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Interleukin-1 receptor-
associated kinase-M in
gingival epithelial cells
attenuates the inflammatory
response elicited by
Porphyromonas gingivalis

Takahashi N, Honda T, Domon H, Nakajima T, Tabeta K, Yamazaki K.
Interleukin-1 receptor-associated kinase-M in gingival epithelial cells attenuates the
inflammatory response elicited by Porphyromonas gingivalis. J Periodont Res
2010, 45: 512-519. © 2010 John Wiley & Sons A|S

Background and Objective: Recent studies have revealed that negative regulatory
molecules, including interleukin-1 receptor-associated kinase-M (IRAK-M), con-
trol the overactivation of Toll-like receptor (TLR) signaling. The role of IRAK-M
in human gingival epithelial cells (HGECs), which express TLRs, remains unclear.
The present study examined the role of IRAK-M on interleukin-8 and macro-
phage chemoattractant protein-1 (MCP-1) expression in HGECs stimulated with
Porphyromonas gingivalis and TLR ligands.

Material and Methods: Primary HGECs and an SV40 T-antigen-immortalized
HGEC line (epi 4) were stimulated with live or heat-killed P. gingivalis, P. gingi-
valis lipopolysaccharide or the synthetic lipopeptide PAM;CSK,, and subsequent
expression of IRAK-M, interleukin-8 and MCP-1 was evaluated at the mRNA
and protein levels. The effects of IRAK-M on interleukin-8 and MCP-1 expres-
sions were evaluated by IRAK-M-specific RNA interference (RNAi)-based
loss-of-function assay.

Results: All tested stimulants up-regulated the expression of IRAK-M in HGECs.
The P. gingivalis lipopolysaccharide or PAM;CSK, increased MCP-1 expression,
whereas live P. gingivalis down-regulated the MCP-1 expression in HGECs.
However, IRAK-M RNAI increased the expression of MCP-1 irrespective of up- or
down-regulation mediated by the respective stimulants. Interleukin-8 gene
expression, up-regulated by all tested stimulants, was further enhanced by IRAK-
M RNAI. In contrast, IRAK-M RNAI had no effect on the interleukin-8 protein
levels, irrespective of the stimulant, indicating that post-translational modification,
not IRAK-M, controls interleukin-8 protein expression.

Conclusion: Interleukin-1 receptor-associated kinase-M appeared to have distinct
regulatory roles on the interleukin-8 and MCP-1 produced by HGECs, further
suggesting an important role for interleukin-8 in the immune reponse to perio-
dontopathic bacteria.
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Bacterial accumulation at the dento-
gingival junction initiates gingival
inflammation and the subsequent
development of periodontitis. The in-
nate immune response by gingival epi-
thelial cells provides a critical first line
of defense against periodontopatho-
gens. Interestingly, stimulation of
cultured gingival epithelial cells with
Toll-like receptor (TLR) ligands de-
rived from periodontopathic bacteria
induces  various  proinflammatory
cytokines (1-4) and chemokines (5,6).
These proinflammatory cytokines and
mediators derived from gingival epi-
thelial cells play important roles in
activating both innate and adaptive
immunity (7,8). It is accepted that
chronic inflammation resulting from
activation of both innate and adaptive
immune responses is the cause of
periodontal tissue destruction (7,8).
Therefore, activation of TLR signaling
in the gingival epithelial cells in re-
sponse to bacterial challenge is the
determinant point to elicit the inflam-
matory responses in the context of
periodontal disease.

The inflammatory response is coun-
ter-regulated by the production of
endogenous anti-inflammatory media-
tors, including the negative regulatory
molecules in TLR-signaling pathways,
such as interleukin-1 receptor-associ-
ated kinase-M (IRAK-M), which plays
a pivotal role in down-regulation of
TLR-signaling pathways. Although
IRAK-M had originally been found to
be highly restricted to monocytes/
macrophages (9,10), it has been re-
ported that epithelial cells also express
functionally sufficient IRAK-M. For
example, it is reported that intrahe-
patic biliary epithelial cells (11) express
IRAK-M and are involved in endo-
toxin tolerance. In addition, IRAK-M
is involved in controlling TLR activa-
tion in the intestinal epithelium (12).
However, neither the relationship be-
tween IRAK-M and the TLR-signaling
pathways nor the expression and
function of IRAK-M in gingival epi-
thelial cells has been reported. There-
fore, since human gingival epithelial
cells (HGECs) have been reported to
express various functional TLRs, such
as TLR2 and TLR4 (5), we decided to
investigated the role of IRAK-M in the
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production of the proinflammatory
chemokines, specifically interleukin-8
(IL-8) and macrophage chemoattrac-
tant protein-1 (MCP-1) in response to
stimulation with Porphyromonas gin-
givalis and related TLR ligands. Since
induction of IL-8 and MCP-1 in re-
sponse to bacterial TLR ligands results
in the recruitment of neutrophils and
macrophages, respectively, that can
augment the inflammatory responses in
the local gingival tissue, any effect on
such proinflammatory chemokines by
IRAK-M would suggest that it plays a
distinct regulatory role in periodontal
inflammation. Therefore, the present
study examined the effects of IRAK-M
on IL-8 and MCP-1 expressions in-
duced by the periodontal pathogen,
P. gingivalis, in the primary culture of
HGECs and an SV40 T-antigen-
immortalized HGEC line (epi 4) by
employing an IRAK-M-specific RNA
interference  (RNAi)-based loss-of-
function assay.

