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SUMMARY

Toll-like receptor 9 (TLR9) expression is
increased in periodontally diseased tissues com-
pared with healthy sites indicating a possible role
of TLR9 and its ligand, bacterial DNA (bDNA), in
periodontal disease pathology. Here, we deter-
mine the immunostimulatory effects of periodon-
tal bDNA in human monocytic cells (THP-1). THP-
1 cells were stimulated with DNA of two putative
periodontal pathogens: Porphyromonas gingiva-
lis and Tannerella forsythia. The role of TLR9 in
periodontal bDNA-initiated cytokine production
was determined either by blocking TLR9 signal-
ing in THP-1 cells with chloroquine or by measur-
ing IL-8 production and nuclear factor-xB (NF-«B)
activation in HEK293 cells stably transfected with
human TLR9. Cytokine production (IL-1p, IL-6,
and TNF-a) was increased significantly in bDNA-
stimulated cells compared with controls. Chloro-
quine treatment of THP-1 cells decreased
cytokine production, suggesting that TLR9-medi-
ated signaling pathways are operant in the recog-
nition of DNA from periodontal pathogens.
Compared with native HEK293 cells, TLR9-trans-
fected cells demonstrated significantly increased
IL-8 production (P < 0.001) and NF-xB activation
in response to bDNA, further confirming the role
of TLR9 in periodontal bDNA recognition. The
results of PCR arrays demonstrated upregulation
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of proinflammatory cytokine and NF-kB genes in
response to periodontal bDNA in THP-1 cells,
suggesting that cytokine induction is through
NF-kB activation. Hence, immune responses trig-
gered by periodontal bacterial nucleic acids may
contribute to periodontal disease pathology by
inducing proinflammatory cytokine production
through the TLR9 signaling pathway.

INTRODUCTION

Periodontal disease is the most common form of
chronic inflammatory disease resulting in alveolar
bone destruction and tooth loss (Taubman et al.,
2005; Cochran, 2008). While a bacterial biofilm com-
posed of multiple species initiates periodontal disease,
most of the tissue destruction in periodontal lesions
is believed to occur as a result of host immune
response-mediated destructive processes (Sahingur &
Cohen, 2004; Taubman et al., 2005; Schenkein, 2006;
Cochran, 2008). Porphyromonas gingivalis and
Tannerella forsythia are two periodontal pathogens
that are frequently isolated from severe periodontal
lesions (Haffajee & Socransky, 1994). The host
immune system responds to invading pathogens by
detecting conserved pathogen-associated molecular
patterns (PAMPs) through an array of receptors,
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called pattern recognition receptors, that includes Toll-
like receptors (TLRs) (Janeway & Medzhitov, 2002;
Akira, 2006; Akira et al., 2006). PAMP-initiated, TLR-
mediated immunoinflammatory responses play an
important role in periodontal disease pathology mainly
by promoting increased expression of inflammatory
cytokines (Mahanonda & Pichyangkul, 2007; Gibson
et al., 2008; Hajishengallis et al., 2008a,b, 2009; Oni-
shi et al., 2008; Uehara et al., 2008). While various
PAMPs and their associated receptors have been
characterized and studied extensively in periodontal
disease etiology, the possible role of bacterial nucleic
acids in periodontal pathology has only recently
started to receive attention (Takeshita et al., 1999;
Nonnenmacher et al., 2003; Taubman et al., 2007).
Bacterial nucleic acids are recognized mainly
through TLR9 (Bauer et al., 2001; Jurk et al., 2006;
Heeg et al., 2008) and interactions between bacterial
DNA (bDNA) and TLR9 have been proposed to be
involved in inflammation-induced tissue destruction in
various diseases, including sepsis (Plitas et al., 2008;
Sjolinder et al., 2008), systemic lupus erythematosus
(Komatsuda et al., 2008; Wu etal., 2009; Zorro
et al., 2009), and rheumatoid arthritis (Loos et al.,
2006; Nakano et al., 2008; Rudnicka et al., 2009),
most of which share common pathophysiology with
periodontal disease. The bDNA binding to the en-
dosomally localized TLR9 leads to activation of
nuclear factor-kB (NF-xkB) and mitogen-activated
protein kinase pathways, which stimulate not only
potent proinflammatory activities but also the inter-
feron regulatory factor pathway that induces anti-
inflammatory activities (Kumagai et al., 2008). Host
cells distinguish pathogenic DNA from host DNA by
the abundance of unmethylated/hypomethylated cyto-
sine-phosphate-guanosine (CpG) dinucleotides (CpG
motifs) in the bacterial genome (Bauer et al., 2001).
In eukaryotic DNA, these motifs are rare and mostly
methylated. Most of the studies conducted so far
used synthetic CpG oligonucleotides to investigate
the receptor-ligand interactions in bDNA-mediated
immune responses (Dalpke et al., 2002; Krieg, 2006;
Heeg et al., 2008). The structures of naturally occur-
ring TLR9 activators are more heterogeneous and
different from the synthetic CpG oligonucleotides.
Hence, although particular CpG oligonucleotides are
undoubtedly useful in elucidating the pharmacology
of TLR9, it is sometimes hard to predict the effects of
TLR9 activation with natural DNA by extrapolating
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results obtained with synthetic oligonucleotides.
Besides differences encountered between native
DNA and oligonucleotides, the extent of the immune
response to different bacterial nucleic acids also var-
ies significantly among species and recognition of
bacterial nucleic acids may show differences depend-
ing on cell type (Dalpke et al., 2006; Mogensen et al.,
2006). Hence it is important to determine the immu-
nostimulatory effect of native bDNA from different
pathogens in different cell types to determine the
contribution of these molecular structures to the
pathology of specific diseases especially those
involving multifactorial etiology like periodontal dis-
eases.

