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Topical application of Porphyromonas gingivalis into
the gingival pocket in mice leads to chronic-active infection,
periodontitis and systemic inflammation
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Abstract. Porphyromonas gingivalis (Pg), one of the
‘red-complex’ perio-pathogens known to play a critical role
in the development of periodontitis, has been used in various
animal models to mimic human bacteria-induced periodon-
titis. In order to achieve a more realistic animal model of
human Pg infection, the present study investigated whether
repeated small-volume topical applications of Pg directly
into the gingival pocket can induce local infection, including
periodontitis and systemic vascular inflammation in wild-type
mice. Freshly cultured Pg was topically applied directly
into the gingival pocket of the second molars for 5 weeks
(3 times/week). After the final application, the mice were left in
cages for 4 or 8 weeks and sacrificed. The status of Pg colony
formation in the pocket, gingival inflammation, alveolar bone
loss, the expression levels of pro-inflammatory cytokines in
the serum and aorta, the presence of anti-Pg lipopolysaccha-
ride (LPS) and gingipain (Kpg and RgpB) antibodies in the
serum, as well as the accumulation of Pg LPS and gingipain
aggregates in the gingiva and arterial wall were evaluated.
The topical application of Pg into the gingival pocket induced
the following local and systemic pathohistological changes in
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mice when examined at 4 or 8 weeks after the final topical
Pg application: Pg colonization in the majority of gingival
pockets; increased gingival pocket depths; gingival inflamma-
tion indicated by the increased expression of TNF-a, IL-6 and
IL-1pB; significant loss of alveolar bone at the sites of topical
Pg application; and increased levels of pro-inflammatory
cytokines, such as TNF-a, IL-1p, IL-17, IL-13, KC and IFN-y
in the serum in comparison to those from mice receiving PBS.
In addition, the Pg application/colonization model induced
anti-Pg LPS and gingipain antibodies in serum, as well as
the accumulation of Pg LPS and gingipain aggregates in the
gingivae and arterial walls. To the best of our knowledge, this
mouse model represents the first example of creating a more
sustained local infection in the gingival tissues of wild-type
mice and may prove to be useful for the investigation of the
more natural and complete pathogenesis of the bacteria in
the development of local oral and systemic diseases, such as
atherosclerosis. It may also be useful for the determination
of a treatment/prevention/efficacy model associated with
Pg-induced colonization periodontitis in mice.

Introduction

Porphyromonas gingivalis (Pg) is an anaerobic Gram-negative
asaccharolytic bacteria that is well-characterized among the
‘red-complex’ perio-pathogens known to play a critical role
in the development of periodontitis (1) and systemic inflam-
matory diseases. Pg produces several known bacterial toxins,
such as lipopolysaccharide (LPS), gingipains and fimbriae by
local secretion, as well as incorporation into and the release
of complex outer-membrane vesicles (OMVs) (2,3). Over
time, these factors are destructive to the local periodontium,
ultimately leading to additional dysbiotic changes, including
periodontitis and the loss of clinical epithelial attachment,
alveolar bone and pro-inflammatory mediators.

Among these, Pg LPS is known to cause inflammation
by triggering innate immune responses via a unique Toll-like
receptor interaction (4,5). Indeed, the authors have previously
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demonstrated that the local oral delivery of Pg LPS induced
periodontitis and alveolar bone loss in ApoE-deficient mice
with increased amounts of pro-inflammatory cytokines both
locally and systemically (6).

Ontheotherhand, Pg gingipains are cysteine endo-proteases
that exert their virulent effects by degrading the extracellular
matrix (7-9), cleaving numerous anti-bacterial proteins in
saliva and inducing systemic inflammation via the interleukin
(IL)-1p/NLR family pyrin domain containing 3 inflammasome
pathway (10). Pg produces three different types of gingipains:
Arginine-gingipain A (RgpA), arginine-gingipain B (RgpB)
and lysine-gingipain (Kgp) (7). Together, these gingipains
not only degrade and cause epithelial cell detachment in
the gingival tissues, but also degrade other proteins such as
complement system, cytokines and collagen (11). Gingipains,
as already mentioned, are known to be secreted, and trans-
ported to the extracellular bacterial environment in soluble
and OMV-associated forms (12,13). They are also essential
for the survival and pathogenicity of Pg, playing critical roles
in the bacterial colonization, inactivation of host defenses and
tissue destruction (13,14).

To date, a number of studies have developed and utilized
murine models in attempts to examine the effects of Pg on
both local and systemic alterations in various tissues (15,16).
Among these, the inoculation of live bacteria into the oral
cavity is frequently used (17). This model requires the applica-
tion of repeated, large concentrations/volumes of live bacteria
into the oral cavity (3-4 times per week over a long period
of time, such as 8-12 weeks) without causing efficient patho-
logic outcomes, such as alveolar bone loss, the key outcome
measurement of periodontitis (18,19). The injection of LPS
into the gingival tissues has also been used (20,21); however,
it does not account for the effects of other bacterial pathogens.
Experimental periodontitis has also been induced with the
placement of Pg-adhered ligatures into the gingival sulcus in
mice (22,23). However, a concern associated with this model
is that the effect of bacteria may be masked by the mechanistic
trauma from the ligature. Collectively, these models do not
faithfully mimic the true clinical settings in which Pg colo-
nizes around the tooth to assert local and systemic effects.

The main aim of the present study was to establish a
mouse model in which a small volume of Pg is topically
applied directly into the gingival pocket to allow bacterial
colonization and asserts both local and systemic effects. The
wild-type mouse model developed herein demonstrated the
establishment of a chronic active infection of Pg into the oral
cavity/gingival pockets similar to that observed in a human
infection/colonization with Pg. Topical Pg application into the
gingival pocket resulted in local chronic colonization, as well
as local and systemic inflammation, alveolar bone loss, and the
accumulation of Pg LPS and gingipain aggregates in gingival
tissue and aortic walls in mice.