Material and methods

Bacterial strains and culture

Porphyromonas  gingivalis strain 381
was cultured in modified Gifu anaero-
bic medium (GAM broth, Nissui,
Tokyo, Japan) in an anaerobic jar
(Becton Dickinson Microbiology Sys-
tem, Cockeysville, MD, USA) in the
presence of AnaeroPack™ (Mitsubishi
Gas Chemical Co. Inc., Tokyo, Japan)
for 48 h at 37°C. Bacterial suspensions
were prepared in phosphate-buffered
saline (PBS) without Mg*"/Ca®"
using established growth curves and
spectrophotometric analysis. Where
appropriate, bacteria were heat-killed
at 60°C for 60 min before addition to
the cell culture.

Reagents and antibodies

The synthetic lipopeptide N-palmitoyl-
S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]
-cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]
-lysyl-[S]-lysine:3HCl ~ (PAM;CSK,)
was purchased from EMC Microcol-
lections GmbH (Tibingen, Germany).
Lipopolysaccharide (LPS) from P. gin-
givalis 381  was  kindly  provided
by H. Kumada and T. Umemoto

513

(Department of Microbiology, Kana-
gawa Dental University, Yokosuka,
Japan). Rabbit anti-human IRAK-M
(Chemicon International, Temecula,
CA, USA), mouse anti-human glyceral-
dehyde-3-phosphate  dehydrogenase
(GAPDH; Abcam, Cambridge, UK)
and ECL Plus Western Blotting Re-
agent Pack (Amersham Biosciences,
Buckinghamshire, UK) were used for
Western blotting. The primers and
probes for real-time PCR for GAPDH
were purchased from Applied Biosys-
tems (Foster City, CA, USA).

Cell preparation and culture

An SV40 T-antigen-immortalized gin-
gival epithelial cell line, epi 4, was
kindly provided by Dr Shinya
Murakami (Osaka University Gradu-
ate School of Dentistry, Osaka, Japan)
and maintained in Humedia-KG2
(Kurabo, Osaka, Japan) supplemented
with 0.5 pg/mL hydrocortisone,
10 pg/mL insulin, 0.4% (v/v) bovine
pituitary extract, 0.1 ng/mL human
epidermal growth factor, 50 pg/mL
gentamicin and 50 ng/mL amphoteri-
cin B, as described previously (13).

With the approval of the Institu-
tional Review Board of Niigata Uni-
versity and upon obtaining written
informed consent, human gingival epi-
thelial cells (HGECs) were prepared
from clinically normal gingival tissue
obtained following the extraction of a
non-infected third molar. The tissues
were treated overnight with Dulbecco’s
modified minimal essential medium
(DMEM) containing 0.025% trypsin
and 0.01% EDTA at 4°C. After wash-
ing with PBS and subsequent chopping
into small pieces, the tissues were sus-
pended in Epilife, containing supple-
ment S7 and penicillin—streptomycin—
amphotericin B solution (all from Cas-
cade Biologics, Portland, OR, USA),
and were seeded into 12-well plates
(TPP, Trasadingen, Switzerland). The
tissues were removed when the cells
started to grow and were maintained
until the cells reached confluence.

The monocytic cell line THP-1 was
maintained in 25 mMm Hepes-buffered
RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 100 U/mL
penicillin and 100 pg/mL streptomycin.
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Human embryonic kidney cells (293T
cells) were cultured in DMEM supple-
mented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin.

For the stimulation experiments,
epi 4 cells were seeded into a 24-well
culture plate (TPP) at a concentration
of 2 x 10° cells/mL in the medium in
each well. After 24 h of incubation, the
attached cells were washed extensively
with Epilife and co-cultured with live
P. gingivalis at a multiplicity of infec-
tion of 50, 1 pg/mL of P. gingivalis
LPS or I pg/mL of PAM;CSK, in
Epilife containing Supplement S7 for
12 (gene expression) or 24 h (protein
synthesis).

Gene expression analysis

Total RNA was isolated using TRI-
z0l® (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s
instructions, and then treated with
RNase-free Dnase I (Invitrogen). The
RNA was then reverse-transcribed into
cDNA using a random primer (Takara
Bio Inc., Shiga, Japan) and M-MLV
reverse transcriptase (Invitrogen).

Polymerase chain reaction amplifi-
cation of cDNA was performed using
oligonucleotide primers specific for
IRAK-M (forward, 5-ACACTTCCG
GTCCCACCTAGA-3"; reverse, 5-CA
GAGAAATTCCGAGGGCA-3") and
B-actin (forward, 5-GCGAGAAGAT
GACCCAGATCATGTT-3"; reverse,
5-GCTTCTCCTTAATGTCACGCA
CGAT-3’). Polymerase chain reaction
amplification was performed with Taq
DNA polymerase (Promega, Madison,
WI, USA) using a DNA thermal cycler
(GeneAmp® PCR System 9700;
Applied Biosystems). The amplification
cycle profile was as follows: denatur-
ation at 94°C for 2 min; annealing at
59°Cfor45 s;extensionat 72°C for 30 s.
After 30 cycles of amplification, each
PCR product was electrophoresed on a
2% agarose gel and visualized by ethi-
dium bromide staining.

