3 months, which represents the normal distance
between alveolar crest and CEJ (the so-called “biological
width”). This distance did not change until the mice aged
to 12 months, at which point there was some exposure of
the root surfaces present (Figure 7, A and B). There was,
however, a significantly larger area of root exposure in
the Itgb6�/� mice compared to WT mice in all age
groups, indicating that bone loss in these animals started
early and progressed with age (Figure 7, A and B). In the
Itgb6�/� group, several mice showed severe bone loss

Figure 4. P. gingivalis, LAP, and anti-TGF-�1 reduce �v�6 integrin expres-
sion in cultured gingival keratinocytes. A: Gingival keratinocytes were
treated with cytokines (TGF-�1, IL-1�, prostaglandin E2, TNF-�, IL-6), bac-
terial LPS (P. gingivalis, T. denticola, F. nucleatum, T. forsythensis), or P.
gingivalis whole cell lysate. Total RNA was extracted, and the expression of
�6 integrin subunit was analyzed by real-time PCR using �-actin as a control.
PCR reactions were performed in triplicates, and the experiments were
repeated four to seven times. B: The cells were exposed to cell lysate of P.
gingivalis, TGF-�1, or a combination of both. Total cell surface expression of
�v�6 integrin was measured by flow cytometry. The experiment was re-
peated three times. C: The cells were treated with LAP or function-blocking
anti-TGF-�1 antibody. Relative expression of �6 integrin was analyzed as in
A. The experiment was repeated three times. Relative �6 integrin expression
is expressed as mean 	 SD of parallel experiments in all figures. Only
differences that were deemed statistically significant are indicated: *P � 0.05;
**P � 0.01, ***P � 0.001 (analysis of variance and Tukey’s post test or
Student’s t-test). Results of the effect of anti-TGF-�1 antibody treatment are
from a single experiment, and SD was calculated from three parallel samples.
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extending between the roots of molar teeth, and three teeth
(5%) were actually lost because of advanced bone loss
(Figure 7C). There was no gender preference for the bone
loss (data not shown). Because periodontal disease typi-
cally starts and progresses faster between the teeth,
creating intrabony defects that can remain hidden when
exposed root surfaces are examined from the lingual or
buccal surfaces, we produced high-resolution radio-
graphs to assess the intrabony bone loss. In an additional
cohort of animals, we also removed the crowns of teeth to
allow for a better view of intraosseous defects and tooth
relationships by scanning electron microscopy. Both the
radiographs and the scanning electron microscopy re-
vealed extensive bone resorption between the roots of
the teeth in the Itgb6�/� mice whereas no such defects
were found in the WT mice (Figure 8A). We then quanti-

fied the bone loss in the radiographs using a bone-loss
index. The results showed significantly more bone loss in
the Itgb6�/� compared to the WT mice (Figure 8B), indi-
cating that bone loss in Itgb6�/� mice followed a similar
pattern to that seen in human periodontal disease.

Antibody Blocking of �V�6 Integrin-Mediated
Activation of TGF-�1 Induces Epithelial
Migration and Inflammation in a Rat Model of
Periodontal Disease Initiation

To investigate whether the changes observed in Itgb6�/�

mice were caused by altered TGF-�1 signaling, we used
a rat model,39,40 in which the early signs of periodontal

Figure 5. The JE of �6 integrin knockout mice shows epithelial invasion into the connective tissue, migration along the root surface, and increased inflammation.
A: H&E staining of the JE of 6-month-old WT (a) and Itgb6�/� mice (�6�/�, b). D, dentin; asterisk, enamel. Arrows point to invading epithelial cells, and
arrowheads mark infiltrated inflammatory cells. B: H&E staining (a, b, d, e) and pentachrome staining (c, f) of the JE of 12-month-old WT (a–c) and Itgb6�/�

mice (d–f). Green color in the Movat pentachrome-stained tissues indicates collagen. g and h: Enlarged image of the H&E-stained pocket epithelium and the
pentachrome staining of a bone lesion in the Itgb6�/� mice, respectively. Small arrows in g point to infiltrated inflammatory cells. PE, pocket epithelium; D,
dentin; B, alveolar bone; AB, abscess-like lesion surrounded by epithelial cells; BV, blood vessel; OC, osteoclast. Scale bars � 100 �m.
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disease can be initiated in a relatively short period of
time, to block the �v�6 integrin-mediated TGF-�1 activa-
tion by a specific antibody. Ligatures have been exten-
sively used for creation of periodontal defects, mainly for
studies aimed at therapeutical interventions.41 We
choose not to use the ligature model because the inser-
tion of ligature would cause trauma at the base of the
gingival sulcus and would potentially confuse the results,
keeping in mind that expression of �v�6 integrin is in-
duced in wound healing.3 Control rats treated by daily
application of water for 8 weeks at the gingival crevice
showed no changes in the structure or position of the JE

(Figure 9, A and B), whereas those that were exposed to
LPS showed some apical migration of the JE. Animals
treated with LPS and a nonfunction-blocking �v�6 inte-
grin antibody (7.8B3), also showed some apical migra-
tion of the JE. A combination of LPS and 6.3G9 antibody,
which potently blocks �v�6 integrin-mediated TGF-�1
activation,30 significantly increased the apical migration
of JE along the root surface compared to other treat-
ments, thus mimicking the early events of human peri-
odontal disease (Figure 9, A and B). To determine
whether this migration was associated with increased
inflammation, we quantified the number of inflammatory
cells and the area they occupied adjacent to the epithe-
lium. The score for inflammation was the highest in the
LPS � 6.3G9 antibody group representing approximately
a twofold increase compared to water or LPS treatment
alone (Figure 9C). The group treated with LPS � 7.8B3
also showed some inflammatory changes but signifi-
cantly less than the LPS � 6.3G9 group (Figure 9C).
Taken together, the rat model shows that blocking �v�6
integrin-mediated TGF-�1 activation at the gingival crev-

Figure 6. Twelve-month-old �6-knockout mice show significantly increased
epithelial migration, higher levels of inflammation, and elevated expression
of active MMPs. A: Quantitative assessment of the distance of epithelial
migration in stained paraffin sections representing multiple teeth from WT
(n � 6) and Itgb6�/� mice (�6�/�, n � 6). B: The relative number of
inflammatory cells adjacent to the JE in WT (n � 6) and Itgb6�/� mice (n �
6) with apical migration. C: MMPs in the gingival extracts from WT (n � 4)
and Itgb6�/� mice (n � 5) were analyzed by gelatin zymography. The
quantified band intensities are shown in D. Results are expressed as mean 	
SD in all figures. Only differences that were deemed statistically significant
are indicated: *P � 0.05; **P � 0.01 (Student’s t-test or Mann-Whitney U-test).

Figure 7. �6 integrin-knockout mice develop severe alveolar bone loss. A:
The jaws of 3-month-old (a, d), 6-month-old (b, e), and 12-month-old (c, f)
WT (a–c) and Itgb6�/� mice (�6�/�, d–f) were defleshed and stained to
show the area of exposed root surface. Arrows mark the CEJ. B: The
exposed area between the CEJ and the crest of the alveolar bone of the first
and second molars was quantified. Mean values of 48 teeth from 3- and
6-month-old mice and 125 teeth from 12-month-old mice 	 SD are pre-
sented. Statistically significant differences are indicated: *P � 0.05; **P � 0.01
(Student’s t-test). C: Examples of severe bone loss extending between the
roots of molar teeth in 12-month-old Itgb6�/� mice (c, d). The jaw of a WT
mouse is shown in a for comparison.
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ice leads to histological alterations similar to those seen
in early human periodontal disease.

Discussion

In the present study, we show for the first time that �v�6
integrin is expressed in human and murine JE. This is
also the first study showing that loss of a single gene in
the JE can lead to the development of periodontal dis-
ease. Remarkably, a null-mutation for �6 integrin in mice
caused all of the classic characteristics of spontaneous
chronic inflammatory periodontal disease: apical migra-
tion of the pocket epithelium, inflammation, and ad-
vanced alveolar bone resorption. Our findings also indi-
cate that the major protective role �v�6 integrin plays
against periodontal disease is via the activation of
TGF-�1.