Materials and methods

Animals and animal welfare considerations. A total of 50
4-week-old mice (C57BL6 background) were purchased from
Jackson Laboratory. All mice were housed in a pathogen-free
animal experimental facility at the University of California,
Los Angeles University, under a 12-h light/dark cycle. All

mice were fed normal chow and had free access to drinking
water and food. The health and behavior of the mice were
monitored three times a week throughout the whole duration
of the experiment (12 weeks). Isoflurane (2%) and a mixture
of ketamine (100 mg/kg) and xylazine (5 mg/kg) were used as
anesthetics during ligature placement and phosphate-buffered
saline (PBS) or bacteria inoculation. Carprofen (3 mg/kg),
a pain relief drug, was also used after ligature placement to
minimize the pain of the mice. The ketamine/xylazine mixture
and carprofen were administered via intraperitoneal (i.p.)
injection, and isoflurane was administered via inhalation. All
mice were administered ketamine/xylazine prior to euthanasia
to minimize suffering. Euthanasia was performed via cardiac
perfusion, and the heartbeat of the mice was assessed for
5 min to verify death. All mice were euthanized as designed,
apart from 1 mouse that died during the bacteria inoculation
via isoflurane inhalation. All procedures were performed in
compliance with the institution's policy and applicable provi-
sions of the United States Department of Agriculture (USDA)
Animal Welfare Act Regulations and the Public Health Service
(PHS) Policy. The experimental protocols were approved by
the Animal Research Committee (ARC) of the University of
California, Los Angeles (UCLA) under ARC# 2019-057.

Creation of gingival pocket to retain topically applied PBS
or bacteria in the pocket. To create a gingival pocket that
allows for retaining topically applied PBS or Pg W83 (Pg)
(obtained from Dr Gena D. Tribble, University of Texas
School of Dentistry, Houston, TX, USA) directly into the
gingival pocket, a 6-0 silk ligature was placed around the
second molars for 1 week under general anesthesia using
ketamine/xylazine (100 and 5 mg/kg, respectively) as previ-
ously described (6,24). After the ligature placement, all mice
were administered 2 mg ampicillin and 2 mg neomycin daily
by gavage for 4 days out of the 7 days in total of the ligature
to facilitate the subsequent Pg application into the pocket and
to enhance Pg bacterial colonization in the pocket. Following
the removal of the ligature 1 week after placement, the mice
were divided into 4 groups as follows: Group 1 (n=10), PBS
application for 5 weeks and sacrifice at the 4th week after the
final inoculation; group 2 (n=15), Pg application for 5 weeks
and sacrifice at the 4th week after the final administration;
group 3 (n=10), PBS application for 5 weeks and sacrifice at
the 8th week after the final administration; and group 4 (n=15),
Pg application for 5 weeks and sacrifice at the 8th week after
the final application.

Culture of Pg and topical application of PBS or Pg directly
into the gingival pocket. Pg was cultured based on the recom-
mended protocol with some modifications (25). Briefly, the Pg
culture was grown for 3-5 days on a tryptic soy blood agar
plate (TSB containing 1.5% agar and 5% defibrinated sheep
blood, Hemostat Laboratories) supplemented with 5 pg/ml
of hemin, 0.5 yg/ml vitamin K, (Difco; BD Biosciences) and
0.05% L-cysteine (Sigma-Aldrich; Merck KGaA) in an
anaerobic chamber at 37°C until ODy,, of ~1.5 [~7.3x10°
colony forming U/ml (CFU/ml)]. The Pg culture was concen-
trated by centrifugation at 10,000 x g at 20°C for 15 min
and washed once with PBS before the bacterial pellet was
suspended in sterile 1% methyl cellulose solution to yield a
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final concentration of 5x10'" CFU/ml. The fresh Pg culture
preparations were conducted three times a week for 5 consecu-
tive weeks. Pg (10 ul) in methyl cellulose solution (5x10° CFU
per gingival pocket) or 10 xl PBS prepared in methyl cellulose
solution were topically applied directly onto the lingual side
of the maxillary second molar into the subgingival area using
the microvolume micropipette (0.1-10 pl) under the BM-LED
microscope (Meiji Techno) (Fig. S1).

Sample and tissue collection. Whole blood was collected
from mice by cardiac puncture under general anesthesia with
isoflurane (Abbott Pharmaceutical Co. Ltd.). Following blood
collection, swab samples were obtained from the gingival
pocket and gingival tissue using sterile endodontic absorbent
paper points (Dentsply) for semi-quantitative PCR analysis to
determine the presence of Pg (Pg colonies) in the pocket. The
mice were then perfused and fixed with 4% paraformaldehyde
in PBS via the left ventricle for 5 min. Following perfusion,
the heart and a short section of the aorta root were removed for
cryosection. The maxillae of the mice were then excised and
fixed with 4% paraformaldehyde in PBS, pH 7.4, at 4°C over-
night and stored in 70% ethanol solution for micro-computed
tomography (#CT) analysis.

Frozen sectioning and staining of aortic root. The heart
samples were embedded in cyromolds with Tissue-Tek O.C.T.
compound (Sakura Finetek), and stayed frozen at -80°C until
cryo-sectioning. Frozen heart blocks were sectioned at a
thickness of 20 ym at -20°C using a CM3050 S cryostat (Leica
Microsystems, Inc.) and a Cyrostar NX70 cyrostat (Thermo
Fisher Scientific, Inc.) for hematoxylin and eosin (H&E;
Sigma-Aldrich; Merck KGaA) and Oil Red O (Sigma-Aldrich;
Merck KGaA) staining of the aortic root region for 15 min at
room temperature.