For real-time PCR, primers and
probe specific for GAPDH were pur-
chased from Applied Biosystems.
Primers and probes specific for IRAK-
M (forward, 5-GGCCTGGATTCAT
GTCTCTCA-3’; reverse, 5'-GCCTGC
CAAACAGAAGAGCTT-3; probe,

5-CCTCCCTGCCCTCGGAATTTC
TCTG-3’), Src homology 2 domain-
containing  inositol  phosphatase
(SHIP; forward, 5-TGGTGTGTCAG
TCTTATGGCAGTA-3’; reverse, 5'-C
CGGGACCGTTCTTGGA-3"; probe,
5-ACATCATGACGAGTGACCACA
GCCCTG-3’) and suppressor of cyto-
kine signaling-1 (SOCS-1; forward, 5'-
CCCTGGTTGTTGTAGCAGCTT-3;
reverse, 5-CAACCCCTGGTTTGTGC
AA-3; probe, 5-ACCTGAACTC
GCACCTCCTACCTCTTCATG- 3')
were designed using Primer Express
version 2.0 software (Applied Biosys-
tems). Reactions were conducted in a
25 uL reaction mixture in the ABI
PRISM 7900HT Sequence Detection
System (Applied Biosystems), using
TagMan Gene Expression Assays
(Applied  Biosystems)  containing
900 nm of the primer and 250 nm of
the probe and incubated for 10 min at
95°C, followed by 40 cycles of a two-
step amplification procedure composed
of annealing/extension at 60°C for
I min and denaturation for 15s at
95°C. ABI PRISM SDS 2.0 software
(Applied Biosystems) was used to
analyze the standards and to carry out
the quantifications. The relative quan-
tity of each mRNA was normalized to
the relative quantity of GAPDH
mRNA.

Western blotting

The cultured cells were washed with
ice-cold PBS twice, and the protein was
extracted using M-PER Mammalian
Protein Extraction Reagent (Pierce
Biotechnology, Rockford, IL, USA)
supplemented with a Halt Protease
Inhibitor Cocktail Kit (Pierce Bio-
technology) and Halt Phosphatase
Inhibitor Cocktail (Pierce Biotechnol-
ogy) according to the manufacturer’s
instructions. Cell debris was pelletted
by centrifugation at 12000g for 10 min
at 4°C. The protein concentration in
the supernatant was determined using
a Pierce protein assay kit (Pierce Bio-
technology) according to the manu-
facturer’s instructions.

Twelve micrograms of each sample
were solubilized by SDS sample buffer,
separated by SDS-PAGE, transferred to
a polyvinylidene difluoride membrane

(Immobilon-P; Millipore Co., Bedford,
MA, USA), Western blotted with each
antibody, and determined with ECL
(GE Healthcare, Amersham Place, UK).
To reprobe for GAPDH, the mem-
branes were washed three times with
wash buffer (Tris-buffered saline con-
taining 0.1% Tween-20 and 0.5% skim
milk) and Western blotted with anti-
GAPDH antibody, as described above.

The membrane was exposed to X-
ray film (Fuji RX-U, Fuji Film Co.,
Minamiashigara, Kanagawa, Japan),
processed and photographed. The
intensity of the signal was quantified
using Scion Image 4.02 (National
Institute of Health, Bethesda, MD,
USA). The intensity of each molecule
was expressed after normalization to
the GAPDH intensity.

Transfection of small interfering RNA
(siRNA)

Stealth RNAi against IRAK-M and
Stealth  RNAi-negative control were
purchased from Invitrogen. The se-
quence of the sense siRNA was 5'-
CCUUGGCACAUUCGAAUCGGU
AUAU-3" and the sequence of the anti-
sense siRNA was 5-AUAUACCGAU
UCGAAUGUGCCAAGG-3'. The se-
quence for the Stealth RNAi-negative
control has not been published. The
epi 4 cells were transfected with 10 nm
siRNA wusing Lipofectamine RNAIi
MAX (Invitrogen), according to the
manufacturer’s instructions, and they
were treated 24 h post-transfection.
Specific gene silencing was confirmed by
real-time PCR and Western blotting.

Cytokine assay

The levels of 1L-8 and MCP-1 in the
supernatants of epi 4 culture were
determined by using commercially
available ELISA kits (BioSource,
Camarillo, CA, USA) according to the
manufacturer’s instructions.

Statistical analysis

All experiments were performed in
triplicate wells for each set of condi-
tions and repeated at least twice. Re-
sults are expressed as the means +
SEM. Data were analyzed by Student’s



paired f-test. A probability value of
< 0.05 was considered statistically
significant.

Results

Expression of IRAK-M in HGECs

By gene expression analysis, it was
confirmed that both HGECs and epi 4
cells expressed IRAK-M equally, al-
though the level of expression was
much lower than that found in THP-1
cells. The gene expression of IRAK-M
by HGECs and epi 4 cells was further
validated by Western blotting (Fig. 1).
Since these findings suggested that epi 4
cells retain the characteristics of normal
HGECGCs, subsequent experiments were
thus carried out using epi 4 cells.

