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Featured Application: Damage-associated molecular patterns (DAMP) sensors on periodontal
tissue and resident cells were characterized, indicating that nucleotide-binding oligomerization
domain-like receptor 2 and toll-like receptors 1/2/4/6 could be significantly elevated in the disease
state or upon stimulation. Further investigations are warranted to confirm the relevance of such
DAMPs sensors in the innate defense of the cells/tissue concerned.

Abstract: Background: Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs) are innate, damage-associated molecular patterns (DAMP) sensors.
Their expressions in human periodontal resident cells and reactions toward irritations, such as
hypoxia and lipopolysaccharide (LPS), remain not well characterized. This cross-sectional study
aimed to investigate and characterize TLRs, NOD1/2 and NLRP1/2 expressions at the dento-
gingival junction. Methods: Immunohistochemistry screening was carried out on periodontal tissue
biopsies sections, while selected DAMP sensors signal and protein expression under Escherichia
coli LPS (2 µg/mL) and/or hypoxia (1% O2), 24 h, by human gingival keratinocytes (HGK) or
fibroblasts (HGF) were investigated. Results: Positive TLR1/2/4/5/6, NOD1/2 and NLRP1/2
immunostaining were observed in healthy and periodontitis biopsies with apparently more pocket
epithelial cells positive for TLR2, TLR4 and NOD1/2. TLR1-6, NOD1/2 and NLRP1/2 messengers
were detected in gingival/periodontal biopsies as well as healthy HGK and HGF explants. LPS
and/or hypoxia induced signals and protein upregulation of NOD2 in HGKs or TLR1/6 and NOD2
in HGFs. Conclusion: Transcripts and proteins of TLR1/2/4/5/6, NOD1/2 and NLRP1/2 were
expressed in human periodontal tissue in health and disease. Putting all observations together,
NOD2, perhaps with TLR1/2/4/6, might be considered key, damage-associated molecular pattern
sensors on periodontal resident cells.

Keywords: Escherichia coli; gingiva; hypoxia; lipopolysaccharide; NLR proteins; periodontitis; toll-
like receptors

1. Introduction

Periodontitis is a common chronic oral disease caused by mixed, predominantly
Gram-negative, anaerobic, pathogenic microorganisms in close proximity to periodontal
tissues [1]. Human hosts have various strategies for recognizing the molecular patterns
of oral microbes, including those from the periodontopathogens, which, in turn, trigger
corresponding host immune reactions [2]. Periodontitis and its associated periodontium
destruction is believed to be the result of damaging or inappropriate host responses induced
by periodontopathogens [3].
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Lipopolysaccharide (LPS) is a cell wall component of Gram-negative bacteria, which
are known to cause various reactions on the human host [4]. For instance, the recognition
of LPS by myeloid and/or non-myeloid cells would activate the host’s innate immune
system to produce proinflammatory cytokines, including, but not limited to, tumor necrosis
factors (TNF), interleukins (ILs), and cyclooxygenase-2 (COX-2) [5,6]. Systemic exposure
of LPS in high quantities causes the overproduction of cytokines, which induce fever,
deteriorate organ perfusion, tempt cardiovascular collapse and eventually cause fatal
sepsis syndrome [7].

Toll-like receptors (TLRs) and NOD-like receptors (NLRs) are host cell receptors
(surface or intracellular) responsible for various innate immune responses in mammals [8,9].
TLRs and NLRs represent two large families of proteins in charge of responses mediation
via nuclear factor-κB (NF-κB)-dependent/interferon-regulatory factor-dependent signaling
pathways, or NF-κB-dependent/mitogen-activated protein kinase signaling pathways [8,9].
It is speculated that the recognition of LPS is mediated by these two pattern-recognition
receptors when Gram-negative pathogenic microorganisms get into close contact with host
cells. Previous reports indicated that TLR2/4 are essential LPS-recognition receptors at the
human periodontium [10], while in general, TLR2 appeared to be less specific than TLR4
in sensing LPS [11], the reason being that the former covers more ligands, whereas TLR4
targets LPS, specifically. TLR2 needs to form heterodimers, such as TLR1/2 or TLR2/6, to
function and such heterodimers have to be formed before periodontopathogens and/or
LPS can be recognized [12]. It is speculated that, nevertheless, TLR1/2 andTLR2/6 expand
the receptor–ligand recognition spectrum and improve the immune reactions to Gram-
negative bacteria [12]. Previous research has demonstrated the expression of TLR1-10 in
10 chronic periodontitis and healthy samples; however, the expression of those receptors in
junctional epithelium was not reported [13].

Given that anaerobic, Gram-negative pathogens are key agents for periodontitis patho-
genesis, the nature of the hypoxic micro-environment draws attentions of researchers
interested in deciphering the complicated pathogenic process [14]. At sea level, atmo-
spheric oxygen level at 760 mm Hg is 21% or 140–150 mm Hg, while the corresponding
alveolar O2 partial pressure (pO2) is approximately 100 mm Hg in healthy human [15]. In
chronic, inflamed periodontitis tissue, oxygen level could be at <50% O2 saturation or as
low as 7 mm Hg [16,17], compared to 85% O2 saturation or up to 52 mm Hg at less affected
gingivitis compartments [16]. Inside periodontal pockets, O2 is persistently consumed
and reduced to low levels due to increased consumption via active chronic inflammatory
cellular processes as well as the diminished oxygen availability through thrombosis of the
involved micro-vasculature [14,18]. Therefore, hypoxia establishes and potentially sustains
the survival of facultative and obligatory anaerobes, promotes periodontal inflammation
and, in turn, could intensify and worsen periodontitis development. On the contrary, a
hypoxic environment, however, was known to relate to cell survival, DNA repair, apopto-
sis, etc., driven by an array of corresponding signals transcription in [19]. For instance, the
knockdown of hypoxia-inducible factor-1 (HIF-1) impaired the motility and bactericidal
action of myeloid cells in [20]. At the periodontal front, hypoxia would increase the in vitro
mobility of human keratinocytes on connective tissue coated with collagen I, collagen
IV, or fibronectin, while 2% O2, together with periodontal microbes, enhanced IL-8 and
TNF-α expressions in oral keratinocytes in [21]. Therefore, it seems that hypoxia confer an
important modulatory function in the interactions between periodontopathogens and host
immune responses with related mechanisms yet to be clarified.

Currently, particular TLRs expression states might appear to be related to certain hy-
poxic environments, despite the fact that in many cases, the exact nature of the interactions
remain to be clarified [14]. For instant, TLR4 expression was reported to be up/down
regulated in macrophages/endothelial cells, respectively, under low oxygen concentrations
in [22]; TLR1/2 expression was observed to be enhanced in neonatal mice brains under a
hypoxic environment in [23]; and TLR2/6 was found to be expressed in murine/human
dendritic cells, human monocytic cells, endothelial and intestinal epithelial cells under low
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oxygen in [24]. Therefore, it is speculated that TLR expressions are cell type specific [25].
The influence of hypoxia on other TLR and NLR expression in human gingival resident
cells, for obvious reason, remain to be investigated.