Detection of Pg colonies from the gingival pocket. Swab
samples taken from the gingival pocket were stored in 200 ul
PBS. Genomic DNA was extracted using the Qiagen QIAamp
DNA Micro kit (Qiagen, Inc.) from the sample following
proteinase K (Thermo Fisher Scientific, Inc.) treatment.
The protein-free purified DNA was then dissolved in 20 ul
distilled water. An aliquot (5 ul) of the dissolved DNA was
diluted 10-fold (to yield 50 ul diluted DNA samples). The
diluted DNA sample was boiled for 5 min. The resulting
lysate (4 ul) was then used directly as a template in a PCR
reaction: The amount of DNA used for the PCR analysis was
1/50 of original samples taken from each swab. All PCR reac-
tions were performed as previously described (26) using the
following primers, which detect Pg W83-specific 16S rDNA:
Forward, 5-AGGCAGCTTGCCATACTGCG-3"; and reverse,
5-ACTGTTAGCAACTACCGATGT-3". Each PCR reaction
was composed of a denaturation cycle of 95°C for 8 min,
followed by 50 cycles composed of one step of 95°C for 30 sec,
an annealing step of 56°C for 30 sec, and an extension step
at 72°C for 40 sec. PCR was performed using a thermal cycler
(SimpliAmp, Applied Biosystems; Thermo Fisher Scientific,
Inc.). Amplified products were detected by electrophoresis.
Each gel run was performed at 1% ethidium bromide on a 1%
agarose gel at 110 V for 20 min. The DNA ladder was 1 Kb
plus DNA ladder from Thermo Fisher Scientific, Inc. Purified
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Pg DNA (1,000 CFU) for PCR was included as a positive
control to quantify the CFU of Pg from each pocket swab,
and PCR without template DNA served as a negative control.
The density of the amplified DNA was analyzed using ImageJ
software Version 1.52 (National Institute of Health).

uCT and histological analysis of maxillae. The fixed
maxillae were subjected to uCT scanning (Skyscanl275,
Bruker-microCT Systems) using a voxel size of 20 pm? and
a 0.5 mm aluminum filter. Two-dimensional slices from each
maxilla were combined using NRecon and CTAn/CT Vol
programs (Bruker-microCT Systems) to form a three-dimen-
sional reconstruction. The level of bone resorption was
calculated as the distance from the palatal and mesiobuccal
cement-enamel junction (CEJ) to the alveolar bone crest (ABC)
of the second molars by an investigator (YB). The reading was
confirmed in a blinded-manner by another individual (SK).

Following uCT scanning, the maxillae were decalcified
with 5% EDTA (Sigma-Aldrich; Merck KGaA) and 4%
sucrose (Sigma-Aldrich; Merck KGaA) in PBS (pH 7.4) for
3 weeks at 4°C. The decalcification solution was changed daily.
Decalcified maxillae were processed for paraffin embedding
the blocks at the UCLA Translational Procurement Core
Laboratory (TPCL). Blocks were sectioned at 5-ym using a
microtome (Thermo Fisher Scientific, Inc.). After dewaxing
with xylene, the sections were stained with hematoxylin and
eosin (H&E, Sigma-Aldrich; Merck KGaA) at room tempera-
ture for 30 sec. Digital images of the stained sections were
obtained using the DP72 microscope (Olympus Corporation).
The clinical attachment loss (CAL) was obtained under the
microscope by measuring the CEJ to the base of the pocket
depth by an investigator (SK). The reading was confirmed in a
blinded-manner by another individual (YB).

Antibody production for Pg lysine gingipain (Kgp) and
arginine gingipain B (RgpB). As anti-Pg (strain W83)
gingipain antibodies were of limited availability, antibodies
against Pg gingipains were generated. Briefly, two sets of
primers were designed to amplify the sequence encoding Kgp
amino acids A22 to 1400 and RgpB N401 to K736 from Pg
W83 (Table SI). The amplified DNA fragments were cloned
into pMCSG?7 using a ligation-independent cloning (LIC)
method as previously described (27), and the gingipain coding
sequences were confirmed by DNA sequencing. Generated
gingipain-expressing plasmids were introduced into E. coli
BL21 (DE3) (Thermo Fisher Scientific, Inc.). Both cultures
of 500 ml Luria-Bertani (LB) broth in the presence of
100 M ampicillin were induced by the addition of 0.5 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) at ODyg, of
0.7-0.8 at 18°C overnight. The induced cell cultures were
pelleted by centrifugation at 6,500 x g for 10 min at 4°C
and washed with 50 mM Tris-CIl and 150 mM NacCl, pH 7.5
prior to suspension in sample buffer containing 1 mM PMSF,
20 mM B-mercaptoethanol and 20 mM imidazole. The cell
suspensions were subjected to French Press (Glen Mills)
to lyse the cells. The lysates were centrifuged at 6,500 x g
for 20 min at 4°C to separate the unlysed cells or insoluble
proteins from the soluble proteins. Recombinant proteins were
purified using Ni-NTA agarose affinity chromatography and
purified proteins were analyzed by 0.1% Coomassie blue R250
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(Fisher Bioreagents) in 50% methanol and 10% acetic acid
solution to confirm the successful purification. The purified
proteins, Kgp (7 mg/ml) and RgpB (3.8 mg/ml), were shipped
to Cocalico Biologicals, Inc. for raising custom polyclonal
antibody in rabbits. The produced antiserums were used for
the detection of gingipains (or antibody against gingipains) in
gingival tissue, blood and arterial walls.

Determination of pro-inflammatory cytokines in mouse serum.
The levels of pro-inflammatory cytokines were detected as
follows: Briefly, whole mouse blood was collected at 4 or
8 weeks after the final PBS or Pg inoculation with cardiac
puncture. The serum was separated from the blood for the
detection of pro-inflammatory cytokines using the Quantibody
Mouse Cytokine Array kit (RayBiotech, Inc.) which allows for
the determination of low levels (<20-30 pg/ml) of cytokines
[e.g., granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon (IFN)-y, IL-1a, IL-13,1L-6,1L-17, tumor
necrosis factor (TNF)-a, vascular endothelial growth factor
(VEGF), macrophage colony-stimulating factor (M-CSF),
keratinocyte chemoattractant (KC)] from the serum samples.