Up-regulation of IRAK-M in epi 4
cells by P. gingivalis and TLR
ligands

The gene expression of IRAK-M was
up-regulated by live P. gingivalis, the
LPS preparation and PAM;CSKy. The
effect was most prominent in cells
stimulated by live P. gingivalis, fol-
lowed by PAM;CSK4 and LPS-
stimulated cultures (Fig. 2). Since we
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Fig. 1. Expression of interleukin-1 recep-
tor-associated kinase-M (IRAK-M) mRNA
(A) and protein (B) in different cell types.
The PCR products after 30 cycles were
analyzed. The size of PCR products is
indicated. B-Actin expression was used as a
control. For Western blotting, cell lysates
were separated by SDS-PAGE and immu-
noblotted with anti-IRAK-M antibody.
Expression of IRAK-M was confirmed at
either the mRNA or the protein level.
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demonstrated IRAK-M to be expressed
in HGECs and since it is known to
function as a negative regulatory signal
molecule in TLR-signaling pathways,
its up-regulation, especially with live
P. gingivalis stimulation, suggests that
IRANK-M may participate in the
down-regulatory mechanism of the
TLR-signaling pathways activated by
P. gingivalis.

Specific suppression of IRAK-M by
siRNA and the effect of this
suppression on gene expressions of
IL-8 and MCP-1 elicited by the tested
subtances

To confirm the specific suppression of
IRAK-M by siRNA, specific siRNA
and negative control siRNA were
transfected into epi 4 cells at a con-
centration of 10 nm, and the expres-
sion of IRAK-M was measured at
24 h. As shown in Fig. 3, Western
blotting demonstrated a knock-down
effect of approximately 60—70%.

Once knockdown of IRAK-M had
been achieved, the effect of IRAK-M
suppression on IL-8 and MCP-1
mRNA expression could be deter-
mined using the test substances, live
P. gingivalis and P. gingivalis LPS
(Fig. 4). In control siRNA transfection
experiments, the stimulatory effect of
the test substances was more promi-
nent for gene expression of IL-8 than
for MCP-1. In IRAK-M-specific siR-
NA-transfected epi 4 cells, the mRNAs
for IL-8 and MCP-1 were both up-
regulated, and the degree of gene
expression of IL-8 and MCP-1 was
similar. However, the profiles of gene
expression by the different stimulants
were quite distinct, even though the
overall stimulatory effect was lower in
MCP-1. That is, although live P. gin-
givalis suppressed gene expression of
MCP-1, siRNA transfection could
rescue this suppression. Moreover,
while live P. gingivalis showed higher
stimulatory effect on gene expression
of IL-8 than P. gingivalis LPS or
PAM;CSK, (TLR2 ligand; Fig. 4A),
P. gingivalis LPS induced the highest
gene expression of MCP-1 among the
three stimuli tested (Fig. 4B), indicat-
ing that multiple different TLR-
activation pathways may be involved
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Fig. 2. Up-regulation of IRAK-M in epi 4
cells by P. gingivalis and TLR ligands.
(A) After stimulation with the indicated
stimulants for 12 h, total RNA was ex-
tracted from the cells, and gene expression
of IRAK-M was analyzed by real-time
PCR. Data are shown as mRNA expression
relative to the expression without stimula-
tion. Results are shown as the mean-
s + SEM of independent
experiments. There is a significant difference
in the IRAK-M levels either between the
unstimulated and stimulated cultures, or
between each treatment group (p < 0.05).
(B) The epi 4 cells were unstimulated or
stimulated with the indicated stimulants for
24 h. Cell lysates were separated by SDS—
PAGE, and
IRAK-M antibody. Results are representa-
tive of four independent experiments.

three

immunoblotted with anti-

in the gene expression of IL-8 and
MCP-1. In particular, the gene
expression of MCP-1 induced by
P. gingivalis LPS may be up-regulated
by TLR2-related signaling pathways,
whereas other TLRs rather than TLR2
appeared to play a pivotal role in
induction of gene expression of IL-8
induced by live P. gingivalis. Taken
together, these findings lead us to the
conclusion that, irrespective of the
different TLR-activation pathways
that elicit gene expression of IL-8 or
MCP-1 in HGECs by the stimulation
with P. gingivalis, IRAK-M seemed to
be able to down-regulate the signaling
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Fig. 3. Specific suppression of IRAK-M by
siRNA transfection. Negative control siR-
NA and IRAK-M-specific siRNA were
transfected into epi 4 cells at a concentra-
tion of 10 nm, and the expression of IRAK-
M was analyzed by Western blotting at
24 h. The top panel shows the result of the
densitometric analysis with Western blot-
ting (n = 3; means + SEM).

pathways activated by all the different
TLRs.

Effect of IRAK-M-specific siRNA
transfection on IL-8 and MCP-1
protein production in stimulated
HGECs

We have shown that IRAK-M is up-
regulated in epi 4 cells, which retain
the characteristics of normal HGECs,
by P. gingivalis and TLR ligands. In
IRAK-M-specific siRNA-transfected
epi 4 cells, we further showed that the
mRNAs for IL-8 and MCP-1 were
both up-regulated and that the degree
of gene expression IL-8 and MCP-1
In terms of protein
expression, MCP-1 content in the cul-
ture supernatant was up-regulated by
the siRNA-induced down-regulation
of IRAK-M when stimulated with ei-
ther P. gingivalis LPS or PAM;CSK,
(Fig. 5). However, in the culture of epi-
4 cells stimulated with live P. gingiva-
lis, the protein expression level of
MCP-1 was much lower than in the

was similar.
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Fig. 4. Effects of specific suppression of IRAK-M by siRNA transfection on the expression
of IL-8 and MCP-1 mRNA. The epi 4 cells were transfected with negative control siRNA or
IRAK-M-specific siRNA and then were either unstimulated or stimulated with the indicated
stimulants for 12 h. Total RNA was extracted from the cells and the expression of human
IL-8 and MCP-1 mRNA was analyzed by real-time PCR. Results are shown as the
means + SEM of three independent experiments. The significant differences are
shown (*p < 0.05, **p < 0.005, ***p < 0.0001).