In the present study, the research group hypothesized that TLRs/NLRs play key roles
in periodontal innate responses in health and disease. Hypoxia, together with LPS, may, to
a certain extent, modulate the expression of damage-associated molecular pattern (DAMP)
sensors in periodontal resident cells. This study, therefore, screened selected human gingi-
val TLR/NLR expression on human periodontal biopsies, gingival keratinocyte (HGK),
and human gingival fibroblast (HGF). The latter cell explants were subjected to in vitro
challenges by hypoxia and/or Escherichia coli LPS.

2. Materials and Methods

This study was a convenience sample, cross-sectional investigation carried out accord-
ing to the STROBES (Strengthening the Reporting of Observational Studies in Epidemiol-
ogy) guidelines.

2.1. Periodontal Biopsies

The study was approved by the Institutional Review Board, the University of Hong
Kong and Hospital Authority Hong Kong West Cluster (HKU/HA HKW IRB, UW 06-
376 T/1401). Written consent was obtained from all study participants or, for minors,
their guardians.

Inclusion criteria for participants were as follows: (1) ≤60 years old; (2) ≥2 permanent
teeth per quadrant, excluding wisdom teeth; (3) non-smoker; and (4) systemically healthy.
In addition, periodontitis participants had to have the following: (5) untreated periodontitis
with at least one site with a probing-pocket depth (PPD) ≥6 mm, probing attachment level
(PAL) ≥5 mm, and radiographic evidence of alveolar bone loss; and (6) at least one peri-
odontally involved tooth scheduled for extraction or periodontal surgery. For periodontally
healthy or control participants, additional inclusion criteria were the following: (5) full-
mouth bleeding on probing ≤30%, no site with PAL >3 mm, deepest PPD ≤3 mm; (6) no
radiographic evidence of alveolar bone loss nor any furcation involvement in multi-rooted
tooth; and (7) crown-lengthening surgery or tooth extraction arranged for prosthodontic
or orthodontic reasons. Exclusion criteria included the following: (1) female participants
pregnant or lactating; and (2) participants taken systemic antibiotics within 6 months prior
to recruitment. Convenient sampling of patients requiring periodontal extraction/surgery,
as well as extraction due to other reasons in patients who were deemed periodontally
healthy as described above, was conducted at the Faculty of Dentistry, The University of
Hong Kong, Prince Philip Dental Hospital, between September 2012–April 2015, which
was when recruitment, preparation and sampling was conducted.

In accordance with previous, similar reports [13,26], the current group considered that
a sample size of n > 10 (one biopsy per participant) for the immunohistochemistry assay or
periodontal resident cells explant study would be appropriate.

Healthy gingiva tissues were collected before periodontal surgery or tooth extraction,
while periodontitis tissues were collected from participants undergoing periodontal surgery
or extraction after the hygienic phase of the treatment, i.e., initial, non-surgical, mechanical,
periodontal therapy, including oral hygiene education, scaling and root planing. The
surgical procedure was as described in a previous report [26].

2.2. Immunohistochemistry

Healthy, human gingival and periodontitis biopsies (Table 1) were fixed overnight in a
10% neutral-buffered formalin solution before being dehydrated and embedded in paraffin.
Sections of a human hepatocellular carcinoma biopsy (courtesy of Professor Nancy K. Man,
Department of Surgery, LKS Faculty of Medicine, the University of Hong Kong) were used
as the positive control for TLR3. Periodontal specimens were sectioned at a thickness of
4 µm and mounted onto silicon-coated slides, followed by rehydration, then were immersed
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in 3% hydrogen peroxide at room temperature (r.t.) for 10 min for peroxidases blocking. For
antigen retrieval, the sections were immersed in a 95 ◦C sodium citrate buffer (0.05% tween
20–10 mM sodium citrate, pH 6.0) for 10 min, then cooled to r.t., followed by blocking with
2.5% horse serum at 37 ◦C for 30 min. The specimens were then incubated with anti-human
TLR-1 to -8 and TLR10, NOD1/2 or NLRP1/2 primary antibodies, independently in 3%
bovine serum albumin at 4 ◦C overnight (mouse anti-human: TLR1, TLR4 and NLRP2
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), TLR2 (Imgenex, San Diego, CA, USA),
TLR3 (eBioscience, San Diego, CA, USA), TLR5 (Abnova, Taipei, Taiwan), TLR8 (Enzo Life
Science, Farmingdale, NY, USA); rabbit anti-human: TLR6, NLRP1 and NOD2 (Thermo
Fischer Scientific, Waltham, MA, USA), TLR7 (LifeSpan BioSciences, Inc., Seattle, WA,
USA), NOD1 (R&D systems, Inc., Minneapolis, MN, USA), TLR10 (Novus Biologicals,
Littleton, CO, USA)). The optimal concentration of each TLR or NLR antibody was decided
by pilot studies, and was 1:100 for anti- TLR1, TLR4, TLR6, TLR7/8/10, NOD1/2 and
NLRP1/2 (1:100 was set as the highest primary antibody concentration, including antibody-
elicited negative staining after pilot experiments), and 1:200 for anti- TLR2, TLR3 and TLR5.
The negative control sections were incubated with thesame dilution of IgGs from the
corresponding animal not immunized against the target human antigen. After incubation
with secondary antibodies (anti-mouse/anti-rabbit IgG Peroxidase, 1:1000, ImmPRESS®

Universal Reagent, MP-7500, Vector Laboratories, Burlingame, CA, USA) at 37 ◦C for 1 h,
the specimens were stained with diaminobenzidine (DAB) for visualization and semi-
quantitative analysis. Stained sections were captured, analyzed with a digital imaging
system (Leica DC 300 Ver 2.0; Leica, Wetzlar, Germany) and Leica Qwin Standard V 2.6
software (Leica, Wetzlar, Germany) [26].

Table 1. Donors’ details concerning periodontal biopsies or cell explants used and reported in
this study.

Experiment Group n Age Range (Years) Gender (F/M)

Immuno-histochemistry
Heathy 13 18–27 5/8
Periodontitis 17 38–46 8/9

RT-PCR 1

HGT 16 14–25 9/7
HGK/HGF explant 27 16–29 19/7

MTT assay 1 9 19–24 4/5
Selected DAMP sensor transcripts (RT-qPCR) or protein detection 1

Control (18% O2, nil E. coli LPS) 13 16–25 8/5
Hypoxia only (1% O2, nil E. coli LPS) 13 16–25 8/5
2 µg/mL E. coli LPS only (18% O2) 13 16–25 8/5
Hypoxia (1% O2) and 2 µg/mL E. coli LPS challenge2 13 16–25 8/5

HGF—human gingival fibroblasts; HGK—human gingival keratinocytes; HGT—human gingival tissue; MTT—3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; RT-PCR—reverse transcription polymerase chain
reaction; RT-qPCR—quantitative reverse transcription polymerase chain reaction. 1 Tissue/cells from donors
with healthy periodontium. 2 Protein detection only.