Reverse transcription-quantitative PCR (RT-gPCR) for deter-
mining the expression levels of pro-inflammatory cytokines
from gingival and aortic tissue. Total RNA was extracted
from mouse gingival and aortic tissue using the RNeasy
micro kit (Qiagen GmbH) and reverse transcribed for 5 min
at 65°C, 2 min at 25°C and for 50 min at 45°C cycles using the
SuperScript® ITI Reverse Transcriptase Synthesis kit (Thermo
Fisher Scientific, Inc.). Subsequently, qPCR was performed
using PowerUp™ SYBR-Green Master Mix (Thermo Fisher
Scientific, Inc.) or TagMan primers (Applied Biosystems;
Thermo Fisher Scientific, Inc.) for 2 min at 95°C (one step
denaturation) and amplification of DNA with 15 sec at 95°C
and 1 min at 60°for 40 cycles as suggested by the manufacturer
(Thermo Fisher Scientific, Inc.). The sequences of the primers
used for RT-qPCR are presented in Table SI. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) served as a control
and the fold induction was calculated using the comparative
ACq method and are presented as relative transcript levels
(24499 (28).

Detection of anti-Pg gingipains (Kgp and RgpB) and anti-Pg
LPS antibodies from mouse serum. ELISA was performed
on collected mouse sera to determine Pg Kgp-, RgpB- and
LPS-specific antibodies. ELISA plates (Corning, Inc.) were
coated with 100 ng Kgp or RgpB in carbonate-bicarbonate
buffer (pH 9.6). ELISA plate kit pre-coated with 100 ng of
Pg LPS were obtained from Chondrex, Inc. for the detection
of anti-LPS antibody from serum (cat. no. 6222; Chondrex,
Inc.). The coated wells of each plate were blocked with 2%
bovine serum albumin (BSA) (Chondrex, Inc.), and various
dilutions of mouse sera (1:100, 1:200, 1:400, 1:800, 1:1,600
and 1:3,200) were added to the wells and incubated for 2 h
at room temperature. Anti-mouse horse radish peroxidase
(HRP)-conjugated IgG antibody (cat. no. 7076, Cell Signaling
Technology, Inc.) was then added at a 1:500 ratio for 1 h,
followed by TMB substrate solution (eBioscience; Thermo
Fisher Scientific, Inc.), and after 6 min, the resultant color
intensity was recorded at 450 nm. Antibody levels as the

absorbance OD value was measured using the Infinite M1000
microplate reader (Tencan).

Detection of Pg gingipain (Kgp and RgpB) and LPS aggregates
in the gingiva and arterial wall of mice. For immunofluores-
cence analysis, formalin-fixed paraffin-embedded sections of
gingival tissues and frozen sections of hearts were incubated
with primary antibodies against Pg Kgp (rabbit polyclonal
antibody), Pg RgpB (rabbit polyclonal antibody) and Pg LPS
(mouse monoclonal antibody from Millipore Sigma, followed
by fluorometric detection with Alexa Fluor 488-conju-
gated secondary antibodies (Thermo Fisher Scientific,
Inc.). Sequentially, the sections were mounted on slides
with VECTASHIELD® anti-fade mounting medium with
4'6-diamidino-2-phenylindole dihydrochloride (DAPI; Vector
Laboratories, Inc.). The slides were then examined under a
Fluoview FV200i confocal fluorescent microscope (Olympus
Corporation). Digital images of the stained sections were
obtained using a microscope (DP72; Olympus Corporation).

Statistical analysis. All graphs were created and statistical
analyses were performed using GraphPad Prism 9.3.1
(GraphPad Software, Inc.). An unpaired Student's t-test was
used for two-group comparisons, and for multiple compari-
sons, one-way ANOVA with Turkey's post hoc test was used.
A P-value <0.05 was considered to indicate a statistically
significant difference. All results from in vitro experiments
were confirmed by at least three independent experiments.
Error bars represent the mean + SEM.

Results

Topical Pg application into the gingival pocket induces Pg
colony formation in the majority of gingival pockets in mice.
To retain PBS and Pg in the gingival pockets following the
topical application, artificial pockets were created around
the maxillary second molars of mice by placing silk ligature
around the molars. At 1 week after the placement, the ligatures
were removed and PBS or freshly cultured Pg were topically
applied into the gingival pocket three times per week for
5 weeks. After completing the course of PBS or Pg application,
the mice were left for 4 or 8 weeks in cages, after which they
were sacrificed (Fig. 1A). As shown in Fig. 1, the swab samples
from the mice receiving the topical application of PBS directly
into the gingival pocket did not exhibit any presence of ampli-
fied bacterial DNA. However, the swab samples from the mice
receiving the topical application of Pg exhibited amplified
bacterial DNA bands in 4 samples (out of 9) and 7 samples (out
of 10) when analyzed at 4 or 8 weeks, respectively after the
final Pg inoculation (Fig. 1B and C). The amount of detected
Pg/swab/mouse was ~150,000-210,000 CFU at 4 weeks and
~15,000-55,000 CFU at 8 weeks after the final Pg inoculation.
These data indicate that the repeated topical application of
Pg into the gingival pocket can induce and establish bacterial
colony formation in the mouse gingival pocket.

Topical Pg application induces the loss of the clinical epithelial
attachment and alveolar bone. The histological examination
revealed that the clinical epithelial attachment loss measured
from the CEJ to the base of the gingival pocket was significantly
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Figure 1. Research design and electrophoretic images of amplified Pg¢ DNA from the gingival pocket swabs of mice collected at 4 and 8 weeks after the final
PBS or Pg inoculation for 5 weeks. (A) Schematic diagram of the research design. (B) Electrophoretic image of amplified Pg DNA from mice sacrificed
4 weeks after completing the last inoculation (inoculation duration, 5 weeks). (C) Electrophoretic image of amplified P¢ DNA from mice sacrificed 8 weeks
after completing the last inoculation (inoculation duration, 5 weeks). The lanes indicate the following: +, positive control (1,000 CFU of purified Pg DNA);
-, negative control; 1-10, samples taken from the gingival pocket. Pg, Porphyromonas gingivalis.

increased in the Pg-inoculated site, and the clinical attachment
loss was more significant in mice at 8§ weeks when compared
to that in mice at 4 weeks (Fig. 2A and B), suggesting ongoing
active inflammation after 4 weeks of the epithelial junction.
The uCT analysis also revealed similar patterns in bone loss
(Fig. 2C). When alveolar bone loss was measured from the
CEJ to the crest of the alveolar bone, only the site at which
Pg was applied (second molars) exhibited bone loss, while the
sites at which Pg was not applied were unaltered (Fig. 2D-F),
indicating the specificity of Pg-induced bone loss.