600 500
—~ 5001 2 400- =
4 i ~ **
5 40 £ 3004
S 300 -
© o E
% 200- 5 200
100+ 100+
0- > () X 0 > (=) ™
2 2
[N S & &
& . N & & . N &
& & N & & & ® &
™D Q- ég\‘@ < D Q- 5\0‘ <
e SRS

[JControl siRNA W IRAK-M siRNA

Fig. 5. Effects of specific suppression of IRAK-M by siRNA transfection on the production
of IL-8 and MCP-1. The epi 4 cells were transfected with negative control siRNA or IRAK-
M-specific siRNA, and then either unstimulated or stimulated with the indicated stimulants
for 24 h. Interleukin-8 and MCP-1 in the culture supernatants were analyzed by ELISA.
Results are shown as the means + SD of three independent experiments. The significant
differences between the IRAK-M-specific siRNA-transfected cultures and control siRNA-
transfected cultures in each stimulation condition are indicated (¥**p < 0.005).

untreated control culture (Fig. 5), even
in the IRAK-M-specific siRNA trans-
fected culture, in which mRNA
expression was up-regulated so as to be
comparable to that of the unstimulated
culture (Fig. 4). Furthermore, in spite
of upregulation of the gene expression
of IL-8 in the IRAK-M-specific siR-
NA-transfected culture (Fig. 4), a
knock-down effect mediated by IRAK-
M-specific siRNA was not observed
for IL-8 protein production (Fig. 5).

Furthermore, in contrast to the robust
stimulatory effect of live P. gingivalis
on gene expression of IL-8 in HGECs
(Fig. 4), the level of IL-8 protein de-
tected in the culture supernatant was as
low as that found in the unstimulated
culture (Fig. 5). These results may be
summarized as follows. IRAK-M can
suppress the gene expressions of IL-8
and MCP-1 via modulation of TLR-
mediated signaling pathways, whereas
the expressions of IL-§ and MCP-1



proteins were more affected by post-
translational modification than by
IRAK-M-mediated suppression of
TLR-signaling pathway activation.

Effect of heat treatment of
P. gingivalis on IL-8 expression in
HGECs

The role of virulent factors produced
from live P. gingivalis on both gene and
protein expression of IL-8 by epi 4 cells
was then analyzed (Fig. 6). As shown in
Fig. 6A, both the live and heat-killed
bacteria significantly up-regulated the
gene expression of I1L-8, with a higher
stimulatory effect being elicited by the
live bacteria. However, the IL-8 protein
level of the live P. gingivalis-stimulated
culture was much lower compared with
the heat-killed P. gingivalis-stimulated
culture, suggesting that virulent factors
produced from live P. gingivalis could,
at least in part, be attributed to the
degradation of the IL-8 produced by
HGECs (Fig. 6B). These results
suggested that the post-translational
modifications  that affected the
production of IL-8 and MCP-1 pro-
teins (Fig. 5) may be derived from the
virulent factors produced from live
P. gingivalis.
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Expression of SOCS-1 and SHIP by
P. gingivalis and TLR ligands

Both SOCS-1 and SHIP were consti-
tutively expressed in epi 4 cells. In
contrast to inducible IRAK-M expres-
sion in response to bacterial stimula-
tion (Fig. 2), no apparent changes in
the gene expression of SOCS-1 or SHIP
were found for any of the tested bac-
terial stimuli, except for SHIP expres-
sion with PAM;CSK, stimulation,
where apparent down-regulation was
observed (Fig. 7). Compared with the
results of IRAK-M induction (Fig. 2)
and IRAK-M siRNA (Figs 3 and 4),
these data (Fig. 7) suggested to us that
the negative regulation of IL-8 and
MCP-1 mRNA expression elicited by
live P. gingivalis or P. gingivalis LPS is
derived from the stimulation-depen-
dent induction of IRAK-M, but little
or not at all by the constitutively
expressed SOCS-1 or SHIP, the major
negative regulators for inflammatory
intracellular signals.

Discussion

The present study demonstrated that
gene expressions of I1L-8 and MCP-1
were significantly down-regulated by an
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Fig. 6. Effects of heat-killed P. gingivalis on IL-8 expression in HGECs. The epi 4 cells were
stimulated with either live or heat-killed P. gingivalis at an multiplicity of infection of 50.
(A) Total RNA was extracted at 12 h and the gene expression was analyzed by real-time
PCR. (B) Culture supernatants were obtained at 24 h and the protein levels were measured
by ELISA. The significant differences between the control and stimulated cultures are shown

