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Expression of various Toll-like receptors,
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Abstract. Oral epithelium is endowed with innate immune receptors for bacterial
components, which play important roles in host defense against bacterial infection.
We examined the expression of various Toll-like receptors (TLRs), NOD1 and
NOD? in oral epithelial cells, and the production of 3-defensin 2 and peptidoglycan
recognition proteins (PGRPs) upon stimulation with their respective chemically
synthesized ligands. We found a clear expression of TLR4 as well as TLR2, and a
strong expression of NOD1 and NOD2 in normal oral epithelial tissues by immu-
nohistochemical analysis. In the inflamed oral epithelium, cell-surface localiza-
tions of TLR2 and TLR4 were more clearly observed than in the healthy tissue.
We also showed that oral epithelial cells in culture constitutively expressed TLR3
and TLR7 in addition to TLR2, TLR4, NODI1, and NOD?2, and stimulation with
synthetic ligands for these receptors (TLR2 agonistic lipopeptide, TLR3 agonistic
poly I:C, TLR4 agonistic lipid A, TLR7 agonistic single-stranded RNA, NOD1
agonistic iE-DAP and NOD?2 agonistic muramyldipeptide) markedly up-regulated
the expression of antibacterial factors, such as B-defensin 2 and PGRPs, but not
the proinflammatory cytokines. These findings indicate that these molecules in oral
epithelial cells are functional receptors that induce antibacterial responses without
excessive inflammatory responses. '

Key words. Toll-like receptors, NODs, human oral epithelial cells, 3-defensin 2,
peptidoglycan recognition proteins

1 Introduction

In the innate immune system, pattern recognition of microorganisms should
initiate host defense against invasive pathogens, where pathogen-associated
molecular patterns (PAMPs) are recognized by the molecules of hosts. In bacteria,
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Fig. 1. Recognition of pathogen-associated molecular patterns (PAMPs) by Toll-like receptors
(TLRs) and NODs molecules

representative PAMPs are distributed mainly on the cell surface such as peptido-
glycans (PGNs), lipoproteins and lipopolysaccharides (LPS). Recent studies have
demonstrated that, in mammals, these PAMPs are recognized specifically by their
respective NODs in addition to Toll-like receptors (TLRs) (Fig. 1) [1, 2]. In this
decade, the importance of TLRs in the process of recognition by myeloid cells,
such as macrophages or dendritic cells, has been exhaustively studied. Concerning
TLR expression on oral epithelial cells, we have reported that primary oral epithe-
lial cells, oral squamous cell carcinoma HSC-2 and HO-1-u-1 cells constitutively
expressed TLR2 and TLR4 [3]. In contrast, gingival epithelial cells transfected with
HPV-16 constitutively expressed TLR2, but not TLR4 [4]. NOD proteins in human
oral epithelium have not been reported so far, except for our report on their function
[5]. Here, we will review our findings on the expression of various TLRs and NODs
in human oral epithelial cells.

2 Recognition of PAMPs by TLRs and NODs

The innate immune system recognizes microorganisms through a series of pattern
recognition receptors that are highly conserved in evolution, specific for
common motifs found in microorganisms but not in eukaryotes, and designated as
PAMPs [6]. Representative PAMPs are the lipid A moiety of lipopolysaccharides
from Gram-negative bacteria, lipopeptides from various bacteria including myco-
plasma, and peptidoglycans (PGNs) from either Gram-positive or Gram-negative
bacteria. Recent studies have demonstrated that in mammals, these PAMPs are
recognized specifically by their respective TLRs (Fig. 1) [1]. More recently, NOD1
and NOD2 were revealed to be an intracellular receptor for a PGN motif contain-
ing diaminopimelic acid (DAP) and muramyldipeptide (MDP), respectively
(Fig. 1) [2].
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3 Oral epithelial cells constitutively expressed functional TLRs
and NODs '

3.1 Histological analysis showed the expression of TLR2, TLR4,
NODI1, and NOD2 in human gingival epithelial tissues

Using immunohistochemistry, we examined whether human oral tissues express
TLR2, TLR4, NOD1, and NOD2 molecules. The NOD1 and NOD2 molecules were
markedly expressed in the epithelial layer of healthy gingival tissue. Expression of
NODI1 and NOD2 was also detected in gingival tissue from adult periodontitis
patients, similar to that found in healthy gingival tissue. TLR2 and TLR4 molecules
were also detected in healthy and inflamed gingival tissues. It should be noted that
cell-surface localizations of TLR2 and TLR4 were more clearly observed in the
inflamed gingival tissue than in healthy gingival tissue [7].