Topical Pg application increases the expression of pro-inflam-
matory cytokines in the gingival tissue. To further examine
the inflammatory status around the Pg-inoculated soft tissue,
gingival tissues around the second molars were isolated and
subjected to RT-qPCR analysis for determining the expression
levels of IL-1P, IL-6, TNF-a, inducible nitric oxide synthase
(iNOS) and IL-17. The expression levels of pro-inflammatory
cytokines, including IL-1 and IL-6 were upregulated by the
4th and 8th week when compared with the controls with PBS
treatment (Fig. 3A and B). The other screened cytokines, such
as TNF-a, iNOS and IL-17 were also upregulated, although
the increases were not statistically significant (Fig. 3C-E).
These data indicated that the topical Pg application into the
gingival pocket induced local inflammation around the tooth.

Topical Pg application directly into the gingival pocket
induces systemic inflammation. As periodontitis embodies
systemic inflammation, the levels of inflammatory cytokines
in serum were examined to determine whether the topical
Pg application can induce systemic inflammation. In mice
receiving the topical Pg application, significantly higher levels

of pro-inflammatory cytokines, such as TNF-a, IL-13, IL-18,
IL-17, KC and IFN-v, were detected in serum compared to
those in mice receiving PBS when measured at the 4th week
after the final Pg or PBS inoculation (Fig. 4). However, higher
levels of IL-1p and KC were detected only in the serum of
mice receiving Pg compared to those receiving PBS when
measured at the 8th week after the final Pg or PBS inoculation
(Fig. 4). The serum levels of IL-1a , IL-2, IL-3, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-12, M-CSF, GM-CSF, VEGF, monocyte
chemotactic protein-1 (MCP-1) or regulated upon activation,
normal T cell expressed and secreted (RANTES) were not
markedly altered by the Pg inoculation regardless of the time
point (4th or 8th week) after the final Pg inoculation (Fig. S2).

Anti-Pg gingipain and anti-Pg LPS antibodies detected in
the sera of mice receiving the topical Pg application into the
gingival pocket. Anti-Pg gingipain and Pg LPS antibodies in
the blood were measured using Pg gingipain (Kgp and RgpB)
and Pg LPS as probes using an ELISA-based assay. Both
anti-gingipain and anti-LPS antibodies were detected in sera
of mice receiving the topical Pg application; however, no such
antibodies (or basal level) were detected in mice receiving the
topical PBS application (Fig. 5).

Pg gingipain and LPS are identified in the gingival tissues of
mice receiving the topical application of Pg into the gingival
pocket.Gingipains and LPS are crucial virulent factors released
in both soluble mediators and in OMVs by Pg, and they are
frequently found in tissues (2,3). In the present study, to detect
whether these proteins are present in the gingival tissue of mice
receiving the topical Pg application, recombinant proteins for
gingipain (Kgp and RgpB) were generated and used to raise
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Figure 2. Topical Pg application directly into the gingival pocket induces clinical epithelial attachment loss and alveolar bone loss. (A) Representative images of
hematoxylin and eosin staining of the maxillary second molar and periodontal tissue. Scale bar, 100 zm. White arrows indicate the CEJ. (B) Depth of gingival
pocket histologically measured at the mesiobuccal pocket of the maxillary second molars from CEJ to the base of pocket. ““P<0.001 (n=5). Results represent
the mean + SEM. (C) Representative two or three dimensional xCT images of mice maxillae. The mice were sacrificed at 4 (right) or 8 (left) weeks after the
final PBS or Pg inoculation. Scale bar, | mm. The average distance from the palatal and mesiobuccal CEJ to the ABC of (D) upper first molar, (E) second molar,
and (F) third molar. Results represent the means + SEM performed in ten samples. ““P<0.001. ns, not significant (P>0.05); Pg, Porphyromonas gingivalis;

CEJ, cement-enamel junction; ABC, alveolar bone crest.

antibodies against them (Fig. S3). For LPS, the commercially
available antibody was used. Immunofluorescence staining
using these antibodies revealed that both gingipain and LPS
were detected at the site at which Pg was inoculated (Fig. 6).
These data indicate that local Pg LPS and gingipains may, in
part, be responsible for the gingival inflammation.

Pg gingipain and Pg LPS are found in the aortic roots of
mice receiving the topical Pg application directly into the
gingival pocket. The authors have previously reported that

ligature-induced periodontitis causes the exacerbation of
atherosclerotic lesions in ApoE-deficient mice (6,24). In the
present study, to evaluate the status of the atherosclerosis
in these wild-type mice, the hearts and the aortic roots
were harvested together. No changes were observed in the
histological features of lipid deposition that are indicative of
atherosclerosis (Fig. S4). Subsequently, the aortic roots were
further examined for evidence of Pg gingipains and Pg LPS
aggregates. Immunofluorescence staining revealed distinct
focal signals of both Pg gingipains and Pg LPS in the aortic
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Figure 3. Topical Pg application directly into the gingival pocket increases the expression of pro-inflammatory cytokines in gingival tissues. Reverse tran-
scription-quantitative PCR of pro-inflammatory cytokines (A) IL-1f, (B) IL-6, (C) TNF-a, (D) iNOS, and (E) IL-17 from the gingival tissue of second molars
of mice receiving ligature placement for 1 week followed by PBS or Pg inoculation into the gingival pocket. The cytokine levels were determined from the
tissues obtained at 4 or 8 weeks after the final Pg inoculation. GAPDH served as the loading control. ‘P<0.05 and “P<0.01. Results represent the mean + SEM
performed in triplicate; n=8-12 mice per group. Each dot represents a result from 1 mouse. Pg, Porphyromonas gingivalis; IL, interleukin; TNF-a, tumor
necrosis factor a; iNOS, inducible nitric oxide synthase.
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Figure 4. Topical Pg application directly into the gingival pocket induces systemic inflammation. ELISA measuring the levels (pg/ml) of (A) TNF-a, (B) IL-13,
(C) IL-1B, (D) IL-17, (E) KC, and (F) IFN-y from mouse sera at 4 and 8 weeks after the final PBS or Pg inoculation. "P<0.05, “P<0.01, ““P<0.005 and
“*"P<0.001 determined using one-way ANOVA. Results represent the mean + SEM; n=8-12 mice per group. Each dot represents a result from 1 mouse.
Pg, Porphyromonas gingivalis; IL, interleukin; TNF-a, tumor necrosis factor a; KC, keratinocyte chemoattractant; IFN-vy, interferon v.