Recent evidence suggests a possible role of
bDNA-initiated immune responses in periodontal
disease. Takeshita et al. (1999) reported interleukin-
6 (IL-6) production in response to P. gingivalis DNA
from gingival fibroblasts via NF-kB stimulation. Non-
nenmacher et al. (2003) reported increased IL-6 pro-
duction from gingival fibroblasts in response to
P. gingivalis, Aggregatibacter actinomycetemcomi-
fans, and Peptostreptococcus micros DNA in a
CpG-dependent manner. Moreover, increased TLR9
expression in periodontally diseased tissues com-
pared with healthy sites has been reported further,
supporting a possible role of TLR9 and its ligands in
periodontal disease pathology (Kajita et al., 2007;
Beklen et al., 2008). Monocytes/macrophages are
key players in immune response-mediated tissue
destruction in periodontal disease. To date, there
are no studies investigating the interactions between
periodontal bDNA and human monocytes. Therefore
the aim of this study is to investigate the role of
periodontal bacterial nucleic acids in proinflammatory
cytokine production (IL-1B, IL-6, and TNF-a) from
human monocytic cells (THP-1) and to identify the
receptors and the signaling pathways involved in
this process.

METHODS

Reagents

Highly purified Escherichia coli lipopolysaccharide
(LPS), calf DNA, DNAse | solution and 2-mercapto-
ethanol were purchased from Sigma-Aldrich
(St. Louise, MO). Polymyxin B solution was pur-
chased from Fluka (St. Louise, MO) and chloroquine
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diphosphate was purchased from MP Biomedicals
(Irvine, CA). Fetal bovine serum was purchased
from Invitrogen (Grand Island, NY).

Bacterial growth and preparation of bDNA

The bacterial strains tested included P. gingivalis
American Type Culture Collection (ATCC) 33277,
T. forsythia ATCC 43037, and E. coli XL1Blue. All
bacterial strains except E. coli were grown anaerobi-
cally (5% CO,, 10%H,, 85% N,). Briefly, T. forsythia
was grown in brain—heart infusion (Difco Laborato-
ries, Detroit MI) broth containing 5 pug mi~" hemin,
0.5 mg mI™' menadione, 1gl™" I-cysteine, 591"
yeast extract, 0.001% N-acetyl muramic acid, and
5% fetal bovine serum (Life Technologies, Grand
Island, NY). P. gingivalis was grown anaerobically in
Trypticase soy broth supplemented with yeast
extract (1 mg mlI™"), hemin (5 pg mli™"), and menadi-
one (1pugml™"). E. coli was grown aerobically at
37°C in brain-heart infusion. Bacteria were har-
vested by centrifugation at 6000 g and 4°C for
10 min, washed in Dulbecco’s phosphate buffered
saline (Sigma, St Louis, MO), pH 7.2. The bDNA
was isolated by repeated extraction with phenol—
chloroform—isoamyl alcohol, and precipitated with
sodium acetate and ethanol. All DNA preparations
were suspended in DNAse-free, LPS-free distilled
water and LPS contamination was determined by
Limulus amebocyte assay (Cambrex, LONZA, Walk-
ersville, MD). To inactivate any residual LPS, bDNA
preparations were further treated with polymyxin sul-
fate (50 pg mli™") (Fluka) for 1 h before stimulation.
In some experiments DNA preparations were
exposed to DNAse (Sigma-Aldrich) before stimula-
tion to further confirm that cytokine induction was
the result of bDNA and not related to any protein or
LPS contamination. DNAse activity was terminated
using 5 mm ethylenediamine tetraacetic acid and
incubating the preparation at 70°C for 10 min.

Cells and culture conditions

The human monocytic leukemia cell line (THP-1)
cells and native human embryonic kidney (HEK) cells
(HEK293), and HEK cells stably expressing human
TLR9 were purchased from the ATTC (Manassas,
VA) and Invivogen (Santa Cruz, CA), respectively.
THP-1 cells were grown in RPMI-1640 (Invitrogen)
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medium supplemented with 2 mm |-glutamine, 10%
fetal bovine serum (Invitrogen), 50 um 2-mercapto-
ethanol, and 1% antibiotics (penicillin/streptomycin)
(Invitrogen) and HEK293 cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 4.5 g I”' glucose (Sigma Aldrich),
10% fetal bovine serum, and 100 ug/ml Normocin™
(Invivogen) at 37°C in a humidified 5% CO, atmo-
sphere. The cells were maintained in a logarithmic
phase of growth (2 x 10° to 2 x 10°%) by passage
every 3—4 days.

Stimulation of THP-1 and HEK293 cells and deter-
mination of cytokine levels

THP-1 cells, native HEK293 cells not expressing
TLR9 (NHEK293), and stably transfected HEK293
cells expressing human TLR9 (HEK293/TLR9) were
stimulated with 100 ug ml~" bDNA from P. gingivalis
ATCC 33277 and T. forsythia ATCC 43037 using
48-well plates (1 x 10° cells per well) at 37°C in 5%
CO, for 12 h. DNA from E. coli (XL1 blue, Strata-
gene, La Jolla, CA) (100 pg mI™") and E. coli LPS
(1 ng mI™") served as positive controls and eukaryotic
DNA from calf thymus (100 pg ml™'; Sigma-Aldrich)
was used as negative control. Cell-free culture super-
natants were analysed for specific cytokines using
enzyme-linked immunosorbent assay (ELISA; R&D
Systems, Minneapolis, MN). IL-1B, IL-6, and TNF-o
levels were determined in THP-1 cell supernatants
and IL-8 levels were determined in HEK293 cell
supernatants.