Upon preliminary experiments, no TLR9 mRNA could be detected from HGK/HGF
explants nor human gingival tissue (HGT) biopsies (c.f. Section 3.4); the immunohisto-
chemistry detection of TLR9 did not follow. All immunohistochemical investigations were
repeated thrice on separate occasions with different sections from the same tissue blocks.

2.3. Cell Culture

Healthy gingiva biopsies were immersed in a 1.5 U/mL dispase solution (Gibco,
Thermo Fischer Scientific, Waltham, MA, USA) in neutral Ca2+/Mg2+ free phosphate
buffered saline at 4 ◦C for 8 h. The epithelium was then mechanically sheared from the
connective tissue. Minced epithelial and subepithelial tissues were utilized for HGK or
HGF primary culture, respectively. To obtain primary HGK or HGF explants, Gingival
Keratinocyte Medium (1:1 mixture of Defined keratinocyte-SFM and Epilife® with calcium,
Life Technologies Corporation, Grand Island, NY, USA) with 10% fetal bovine serum
(FBS), or Dulbecco’s Modified Eagle Medium with 10% FBS, respectively, was used. Any
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HGF contamination in HGK culture was removed by brief trypsinization (0.25% trypsin
(Sigma-Aldrich, St. Louis, MO, USA) without EDTA, 3 min), followed by reseeding the
‘cleaned HGK’. The same HGK purification procedure was repeated until no spindle-shape
cells were detectable under microscopy. Samples of purified, early confluent explants
from each donor on 35 mm dishes were carefully confirmed by carboxyfluorescein hydrox-
ysuccinimidyl ester staining when HGK appeared as homogenous cobblestone-shaped
cells, free of any contaminating spindle-shaped fibroblastic cells or HGF as homogenous
spindle-shaped cells without cells of any other shapes, smaller sizes or morphology, before
use. In the case of doubt, the cells concerned were not used for any experiments. HGK and
HGF from individual donors were always cultured separately. The cells at third passage
were harvested for in vitro experiments [26,27].

HGK and HGF cultured on individual 60 mm × 15 mm plates were treated with
2 µg/mL E. coli LPS (From O111-B4, catalog no. L3024, Sigma-Aldrich, St. Louis, MO,
USA), 18% O2 (normoxia), 5% CO2 for 24 h. Both cells cultured on same conditions were
also treated with 1% O2, 5% CO2 for 24 h (hypoxia). Low oxygen concentration was
maintained by a hypoxia incubator (Catalog no. 3131, Forma Water-Jacketed CO2/O2
incubator, Thermo Fisher Scientific, Waltham, MA, USA). The corresponding HGK/HGF
from the same donor cultured in designated media without the challenges (E. coli LPS or
hypoxia) under standard conditions (18% O2, 5% CO2) were used as controls (Table 1) [27].

All experiments were repeated thrice on separate occasions with cell explants from
different donors.

2.4. MTT Assay

To compare the growth rates of HGK and HGF cultured in 1% or 18% O2, HGK or
HGF were seeded at a density of 3.0 × 103 per well in 96-well plates (Table 1). Wells with
evenly distributed cells were used. After 24 h culture, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was performed according to the manufacturer’s
protocol (ATCC, Manassas, VA, USA). Briefly, HGK or HGF (treated or untreated) were
incubated with 10 µL MTT for 2 h and then the MTT reagent was replaced with 100 µL
dimethylsulfoxide for another 2 h. Absorbance values for each well were measured by a
spectrophotometer at 570 nm (Bio-Rad Model 3550, Bio-Rad, Hercules, CA, USA). For LPS
treatment, from a stock solution of 1 mg/mL E. coli LPS in Dulbecco’s phosphate-buffered
saline, the correct amount of the endotoxin was added to the cell wells to achieve a final
concentration of 2 µg/mL at 18% O2, 24 h [28].

All experiments were repeated three times at separate occasions, using HGK/HGF
explants at the third passage.

2.5. Reverse Transcription Polymerase Chain Reaction (RT-PCR) and Quantitative Reverse
Transcription PCR (RT-Qpcr) Analysis

Total RNA was purified from treated or untreated HGK or HGF and HGT biopsies
(Table 1) via disruption and homogenization, using a RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). The human acute monocytic leukemia cell line (THP-1) was used as the positive
control for TLR9. HGT were maintained in RNAlater at 4 ◦C overnight before proceeding
with RNA extraction.

For RT-PCR, cDNA was synthesized from 1 µg of total RNA from each sample,
using Superscript First-Chain Synthesis Kit (Invitrogen, Carlsbad, CA, USA). RT-PCR was
performed using KAPA2G Fast HotStart Readymix (Kapabiosystems, Boston, MA, USA),
and two-step RT-qPCR was carried out using cDNA from control/treated cell explants
by TaqMan Real-Time PCR Master Mix (Invitrogen, Carlsbad, CA, USA) according to the
protocol suggested by the manufacturer. The RT-PCR amplification process was performed
at initial denaturation for 5 min at 95 ◦C and then 40 cycles of 95 ◦C for 15 s, 56–61 ◦C for
15 s, and 72 ◦C for 5 s. For RT-qPCR amplification, the initial denaturation was for 10 min
at 95 ◦C, 40 cycles of 95 ◦C for 15 s, and 60 ◦C for 1 min. GAPDH (RT-PCR) and β-actin
(RT-qPCR) were utilized as internal controls [26,27]. The primer sequences used are shown
in Table 2. Target mRNAs/transcript levels of HGK/HGF under normoxia (18% O2) at
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24 h; hypoxia (1% O2) at 24 h; and µg/mL E. coli LPS challenge under normoxia at 24 h
were determined with reference to the internal control (β-actin). Then, the corresponding
relative target transcript levels under various test conditions were normalized against that
of the same cell type under normoxia at 24 h.

Table 2. List of primer sequences and expected product size for TLR and NLR detection 1.

Gene Primer Sequence (5′–3′) Amplicon2 Size (bp)