walls of mice receiving the topical Pg application (Fig. 7; the  no signals in the aortic roots of mice receiving the topical PBS
second and fourth rows in each panel). By contrast, there were  application (Fig. 7; the first and third rows in each panel).
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Figure 5. Anti-Pg gingipain and anti-Pg LPS antibodies are detected in the sera of mice receiving Pg inoculation in the gingival pocket. (A) ELISA was used
to measure the serum levels of anti-Kgp antibody. Mouse sera examined 4 weeks after the final PBS inoculation (PBS) exhibited only background levels of
Kgp antibody. Significance was analyzed using an unpaired t-test. Tested sera were diluted 1:800. Error bars indicate the mean + SEM. (B) ELISA was used
to measure the serum level of anti-RgpB antibody. Mouse sera examined 4 weeks after the final PBS inoculation (PBS) exhibited only background levels of
RgpB antibody. Significance was analyzed using an unpaired t-test. Tested sera were diluted 1:800. Error bars indicate the mean = SEM. "P<0.05. (C) ELISA
was used to measure the serum level of anti-Pg LPS antibody. Anti-Pg-LPS IgG levels in mouse sera were measured using a Mouse Anti-Pg-LPS antibody
assay kit according to the manufacturer's protocol. Tested sera were diluted 1:800. Absorbance was read at 450 nm using a microplate reader. Significance
was analyzed using an unpaired t-test. Error bars indicate the mean + SEM. "P<0.05 and "*"P<0.001, determined using one-way ANOVA. ns, not significant
(P>0.05). Results represent the mean + SEM. Pg, Porphyromonas gingivalis; LPS, lipopolysaccharide; Kgp, lysine-gingipain; RgpB, arginine-gingipain B.

Discussion

To date, to the best of our knowledge, no animal models have
been reported that faithfully mimic the clinical settings in
which perio-pathogens, including Pg colonize around a tooth.
In the present study, a mouse model of Pg colonization was
successfully established, in which Pg was topically and directly
applied into an artificially created gingival pocket. This was
able to induce more chronic active periodontitis and other
systemic effects, in part due to the prolonged colonization of
Pg around the tooth.

Mice are not the natural host of Pg (29). For this reason,
several methods have been developed to mimic a human Pg
associated periodontal disease state in mice, including the
inoculation of live bacteria into the oral cavity (17). Although
this method has been widely used to study and demonstrate the
local and systemic effects of Pg (30,31), its general application
to the whole oral cavity and the use of the high concentra-
tions and exhaustive repeated applications (3-4x/week over
a period of 8-12 weeks) without causing drastic alveolar
bone loss, renders it difficult to examine the sole effects of

bacterial colonization around the tooth to the local and
systemic outcomes. The model established herein is distinct
from previously reported models, in that the ligature was only
used for 1 week to create gingival pocket, after which the
ligature was removed and Pg was locally and topically applied
on one tooth for 5 weeks. Within this relatively short period
of time, bacterial colonization was efficiently established and
conferred local effects by causing alveolar bone loss on the
applied tooth only, as well as systemic effects, as demonstrated
by the presence of Pg pathogen in the vascular system.

One of the major concerns with the conventional periodon-
titis model (e.g., oral inoculation) is a potential systemic effect
via the gastrointestinal (GI) tract by swallowing the inoculated
bacteria. In the model in the present study, although an attempt
was made to apply Pg locally in a small volume, this potential
still exists as locally administered Pg can be subsequently
swallowed by the mouse. On the other hand, knowing this
shortcoming, this mouse model was developed strategically
by creating a gingival pocket with a ligature (to maximize the
administration and colonization of Pg locally) and topically
applying Pg for only 5 weeks (to allow the colonization of
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Figure 6. Pg gingipains and LPS aggregates are present in the gingival tissues of mice receiving the topical Pg inoculation into the gingival pocket. (A) IF
analysis using Kgp. PBS and Pg were from the mice sacrificed at 4 or 8 weeks after the final PBS or Pg inoculation. Kgp IF-2 is the higher-magnified image
of blue-dotted square in Kgp IF. Kgp (bright green color dots, arrows) was present only in the gingival tissue of mouse receiving topical Pg not in those
receiving PBS. (B) IF analysis using RgpB. PBS and Pg were from the mice sacrificed at 4 or 8 weeks after the final PBS or Pg inoculation. RgpB IF-2 is
the higher-magnified image of blue-dotted square in RgpB IF. The RgpB (bright green color dots, arrows) was present only in the gingival tissue of mouse
receiving topical Pg not in those receiving PBS. (C) IF analysis using Pg LPS. PBS and Pg were from the mice sacrificed at 4 or 8 weeks after the final PBS or
Pg inoculation. Pg LPS -2 is the higher-magnified image of blue-dotted square in Pg LPS IF. The Pg LPS (bright green color dots, arrows) was present only in
the gingival tissue of mouse receiving topical Pg not in those receiving PBS. DAPI was heavily stained in pulpal and gingival tissues. Scale bars, 100 ym. M,
upper second molar; G, gingival tissue; AB, alveolar bone; P, pulpal tissue; Pg, Porphyromonas gingivalis; IF, immunofluorescence; LPS, lipopolysaccharide;
Kgp, lysine-gingipain; RgpB, arginine-gingipain B.