3.2 Oral epithelial cells in culture constitutively expressed TLR2,
TLR3, TLR4, TLR7, NOD1, and NOD2

We examined whether human epithelial cells in culture expressed TLR2, TLR3,
TLR4, TLR7, NODI, and NOD2 molecules by RT-PCR, flow cytometry, and
immunostaining. It was found that human oral HSC-2 and HO-1-u-1 epithelial cells
expressed the mRNA of these molecules (Fig. 2a) [7, 8]. Consistent with the results
of RT-PCR, tongue, salivary gland epithelial cells, and primary oral epithelial cell
lines in addition to these oral epithelial cells constitutively expressed these mole-
‘cules, as determined by immunostaining assay. In flow cytometry analysis, we
could clearly detect cell-surface expression of TL2 and TLR4 and the intracellular
expressions of TLR3, TLR7, NOD1, and NOD2 (Fig. 2b) (8].

\ o~ :3
: o3 P o T
b ox S 5
o QO T ¥
c I I an
Positive

cells (%)
TLR2 56.2 48.9

TLR3 32.1 38.3
TLR4 36.4 33.0
TLR7 40.7 41.6
NOD1  90.1 854
NOD2 77.4 70.8

Fig. 2. Expression of TLRs, NOD1 and NOD2 in oral epithelial cells. a The mRNA expression
of TLRs and NODs were analyzed by PCR. b The cells were stained with anti-TLRs and NODs
Ab to analyze by flow cytometry [8]
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3.3 Oral epithelial cells do not secrete proinflammatory cytokines
upon stimulation with PAMPs

Although oral epithelia cells constitutively expressed various TLRs and NODs,
these cells did not secrete IL-6, IL-8, and MCP-1 upon stimulation with PAMPs
[3, 5, 8].

3.4 Induction of B-defensin 2 triggered by PAMPs in human oral
epithelial cells

We examined whether the TLRs and NODs expressed in these oral epithelial cells
actually functioned as receptors in terms of B-defensin 2 generation upon stimula-
tion with their respective ligands. It was found that Pam;CSSNA (TLR2/6 agonist),
poly I:C (TLR3 agonist), lipid A (TLR4 agonist), ssPoly U (TLR7 agonist), iE-DAP

H O D
o O O
L1
*
*
*

B-defensin 2 (pg/ml)

= N W
o o o O
! 1 ! L

=

1 1 T I T

None Pam3 Poly I:C Lipid A ssPoly UiE-DAP MDP

[J Normal cells
Il NF-xB-silenced cells

Fig. 3. Induction of B-defensin 2 in oral epithelial cells upon stimulation with synthetic PAMPs
via NF-xB. a The cells were incubated with PAMPs, and levels of B-defensin 2 were determined
by ELISA. b HSC-2 cells transfected with siRNA targeting NF-xB were stimulated with PAMPs,
and the level of -defensin 2 in the culture supernatants were determined by ELISA [8]
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(NOD1 agonist), and MDP (NOD?2 agonist) significantly induced the expression of
B-defensin 2 mRNA [8]. In accordance with the results of RT-PCR, B-defensin 2
molecules were significantly up-regulated by stimulation with TLRs and NODs
ligands, whereas B-defensin 2 moleculeés were only slightly expressed on unstimu-
lated cells (Fig. 3a) [7, 8]. These results demonstrated that the TLRs and NODs on
oral epithelial cells actively function as pattern recognition receptors and signaling
molecules.

3.5 Suppression of B-defensin 2 induction upon stimulation with
synthetic PAMPs in oral epithelial cells using siRNA for NF-xB

To elucidate whether NF-xB are responsible for induction of B-defensin 2 with
TLR and NOD ligands, we utilized RNA interference assays targeting NF-xB
mRNA. Up-regulation of B-defensin 2 induced by synthetic PAMPs was signifi-
cantly inhibited in NF-xB p65-silenced HSC-2 cells (Fig. 3b) [8]. These results
clearly demonstrated that NF-xB are critical molecules for induction of -defensin
2, triggered by TLR and NOD ligands.