Determination of TLR9 involvement in periodontal
bDNA-induced inflammatory response

Two approaches have been used to determine the
role of TLR9 in periodontal bDNA-induced cytokine
production. The first approach included treatment of
THP-1 cells with chloroquine (10 pg mi™") for 45 min
before DNA stimulation. Chloroquine is an antimalar-
ial agent and widely used to block TLR9 signaling by
affecting endosomal acidification (El Kebir et al.,
2009). Cytokine levels (IL-1B, IL-6, and TNF-o) were
determined in culture supernatants using ELISA
(R&D Systems) following the manufacturer’s instruc-
tions. The second approach included comparison of
IL-8 production between native HEK293 cells not
expressing TLR9 and HEK293 cells stably expressing
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TLR9 in response to periodontal bDNA. Both trans-
fected and untransfected cells were stimulated with
DNA of P. gingivalis (Pg-DNA) and T. forsythia (Tf-
DNA) (100 pg mI™") in 48-well plates (1 x 10° cells
per well) at 37°C in 5% CO, for 12 h and culture
supernatants were collected and assessed for IL-8
production by ELISA (R&D Systems).

Determination of NF-xB activation in HEK293
cells in response to Pg-DNA and Tf-DNA

E. coli GT110 transformed with pNiFty2 plasmid car-
rying a reporter gene encoding secreted alkaline
phosphatase (SEAP), the expression of which is
controlled by an NF-kB-inducible endothelial cell—-
leukocyte adhesion molecule (ELAM-1) composite
promoter was purchased from Invivogen. The trans-
formed E. coli cells were grown in Luria—Bertani agar
plate supplemented with Zeocin™ at 37°C. Then, sin-
gle bacterial colonies were isolated and grown in
Terrils Broth (TB) supplemented with Zeocin™ over-
night followed by purification of the plasmid DNA
using PureYield™ binding columns (Promega,
Madison, WA) following the manufacturer’s instruc-
tions. The plasmid DNA was complexed with Lyo-
Vec™ (Invivogen) followed by transfection of native
HEK293 cells (NHEK293) and HEK293 cells express-
ing human TLR9 (HEK293/TLR9) with the pNiFty2-
SEAP plasmid-LyoVec™ complex in 48-well plates
containing 1 x 10° cells per well at 37°C in 5% CO,
for 24 h. The efficiency of transfection was deter-
mined by transfecting cells with LyoVec™-GFP/LacZ.
The transfected cells were then stimulated with bDNA
or left unstimulated as outlined in previous sections
and NF-kB activity was determined in cell-free culture
supernatants by quantification of SEAP activity using
a colorimetric enzyme assay QUANTI-Blue™ (Invivo-
gen) by reading the optical density at 620 nm with a
microplate reader.

Determination of gene expression in human
monocytic cells in response to Pg-DNA
and Tf-DNA

Further experiments included polymerase chain
reaction (PCR) arrays to determine the gene expres-
sion profile in response to periodontal bDNA in
THP-1 cells. Briefly, cells grown in 24-well culture
plates (2 x 10° per well) were stimulated with Pg.-

126

S.E. Sahingur et al.

DNA or Tf-DNA (100 pg mlI™") or left unstimulated
for 24 h and collected at designated time points
(15 min, 30 min, 1 h, 2h, 4 h, and 6 h). RNA was
isolated from stimulated and unstimulated cells by
using the RNeasy kit (Qiagen, Valencia, CA) with
on-column DNAse digestion and complementary
DNA (cDNA) was generated using an RT? First
Strand Kit (SABiosciences, Frederick, MD) following
the manufacturer’'s instructions. Briefly, the amount
of RNA was determined with a NaNoDrop (ND-
1000) spectrophotometer (NaNo Drop Technologies,
Wilmington, DE) and the quality of the RNA was
determined by performing 1% agarose gel electro-
phoresis. A total of 0.5 ng RNA was incubated in
genomic DNA elimination buffer at 42°C for 5 min
and placed on ice for at least 1 min. Then the
reverse transcription was performed using an RT?
First Strand Kit (SABiosciences) using random prim-
ers by incubating at 42°C for 15 min followed by
heating at 95°C for 5 min. The cDNA was held on
ice before real-time analyses of gene expression or
stored at —20°C until use. The quality of cDNA was
determined by running an alkaline agarose gel elec-
trophoresis. Gene expression was analysed with a
total of 150 ng per well cDNA in 96-well plates
coated with specific primers that reacted with probes
labeled with SYBR green using RT? Profiler™
Human Toll-Like Receptor Signalling Pathway PCR
Arrays (SABiosciences) with real-time PCR (Applied
Biosystems 7500, Foster City, CA) following the
manufacturer’s instructions.

Statistical analyses

Cytokine levels were determined in supernatants
using ELISA (R&D Systems). Data were analysed
by analysis of variance, using the Tukey and Dunn
method with GraphPad Prism (version 4.0) software
and the results were presented as the mean = -
SEM. The results represent at least three indepen-
dent experiments which were run in triplicate. A
value of P<0.05 was considered significant. The
results obtained from PCR arrays were analysed
using a computer program available at the com-
pany’s web site (SABiosciences). At least a four-
fold change in gene expression compared with
unstimulated controls was considered significant
after adjusting baseline values to housekeeping
genes.
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RESULTS

Periodontal bacterial nucleic acids activate
human monocytic cells to produce
proinflammatory cytokines (IL-1, IL-6, and TNF-o)