Considering its complex function in cell and immune
regulation, TGF-�1 could function at multiple levels in
periodontal protection. One could consider that the sim-
plest explanations for the results of this study could be
either epithelial adhesion deficiency directly caused by
the lack of �v�6 integrin or enhanced cell proliferation in
the JE caused by altered TGF-�1 regulation of the cell
cycle. In epithelial cells, �v�6 mediates cell adhesion
and migration on fibronectin and tenascin in collaboration
with other integrins.36,42,43 No known ligands of �v�6
integrin have been found at the internal basal lamina
between the tooth and the JE. Nor was there any evi-
dence of the detachment of JE epithelial cells from tooth
noticeable in the tissue sections except at the sites of
pocket formation, indicating that cell adhesion to enamel
and cementum was not affected in Itgb6�/� mice.

Inhibition of epithelial cell proliferation by TGF-�1 in-
volves down-regulation of c-Myc, leading to the up-reg-
ulation of cyclin-dependent kinase inhibitors p15 and
p21, which inhibit the CDK4/6-cyclin D- and CDK2-cyclin
E-mediated phosphorylation of the retinoblastoma pro-
tein.17,18 Enlarged JE attributable to increased cell pro-
liferation in p21/p27 double-knockout mice supports the
notion that TGF-�1 plays an important role in the regula-
tion of JE proliferation.44 However, no apical migration or
inflammation was evident in these animals. Increased cell
proliferation is a prerequisite for apical migration of JE in
the Itgb6�/� mice during pocket formation. It is possible,
therefore, that in the absence of �v�6 integrin, cell pro-
liferation is increased, contributing to the pocket forma-
tion. This is, however, unlikely a major reason for the
periodontal disease observed in these mice.

It is well documented that bacteria, especially anaer-
obic microorganisms such as P. gingivalis in the periodon-
tal pockets, contribute to periodontal disease.37 Host
response is believed to play a role in the modulation of
progression of the disease.45 Some recent evidence sug-
gests, however, that the inflammation itself may be driv-
ing the process. In an animal model of periodontal dis-
ease, resolvin E1, which facilitates removal of leukocytes
from the inflammatory site, can prevent pocket formation
and bone loss despite the presence of anaerobic bacte-
ria.41 In clinical dentistry, an absence of inflammation in
the gingiva has long been considered a good indicator of
periodontal health, even in patients with a history of peri-
odontal disease.46 TGF-�1 plays a key role in the protec-
tion against acquired inflammatory conditions introduced
by normal exposure to the environment. Mice deficient in
TGF-�1 spontaneously develop mononuclear cell infil-
trates in multiple organs with lethal consequences.21,22

Although TGF-�1 can be activated by multiple mecha-
nisms, an integrin-mediated pathway seems to dominate
in vivo as evidenced by the observations that mice with
RGE-mutated LAP show a phenotype similar to that of
TGF-�1-null mice.24 We report here that �v�6 integrin-
mediated activation of TGF-�1 also plays a crucial role in
protection against inflammatory periodontal disease. The
mechanism is likely to be complex, because TGF-�1
regulates inflammation at multiple levels. Shifting of leu-
kocyte populations at various stages of periodontal dis-
ease further complicates the issue. Early periodontal le-

Figure 8. �6 integrin-knockout mice show extensive bone resorption be-
tween the teeth. A: Radiographs (a, b) and scanning electron microscopy
images (c–f) of WT (a, c, e) and Itgb6�/� (�6�/�; b, d, f) mouse half-
mandibles from 12-month-old animals. The arrow in b points to an area of
decreased bone density, indicating bone loss. In c and d, an interproximal
resorption is noted between the first and second molars. M1, first molar; M2,
second molar; M3, third molar. B: Quantitative assessment of the degree of
bone loss measured from radiographs. Data presented are mean 	 SD from
11 WT and 11 Itgb6�/� half-mandibles, providing 110 sites for measurement.
The difference between WT and Itgb6�/� is statistically significant (**P �
0.01; Mann-Whitney U-test). Scale bars � 500 �m.
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sions contain mainly macrophages and T cells, whereas
in progressive lesions, B cells dominate.29 Proliferation,
differentiation, and survival of T cells are all affected by
TGF-�1.20,47 TGF-�1 inhibits proliferation of naı̈ve CD4�

T cells and helper cell differentiation, but also regulates
CD8� cells, B cells, macrophages, and even polymor-
phonuclear leukocytes.20 The CD4� T cells are important
targets for the TGF-�1-mediated regulation of inflamma-
tion.48 A subpopulation of CD4� T cells called regulatory
CD4�CD25�FoxP3� T cells may be especially important
in TGF-�1-mediated suppression of inflammation.19 The
regulatory T cells infiltrate gingival tissue in periodontal
disease, but lesions with bone resorption show reduced
numbers of these cells, increased levels of IL-1�, and
osteoclastogenic RANKL, suggesting that TGF-�1 signal-
ing is affected in the active disease process.49,50 Con-
sistent with these findings, loss of TGF-�1-mediated sup-
pression of T cells results in increased production of
osteoclastogenic interferon-�, TNF-�, and RANKL, and in
bone loss.51,52

Although a role for keratinocytes in the immunoregula-
tion of periodontal disease has been proposed, the spe-
cific functions of cell surface receptors and their ligands,

such as �v�6 integrin and TGF-�1, have not yet been
investigated.53 It is possible that keratinocytes serve as
nonprofessional, antigen-presenting cells to the underly-
ing lymphocytes in a process that is regulated by TGF-
�1. In addition, keratinocytes may inhibit the proliferation
of unprimed T cells via a TGF-�1-mediated mecha-
nism.54 Keratinocytes of the JE could also directly par-
ticipate in the development of periodontal lesions by
secreting a number of proinflammatory cytokines such as
IL-1�, IL-1�, TNF-�, IL-6, and IL-8.55,56 Exposure to LPS
further increases the expression of these cytokines in the
JE.56 We show that TGF-�1 is strongly expressed in the
JE and could serve as a counteracting cytokine toward
those promoting inflammation. Using the rat model, we
report that when TGF-�1 activation by �v�6 integrin was
suppressed in the JE, LPS enhanced both apical migra-
tion of the JE and inflammation, indicating that local dis-
turbance in TGF-�1 signaling in the JE can cause the
initial signs of periodontal disease. TSP-1 collaborates
with �v�6 integrin in TGF-�1 activation and suppression
of lung and skin inflammation23 but does not seem to
participate in protection against spontaneous periodontal
disease, because periodontal structures in �6 integrin,

Figure 9. Blocking of �v�6 integrin-mediated TGF-�1 activation increases apical epithelial migration and inflammation. A: H&E staining of rat gingiva treated daily
with H2O (a), LPS (b), LPS and a nonblocking anti-�v�6 antibody (7.6B3, c) or LPS and an antibody that blocks �v�6 integrin-mediated TGF-�1 activation (6.3G9,
d) for 8 weeks. Arrowheads and arrows show the distance of epithelial migration. CT, connective tissue; PE, pocket epithelium. B: The epithelial migration was
measured from 15 H&E-stained tissue sections from three rats in each treatment group. The results are presented as a mean area of migrated epithelium 	 SD.
C: The inflammatory infiltrate adjacent to the epithelium was quantified in H&E-stained sections using a combination index based on both the area occupied by
inflammatory cells and the inflammatory cell density. The results are presented as mean score for inflammation 	 SD. Only differences that were deemed
statistically significant are indicated: *P � 0.05; **P � 0.01, ***P � 0.001 (analysis of variance and Tukey’s post test). Scale bar � 200 �m.
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thrombospondin-1, double-knockout mice were similar to
those in the Itgb6�/� animals (unpublished results).