4 Conclusion

Clear expression of TLRs and NODs in oral epithelial cells was found; neverthe-
less, oral epithelial cells did not secrete proinflammatory cytokines upon stimula-
tion with the PAMPs. Contrary to proinflammatory cytokines, oral epithelial cells
secrete B-defensin 2 molecules upon stimulation with respective PAMPs. In addi-
tion, up-regulation of B-defensin 2 upon stimulation with PAMPs in oral epithelial
cells occurred via NF-xB. These findings indicate that the TLRs and NODs in oral
epithelial cells are functional, and epithelial cells might actively participate in
bacterial clearance in the mucosa without an accompanying excessive inflammatory
response, which might induce tissue destruction.

Acknowledgments. This work was supported in part by a Grant-in-Aid for Science Research
from the Japan Society for the Promotion of Science (18390484 to H.T.) (17591959 to Y.S.), from
the Ministry of Education, Culture, Sports, Science and Technology, Japan (18689901 to A.U.)
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Abstract. Anti-neutrophil cytoplasmic antibodies (ANCA) against proteinase 3
(PR3) have been detected under a wide range of inflammatory conditions, and the
interaction of anti-PR3 antibodies (Abs) with leukocytes provoked cell activation.
Flow cytometric analysis revealed an increase of CD14, various Toll-like receptors
(TLRs), NOD1, and NOD2 expressions during the anti-PR3 priming in human
monocytic THP-1 cells. Anti-RP3 Abs resulted in a markedly enhanced interleukin
(IL)-8, tumor necrosis factor-o., and monocyte chemoattractant protein-1 liberation
on chemically synthesized TLR2-agonistic lipopeptide (FSL-1), TLR3-agonistic
Poly I.C, TLR4-agonistic lipid A, TLR7/8-agonistic ssPoly U, TLR9-agonistic
bacterial CpG DNA, NOD1-agonistic FK156, and NOD2-agonistic muramyldipep-
tide in human monocytic THP-1 cells and human peripheral blood mononuclear
- cells. RNA interference assays revealed that anti-PR3 Abs primed THP-1 cells in
a PR3- and protease-activated receptor-2-dependent manner. Furthermore, anti-
PR3 Ab-mediated priming was significantly abolished by inhibition of phospholi-
pase C and. nuclear factor-xB. These results suggest that anti-PR3 Abs prime
human monocytic cells to produce cytokines on stimulation with various microbial
components by the up-regulation of the TLR and NOD signaling pathway, and that
these mechanisms may actively participate in the inflammatory process in ANCA-
related autoimmune diseases.

Key words.. proteinase 3, protease-activated receptor-2, Toll-like receptors, NODs,
human monoeytic cells
1 Introduction

Anti-neutrophil cytoplasmic antibodies (ANCA) were first identified in patients
with necrotizing glomerulonephritis [1]. ANCA are autoantibodies directed against
the enzymes located in the primary granules of neutrophils and lysosomes of
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monocyte. An established association does exist between the occurrence of ANCA,
especially those targeting proteinase 3 (PR3), and the development of active
Wegener’s granulomatosis [2]. ANCA have since been detected under a wide range
of inflammatory, infectious, and neoplasmtic conditions [3]. In isolated monocytes,
anti-PR3 antibodies (Abs) stimulate the release of proinflammatory cytokines [4,
5], and Nowack et al. [6] reported that the expression of CD14 and CD18 was up-
regulated on monocytes by ANCA in vitro, as well as by monoclonal Abs against
PR3.

Recently, we revealed that proinflammatory cytokines induced the production
of PR3 in membrane-bound and secretory forms in human oral epithelial cells, and
the addition of anti-PR3 Abs to cytokine-primed oral epithelial cells induced the
aggregation of PR3 followed by the activation of protease-activated receptor (PAR)-
2, which resulted in remarkable secretion of interleukin (IL)-8 and monocyte
chemoattractant protein (MCP)-1 [7].