TLR1 3,4 F: CAGGATAACAAAGGCATATTGG
R: GGATAGGTCTTTAGGAACG 238

TLR2 3 F: GGTAGTTGTGGGTTGAAGC
R: AAATCAGTATCTCGCAGTTCC 727

TLR2 4 F: AGTTCTCCCAGTGTTTGGT
R: CCAGTTGAAAGCAGTGAAAGAG 132

TLR3 3 F: CAGTCATCCAACAGAATCATGAG
R: GATGGAGTTCAGTCAAATTCGT 405

TLR3 4 F: CTTCCCTGATGAAATGTCTG
R: ATGATTCTGTTGGATGACTG 70

TLR4 3,4 F: TTATCCAGGTGTGAAATCCA
R: GATTTGTCTCCACAGCCA 159

TLR5 3 F: GCATCCAGGGAAGATGTC
R: GATCCTCGTTGTCCTAGC 341

TLR5 4 F: AGTCCTTTCTCCTGATTCACC
R: TCCCATGATCCTCGTTGTC 164

TLR6 3 F: TTCTTGGGATTGAGTGCTA
R: GTTTCTATGTGGTTGAGGG 335

TLR6 4 F: GAGATCTTGAATTTGGACTC
R: GGTTCTTTGTCTTTGGTC 92

TLR7 3,4 F: CAAGAAAGTTGATGCTATTGGG
R: CTGTCAAATGCTTGTCTGTG 277

TLR8 3,4 F: GATTTCCCACCTACCCTCTG
R: TCCCAGACTCACAATACTCTTCC 284

TLR9 3,4 F: ACTATGCAAATGGCCTTTGAC
R: AGGATGTTGGTATGGCTGAG 686

TLR10 3,4 F: AACAACCCAAGAACAACTC
R: CCACATTTACGCCTATCC 428

NOD1 3,4 F: GGCTTATCCAGAATCAGATCAC
R: GGTTTCCATTTAGGCAAATCTC 98

NOD2 3,4 F: CGTCATGCTAGAAGAACTC
R: GTTATTGGACAACTTCAGGA 117

NLRP1 3,4 F: CTTGTACCGAGTTCACTTCC
R: CTCAGCCTTGATGTCCAG 183

NLRP2 3,4 F: GATGTCTGTGGTTGTGGG
R: TGTCAAGGTTTCAAACAGCA 151

GAPDH 3 F: CAACTTTGGTATCGTGGAAGGA
R: AAGGTGGAGGAGTGGGTGTCG 387 [26]

β-actin 4 F: AAGATCAAGATCATTGCTCCT
R: GGGTGTAACGCAACTAAGTC 182 [27]

1 RT-PCR and RT-qPCR protocol described in Section 2.5. 2 Amplicons were systematically sampled for sequencing
to confirm that the corresponding products were, in fact, amplified from the gene fragment concerned, hence the
specificity of the primer pairs used (data not shown). 3 Primers for RT-PCR. 4 Primers for RT-qPCR.

Except HGT biopsies, all cells were repeatedly cultured, treated and RNA harvested
three times for the RT-PCR and RT-qPCR experiments. Randomly selected positive ampli-
con samples, representative of all ten DAMP sensors of interest, were sequenced to confirm
the identity of the related cDNA concerned. This was repeated systematically in all three
independent repetitive experiments.

2.6. Western Blot

Total protein was collected from HGK and HGF with or without treatment of E. coli
LPS and/or hypoxia as described under Section 2.3 (Table 1). The cells were then incubated
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with lysing buffer (2 µL/mL protease inhibitor (P8340, Sigma-Aldrich, St. Louis, MO, USA)
in 1% Triton-X100-150 mM NaCl-20 mM Tris HCl, pH 7.4) on ice for 10 min, followed by
centrifugation at 12,000× g at 4 ◦C for 30 min. The supernatant was collected, then the
protein concentration was measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Fifty micrograms of cellular proteins extract were separated
by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis followed by electro-
transferal to polyvinylidene difluoride membrane (Immobilon, Sigma-Aldrich, St. Louis,
MO, USA). After blocking by 5% non-fat milk at r.t. for 30 min, primary antibodies against
TLR1/2/4/5/6, NOD1/2 or NLRP1/2 (mouse anti-human: TLR1, TLR4 and NLRP2 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), TLR2 (Imgenex, San Diego, CA, USA), TLR5
(Abnova, Taipei, Taiwan), rabbit anti-human: TLR6, NLRP1 and NOD2 (Thermo Fischer
Scientific, Waltham, MA, USA), NOD1 (R&D systems, Inc., Minneapolis, MO, USA); at
antibody concentration: TLR1/2/4, NOD1/2 and NLRP1/2: 1:500, or TLR5/6: 1:2000) in
blocking buffer (5% non-fat milk in 1% Tween 20-Tris-buffered saline, pH 7.6) was added
to the blot at 4 ◦C, overnight. The membranes were then washed by 1% Tween 20–20 mM
Tris-buffered saline (pH = 7.6) r.t., 3×, 5 min, and then incubated with the corresponding
secondary antibody (1:2000, Pierce goat anti-mouse/rabbit IgG, Thermo Fisher Scientific,
Waltham, MA, USA) at r.t. and visualized by an enhanced chemiluminescence system (ECL)
(GE healthcare, Lifescience, Marlborough, MA, USA) at r.t. via undisturbed immersing
in 10 mL ECL buffer, 22 µL p-coumaric acid, 50 µL luminol and 3 µL H2O2 for 90 s [26].
β-actin (primary antibody, mouse anti-human, Thermo Fisher Scientific, Waltham, MA,
USA, at 1:500, in 5% non-fat milk in 1% Tween 20-Tris-buffered saline, pH 7.6) was used as
an internal control. HGK/HGF TLRs or NLRs blot densities from cells incubated under
normoxia for 24 h were normalized with reference to β-actin controls, followed by semi-
quantitative determination of the corresponding DAMP sensor from the same cell type
after LPS or hypoxia treatment [29].

Considering the fact that the preliminary experiments showed nil detection of
TLR3/7/8/10 in immunohistochemistry (c.f. Section 3.1) as well as nil TLR9 mRNA
detection from HGT/HGK/HGF (c.f. Section 3.4), the presence of these proteins in
HGK/HGF via Western blotting was not investigated. Independent experiments were re-
peated three times on separate occasions, starting with cell explants at the third passage.

2.7. Statistical Analysis

The primary outcomes of this study included the following: the location, distribution
and relative quantities of the tested DAMP sensors in healthy or periodontally diseased
tissue; and transcript expression of the former in healthy periodontal tissue and resident
cell explants. Target DAMP sensors signal and protein expression levels from periodontal
resident cells upon hypoxia and/or 2 µg/mL E. coli LPS challenge were also measured.
Healthy periodontal tissue or parameters from untreated periodontal resident cells in
normoxia were the control/reference.

Statistical analysis was performed using SPSS 20 (IBM Corporation, New York, NY,
USA). The data were tested for normality using the Kolmogorow–Smirnoff test. Normally
distributed variables were reported as mean ± SD, while medians were used to describe
non-normally distributed data. Data that conformed to a normal distribution were ana-
lyzed by t-test or one-way analysis of variance (ANOVA). Data that showed considerable
deviation from the normal distribution were analyzed by the Wilcoxon test. p < 0.05 was
considered statistically significant.

3. Results

In total, 40 periodontal healthy patients (age 14–29 year, 25 females) and 33 chronic
periodontitis patients (age 28–46, 20 females) were recruited and consented to donate
periodontal tissue. All patients were systemically healthy non-smokers. The PPD of the
biopsied sites was 2.3 ± 0.5 mm for healthy gingiva and 6.9 ± 0.8 mm for periodontitis
pockets. PAL for biopsied periodontitis sites was 5.6 ± 0.4 mm. A number of tissue blocks
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(from healthy/periodontitis donors) and explants (from periodontally healthy donors)
were used for TLR 3/7/8/10 immunohistochemistry or various in vitro or preliminary
investigations, the data for which are not presented.