All bDNA preparations were tested for the presence
of endotoxin by Limulus amebocyte assay (Camb-
rex, LONZA). Although the LPS concentration
remained below stimulatory levels (< 0.05 ng ml™")
throughout the study, to further control for the possi-
ble effect of LPS, we treated the bDNA preparations
with polymyxin (50 ug ml™") before stimulation. The
bDNA concentration that was used to stimulate the
cells in our experiments was determined by stimulat-
ing THP-1 cells with different concentrations of DNA
(50-400 ug ml™"; data not shown). Consistent with
previous reports (Takeshita et al., 1999; Nonnenm-
acher et al., 2003; Dalpke etal, 2006), we also
determined 100 pg mi~' bDNA as the optimal stimu-
lating concentration and therefore used this concen-
tration in our assays. THP-1 cells were stimulated
with periodontal bDNA (100 pg mI™') and E. coli
bDNA (XL1 blue, Stratagene) (100 ug ml™") for 12 h.
E. coli LPS (1 ng mlI™") served as a positive control
and DNA from calf thymus (100 pg ml™"; Sigma-
Aldrich) and DNAse-treated bDNA preparations were
used as negative controls. The levels of all cyto-
kines (IL-1B, IL-6, and TNF-o) were increased signif-
icantly in THP-1 cells treated with bDNA compared
with untreated and calf DNA-treated controls
(P < 0.05) (Fig. 1). DNAse treatment of bDNA prep-
arations  significantly  diminished the cytokine
response, further confirming that cytokine induction
was the result of the bDNA (P < 0.05) (Fig. 1).
There were no significant differences in the amount
of cytokine induction among different bDNA. E. coli
DNA, the positive control, and a known stimulant of
cytokine production from THP-1 cells induced similar
levels of cytokine production as periodontal bacterial
nucleic acids.

TLR9 is involved in periodontal bDNA-mediated
immune responses in monocytes

We next assessed the role of TLR-9 signaling in
cytokine induction from monocytic cells in response
to periodontal bDNA. Previous investigations demon-
strated TLR9 expression in THP-1 cells and we con-
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Figure 1 Interleukin-1p (IL-1B), IL-6 and tumor necrosis factor-o
(TNF-o) production was increased significantly in THP-1 cells trea-
ted with bacterial DNA compared with unstimulated and calf DNA-
treated controls. DNAse treatment of bacterial DNA preparations
(DNAse-EcDNA and DNAse-PgDNA) significantly diminished the
cytokine response suggesting that cytokine production was linked to
DNA. There were no significant differences in the amount of cyto-
kine production among bacterial DNA preparations. Escherichia coli
lipopolysaccharide (Ec-LPS) and DNA (Ec-DNA) were used as posi-
tive controls. *P < 0.05. Pg-DNA, Porphyromonas gingivalis DNA;
Tf-DNA, Tannerella forsythia DNA.

firmed these findings (data not shown). Chloroquine
is an antimalarial agent and widely used to block
TLR9 signaling by affecting endosomal acidification
(Sacre et al., 2008; Talati et al., 2008; Abou Fakher
et al., 2009; El Kebir et al., 2009). Chloroquine treat-
ment (10 ug ml™") of THP-1 cells before bDNA stim-
ulation significantly decreased the IL-1B, IL-6, and
TNF-a production for all the bDNA preparations
(P < 0.05) suggesting that TLR9-mediated signaling
pathways are operant in the recognition of nucleic
acids of periodontal pathogens (Fig. 2). Although IL-
6 production was diminished in response to Tf-DNA
after blocking TLR9 signaling (Fig. 2C), the reduc-
tion was not significant. Furthermore, even though
the cytokine levels were diminished significantly in
cells treated with chloroquine compared with the
cells that did not receive the chloroquine, we were
unable to abolish the cytokine production completely
and the cytokine production was still significantly
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Figure 2 Chloroquine treatment of THP-1 cells before stimulation
significantly decreased the cytokine production suggesting a role of
Toll-like receptor 9 (TLR9) -mediated signalling in periodontal bacte-
rial DNA-induced cytokine production in human monocytes. How-
ever, compared with unstimulated cells, cytokine production was
still statistically elevated in stimulated cells. *P < 0.05.

elevated in response to bDNA compared with
unstimulated cells. Therefore, to further confirm the
involvement of TLR9 in periodontal bDNA-mediated
immune responses, we tested cytokine induction
(IL-8) and NF-kB activation in HEK293 cells stably
transfected with human TLR9 in response to stimu-
lation with P. gingivalis and T. forsythia DNA
(100 ng/ul). Compared with native HEK293
(HEK293N) cells that are TLR9 deficient, HEK293
cells stably expressing human TLR9 (HEK293/TLR9)
demonstrated significantly increased IL-8 production
(P < 0.001) in response to Pg-DNA and Tf-DNA fur-
ther confirming the role of TLR9 in periodontal
bDNA recognition (Fig. 3). Moreover, NF-xB activa-
tion was also increased in response to periodontal
bDNA in HEK cells expressing human TLR9 com-
pared with unstimulated controls (Fig. 4). There was
no significant difference in IL-8 production in
response E. coli LPS between native HEK293 cells
and cells expressing human TLR9 (Fig. 3). We also
did not detect any NF-xB activity in response to
E. coli LPS in HEK293 cells expressing TLR9
(Fig. 4). We were unable to detect NF-xB activity in
HEK293 cells not expressing TLR9 (data not
shown).
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Figure 3 HEK293 cells stably transfected with human Toll-like
receptor 9 (HEK/TLR9) showed significantly more interleukin-8 (IL-
8) production in response to DNA from Porphyromonas gingivalis
(Pg) and Tannerella forsythia (Tf) compared with wild-type cells
(HEK293N) that do not express TLR9 (*P < 0.001). There was no
significant difference in IL-8 production in response to Escherichia
coli lipopolysaccharide (Ec LPS) in wild-type HEK293 cells com-
pared with the cells expressing TLR9 (HEK/TLR9).

NF-xB activation in to P. gingivalis and T. forsythia DNA
in HEK293 cells expressing human TLR9
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Figure 4 Nuclear factor-kB (NF-xB) activation was determined by
measuring secreted alkaline phosphatase (SEAP) activity in
HEK293 cells transfected with PNiFty2-SEAP. HEK293 cells
expressing human Toll-like receptor 9 (HEK/TLR9) showed 1.5- to
2-fold more nuclear factor-kB (NF-xB) activation in response to
DNA from Porphyromonas gingivalis (Pg) and Tannerella forsythia
(Tf) compared with unstimulated cells. No NF-kB activity was deter-
mined in response to Escherichia coli LPS (Ec LPS).