(*p < 0.05, *p < 0.005).
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up-regulation of IRAK-M when
HGECs were stimulated via TLRs.
Interleukin-8 and MCP-1 are the
prominent chemokines produced by
HGECs, and their mRNA expressions
were induced by TLR-mediated signal-
ing (Fig. 4). The IL-8 secreted from
HGECs mediates neutrophil transepi-
thelial migration and accumulation at
sites of infection (14). In addition to
serving as a physical barrier, the gingival
epithelial cell secretion of IL-8 is an
important defense mechanism against
periodontopathic bacteria. Likewise,
the MCP-1 derived from gingival epi-
thelial cells induces the accumulation of
monocytes and macrophages in the
underlying connective tissue so as to
stimulate an adaptive immune response.
Therefore, the up-regulation of IRAK-
M in gingival epithelial cells may be a
self-protective mechanism against tissue
destruction caused by overreaction of
inflammatory responses elicited by
stimulation with P. gingivalis. However,
a novel theory that P. gingivalis proac-
tively manipulates the host response is
also supported by a recent report that
P. gingivalis evades TLR-mediated
immunity dependent on the exploitation
of chemokine receptors, such as CXCR4
(15). Thus, P. gingivalis appears to em-
ploy distinct mechanisms for escaping
innate immune surveillance by suppres-
sion of functionalities of innate immune
phagocytes, such as neutrophils and
macrophages, by manipulating the
expression of IRAK-M, which can sup-
press TRL-signal-mediated IL-8 and
MCP-1 expression in HGECs.

Our previous study demonstrated
that IRAK-M not only plays a regu-
latory role in the TLR-signaling-
mediated  inflammatory  response
induced by P. gingivalis, but may also
serve as an escape mechanism of
P. gingivalis from immune surveillance
and may thus be involved in the
chronic infection of periodontal tissues
by this bacterium (16). Although it was
reported that IRAK-M is restricted to
monocytes/macrophages (10), recent
reports have shown that epithelial cells
in the liver and intestine possess this
negative regulatory factor (11,12).
Since gingival epithelial cells exist in
direct contact with a biofilm of bacteria
in the oral cavity, it is possible that this
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Fig. 7. Effect of treatment with P. gingivalis or TLR ligands on SOCS-1 and SHIP expres-
sion. After treatment with the indicated stimulants for 12 h, total RNA was extracted from
the cells, and gene expression patterns of SOCS-1 and SHIP were analyzed by real-time PCR.
Data are expressed as mRNA expression relative to the expression without treatment. Re-
sults are shown as the means + SEM of three independent experiments. There is no sig-
nificant difference in the SOCS-1 and SHIP levels either between the unstimulated and
stimulated cultures, or within each treatment group. (p > 0.05).

regulatory mechanism is also involved
inflammation, which is
detrimental to the host, and that
P. gingivalis exploits this molecule to
survive at the dento-gingival junction.

As with other epithelial cells, it was
found that HGECs constitutively ex-
press IRAK-M mRNA (Fig. 2). Most
importantly, stimulation of HGECs
with bacteria or bacterial products up-
regulated the expression of IRAK-M
mRNA (Fig. 2). The effect of stimu-
lants on IRAK-M mRNA expression
was most prominent in the case of live
P. gingivalis, followed by PAM;CSK4
and P. gingivalis LPS. This could result
in part from the weak expression of
TLR4 in HGECs (5) as well as ligand—
receptor interactions. Since live P.
gingivalis contains diverse TLR2 li-
gands, including FimA, peptidoglycan
and atypical LPS molecules (17,18),
these molecules may have a synergistic
effect by inducing stronger TLR sig-
naling than a single treatment with
PAM;CSK,4. The weak stimulatory
effect of P. gingivalis LPS has already
been reported, although the precise
mechanisms for this weak activity have
not been elucidated (16,19).

In addition to up-regulation of
IRAK-M expression, it is possible that
P. gingivalis is capable of disrupting the
innate immune response in HGECs by
causing dysfunction of IL-8. Although
it has already been reported that
P. gingivalis inhibits 1L-8 expression

in  excess

and secretion by gingival epithelial cells
(20), the precise mechanisms remain to
be elucidated. The low level of IL-8
protein  expression in the live
P. gingivalis-stimulated HGEC culture
(Fig. 5) may be mediated by the
degradation of IL-8 protein by live
P. gingivalis-derived proteinases, par-
ticularly gingipains (21-25), since an
increased level of IL-8 was found in the
heat-killed P. gingivalis-stimulated cul-
ture (Fig. 6B). However, despite the up-
regulation of IL-8 mRNA expression in
IRAK-M-specific siRNA-transfected
HGECs stimulated with P. gingivalis
LPS and PAM;CSK,, both of which
have no proteinase activity, the effect of
IRAK-M knock-down was negligible in
terms of IL-8 levels in the culture su-
pernatants compared with the control
siRNA-transfected culture. Therefore,
IRAK-M may not be directly involved
in the regulation of the gene expression
of IL-8, and there may be as yet
unidentified negative regulatory mech-
anisms at the post-transcriptional level.
Another possible mechanism responsi-
ble for this low level of IL-8 could be the
Ser B protein, a haloacid dehalogenase
family serine phosphatase. This protein
is reported to antagonize IL-8 accumu-
lation following stimulation of HGECs
with Fusobacterium nucleatum (26).