Thirteen healthy gingival and seventeen periodontitis biopsies were fixed and sec-
tioned for immunohistopathology analysis; 27 healthy gingival biopsies were processed
for HGK and HGF culture and conventional RT-PCR; and 16 healthy gingival biopsies
contributed to HGT mRNA extraction (Table 1). HGK or HGF cultured on 1% or 18% O2
with or without 2 µg/mL E. coli LPS challenge showed normal cellular morphology.

3.1. Selected TLRs and NLRs Localization in Healthy Gingival and Periodontitis Biopsies

The presence and location of selected TLRs and NLRs in healthy gingival and peri-
odontitis tissue sections were detected by immunohistochemistry (Figure 1), and semi-
quantitatively, the percentage proportion of positive stain per unit section area are shown
in Table 3. TLR1, TLR2, TLR4, TLR5, TLR6, NOD1, NOD2, NLRP1 and NLRP2 were
detectable in both healthy gingiva and periodontitis tissues. TLR3/7/8/10 was not de-
tectable on any section of the specimens collected (data not shown), while TLR3 was readily
detectable in sections of human hepatocellular carcinoma (data not shown). TLR9 was not
tested since no RNA messenger could be detected in HGK/HGF/HGT.

Table 3. Percentage proportions of Toll-like and NOD-like receptor-positive staining areas in periodontal tissue biopsies 1.

Health (n = 13) Periodontitis (n = 17)

Epithelium Connective
Tissue

Epithelium Connective
TissueOE OSE JE OE PE

TLR1 16.8 ± 5.2 13.7 ± 5.4 17.9 ± 6.4 19.5 ± 6.7 57.9 ± 14.6 ** 21.4 ± 7.1 59.3 ± 10.3 **
TLR2 36.5 ± 9.7 44.6 ± 18.4 40.7 ± 8.6 27.4 ± 8.4 65.4 ± 11.2 ** 62.7 ± 11.0 * 78.1 ± 12.6 **
TLR4 41.5 ± 12.6 12.9 ± 3.3 15.6 ± 6.1 28.3 ± 8.5 40.2 ± 11.6 30.3 ± 8.2 * 50.3 ± 7.9 **
TLR5 29.3 ± 5.8 41.7 ± 20.1 72.6 ± 11.2 34.2 ± 7.3 50.8 ± 8.5 ** 69.4 ± 15.7 60.8 ± 11.6 **
TLR6 63.7 ± 15.9 55.8 ± 18.4 41.8 ± 12.4 39.8 ± 9.2 59.7 ± 8.2 51.4 ± 9.2 64.9 ± 13.4 **
NOD1 15.2 ± 6.1 13.1 ± 4.6 18.7 ± 4.6 26.8 ± 5.5 41.5 ± 10.6 ** 43.5 ± 9.4 ** 68.1 ± 12.0 **
NOD2 22.0 ± 9.6 14.6 ± 5.1 15.4 ± 4.7 28.6 ± 4.6 25.7 ± 8.9 39.1 ± 10.2 * 58.9 ± 11.2 **
NLRP1 17.8 ± 7.6 17.5 ± 6.3 17.3 ± 8.9 31.1 ± 5.7 21.8 ± 7.9 30.3 ± 8.1 61.4 ± 15.3 **
NLRP2 20.3 ± 9.1 14.1 ± 5.7 11.3 ± 5.8 29.0 ± 11.5 29.2 ± 6.2 24.3 ± 7.5 55.3 ± 14.5 **

Data expressed as mean ± SD. JE—junctional epithelium; OE—oral epithelium; OSE—oral sulcular epithelium; PE—pocket epithelium.
1 One-way ANOVA was utilized for data analysis. * p < 0.05, ** p < 0.01; healthy-OE vs. periodontitis-OE, JE vs. PE, or health connective
tissue vs. periodontitis connective tissue.

TLR1, TLR2, TLR4, TLR5, TLR6, NOD1, NOD2, NLRP1 and NLRP2 appeared de-
tectable by their corresponding antibodies both in the epithelial and connective tissue
compartments of the biopsy sections. Positive DAB staining, representing TLR or NLRP
detection, were mainly congregated around basal (TLR4/5/6, NOD1/2 or NLRP1/2;
Figure 1(C1–C3,D1–D3,E1–E3,F1–F3,G1–G3,H1–H3,I1–I3)) and/or spinous (TLR1/2/4/6;
Figure 1(A1–A3,B1–B3,C1–C3,E1–E3)) layers of healthy gingival (oral or H-OE; oral sul-
cular or OSE; junctional or JE) epithelium. Nevertheless, overall expressions of TLR1,
NOD1/2 or NLRP1/2 appeared relatively low in healthy gingival epithelium (Figure 1(A1–
A3,F1–F3,G1–G3,H1–H3,I1–I3)). Concerning sections from periodontitis biopsies, all pocket
epithelium (PE) were positive with TLR1, TLR2, TLR4, TLR5, TLR6, NOD1, NOD2, NLRP1
and NLRP2 staining. However, TLR2, TLR4, TLR5, TLR6 staining appeared stronger at PE.

Regarding detection of respective DAMP sensor at sub-sulcular/pocket epithelial
connective tissue, positive DAB staining indicated TLR1, TLR2, TLR4, TLR5, TLR6, NOD1,
NOD2, NLRP1 and NLRP2 (Figure 1(A5–I5)) appeared similar and at times, stronger in
periodontitis than healthy biopsies. The more intensely stained areas apparently were
beneath the pocket epithelium with many infiltrated cells expressing the DAMP sensors
of interest.
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Figure 1. TLR1/2/4/5/6, NOD1/2 or NLRP1/2 immunohistochemical detection in healthy gingival (rows 1–3) or peri-
odontitis tissue (rows 4–5) biopsies. Specific damage-associated molecular patterns are detected as brown DAB stain. Scale
bars = 100 µm. Column A-I showed micrographs of TLR1/2/4/5/6, NOD1/2 or NLRP1/2 detection, respectively. Rows 1–5
are: healthy oral epithelium (H-OE), oral sulcular epithelium (OSE), junctional epithelium (JE), periodontitis oral epithelium
(P-OE) and pocket epithelium (PE), respectively. Shown are representative micrographs from healthy human gingival
biopsies (n = 13) and periodontitis biopsies (n = 17) with staining from three independent experiments. TLR3/7/8/9/10
immuno-detection was attempted but had negative staining results (data not shown).
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The semi-quantitative data concerning detection of DAMP sensors of interest are
shown in Table 3. In brief, expression of TLR1/2/5 or NOD1 in healthy or periodontitis
tissue sections showed the TLRs of concern on H-OE (former) and appeared significantly
lower than that of P-OE (latter, p < 0.01). On the other hand, expressions of TLR2/4, or
NOD1/2 on PE in periodontitis tissue sections seemed significantly higher than those on
JE of healthy tissue sections (p < 0.05) (Table 3). The expressions of all TLRs and NLRs of
interest in subepithelial connective tissue of periodontitis sections appeared higher than
that of the subepithelial connective tissues from sections of healthy periodontal biopsies.