Periodontal bDNA (Pg-DNA) induces gene
expression of proinflammatory and anti-
inflammatory cytokines and activates NF-xB
signaling pathways

To determine the expression of cytokine genes and
signaling molecules, Pg-DNA-treated THP-1 cells
were collected at designated time points (15 min,
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30 min, 1 h, 2 h, 4 h, and 6 h) and gene expression
was analysed. Table 1 summarizes the gene expres-
sion profile of THP-1 cells stimulated with Pg-DNA
compared with unstimulated control cells after adjust-
ing the values to housekeeping genes. We have
previously determined the constitutive expression of
TLR9 in THP-1 cells (data not shown) and the results
of PCR arrays further confirmed our findings
(Table 1). The expression of proinflammatory
cytokine genes (e.g. IL-1B, IL-6, IL-8, TNF-a) and

Bacterial DNA-induced cytokine production

NF-xB gene was upregulated in response to Pg-DNA
suggesting that cytokine induction of Pg-DNA is
mediated through NF-xB. The results of PCR arrays
also demonstrated increased expression of an anti-
inflammatory cytokine (IL-10) in response to Pg-DNA
in monocytic cells. TLR9 expression was upregulated
almost four-fold after 15 min of stimulation, but then
the levels remained constant. Interestingly, TLR7
expression remained upregulated throughout the
experiment.

Table 1 Gene expression profile of THP-1 cells stimulated with Porphyromonas gingivalis DNA'2

Fold Regulation (Comparing to unstimulated
(Control) group)

Fold Regulation (Comparing to unstimulated
(Control) group)

Gene Symbol 16 min 30 min 1h 2h 4h 6 h Gene Symbol 16 min 30 min 1h 2h 4h 6 h
BTK 1.15 1.16 111 -1.08 -1.71 -1.6 MAPKS8 1.33 -1.02 1.08 -1.06 1.39 1.31
CASP8 1.25 1.39 1.5 -1.01 1.33 1.36 MAPKSIP3 1.69 -1.14 -1.12 -117 -157 -2.09
CCL2 -2 -1.49 -1.43 -20 -1.54 -1.25 MYD88 1.29 0.4 1.07 -1.18 121 -1.12
CD14 1.08 -1.05 -1.02 -175 -3.99 -3.35 NFKB1 -1 -1.13 1.19 3.98 7.16 6.02
CD80 1.38 -1.07 1.13 3.26 13.58 8.79 NFKB2 1.93 2.03 4.44 3.53 2.94 2.25
CD86 -1.6 -1.58 -1.14 -1.16 123 -1.17 NFKBIA 1.43 6.7 18.75 11.34 6.43 4.61
CHUK 1.07 -1.05 -1.05 -139 -1.16 -1.21 NFKBIL1 1.37 117 1.48 -1.07 1.24 1.15
CLEC4E 2.41 2.4 5.88 5.8 11.58 7.89 NFRKB 1.61 1 1.03 -1.31 -123 -1.31
CSF2 21 -1.62 -1.05 1.06 1.87 445 NR2C2 1.62 1.32 115 -1.2 114 -1.4
CSF3 21 -1.62 -1.05 2.39 4.36 44 PELI1 -1.11 1.18 2.2 2.38 3.2 214
CXCL10 -1.53 1.62 3.27 3.96 9.74 7.69 PPARA 1.46 1.24 126 -1.14 -1.16 -1.37
EIF2AK2 -1.02 1.03 -1.04 1.04 1.79 251 PRKRA 1.12 -1.04 1.03 -1.09 -1.05 -1.36
ELK1 2.34 1.45 1.23 1.65 2.59 2.86 PTGS2 -8.4 -1.02 248 -129 -164 -1.53
FADD 1.91 1.48 1.07 1.02 1.41 1.63 REL 1.22 1.11 1.98 5.75 6.61 4.65
FOS 2.64 5.2 271 -292 -24 -2.52 RELA 1.37 -1.09 1.09 1.03 1 -1.11
HMGBH1 -1.07 -1.05 -1.15 -118 -1.05 -1.24 RIPK2 -1.05 1.28 3.77 7.06 4.54 2.44
HRAS 1.27 -1.18 -119 -138 -125 -1.6 SARM1 1.75 1.14 118 -1.11 -158 -1.81
HSPA1A -1.11 -1.07 -1.73 1.46 6.3 3.83 SIGIRR 1.85 1.02 123 -1.15 -2.19 -4.2
HSPD1 -1.15 1.04 1.06 -1.1 -1.16 -1.49 ECSIT 1.39 -1.06 1.01 -141 -154 -1.62
IFNA1 21 -1.62 133 -141 -1.01 1.2 TBK1 -1.04 1.04 1.15 1.02 1.04 -1.16
IFNB1 -1.54 1.41 4.96 2.82 1.26 -1.52 TICAM2 1.31 1.3 1.05 1.19 4.05 3.1
IFNG 21 -1.62 -1.05 -1.41 1.01 1.2 TIRAP 1.42 1.08 1.05 -1.83 -1.27 -1.29
IKBKB 1.69 1.26 1.2 -1.02 1.44 1.08 TLR1 1.59 1.59 123 -1.79 -1.19 1.06
IL10 1.87 4.04 5.45 6.32 1.57 256 TLR10 2.15 -11 103 -168 -183 -1.25
IL12A 1.91 1.36 194 -176 -3.29 -461 TLR2 1.55 1.41 1.52 1.58 122 -1.92
IL1A -1.42 2.76 20.29 7.32 6.62 9.91 TLR3 1.71 -1.48 1.14 -1.01 1.07 1.52
IL1B -3.33 3.06 1843 16.65 23.14 29.75 TLR4 1.2 -1.05 -1.06 -1.1 1.39 1.64
IL2 21 -1.62 141 -141 -1.01 1.2 TLR5 1.51 1.27 -1.06 -25 -1.84 -2.01
IL6 -1.82 2.23 244 -1.71 1.33 1.33 TLR6 -1.21 1.05 -1.23 -2.01 -1.15 1.42
IL8 -2.09 1.85 4.68 1.82 3.08 3.65 TLR7 1.32 1.46 2.37 6.41 8.98 3.58
IRAK1 1.65 -1.06 1.06 -1.07 -111 -12 TLR8 -1.18 1.32 1.53 1.02 1.67 1.7
IRAK2 1.27 1.21 1.76 20.17 28.61 16.03 TLR9 3.98 1.57 1.45 1.15 2.73 1.39
IRF1 1.87 1.69 2.97 2.19 1.89 1.94 TNF 1.4 4.09 11.05 4.96 1.15 -2.42
IRF3 1.63 -1.15 -1.02 -149 -1.49 -1.44 TNFRSF1A 1.15 1.08 -1.18 -2.18 -1.16 -1.32
JUN —-2.47 1.47 4.07 1.63 1.64 1.81 TOLLIP 1.79 1.33 1.2 -1.29 1.13 1.07
LTA 1.62 1.4 551 21.49 34.76 20.42 TRAF6 1.28 1.48 1.19 1.4 1.82 1.09
CD180 1.25 1.06 -122 -246 -4141 -2.86 TICAM1 2.77 1.91 2.36 5.15 6.92 3.6
LY86 1.41 -1.13 -1.1 -1.34 -1.38 -1.47 UBE2N 1.27 -1.22 -1.15 -122 -146 -1.88
Molecular Oral Microbiology 25 (2010) 123—-135 © 2010 John Wiley & Sons A/S 129
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Table 1 (Continued)