In this article, we review the priming effects on human monocytic cells by anti-
PR3 Abs through PR3 and PAR-2 for Toll-like receptors (TLRs)-, NODI1-, and
NOD?2, as well as CD-14-dependent activation that we have obtained to date.

2 Recognition of pathogen-associated molecular patterns by
TLRs and NODs

The innate immune system recognizes microorganisms through a series of pattern
recognition receptors (PRRs) that are highly conserved in evolution, specific for
common motifs found in microorganisms but not in eukaryotes, and designated as
pathogen-associated molecular patterns (PAMPs) [8]. Representative PAMPs are
the lipid A moiety of lipopolysaccharides from Gram-negative bacteria, lipopep-
tides from various bacteria, including mycoplasma and peptidoglycans (PGNs)
from either Gram-positive or Gram-negative bacteria. Recent studies have demon-
strated that in' mammals, these PAMPs are recognized specifically by their respec-
tive TLRs [9]. More recently, NOD1 and NOD2 were revealed to be an intracellular
receptor for a PGN motif containing diaminopimelic acid and muramyldipeptide,
respectively [10].

3 Activation of human cells through the PAR family

Protease-activated receptor family members are G protein-coupled receptors char-
acterized by a proteolytic cleavage of the N terminus that exposes tethered ligands
and autoactivates the receptor function [11]. There are four members of this family.
Because PARs are expressed in a wide variety of cell types, they are believed to
play important roles in several pathophysiological processes, including growth,
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development, inflammation, tissue repair, and pain [11]. As oral epithelial cells and
gingival fibroblasts also. constitutively express PARs, these cells are activated to
produce inflammatory cytokines through PARs [12, 13]. In addition, we revealed
that the addition of anti-PR3 Abs to cytokine-primed oral epithelial cells induced
the aggregation of PR3 followed by the activation of PAR-2, which resulted in
remarkable secretion of IL-8 [7].

4 What are ANCA?

Anti-neutrophil cytoplasmic antibodies were first identified in patients with necro-
tizing glomerulonephritis [1]. It is known that there are two types of ANCA
(cANCA and pANCA), and cANCA are autoantibodies against PR3. ANCA have
since been detected under a wide range of inflammatory, infectious, and neo-
plasmtic conditions [3]. Novo et al. [14, 15] described a high rate of the occurrence
of ANCA in serum of patients with periodontal disease.

5 Anti-PR3 Abs amplified innate immune responses in human
monocytic cells via PAR-2

5.1 Treatment with anti-PR3 Abs up-regulated the expression of
CD14, TLRs, NOD1, and NOD2 in human monocytic cells

THP-1 cells constitutively expressed various TLRs and NODs, and the incubation
of the cells with anti-PR3 Abs resulted in the up-regulated expression of TLR2 and
TLR4, as well as CD14, on the cell surface (Fig. 1). Furthermore, intracellular
levels of TLR3, 7, 8, 9, NOD1, and NOD?2 also clearly increased (Fig. 1). In addi-
tion, THP-1 cells constitutively expressed PAR-1, -2, -3, and PR3 on their surface,
and the addition of anti-PR3 Abs also up-regulated the expression of PAR-2 and
PR3 (Fig. 1).

5.2 Anti-PR3 Abs enhanced TLR and NOD ligand-induced
secretion of proinflammatory cytokines in monocytic cells

We examined whether the up-regulated expression of TLRs and NODs evoked by
anti-PR3 Abs induced amplified responses to respective ligands. Stimulation with
TLR2-agoinstic FSL-1, TLR3-agonistic poly I:C, and TLR9-agonistic CpG DNA
significantly induced the production of MCP-1 and IL-8, and anti-PR3 Abs also
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Fig. 1. Up-regulation of the expression of CD14, Toll-like receptors (TLRs), NODs, protease-
activated receptor (PAR)-2, and proteinase 3 (PR3) in monocytic cells in response to anti-PR3
antibodies (Abs). THP-1 cells were stimulated with anti-PR3 Abs (filled graphs) or isotype-
matched control IgG (bold line). After 6 h of incubation, the expression of CD14, TLRs, NODs,
PARs, and PR3 were assessed by flow cytometry. The thin lined curve is the staining with a control
Ab [16]