bacteria around the tooth), and leaving the mice for an addi- circulation as a direct result of Pg inoculation). It was reasoned
tional 4 and 8 weeks without any further Pg application (to  that terminating the oral inoculation of bacteria and leaving
allow the clearance of bacteria from the GI tract and systemic  the mice for an additional 4 or 8 weeks would allow a sufficient
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Figure 7. Pg gingipain and Pg LPS aggregates are found in the aortic roots of mice receiving Pg inoculation into the gingival pocket. (A) IF analysis using
Kgp. PBS and Pg were from the mice sacrificed at 4 or 8 weeks after the final PBS or Pg inoculation. Kgp IF-2 is the higher-magnified image of blue-dotted
square in Kgp IF. The RgpB (bright green color dots, arrows) was present only in the aortic leaflet and aortic wall of mouse receiving topical Pg, not in those
receiving PBS. (B) IF analysis using RgpB. PBS and Pg were from the mice sacrificed at 4 or 8 weeks after the final PBS or Pg inoculation. RgpB IF-2 is
the higher-magnified image of blue-dotted square in RgpB IF. The RgpB (bright green color dots, arrows) was present only in the aortic leaflet and aortic
wall of mouse receiving topical Pg, not in those receiving PBS. (C) IF analysis using Pg LPS. PBS and Pg were from the mice sacrificed at 4 or 8 weeks
after the final PBS or Pg inoculation. Pg LPS -2 is the higher-magnified image of blue-dotted square in Pg LPS IF. The LPS (bright green color dots, arrows)
was present only in the aortic leaflet and aortic wall of mouse receiving topical Pg, not in those receiving PBS. Nuclei of cells were localized with DAPI
staining. Scale bars, 100 gm. L, lumen; AW, aortic wall; AL, aortic leaflet; Pg, Porphyromonas gingivalis; IF, immunofluorescence; LPS, lipopolysaccharide;

Kgp, lysine-gingipain; RgpB, arginine-gingipain B.

amount of time for bacterial ingestion via the GI tract to be
reduced and to maximize bacterial colonization on the tooth
surface. Indeed, it has been reported that the average half-life
of bacteria clearance from blood is 2-10 min in mice (32).
Therefore, it is conceivable that the systemic effects that were
observed in the present study may primarily be derived from
the colonized Pg around the tooth through the gingival tissues,
rather than by the accidental swallowing of the inoculated
bacteria via the GI tract.

It is noteworthy that not all mice inoculated with Pg
topically developed colonies around the second molar tooth.
Indeed, the present study demonstrated that 45-70% of mice

established Pg colonies around the second molars (Fig. 1).
As this was a pilot study, it is conceivable that increasing the
numbers of adjacent molar teeth would increase the number of
positive animals and may reflect even better the human oral
condition. The detected amount of Pg/swab/mouse was higher
at 4 weeks (~150,000-210,000 CFU) when compared to that at
8 weeks (~15,000-55,000 CFU). The higher numbers observed
at 4 weeks may be the result of carryover from the final
inoculation of the bacterial colonies. Alternatively, the lower
numbers observed at 8§ weeks may be due to increasing host
defense responses (e.g., anti-Pg antibodies toward Pg due to
the chronic infection status). Collectively, these data indicate
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that the establishment of Pg colonies even in one second molar
appears to be directly linked to the ongoing more chronic
colonization and resulting systemic virulent effects of Pg in
the mice.

It is noteworthy that even though only a small number of
teeth were inoculated and colonized, systemic manifestations
were readily observed, suggesting a relatively potent inflam-
matory capacity of Pg for the murine host as observed herein.
Moreover, given the relatively limited number of total bacteria
in the oral cavity, the observance of LPS and gingipains at
distant tissue sites (aortic tissues) may suggest again that these
bacterial toxins are readily transported presumably via OMVs
originating in the gums. Multiple studies have concluded
similar findings. Recently, He et al (33) demonstrated in a
mouse model that released OMVs from Pg exerted potent
cytotoxic effects on lung epithelial cells; P¢ OMVs revealed
their ability to induce the apoptosis of lung epithelial cells and
disrupt the epithelial barrier system. They concluded from
their experimental design that these observations suggest that
OMVs deliver their pathogenic factors from the oral cavity
to respiratory organs without the direct translocation of Pg
itself (33). O'Brien-Simpson et al (34) similarly demonstrated
that Pg-infected cells and the RgpA-Kgp OMV complexes
at low concentrations stimulated secretory intercellular
adhesion molecule 1, IL-8, IL-6 and MCP secretion from
cultured human epithelial (KB) and fibroblast (MRC-5) cells.
However, at high concentrations, a reduction in the level of
these mediators was observed (34). By contrast, macrophage
inflammatory protein 1 and IL-1 were stimulated only at high
Pg cell concentrations. Pg-infected cells and the RgpA-Kgp
OMYV complexes were shown to induce the apoptosis of KB
and MRC-5 cells in a time- and concentration-dependent
manner (34). These data suggest that the RgpA-Kgp complexes
penetrate the gingival connective tissue; at low concentrations
distal from the plaque, the complexes stimulate the secretion
of pro-inflammatory mediators, while at high concentrations
proximal to the plaque, they induce apoptosis and attenuate the
secretion of pro-inflammatory mediators.

Previously, it was demonstrated that ligature placement in
the gingival pocket enhanced expression of pro-inflammatory
cytokines in both the local gingiva, aortic tissue and serum,
and that Pg. LPS further exacerbated these expression levels
in ApoE-deficient mice (6,24). Pg LPS, the major glycolipids
present at the surface of the Pg, is one of the virulent factors
in Pg. It has recently been demonstrated that Pg LPS weakly
induces pro-inflammatory cytokine production in mice by
activating Toll-like receptor 4 (35). Similarly, the present study
found that the local inoculation of Pg induced the expres-
sion of pro-inflammatory cytokines even in wild-type mice
(Figs. 3 and 4). This is also in line with a previous report in
which both wild-type and ApoE-deficient mice exhibited an
increased expression of pro-inflammatory cytokines in serum
when challenged by Pg via the oral cavity (36).