Fold Regulation (Comparing to unstimulated
(Control) group)

Fold Regulation (Comparing to unstimulated
(Control) group)

Gene Symbol 16 min 30 min 1h 2h 4h 6 h Gene Symbol 16 min 30 min 1 h 2h 4h 6h
LY96 115 -1.11 -1.03 1.68 -155 -1.37 UBE2V1 -1.05 -134 -115 -161 -147 -239
MAP2K3 -1.15 -1.17 1.11 22 2.64 1.85 B2M -1.07 1.24 1.3 1.52 1.48 2.03
MAP3K4 -1.16 1.04 -101 -125 -1.02 -1.11 HPRT1 -1.2 1.09 -1.13 1.09 1.19 1.19
MAP3K1 1.01 1.24 118 -23 -1.81 -221 RPL13A 1.28 -1.02 1.01 -1.2 -1.22 -1.07
MAP3K7 114 1.1 -1.12 -135 -113 -1.15 GADPH 1.47 12 -117 -124 -1.06 -1.18
MAP3K7IP1 146  -1.03 1.05 -159 -139 -152 ACTB -1.47 -1.11 1 -1.11 137 -1.91
MAP4K4 1.16 1 1 1.02 1.88 1.76

"Polymerase chain reaction arrays showing at least four-fold change in gene expression in THP-1 cells stimulated with Porphyromonas gingi-
valis DNA. The genes that are marked in bold represent at least four-fold downregulated (-) or upregulated (+) gene expression compared
with unstimulated controls after adjusting the baseline values to housekeeping genes.

2The names and abbreviations of the genes included in polymerase chain reaction arrays are: BTK, bruton agammaglobulinemia tyrosine
kinase; CASP8, caspase 8, apoptosis-related cysteine peptidase; CCL2, chemokine (C-C motif) ligand 2; CD14, CD14 molecule; CD80,
CD80 molecule; CD86, CD86 molecule; CHUK, conserved helix-loop-helix ubiquitous kinase; CLEC4E, C-type lectin domain family 4, mem-
ber E; CSF2, colony-stimulating factor 2 (granulocyte—macrophage);CSF3, colony-stimulating factor 3 (granulocyte); CXCL10, chemokine
(C-X-C motif) ligand 10; EIF2AK2, eukaryotic translation initiation factor 2-a kinase 2; ELK1, ELK1, member of ETS oncogene family; FADD,
Fas (TNFRSF6)-associated via death domain; FOS, V-fos FBJ murine osteosarcoma viral oncogene homologue; HMGB1, high-mobility group
box 1; HRAS, V-Ha-ras Harvey rat sarcoma viral oncogene homologue; HSPA1A, heat-shock 70 kDa protein 1A; HSPD1, heat-shock