Interestingly, in human periodontal disease, the ex-
pression of �v�6 integrin was strongly down-regulated in
epithelial cells that were surrounded by heavy inflamma-
tory infiltrates of lymphocytes, thus mimicking acquired
�6 integrin deficiency. Although none of the proinflam-
matory cytokines tested in the study inhibited �6 integrin
expression in gingival keratinocytes, a treatment with LAP
or a function-blocking anti-TGF-�1 antibody strongly re-
duced it, showing that a significant part of �v�6 integrin
expression in keratinocytes is maintained via endoge-
nous TGF-�1 production. Furthermore, a noncytolytic
concentration of P. gingivalis extract effectively sup-
pressed the stimulation of �v�6 integrin expression by
TGF-�1. The fact that heating the P. gingivalis whole cell
lysate abolished this effect suggests a participation of
proteinases. P. gingivalis is well known to produce large
spectrum cysteine proteinases referred to as Arg- and
Lys-gingipains, which are considered potential contribu-
tors to the pathogenic process of periodontal disease.57

The reduced expression of keratinocyte cell surface �v�6
integrin caused by the P. gingivalis whole cell extract may
result from the degradation of TGF-�1 or the proteolysis/
shedding of cell-associated �v�6 integrin similar to syn-
decan-1,58 another important epithelial cell surface pro-
tein. P. gingivalis can adhere to keratinocytes and disturb
the epithelial barrier.59 Because TGF-�1 is crucial for the
maintenance of �v�6 integrin expression in keratinocytes
and, inversely, �v�6 integrin is critical for TGF-�1 activa-
tion, the presence of P. gingivalis in periodontal pockets in
chronic periodontal disease could participate in the
down-regulation of local TGF-�1 signaling, �v�6 integrin
expression, and consequent �v�6 integrin-mediated
TGF-�1 activation, leading to the exacerbated inflamma-
tion seen in periodontal disease. Other bacterial species
may also participate in modulation of TGF-�1 activation in
the pocket epithelium. In mice lacking �v�6 integrin,
normal oral flora could trigger the initiation of the disease
process. Our study did not address the organisms
present in the mouse periodontal lesions because bac-
teria associated with periodontal disease in mice are not
well understood. Periodontal disease is relatively rare in
laboratory mice because most mouse strains are resis-
tant to it.60 In the susceptible strains, the presentation of
periodontal disease is very similar to human disease with
chronic lesions with true pocket formation. The wild-type
FVB mice used in this study exhibited some loss of tooth
attachment with age because of normal eruption of teeth.
True periodontal lesions were, however, not observed,
and the JE remained at its normal position at CEJ. On the
other hand, the lesions in the Itgb6�/� mice resembled
closely those seen in human disease and also those
described for susceptible strains of mice.60 The molecu-
lar pathology of periodontal disease in Itgb6�/� mice
mimics the inflammation found in the lungs and skin of
these animals. This suggests that they all arise from the
dysregulation of inflammation controlled by TGF-�1.23

Periodontal disease is associated with many other inflam-
matory conditions, and it is believed to contribute to the
accumulated inflammatory burden in cardiovascular and

joint diseases and also to affect pregnancy outcomes.25,26

Acquired (bacteria-induced) loss of �v�6 integrin ex-
pression in JE in human periodontal disease may, there-
fore, have significant consequences in the overall health.

In conclusion, our data reveal that �v�6 integrin-medi-
ated activation of TGF-�1 plays a critical role in protect-
ing against chronic inflammatory periodontal disease.
The data further suggest that the epithelial cells drive the
inflammatory process, which ultimately leads to bone
resorption and tooth loss.
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H, Akiyama SK, Yamada KM, Heino J: Anti-integrin antibodies induce
type IV collagenase expression in keratinocytes. J Cell Physiol 1993,
157:190–200

33. Grenier D: Degradation of host protease inhibitors and activation of
plasminogen by proteolytic enzymes from Porphyromonas gingivalis
and Treponema denticola. Microbiology 1996, 142:955–961

34. Darveau RP, Hancock RE: Procedure for isolation of bacterial lipo-
polysaccharides from both smooth and rough Pseudomonas aerugi-
nosa and Salmonella typhimurium strains. J Bacteriol 1983, 155:
831–838
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