Macrophages are important immune cells that are known
to be associated with atherosclerosis. In particular, macro-
phages produce TNF-a that alters the phenotypes of vascular
smooth muscle cells and contributes to the development of
atherosclerosis (37). TNF-a-producing M1 macrophages are
crucial producers of pro-inflammatory cytokines and are acti-
vated by stimuli, such as LPS (38). Therefore, the prolonged
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production of LPS from locally accumulated Pg may promote
macrophages to undergo M1 polarization, affecting the
local diseases (e.g., periodontitis) and the systemic diseases
(e.g., atherosclerosis).

In the mouse model in the present study, Pg LPS and
gingipains were detected in the gingival tissues (Fig. 6C)
and the aortic walls (Fig. 7C). Such findings as discussed
above suggest that P¢ OMVs containing these toxins may
have penetrated through the epithelial barriers and reside in
the gingival tissues as well as in the blood stream. Indeed, a
previous study demonstrated that Pg OMVs and occasionally
PG DNA was found to be localized into squamous epithelium
and capillary endothelium in patients with periodontitis (39).
Pg DNA was also detected in the aortic walls (40-42). These
results however, are complicated by the fact that Pg, similar to
several other Gram-negative bacterial OMVs carry numerous
forms of both functional RNA and DNA transcripts. Without
controlling for a more direct means of detecting the whole
bacterial cell, one cannot conclude what the source of the
DNA is in these tissues. It is becoming clearer that Pg OMYV,
as well as other species OMVs, such H. Pylori in which a
cell modulating and transforming cell factor CagA are found
circulating in human serum samples of infected patients'
chronic gastritis (43).

The rather limited topical application of Pg into the
gingival pocket of the second molars appears to have led to
a more chronic active colonization, possibly inducing the
secretion of free bacterial toxins or in the form of OMVs
containing gingipains and LPS into the blood or lymphatics. It
cannot be discounted that a planktonic form of Pg is released
from the bacterial colony in the sulcus with Pg penetration/
transmigration through the gingival epithelial tissues and
the aortic endothelial layers and/or through a ‘Trojan Horse’
cellular macrophage mechanism.

Pg gingipains are cysteine proteases that assert their
virulent effects by degrading the extracellular matrix (7-9).
It has been demonstrated that Pg gingipains disrupt
epithelial barrier functions by degrading JAMI, a tight
junction-associated protein, leading to Pg penetration into the
tissues (44). Pg produces three different types of gingipains:
Arginine-gingipain A (RgpA), arginine-gingipain B (RgpB)
and lysine-gingipain (Kgp) (7). Herein, by generating recom-
binant proteins, antibodies against RgpB and Kgp were
developed (Fig. S3). Using these antibodies, Pg gingipains
were detected in the gingival tissues (Fig. 6A and B). Of note,
anti-Pg gingipain and LPS antibodies were detected in the
serum (Fig. 5A and B), while Pg gingipains and LPS were
also found in the aortic walls (Fig. 7). Such finding suggests
that the effects of Pg gingipains and LPS are at both local
and systemic levels, asserting ECM-degrading functions and
assisting in Pg penetrations into different parts of the body,
including the aorta. Alternatively, it is possible that the OMV
containing LPS can be released from the Pg, transmigrating
from the gingival sulcus through the blood to proximal tissue
organs, such as the aorta.

Wild-type mice do not develop lipid deposition at the
intercostal arteries, at the junction of the aorta to the heart,
unless fed a high-fat diet for prolonged period of time (45).
Even with the high-fat diet in mice with an ApoE-deficient
background, the development of atherosclerosis is attenuated
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in the presence of statins (24,46-49). As such, it is highly prob-
able that additional factors, such as high serum lipid levels
are required in order to create an inflammatory environment
that can drive atherosclerosis development in the aortic areas.
Additionally, it is known that pro-inflammatory responses are
highly locally regulated and thus may be inhibited to assure
intra-cellular survival.

As demonstrated herein, while anti-Pg LPS and anti-Pg
RgpB antibodies were progressively present at higher levels
at 8 weeks as compared with 4 weeks, the anti-Pg Kgp anti-
body level was decreased at 8 weeks, although the difference
was not statistically significant (Fig. 5). However, in a murine
lesion model, O'Brien-Simpson ef al (8) demonstrated that the
virulence of Kgp was more significant when compared to that
of RgpB, suggesting that the potency of these two gingipains
was functionally different. RgpB and Kgp are encoded
from different genes, and they are also post-translationally
regulated (50-52). As such, it would of interest to further
examine their regulations and functions as Pg colonizes
around the tooth in a time-dependent manner; this may more
easily studied using the model presented herein.

The accumulated Pg gingipain/LPS aggregates in the arte-
rial wall are known to be associated with the development of
atherosclerosis (53). It is highly probable that anti-gingipain
antibodies are associated with human periodontitis and may
be important for the control of periodontitis. While targeting
gingipains may provide some therapeutic improvement,
targeting the whole bacteria with a precision biological such as
monoclonal antibody would be significantly more efficacious,
as it would result in the complete cessation of all bacterial
toxins from the local and systemic circulation and would
possibly allow for the re-establishment of a more normal oral
microbiome.

In conclusion, the present study established the development
in vivo of a chronic Pg periodontal infection/colonization of a
wild-type mouse model that is more bacteriologically similar
to that of the human condition. The advantages of this animal
model include: i) Demonstration of the proof-of-principle that
topically applied Pg bacteria into the small artificially created
gingival pocket leads to a pro-longed bacterial colonization
around the tooth and induces subsequent local and systemic
inflammatory responses; ii) the establishment of a mouse model
that can provide a strategy with which to evaluate the local
effects of specific strains of bacteria, such as Pg; and iii) the
utilization of this mouse model to further study other systemic
diseases. In particular, as elevated cholesterol levels are
closely associated with the development of atherosclerosis and
Alzheimer's disease (54,55), the further utilization of this novel
Pg periodontal model applied in ApoE-deficient mice may prove
to be useful for the further examination of the pathogenesis of
these periodontitis-related toxins and systemic diseases, as well
as of the therapeutic efficacy of different treatment modalities,
including Pg monoclonal antibodies and vaccines.
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