60 kDa protein 1 (chaperonin); IFNA1, interferon-a1; IFNB1, interferon-p1, fibroblast; IFNG, interferon-y; IKBKB, inhibitor of « light polypep-
tide gene enhancer in B-cells, kinase-B; IL10, interleukin-10; IL12A, interleukin-12A (natural killer cell stimulatory factor 1, cytotoxic lympho-
cyte maturation factor 1); IL1A, interleukin-1a; IL1B, interleukin-18; IL2, interleukin-2; IL6, interleukin-6 (interferon-p2); IL8, interleukin-8;
IRAK1, interleukin-1 receptor-associated kinase 1; IRAK2, interleukin-1 receptor-associated kinase 2; IRF1, interferon regulatory factor 1;
IRF3, interferon regulatory factor 3; JUN, Jun oncogene; LTA, lymphotoxin-a (tumor necrosis factor superfamily, member 1); CD180, CD180
molecule; LY86, lymphocyte antigen 86; LY96, lymphocyte antigen 96; MAP2K3, mitogen-activated protein kinase kinase 3; MAP2K4, mito-
gen-activated protein kinase kinase 4, MAP3K1, mitogen-activated protein kinase kinase kinase 1; MAP3K7, mitogen-activated protein kinase
kinase kinase 7; MAP3K7IP1, mitogen-activated protein kinase kinase kinase 7 interacting protein 1, MAP4K4, mitogen-activated protein
kinase kinase kinase kinase 4; MAPK8, mitogen-activated protein kinase 8; MAPK8IP3, mitogen-activated protein kinase 8 interacting protein
3; MYD88, myeloid differentiation primary response gene 88; NFKB1, nuclear factor « light polypeptide gene enhancer in B cells 1; NFKB2,
nuclear factor of « light polypeptide gene enhancer in B cells 2; NFKBIA, nuclear factor of « light polypeptide gene enhancer in B cells inhibi-
tor o; NFKBIL1, nuclear factor of k light polypeptide gene enhancer in B cells inhibitor-like 1; NFRKB, nuclear factor related to kB-binding
protein; NR2C2, nuclear receptor subfamily 2, group C, member 2; PELI1, Pellino homologue 1 (Drosophila); PPARA, peroxisome prolifera-
tor-activated receptor-o; PRKRA, protein kinase, interferon-inducible double-stranded RNA-dependent activator; PTGS2, prostaglandin-endo-
peroxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase); RELA V-rel, reticuloendotheliosis viral oncogene homologue (avian);
RELAV-rel, reticuloendotheliosis viral oncogene homologue A (avian); RIPK2, receptor-interacting serine-threonine kinase 2; SARM1, sterile
o and Toll-interleukin receptor motif containing 1; SIGIRR, single immunoglobulin and toll-interleukin-1 receptor domain; ECSIT, ECSIT
homologue (Drosophila); TBK1, TANK-binding kinase 1; TICAM2, Toll-like receptor adaptor molecule 2; TIRAP, Toll-interleukin 1 receptor
domain containing adaptor protein; TLR1, Toll-like receptor 1; TLR10, Toll-like receptor 10; TLR2, Toll-like receptor 2; TLR3, Toll-like receptor
3; TLR4, Toll-like receptor 4; TLR5, Toll-like receptor 5; TLR6, Toll-like receptor 6; TLR7, Toll-like receptor 7; TLR8, Toll-like receptor 8;
TLR9, Toll-like receptor 9; TNF, tumor necrosis factor (TNF superfamily, member 2); TNFRSF1A, tumor necrosis factor receptor superfamily,
member 1A; TOLLIP, Toll interacting protein; TRAF6, TNF receptor-associated factor 6; TICAM1, Toll-like receptor adaptor molecule 1;
UBE2N, ubiquitin-conjugating enzyme E2N (UBC13 homologue, yeast); UBE2V1, ubiquitin-conjugating enzyme E2 variant 1; B2M, B2-micro-
globulin; HPRT1, hypoxanthine phosphoribosyltransferase 1; RPL13A, ribosomal protein L13a); GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; ACTB, actin-p.

are triggered by periodontal bacterial nucleic acids.
Our results showed that the DNA of P. gingivalis and
T. forsythia, two putative periodontal pathogens,

DISCUSSION

The overall goal of this study was to determine peri-

odontal bDNA-initiated inflammatory cytokine produc-
tion from human monocytic cells and to identify
receptors and the downstream signaling events that
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induce the production of proinflammatory cytokines
(IL-1B, IL-6, and TNF-a) through the TLR9 signaling
pathway and activate the transcription factor NF-«xB.
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Furthermore, the results of PCR arrays also demon-
strated that in addition to the expression of proin-
flammatory cytokines, anti-inflammatory cytokine
expression (IL-10) was also upregulated, suggesting
the possible involvement of periodontal bDNA-TLR9
interaction with anti-inflammatory signaling pathways,
which warrants further investigation.

Little is known about the role of bDNA-initiated and
TLR9-mediated immune responses in periodontal dis-
ease whereas data in other disease models are accu-
mulating that implicate this pathway with pathology
associated with several immunoinflammatory condi-
tions (Huang et al., 2005; Loos et al., 2006; Albiger
et al.,, 2007; Komatsuda et al., 2008; Nakano et al.,
2008; Plitas et al., 2008; Sjolinder et al., 2008; Talati
et al., 2008; Ramaprakash et al, 2009; Rudnicka
et al., 2009; Zorro et al., 2009). Hall et al. (2008)
reported that intestinal commensal bDNA affects
intestinal homeostasis through TLR9. Mogensen
et al. (2006) investigated the pattern of TLR activa-
tion by three live bacteria that cause meningitis,
including Streptococcus pneumoniae, Haemophilus
influenza type b and Neisseria meningitidis and
demonstrated that S. pneumoniae activates TLR2
and TLR9, H. influenza uses TLR2 and TLR4,
whereas N. meningitidis is able to activate TLR2,
TLR4, and TLR9 and all through NF-xB. In the
polymicrobial sepsis model, TLR9 knockout mice
exhibited increased survival accompanied by lower
serum cytokine levels and higher bacterial clearance
compared with the wild-type strain (Plitas et al,
2008). In contrast, in a murine model of meningococ-
cal sepsis, TLR9 knockout mice displayed reduced
survival and elevated levels of bacteremia compared
with wild-type mice (Sjolinder et al., 2008).

As all these studies indicate, TLR9 can either be
protective or destructive depending on the disease
model and the extent of TLR9-triggered immune
responses varies significantly among different bacte-
rial species as well as among hosts. A recent study
by Klaschik et al. (2009) investigated the inductive
and suppressive networks that regulate TLR9-depen-
dent gene expression in vivo and reported increased
expression of proinflammatory and anti-inflammatory
cytokine genes. These results are consistent with
our observations with native periodontal bDNA
(Table 1) where we have demonstrated increased
expression of both proinflammatory and anti-inflam-
matory genes.