In contrast to IRAK-M expression,
the expressions of SOCS-1 and SHIP,
other regulatory molecules in the TLR
signaling pathway (27-29), were not

affected by most of the treatments,
suggesting that the down-regulation of
TLR-pathway-mediated gene expres-
sions of IL-8 and MCP-1 elicited by live
P. gingivalis or P. gingivalis LPS is de-
rived from the stimulation-dependent
induction of IRAK-M, but little or not
at all by the constitutively expressed
SOCS-1 or SHIP. Suppressor of cyto-
kine signaling-1 is a member of a family
of proteins that regulates cytokine sig-
naling pathways via inhibition of key
tyrosine phosphorylation events on
cytokine receptors and signaling mole-
cules, such as janus kinase family
members (30). Expression of SOCS-1 is
promptly induced in macrophages upon
LPS stimulation and inhibits LPS-
induced nuclear factor-xB and signal
transducers and activators of tran-
scription-1 activation (27,28). Using
SHIP gene knockout mice, it was
revealed that SHIP is a phosphatase
involved in the dephosphorylation of
phosphoinositide 3-kinase (PI3K) and
is involved in the negative regulation of
LPS-induced inflammatory responses
(29). Another report showed that SHIP
transcripts in blood leukocytes were
elevated shortly (1-2 h) after LPS
administration, dropped below pre-
LPS levels at 4-8 h and returned to
baseline levels at 24 h (31). These stud-
ies suggest that SOCS-1 and SHIP play
pivotal roles in LPS-induced inflam-
matory responses. Nevertheless, in the
experimental conditions of the present
study, which used the primary culture of
HGECs and epi 4 cells, the results
indicated that SOCS-1 and SHIP may
not be involved in the regulation of the
innate immune response to P. gingivalis
in HGECs.

The present study, therefore, dem-
onstrated that gingival epithelial cells
increase the level of IRAK-M expres-
sion, which plays a more prominent role
than other negative regulators, such as
SOCS-1 and SHIP, in lowering the
expression of mRNA for proinflamma-
tory chemokines, such as IL-8 and
MCP-1, in response to simulation with
P. gingivalis and related TLR ligands.
However, it appears that elevated
IRAK-M expression induced by live
P. gingivalis is more directly associated
with down-regulation of MCP-1 protein
production in HGECs than IL-8



protein, the expression of which seemed
to be affected at a post-translational le-
vel. In summary, the results suggested
that P. gingivalis-mediated induction of
IRAK-M has a regulatory role in the
production of  proinflammatory
chemokines in HGECs.

Acknowledgements

We thank H. Kumada and T. Umem-
oto, Department of Microbiology,
Kanagawa Dental University, Yoko-
suka, Japan, and S. Murakami,
Department of Periodontology, Divi-
sion of Oral Biology and Disease Con-
trol, Osaka University Graduate School
of Dentistry, Osaka, Japan for kindly
providing P. gingivalis lipopolysaccha-
ride and the human gingival epithelial
cell line epi 4, respectively. This work
was supported by grants from the
Ministry of Education, Science, Sports
and Culture of Japan (19390536,
19592384, 19791610 and 20592426) and
the Promotion of Niigata University
Research Project.

References

1. Sandros J, Karlsson C, Lappin DF,
Madianos PN, Kinane DF, Papapanou
PN. Cytokine responses of oral epithelial
cells to Porphyromonas gingivalis infec-
tion. J Dent Res 2000;79:1808—1814.

2. NjorogeT,GencoRJ,SojarHT,HamadaN,
Genco CA. A role for fimbriae in Porphyro-
monas gingivalis invasion of oral epithelial
cells. Infect Immun 1997;65:1980—1984.

3. Kesavalu L, Chandrasekar B, Ebersole
JL. In vivo induction of proinflammatory
cytokines in mouse tissue by Porphyro-
monas gingivalis and Actinobacillus actin-
omycetemcomitans. Oral Microbiol
Immunol 2002;17:177-180.

4. Eskan MA, Hajishengallis G, Kinane DF.
Differential activation of human gingival
epithelial cells and monocytes by Por-
phyromonas gingivalis fimbriae. Infect Im-
mun 2007;75:892-898.

5. Kusumoto Y, Hirano H, Saitoh K er al.
Human gingival epithelial cells produce
chemotactic factors interleukin-8 and
monocyte chemoattractant protein-1 after
stimulation with Porphyromonas gingivalis
via toll-like receptor 2. J Periodontol
2004;75:370-379.

6. Asai Y, Ohyama Y, Gen K, Ogawa T.
Bacterial fimbriae and their peptides acti-

human gingival epithelial cells

through Toll-like receptor 2. Infect Immun
2001;69:7387-7395.

vate

Interleukin-1 receptor-associated kinase-M in gingival epithelial cells

. Assuma R, Oates T, Cochran D, Amar S,

Graves DT. IL-1 and TNF antagonists
inhibit the inflammatory response and
bone loss in experimental periodontitis. J
Immunol 1998;160:403—409.

. Graves DT, Delima AJ, Assuma R, Amar

S, Oates T, Cochran D. Interleukin-1 and
tumor necrosis factor antagonists inhibit
the progression of inflammatory cell
infiltration toward alveolar bone in
experimental periodontitis. J Periodontol
1998;69:1419-1425.

. Kobayashi K, Hernandez LD, Galan JE,

Janeway CA Jr, Medzhitov R, Flavell RA.
IRAK-M is a negative regulator of Toll-like
receptor signaling. Ce// 2002;110:191-202.