3.2. Culture and Isolation of HGK and HGF

HGK and HGF were successfully isolated from twenty-seven biopsy specimens
(Table 1). In vitro experiments were conducted with specific details of the source cells
meticulously recorded. At the end of the experiments no unusual observation was recorded,
indicating, perhaps, minimal variations concerning the HGK/HGF explants, despite their
varied host origins.

3.3. MTT Assay

MTT assay was conducted using early confluent HGK or HGF culture from randomly
selected nine donors (Table 1) to test the viability of the cells. These assays indicated
that under 1% O2 at 24 h, the tetrazolium dye reduction ability of HGF appeared un-
changed (absorbance at 570 nm; HGK/HGF, 1% vs. 18% O2: 0.157 ± 0.060/0.862 ± 0.075
vs. 0.137 ± 0.059/0.746 ± 0.105, p = 0.08/0.08; representative data set from one of three
experiments). Regarding MTT assays of HGK/HGF under LPS stimulation at normoxia, the
results observed were similar to the previous report from this group (data not shown) [26,27].

3.4. Selected DAMP Sensors mRNA Detection in HGT, HGK, or HGF

Messenger RNAs encoding TLR1, TLR2, TLR3, TLR5, TLR6, NOD1, NOD2, or NLRP1
were detectable among all HGT biopsies, HGK, and HGF cell explants investigated (Table 1).
TLR4 or NLRP2 mRNA were not detected in every cell sample, with TLR4 being detectable
in only 12/27 HGK (44.4% healthy gingival keratinocyte explants), or NLRP2 in only 5/27
HGF (18.5% healthy gingival fibroblasts explants), respectively. However, TLR4 expression
in HGF and NLRP2 expression in HGK were observable in all samples followed. TLR7,
TLR8 or TLR10 mRNAs were detectable among all HGT biopsies but were not detectable
in any of the HGK or HGF explants. TLR9 mRNA was undetectable in HGT, HGK, or HGF
(Figure 2).

3.5. Quantities of Selected DAMP Sensor Transcripts from HGK or HGF under Hypoxia or E. coli
LPS Stimulation

The quantity of transcripts expression of DAMP sensors detectable by RT-qPCR from
HGK/HGF explants, i.e., TLR1-6, NOD1, NOD2, NLRP1, or NLRP2 (Figure 2), under 1%
or 18% O2, 24 h, or 2 µg/mL E. coli LPS under normoxia at 24 h, was followed (Table 4).

Except TLR4 and NLRP2, the selected DAMP sensor mRNAs of interest were de-
tectable from all HGK or HGF explants at both oxygen tensions tested at 24 h. The former,
even if detectable from some cell explant samples, was persistently at low relative quanti-
ties in HGK (TLR4) or HGF (NLRP2), while the corresponding TLR4 mRNA in HGF or
NLRP2 mRNA in HGK relative expression levels remained similar to other DAMP sensors
investigated (Table 4). Under 2 µg/mL E. coli LPS at normoxia at 24 h, all ten DAMP sensor
mRNAs of interest were detectable (Table 4).
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Figure 2. Selected DAMP sensors mRNA detection from HGT, or HGK/HGF primary cultures. By reverse transcription, 
PCR, TLR1-6, NOD1/2 and NLRP1/2 were detectable in HGT, HGK, and HGF with TLR4 or NLRP2 detectable in some 
but not all samples investigated (please refer to text and Table 4 for details). TLR7/8/10 mRNAs were only detectable from 
HGTs. THP-1 cell line was utilized as the positive control for TLR9 mRNA detection. HGF—human gingival fibroblasts, 
HGK—human gingival keratinocytes, HGT—human gingival tissue. 

  

Figure 2. Selected DAMP sensors mRNA detection from HGT, or HGK/HGF primary cultures. By reverse transcription,
PCR, TLR1-6, NOD1/2 and NLRP1/2 were detectable in HGT, HGK, and HGF with TLR4 or NLRP2 detectable in some but
not all samples investigated (please refer to text and Table 4 for details). TLR7/8/10 mRNAs were only detectable from
HGTs. THP-1 cell line was utilized as the positive control for TLR9 mRNA detection. HGF—human gingival fibroblasts,
HGK—human gingival keratinocytes, HGT—human gingival tissue.
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Table 4. Expression level of damage-associated molecular patterns of interest upon hypoxia or 2 µg/mL E. coli lipopolysac-
charide (LPS), 24 h stimulation 1.

HGK HGF

Oxygen Conc.
p-Value

LPS
p-Value

Oxygen Conc.
p-Value

LPS
p-Value

18% 1% Nil 2 µg/mL 18% 1% Nil 2 µg/mL

TLR1 1 0.140 0.002 1 1.416 0.658 1 1.481 0.005 1 2.390 0.030
TLR2 1 2.049 0.002 1 2.281 0.002 1 5.059 0.002 1 3.083 0.002
TLR3 1 0.286 0.003 1 0.575 0.780 1 0.739 0.002 1 0.723 0.070

TLR4 2 0.000 0.000 1.000 1 1.316 0.0655 1 1.955 0.010 1 0.776 0.113
TLR5 1 0.881 0.060 1 0.833 0.980 1 0.759 0.010 1 0.760 0.230
TLR6 1 0.109 0.002 1 1.046 0.900 1 0.751 0.239 1 3.281 0.002
NOD1 1 0.758 0.006 1 0.885 0.065 1 1.325 0.008 1 0.858 0.200
NOD2 1 4.596 0.002 1 3.978 0.003 1 0.816 0.063 1 6.336 0.002
NLRP1 1 1.819 0.002 1 1.115 0.650 1 1.729 0.002 1 0.947 0.380

NLRP2 3 1 0.309 0.002 1 1.231 0.082 0.000 0.000 0.593 1 0.953 0.080
1 Results normalization were achieved using corresponding β-actin expression of untreated cells at normoxia as internal reference when the
relative standard curve reflecting target mRNA level without stimulation was normalized. Transcript expressions of TLR1-6, NOD1/2 and
NLRP1/2 were detected under 1% O2 or 2 µg/mL E. coli LPS for 24 h (n = 13.). 2 TLR4 was only detectable from six (out of 13) normoxic or
five (out of 13) hypoxic samples, hence only these results were compared and shown. 3 NLRP2 was only detectable from five (out of 13)
normoxic or three (out of 13) hypoxic samples, hence only these results were compared and shown.

Apparently, under 1% O2, 24 h, mRNA expression of TLR1-3, TLR6, NOD1/2 and
NLRP1/2 in HGK were significantly increased at up to 4.6-fold for NOD2, while concerning
HGF, TLR1-5, NOD1 and NLRP1 mRNAs seemed to be increased in hypoxia, up to 5.1-fold
for TLR2 (Table 4). With the presence of 2 µg/mL E. coli LPS at normoxia at 24 h, only TLR2
and NOD2 expressions on HGK appeared significantly increased at up to 4.0 times for
NOD2, compared to untreated controls. For HGF, the same LPS treatment seemed able to
upregulate signals for TLR1, TLR2, TLR6 and NOD2, at up to 6.3-fold for NOD2 (Table 4).