weakly induced the production of MCP-1 and IL-8. When THP-1 cells were pre-
incubated with anti-PR3 Abs for 6 h, and subsequently challenged with the various
TLR, and NOD ligand-induced production of IL-8 and MCP-1 was observed in
THP-1 cells [16]. Next, we examined whether similar priming effects of anti-PR3
Abs were observed in human peripheral blood mononuclear cells (PBMCs).
Consistent with the results for THP-1 cells, anti-PR3 Abs promoted the TLR and
NOD ligand-induced secretion of IL-8, MCP-1, and tumor necrosis factor-o in
PBMC:s [16].
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5.3 Priming effect of anti-PR3 Abs occurred in a PAR-2-, PR3-,
and NF-xB-dependent manner

To examine the signaling molecules of the priming effects of anti-PR3 Abs on
CD14, TLR, and NOD expression in THP-1 cells, we used siRNA to diminish the
expression of PAR-2, PR3, and nuclear factor (NF)-xB. In transfected cells, the
anti-PR3 Ab-mediated priming effect was significantly reduced by PAR-2-, PR3-,
and NF-kB-specific siRNA [16]. These results indicated that the secretion of cyto-
kines induced by anti-PR3 Abs occurred through NF-xB, which are located down-
stream of the PAR-2 and PR3 signaling pathway.

6 Conclusion

Anti-PR3 Abs (ANCA), being weak direct activators of monocytes and neutrophils
to release cytokines per se, exert a major priming effect on these leukocytes,
enhancing their responsiveness to secondary stimulation with bacterial PAMPs.
Up-regulation of various PRRs, including TLRs and NODs, acting as respective
PAMPs, was characterized as one mechanism underlying the anti-PR3-elicited
priming response. Such cooperation between anti-PR3 Abs and bacterial PAMPs
may well trigger exacerbations of disease activity during infections and contribute
to the persistence of inflammatory lesions, which might be a novel model for the
pathogenesis of autoimmune diseases (Fig. 2).

Acknowledgments. This study was supported in part by Grants-in Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and Technology, Japan (18689901), and
by the Exploratory Research Program for Young Scientists from the President of Tohoku
University.

Fig. 2. Anti-PR3 Abs prime human monocytic cells to produce cytokines on stimulation with
various bacterial components by up-regulating the TLR and NOD expression. These mechanisms
may actively participate in the inflammatory process
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Abstract. NODI recognizes the diaminopimelic acid (DAP)-containing peptide
moiety of bacterial peptidoglycans (PGNs) intracellularly, and a minimum NOD1
ligand has been reported to be y-D-glutamyl-meso-DAP (iE-DAP). In this study,
we demonstrated that chemically synthesized meso-DAP and meso-lanthionine by
themselves activated various human epithelial cells through NODI to generate
anti-bacterial factors and cytokines in specified cases. In human monocytic cells,
in the presence of Lipofectamine or cytochalasin D, meso-DAP induced production
of cytokines. Our findings suggest that meso-DAP is a sufficient structure to acti-
vate NOD1 when incorporated intracellularly.

Key words. NODI1, peptidoglycans, meso-diaminopimelic acid, meso-lanthionine,
epithelial cells

Peptidoglycans (PGNs) are ubiquitous constituents of the cell walls of Gram-
positive and Gram-negative bacteria. The PGNs exhibit various immunobioactivities,
most of which have been reproduced by a chemically synthesized muramyldipeptide
(MDP; MurNAc-L-Ala-p-isoGln). Another type of PGN fragment, meso-DAP-
containing peptide moiety also exerted similar bioactivities to MDP, and iE-DAP
was reported to be the minimum structure [1]. In 2003, iE-DAP and MDP were
demonstrated to be recognized by their respective intracellular proteins carrying a
nucleotide-binding oligomerization domain (NOD), NOD1 and NOD?2, respectively
[2, 3]. It must be noted that the DAP alone was reported to be completely inactive
using a commercial (Sigma) DAP, a mixture of meso-DAP, LL-DAP and pDD-DAP
[2], or meso-DAP purified from commercial DAP [4]. '