. Wesche H, Gao X, Li X, Kirschning CJ,

Stark GR, Cao Z. IRAK-M is a novel
member of the Pelle/interleukin-1 recep-
tor-associated kinase (IRAK) family. J
Biol Chem 1999;274:19403-19410.

. Harada K, Isse K, Sato Y, Ozaki S,

Nakanuma Y. Endotoxin tolerance in
human intrahepatic biliary epithelial cells
is induced by upregulation of TRAK-M.
Liver Int 2006;26:935-942.

. Shibolet O, Podolsky DK. TLRs in the

Gut. IV. Negative regulation of Toll-like
receptors and intestinal homeostasis:
addition by subtraction. Am J Physiol
Gastrointest  Liver  Physiol ~ 2007;292:
G1469-G1473.

. Murakami S, Yoshimura N, Koide H

et al. Activation of adenosine-receptor-
enhanced iINOS mRNA expression by
gingival epithelial cells. J Dent Res 2002;
81:236-240.

. Madianos PN, Papapanou PN, Sandros J.

Porphyromonas gingivalis infection of oral
epithelium inhibits neutrophil transepi-
thelial migration. Infect Immun 1997,65:
3983-3990.

. Hajishengallis G, Wang M, Liang S, Tri-

antafilou M, Triantafilou K. Pathogen
induction of CXCR4/TLR2 cross-talk
impairs host defense function. Proc Natl
Acad Sci U S A 2008;105:13532-13537.

. Domon H, Honda T, Oda T, Yoshie H,

Yamazaki K. Early and preferential
induction of IL-1 receptor-associated
kinase-M in THP-1 cells by LPS derived
from Porphyromonas gingivalis. J Leukoc
Biol 2008;83:672-679.

. Burns E, Bachrach G, Shapira L, Nuss-

baum G. Cutting Edge: TLR2 is required
for the innate response to Porphyromonas
gingivalis: activation leads to bacterial
persistence and TLR2 deficiency attenu-
ates induced alveolar bone resorption. J
Immunol 2006;177:8296-8300.

. HajishengallisG, Tapping RI, Harokopakis

E et al. Differential interactions of fimbriae
and lipopolysaccharide from Porphyro-
monas gingivalis with the Toll-like receptor
2-centred pattern recognition apparatus.
Cell Microbiol 2006;8:1557-1570.

519

19. Darveau RP, Pham TT, Lemley K er al.
Porphyromonas gingivalis lipopolysaccha-
ride contains multiple lipid A species that
functionally interact with both toll-like
receptors 2 and 4. Infect Immun 2004;
72:5041-5051.

20. Andrian E, Grenier D, Rouabhia M.
Porphyromonas  gingivalis-epithelial cell
interactions in periodontitis. J Dent Res
2006;85:392-403.

21. Darveau RP, Belton CM, Reife RA,
Lamont RJ. Local chemokine paralysis, a
novel pathogenic mechanism for Por-
phyromonas  gingivalis. — Infect
1998;66:1660-1665.

22. Huang GT, Kim D, Lee JK, Kuramitsu
HK, Haake SK. Interleukin-8 and inter-
cellular adhesion molecule 1 regulation in
oral epithelial cells by selected periodon-
tal bacteria: multiple effects of Por-
phyromonas  gingivalis via antagonistic
mechanisms. Infect Immun 2001;69:1364—
1372.

23. Mikolajczyk-Pawlinska J, Travis J, Pot-
empa J. Modulation of interleukin-8
activity by gingipains from Porphyromon-

Immun

as gingivalis: implications for pathogenic-
ity of periodontal disease. FEBS Lett
1998:440:282-286.

24. Stathopoulou PG, Benakanakere MR,
Galicia JC, Kinane DF. The host cytokine
response to Porphyromonas gingivalis is
modified by gingipains. Oral Microbiol
Immunol 2009;24:11-17.

25. Zhang J, Dong H, Kashket S, Duncan
MJ. IL-8 degradation by Porphyromonas
gingivalis proteases. Microb Pathog 1999;
26:275-280.

26. Hasegawa Y, Tribble GD, Baker HV,
Mans JJ, Handfield M, Lamont RJ. Role
of Porphyromonas gingivalis SerB in gin-
gival epithelial cell cytoskeletal remodeling
and cytokine production. Infect Immun
2008;76:2420-2427.

27. Kinjyo I, Hanada T, Inagaki-Ohara K
et al. SOCS1/JAB is a negative regulator
of LPS-induced macrophage activation.
Immunity 2002;17:583-591.

28. Nakagawa R, Naka T, Tsutsui H et al.
SOCS-1 participates in negative regulation
of LPS responses. Immunity 2002;17:677—
687.

29. Sly LM, Rauh MJ, Kalesnikoff J, Song
CH, Krystal G. LPS-induced upregulation
of SHIP is essential for endotoxin toler-
ance. Immunity 2004;21:227-239.

30. Alexander WS, Hilton DJ. The role of
suppressors of cytokine signaling (SOCS)
proteins in regulation of the immune re-
sponse. Annu Rev Immunol 2004;22:503—
529.

31. Van ‘t Veer C, van den Pangaart PS, van
Zoelen MA et al. Induction of IRAK-M is
associated with lipopolysaccharide toler-
ance in a human endotoxemia model. J
Immunol 2007;179:7110-7120.



This document is a scanned copy of a printed document. No warranty is given about the accuracy of the copy.
Users should refer to the original published version of the material.