3.6. Levels of Selected DAMP Sensor Proteins from HGK or HGF under Hypoxia and/or E. coli
LPS Stimulation

DAMP sensor proteins observable from immunohistochemistry (Figure 1) were fol-
lowed in HGK/HGF explants in vitro. Both cells were also subjected to 24 h 1% O2 and/or
2 µg/mL E. coli LPS treatment. In brief, TLR1-6, NOD1/2 or NLRP1/2 appeared readily
detectable on both cell explants in hypoxia and/or E. coli LPS challenge (Figure 3A). Semi-
quantitative analysis of DAMP sensors under various experimental conditions were also
reported (Figure 3B,C). In brief, TLR1, TLR6 and NOD2 proteins appeared significantly
increased after HGF treated by 1% O2 and/or 2 µg/mL E. coli LPS at 24 h (Figure 3C), while
the same appeared observable for TLR6 only on HGK cells (Figure 3B). For the latter, TLR1
or NOD2 peptide appeared significantly increased upon 1% O2 or 1% O2 and 2 µg/mL E.
coli LPS at 24 h treatment, respectively (Figure 3B).
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Figure 3. Selected damage-associated molecular pattern (DAMP) sensors expression in human gingival keratinocytes (HGK)
or human gingival fibroblasts (HGF) explants under 1% O2 and/or 2 µg/mL Escherichia coli LPS, 24 h. (A) Detection of
TLR1, TLR2, TLR4-6, NOD1/2, NLRP1/2 from HGK/HGF cell lysates after various treatments. Shown are representative
blots from three independent experiments; (B) relative HGK TLR1, TLR2, TLR4-6, NOD1/2, NLRP1/2 protein levels after
various treatments; (C) relative HGF TLR1, TLR2, TLR4-6, NOD1/2, NLRP1/2 protein levels after various treatments.
* p < 0.05, ** p < 0.01, one-way ANOVA with adjustments against multiple comparisons within same DAMP sensor group.
Cells at passage three were used and the experiments were independently repeated three times.

4. Discussion

Periodontal resident cells utilize various defense strategies to address challenges from
environmental stimuli, such as periodontopathogens [18]. Toll-like and NOD-like receptors
expressing gingival resident cells could play key roles at the initial phase of innate immune
responses. Many studies have investigated the expressions of these receptors in human
cells and tissues [30]; however, limited studies are available reporting the expressions of
such receptors in the periodontal cells and tissues in vivo [10,13].

To the best knowledge of this group, this is one of the more comprehensive reports
characterizing expressions of TLRs and selected NLRs on periodontal tissue biopsies
and resident cells. The current in vitro observations demonstrated that transcripts of
TLR1-6, NOD1/2 and NLRP1/2 are observable in the latter. Similarly, the key proteins,
i.e., TLR1/2/4/5/6, NOD1/2 and NLRP1/2, were also detected in periodontal biopsies,
and HGK, and HGF with TLR2/4 and NOD1/2 appeared more readily detectable in the
pocket vs. junctional epithelium in periodontal biopsies. All DAMP sensors of interest,
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however, were significantly enhanced in periodontal pocket connective tissue, where heavy
inflammatory cells infiltrate could be readily observed.

Regarding the role of NOD-like receptors in periodontitis, the most thoroughly studied
molecules are NOD1/2 [9], while not many reports are available for other NLRs. Contrary
to NOD1, which is reported to be expressed almost in all cell types, NOD2 is found to be
expressed in a rather restricted manner, mainly limited to macrophages, dendritic cells,
epithelial cells in the intestine or oral cavity, etc. [31]. In the current study, the expressions of
these four receptors were reported both in biopsies and resident cells in vitro. A moderate
but enhanced stained area and the NOD1/2 intensity in the periodontitis pocket epithelium
and subepithelial connective tissues, compared to that of the junctional epithelium and
submucosa in healthy biopsy sections indicated their potential roles in the innate immune
defense at the periodontal front. This study confirmed the existence of NOD1/2 and
NLRP1/2 expressions in periodontal biopsies for either healthy or periodontitis patients.

Next, transcriptional signals for TLRs and NLRs under the influence of hypoxia or E.
coli LPS were investigated. Hypoxia appeared to be associated with the upregulation of
TLR2/6 transcripts and proteins in human dendritic, monocytic, endothelial and intestinal
epithelial cells [24]. In this study, hypoxia associated with enhanced TLR2, NOD2 and
NLRP1 transcripts but reduced TLR1/3/6 NOD1, and NLRP2 transcripts detection in
HGK were observable. Upon stimulation by E. coli LPS, the upregulation of TLR2 and
NOD2 only in the same cell was observed (Table 4). For HGF, hypoxia appeared to be
associated more with transcript detection concerning TLR1/2/4, NOD1 and NLRP1, while
that of TLR3/5 was reduced. Putting HGF under E. coli LPS, only enhanced transcript
detection of TLR1/2/6 and NOD2 was observed. Such observations lined up nicely with
the in vitro DAMP sensor protein expression of HGF when increased TLR1/6 and NOD2
protein were reported under hypoxia and/or E. coli LPS challenge (Figure 3C). However,
this investigation also observed the unstable expression of TLR4 in HGK and NLRP2 in
HGF both at normoxia and hypoxia; the authors postulated that TLR4 expression remains
at a low level in healthy epithelium [26], and so it is the same with NLRP2 expression in
HGF. Since it is the first report concerning NLRP2 expression in gingival cells [32], further
investigation is needed.

The current study results perhaps implied the potential roles of TLR1/2/6 and NOD2
in periodontal resident cells immune responses against periodontal infection. According to
the previous research studies, TLR1/2/6 is known to be activated by various ligands, such
as bacteria, fungi, virus and certain endogenous substances [11], while NOD2 is reported
to be a universal sensor for peptidoglycans from Gram-positive and muramyl dipeptide
moiety from Gram-negative bacteria. Taking the above together, the authors postulate that
TLR1/2/6 and NOD2 are potential potent receptors at the dento-gingival front responsible
for periodontal innate immunity.