Molecular Oral Microbiology 25 (2010) 123—-135 © 2010 John Wiley & Sons A/S
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TLR9 is considered to be the major receptor
involved in bDNA recognition subsequently resulting
in increased activation of NF-kB-regulated signaling
pathways depending on the cell type and bacteria
(Kumagai et al., 2008). Using PCR arrays we also
demonstrated increased expression of the NF-xB
gene in response to Pg-DNA in THP-1 cells. More-
over, we have used two different approaches to inves-
tigate the role of TLR9 in periodontal bDNA-induced
cytokine production. The first approach included using
a TLR9 signaling inhibitor, chloroquine, before bDNA
stimulation and determining cytokine production. Pre-
treatment of THP-1 cells with chloroquine significantly
diminished the cytokine production in response to
DNA from P. gingivalis and T. forsythia in THP-1
cells; however, we were unable to completely abolish
the cytokine response (Fig. 2). It is important to note
that chloroquine exerts its effect as a non-specific
inhibitor of TLR9 signaling by affecting endosomal
acidification. Hence, it is possible that chloroquine
may not completely block the cytokine response. In
addition, there are also cytosolic DNA sensors impli-
cated in bDNA recognition, such as DNA-dependent
activator of interferon-regulatory factors, inflamma-
some, and absent in melanoma-2 for inflammasome
(Takaoka et al., 2007; Muruve et al., 2008; Burck-
stummer et al., 2009; Fernandes-Alnemri et al., 2009;
Hornung et al., 2009; Roberts et al., 2009) that may
take part in periodontal bDNA-induced responses in
monocytic cells. Our second approach was assessing
the cytokine production in HEK293 cells stably trans-
fected with human TLR9. HEK293 cells are very use-
ful tools to study TLR signaling pathways because
they do not express these receptors naturally. Com-
pared with native HEK293 (HEK293N) cells that are
TLR9 deficient, HEK293 cells stably expressing
human TLR9 (HEK293/TLR9) demonstrated signifi-
cantly increased IL-8 production (P < 0.001) in
response to Pg-DNA and Tf-DNA confirming the role
of TLR9 in periodontal bDNA recognition (Fig. 3). We
also showed increased NF-«xB activity in HEK293 cells
expressing TLR9 in response to bDNA compared with
unstimulated cells (Fig. 4). Furthermore, the results of
PCR arrays showed almost four-fold upregulation of
TLR9 expression after 15 min of Pg-DNA stimulation
in THP-1 cells, but then the levels remained constant
(Table 1). Interestingly, TLR7 expression remained
upregulated throughout the experiment. TLR9 and
TLR7 were reported to have overlapping functions
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(Zucchini et al., 2008) and they are both thought to be
involved in autoimmunity (Krieg & Vollmer, 2007).
Increased levels of anti-cardiolipin antibodies in peri-
odontitis patients were recently reported by our group
and it has been suggested that the proteins of peri-
odontal pathogens contain specific sequences that
can cross-react with host proteins leading to autoanti-
body production (Schenkein et al., 2007). The possi-
ble interaction between periodontal diseases with
autoimmune disorders has also been proposed by
other investigators (Scardina & Messina, 2007; Kou-
touzis et al., 2009; Liao et al., 2009; de Pablo et al.,
2009). Therefore, this finding may warrant further
investigation.

Differences in the composition of bacterial nucleic
acids and diversity of cells specialized in different
effector functions can lead to differential immune
responses. It is therefore important to determine the
immunostimulatory effect of native bDNA in different
cell types to determine the contribution of these
molecular structures to the pathology of specific dis-
eases, especially those involving multifactorial etiol-
ogy like periodontal diseases. Previously, increased
IL-6 production in response to P. gingivalis, A. actino-
mycetemcomitans, and P. micros DNA from human
gingival fibroblasts has been reported (Nonnenmach-
er et al., 2003). Moreover, increased expression of
TLR9 in periodontally diseased tissues compared
with healthy sites has been demonstrated (Kajita
et al., 2007; Beklen et al., 2008). Our results com-
bined with the results of previous investigations
implicate a possible role of bDNA-initiated, TLR9-
mediated immune responses in the periodontal
disease process that warrants further investigation
using primary cells.

Recent evidence suggests that periodontal dis-
eases are not solely site-specific, but are associated
with increased incidence of adverse pregnancy out-
comes, cardiovascular and respiratory diseases, and
diabetes (Mealey & Ocampo, 2007; Michalowicz &
Durand, 2007; Paquette et al., 2007; Raghavendran
et al., 2007). Identification of the immunostimulatory
effects of bDNA opened a new area of research.
Compared with TLR9 knockout mice, wild-type mice
displayed increased proinflammatory cytokine produc-
tion and NF-kB activation in response to bDNA and
that bDNA caused myocardial dysfunction by reduc-
ing cardiomyocyte contractility (Erridge et al., 2008).
Another study reported that human umbilical vein
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endothelial cells express TLR9 and can respond to
synthetic CpG oligonucleotides by upregulating cyto-
kine production and promoting neutrophil recruitment
(El Kebir et al., 2009). Moreover, extracellular chro-
mosomal bDNA plays an important role in the forma-
tion and composition of biofiims and can stimulate
polymorphonuclear leukocytes (Petersen et al., 2005;
Fuxman Bass et al., 2008a,b; Fredheim et al., 2009;
Vilain et al,, 2009). Altered biofilm formation and
increased antibiotic efficiency after cleavage of extra-
cellular DNA have been reported (Tetz et al., 2009).
Therefore, it is reasonable to speculate that the inter-
action of bDNA with host immune cells plays an
important role in the host immune response to bacte-
rial infections, particularly in those with a biofilm etiol-
ogy like periodontal diseases. The presence of
periodontal bDNA in atheromatous plaques has been
reported in patients with cardiovascular disease (Har-
aszthy et al.,, 2000). If bDNA is proinflammatory,
it may not be sufficient to kill the bacteria to fully
suppress the inflammatory response. The results
obtained from this study provide further evidence for
the interaction of DNA of periodontal pathogens with
human monocytes and the role of TLR9 signaling in
periodontal disease pathology. These findings may
lead to the development of alternative therapeutics to
control periodontal inflammation improving the overall
well-being of the host.
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