In the course of a study examining the innate immune system in oral epithelium,
we unexpectedly found that a commercial DAP specimen (Sigma) activated human
oral epithelial cells. Therefore, we have carried out exhaustive studies using three
chemically synthesized stereoisomers of DAP; meso-DAP, LL-DAP and bp-DAP, in
human epithelial and monocytic cells in culture [5]. We found that the meso-DAP
itself activated human oral, pharyngeal, esophageal, colonic and cervical epithelial
cells through NOD1 to generate anti-bacterial factors, PGN recognition proteins and
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Fig. 1. Which is the minimum structure to activate NOD1? Lipofectamine and cytochalasin D
increase the permeability of cells and allow meso-diaminopimelic acid (DAP) to be internalized
into the cytosole. Therefore, even in monocytic cells meso-DAP was able to activate NODI1. A
plasma membrane transporter PepT1 does not transport NOD1 ligand {6]. The unknown trans-
porter should transport iE-DAP and other NOD1 ligands, but not meso-DAP. Therefore, the iE-
DAP structure is required to activate NODI1 in most cells such as monocytic cells, whereas
epithelial cells might allow meso-DAP to permeate the cells. The meso-DAP per se is generally
capable of activating NODI intracellularly

B-defensin 2, and cytokines in specified cases, although the activities of meso-DAP
were weaker than that of iE-DAP (Fig. 1). Stereoisomers of meso-DAP, LL-DAP
and LL-DAP were only slightly activated or remained inactive. Synthetic meso-
lanthionine, which is another PGN component in the specified bacteria such as
Fusobacterium nucleatum, was also recognized by NODI1. In human monocytic
cells, in the presence, but not in the absence, of Lipofectamine or cytochalasin D,
meso-DAP induced slightly but significantly increased production of cytokines.
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Abstract. Human cationic antibacterial protein CAP18/LL-37 exhibits bacteri-
cidal and various immunobiological activities. The constitutive expression of
CAPI18/LL-37 in oral epithelial cells was demonstrated, and that CAP18/LL-37
activated human gingival fibroblasts to enhance production of hepatocyte growth
factor, which has been shown to exert multiple biological activities. These findings
might be related to restoration and regeneration of periodontal tissues.

Key words. CAP18/LL-37, hepatocyte growth factor, oral epithelial cells, gingival
fibroblasts, innate immunity

1 Background

Human cationic antibacterial protein CAP18/LL-37 belongs to the cathelicidin
family, which plays an important role in the innate host defense system; the cathe-
licidin possesses potent sterilizing activities against Gram-negative and Gram-
positive bacteria. CAP18/LL-37 is produced by hematopoietic cells and epithelial
cells, and is found in a number of tissues and body fluids such as saliva, plasma,
and airway surface liquid [1]. Fibroblasts are capable of producing hepatocyte
growth factor (HGF), and we have found that human gingival fibroblasts produce
HGF upon stimulation with cytokines such as interleukin (IL)-1c [2]. HGF has
been shown to exert multiple biological activities as a mitogen, a motogen and a
morphogen for various cells [3].

2 CAP18/LL-37 enhanced production of HGF in human
gingival fibroblasts

We demonstrated the constitutive expression of CAP18/LL-37 in oral epithelial
cells. Therefore, we examined whether CAP18/LL-37 regulated HGF production
in human gingival fibroblasts. We used IL-1a as a positive control according to our
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Fig. 1. Enhanced hepatocyte growth factor (HGF) production in human gingival fibroblasts by
LL-37 and its 18-mer derivatives. * P < 0.05, ** P < 0.01
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Fig. 2. Possible interaction between oral epithelial cells and gingival fibroblasts through CAP18/
LL-37 and HGF

previous report [2]. We found that human gingival fibroblasts exhibited enhanced
HGF production upon stimulation with CAP18/LLL-37 in a dose-dependent manner
(Fig. 1). Furthermore, we revealed that 18-mer derivatives of CAP18/LL-37, espe-
cially 18-mer LLKKK exhibited stronger HGF production than CAP18/LL-37.

3 Conclusion

Human oral epithelial cells produced CAP18/.LL-37, and CAP18/LL-37 enhanced
HGF production in human gingival fibroblasts. HGF might be involved in restora-
tion and regeneration of periodontal tissues (Fig. 2).
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