It is regularly believed that specific receptors might be preferentially expressed upon
stimulation of corresponding target ligands, e.g., LPS for TLR4 [6]. However, in the cur-
rent study, HGK or HGF TLR4 transcript and protein expression did not appear to be
significantly influenced/changed under LPS stimulation. Only in 46%/38% HGK explants
under normoxia/hypoxia could TLR4 transcript be detected, implying either an inherited
low cellular transcription level in periodontal resident cells or perhaps that a specific yet
tightly regulated mechanism is in effect [26,33]. Considering the fact that previous reports
regarding the expression of TLR4 upon LPS stimulation remained ambiguous [34], the
present group postulated that the diverse observation concerning TLR4 expression under
LPS/hypoxia stimulation in this study was actually in line with earlier reports. There are
reports describing the downregulated expression or cellular tolerance via reduced cell
surface TLR4 expression under LPS stimulation [35]. However, the molecular mechanisms
of endotoxin tolerance remained yet unclear. During tolerance, TLR4 is transiently sup-
pressed or unchanged, with proximal post-receptor signaling proteins also altered, such as
interleukin-1 receptor-associated kinase (IRAK), TLR4-myeloid differentiation factor 88
(MyD88) and IRAK-MyD88 association [36]. Therefore, it is hypothesized that gingival
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tissue under repeated exposure to Gram-negative periodontopathogens that carries LPS
may lead to host cell tolerance; therefore, low expressions of TLR4 were observed in the
experiment reported. This may also aid in explaining the rare distribution of TLR4 in the
junctional/pocket epithelium and even the lack of expression in certain donors’ gingival
primary cell culture. Previous studies have shown that TLR4 is an important receptor
involved in periodontitis immune defense. However, these studies relied heavily on the use
of human oral keratinocyte from oral mucosa instead of that from gingival tissue origin [37].
It is hypothesized that perhaps the expressions of TLR4 could also be location-specific or
cellular type- and physiological status-dependent. Taking all information in consideration,
this research team postulated that DAMP sensor regulation, such as TLR4, may not operate
merely under a direct feedback mechanism, implying that various factors, such as cell
types, environmental stimuli, and duration/persistence of ligand exposure, may also be
involved [34,38,39]. The mechanism modulating the expression of TLR4 at resident cells at
the dento-gingival junction, therefore, warrants further investigations.

On the other hand, it is indicated E. coli LPS under hypoxia-stimulated HGF, HGK
TLR1/6 and NOD2 protein expression (to a certain extent), and TLR2 and NOD2 transcripts’
upregulation were readily observed under LPS challenge alone in this in vitro study. It is
postulated that for HGK/HGF, TLR1/2/6 and NOD2 instead of TLR4 could be the more
important/relevant DAMP sensors against E. coli LPS. TLR1/2 and TLR2/6 are not con-
sidered typical oral/periodontal LPS receptors compared to TLR4, reasons being that the
former could bind to various ligands, including lipopeptides, glycolipids, fungi, virus and
certain endogenous substances [40]. However, in reports concerning intestinal epithelium,
TLR2 expression was reported to be relatively upregulated in intestinal epithelial cell lines
upon LPS stimulation, and the same was reported in LPS-treated adipocytes [41]. One
point worth noticing, however, is that LPS with relatively low endotoxic activity, such as
those from Bacteroides fragilis, Chlamydia trachomatis and Pseudomonas aeruginosa, commonly
transduces signals via TLR2 instead of TLR4 [4]. Highly purified Helicobacter pylori LPS also
induce weak inflammatory reactions and utilize the TLR2, but not the TLR4, pathway [42].

In this research, it was noticed that TLR4/5, NOD1 and NLRP1/2 appeared constitu-
tively expressed, especially in immunohistochemistry staining, and remained more or less
unaffected by low oxygen tension and/or E. coli LPS, both at transcriptional and peptide
levels. Therefore, the authors postulated that these receptors may be persistently expressed
by periodontal resident cells or they are regulated by other DAMPs, such as those from
Eubacterium saphenum, Eubacterium nodatum and Filifactor alocis other than low oxygen
tension and/or E. coli LPS [43,44]. Interestingly, previous reports held different opinions
on the regulation of Porphyromonas gingivalis on the expression of inflammasomes, such as
NLRP1, and some papers described the activation of inflammasome members via P. gingi-
valis stimulation [32], while others published the opposite result that P. gingivalis inhibited
inflammasome-involved immune responses [45]. However, both reports indicated that IL-1
plays an important role in the arena of inflammasome complex [32,45].

The current study utilized E. coli instead of P. gingivalis LPS. E. coli LPS was reported
to be more readily recognized by TLR4 and TLR2 compared to P. gingivalis LPS [46], and
the former could pose further influence on downstream gene expression, such as CXC
chemokine ligand 5 [47]. More importantly, E. coli LPS could induce stronger cellular
expressions compared to that of P. gingivalis [47]. Obviously, E. coli are less often detected
in human mouths, unless associated with recurrent aphthous stomatitis [48], while P.
gingivalis is an established keystone periodontopathogen [49]. Therefore, in theory, E. coli
LPS could influence periodontal resident cells differently compared to P. gingivalis LPS,
and the latter could facilitate experiments more accurately, mimicking the pathogenesis
of periodontitis. This group hypothesized that perhaps HGF/HGK TLR1/2 or TLR2/6
heterodimeric complexes were triggered more readily instead of TLR4 in response to E.
coli LPS stimulation. Further in-depth studies, including experiments utilizing LPS from
periodontopathogens, are warranted to clarify the current observations.



Appl. Sci. 2021, 11, 4724 16 of 19

In general, hypoxia and E. coli LPS conferred somehow similar effects on HGK/HGF
expression of DAMP sensors of interests (Table 4, Figure 3). However, there are limited
reports documenting whether hypoxia and LPS act on periodontal resident cells inde-
pendently or in any synergistic fashion [50,51]. Further studies are, therefore, needed to
decipher if hypoxia and LPS, the two elements likely to coexist in periodontal inflamma-
tion/infection, could influence each other.

Although this is a comprehensive research study investigating the expressions of TLR
and selected NLR families in periodontal tissues/cells in health or disease, or in vitro,
under hypoxia and/or LPS stimulation, still, it is a comparatively preliminary report of
this kind. Therefore, further studies with a more elaborate design, larger sample size, etc.,
are warranted. For instance, all 23 members of NLRs in human periodontium in health or
disease may need to be screened in further studies. Moreover, the mechanism of hypoxia
upon the expressions of DAMP sensors on periodontal cells, especially the biology relating
the former and expression of hypoxia inducible factor family in periodontitis, may need to
be further elucidated.

Taken together, many DAMP sensors were observed to express (or not express) on
healthy or diseased periodontal tissues, with HGK/HGF TLR1/2/4/6 and NOD2 ap-
pearing to be important, innate DAMP sensors, especially under hypoxia and/or LPS
stimulation. This study took a small initial step toward LPS-DAMP sensor interactions
under hypoxia, the anaerobic condition resembling periodontopathogenesis. Further
investigations are, however, needed to explore these issues.

5. Conclusions

In summary, this study examined the expressions of TLR and selected NOD families of
DAMP sensors on periodontal resident cells. In particular, a relatively comprehensive study
of various DAMP sensors in healthy or diseased human periodontal tissues was conducted.
The in vitro study indicated that TLR1/2/4/6 and NOD2 could somehow be stimulated
by hypoxia and E. coli LPS, while TLR4/5, NOD1 and NLRP1/2 appeared constitutively
expressed and remained more or less unaffected by low oxygen tension and/or E. coli LPS.
Preliminary observations of this study implied that expressions of the DAMP sensors of
interests appeared to be results of complex regulatory mechanisms, while certain DAMP
sensor expressions were favored over others. On the whole, TLR1/2/4/6 and NOD2
appear to play important roles in HGK/HGF innate immune responses against hypoxia
and LPS stimulation and may potentially be relevant in host defense against periodontal
disease pathogenesis. Considering the preliminary nature of the current in vitro study,
further research studies are needed to verify the current observations.
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