®PLOS | one

Check for
updates

G OPEN ACCESS

Citation: AlQallaf H, Hamada Y, Blanchard S, Shin
D, Gregory R, Srinivasan M (2018) Differential
profiles of soluble and cellular toll like receptor
(TLR)-2 and 4 in chronic periodontitis. PLoS ONE

13(12): €0200231. https://doi.org/10.1371/journal.

pone.0200231

Editor: Ozlem Yilmaz, Medical University of South
Carolina, UNITED STATES

Received: June 19, 2018
Accepted: November 5, 2018
Published: December 20, 2018

Copyright: © 2018 AlQallaf et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This project was funded by the Graduate
Research Committee at Indiana University School
of Dentistry (IUPUI). Their role was to approve the
study design.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Differential profiles of soluble and cellular toll
like receptor (TLR)-2 and 4 in chronic
periodontitis

Hawra AlQallaf', Yusuke Hamada', Steven Blanchard’, Daniel Shin', Richard Gregory?,
Mythily Srinivasan®*

1 Department of Periodontics and Allied Dental Programs, School of Dentistry, Indiana University—Purdue
University Indianapolis, Indianapolis, Indiana, United States of America, 2 Department of Biomedical and
Applied Sciences, School of Dentistry, Indiana University—Purdue University Indianapolis, Indianapolis,
Indiana, United States of America, 3 Department of Oral Pathology, Medicine and Radiology, School of
Dentistry, Indiana University—Purdue University Indianapolis, Indianapolis, Indiana, United States of America

* mysriniv@iu.edu

Abstract

Chronic periodontitis is a common inflammatory disease initiated by a complex microbial
biofilm and mediated by the host response causing destruction of the supporting tissues of
the teeth. Host recognition of pathogens is mediated by toll-like receptors (TLRs) that bind
conserved molecular patterns shared by large groups of microorganisms. The oral epithelial
cells respond to most periodontopathic bacteria via TLR-2 and TLR-4. In addition to the
membrane-associated receptors, soluble forms of TLR-2 (sSTLR-2) and TLR-4 (sTLR-4)
have been identified and are thought to play a regulatory role by binding microbial ligands.
sTLR-2 has been shown to arise from ectodomain shedding of the extracellular domain of
the membrane receptor and sTLR-4 is thought to be an alternate spliced form. Many studies
have previously reported the presence of elevated numbers of viable exfoliated epithelial
cells in the saliva of patients with chronic periodontitis. The objective of this study was to
investigate the potential value of salivary sTLR-2 and sTLR-4 together with the paired epi-
thelial cell-associated TLR-2/4 mRNA as diagnostic markers for chronic periodontitis. Unsti-
mulated whole saliva was collected after obtaining informed consent from 40 individuals
with either periodontitis or gingivitis. The sTLR-2 and sTLR4 in saliva was measured by
enzyme-linked immunosorbent assay. The TLR-2 and TLR-4 transcript in the epithelial cells
in saliva was measured by real time polymerase chain reaction. While levels of sTLR-2
exhibited an inverse correlation, sTLR-4 positively correlated with clinical parameters in the
gingivitis cohort. Interestingly, both correlations were lost in the periodontitis cohort indicat-
ing a dysregulated host response. On the other hand, while the sTLR-2 and the paired epi-
thelial cell associated TLR-2 mRNA exhibited a direct correlation (r* = 0.62), that of sSTLR4
and TLR-4 mRNA exhibited an inverse correlation (r* = 0.53) in the periodontitis cohort. Col-
lectively, assessments of salivary sSTLR2 and sTLR4 together with the respective transcripts
in the epithelial cells could provide clinically relevant markers of disease progression from
gingivitis to periodontitis.
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Introduction

Periodontitis is a biofilm-induced, host-immune mediated, chronic inflammatory disease that
if undiagnosed and untreated leads to the destruction of the supporting apparatus of the teeth
[1, 2]. Nearly 46% of US adults, ages 30 years and older, representing 64.7 million individuals,
suffer from periodontitis, with 8.9% or 12.3 million having severe periodontitis [3]. Changing
composition of the dental plaque biofilm from commensal to pathogenic flora promotes clini-
cal progression of the disease from a periodontally healthy status to destructive periodontitis
[2]. Pathologically, the progression involves skewing of the host response from predominantly
protective innate immune responses to an exaggerated response characterized by increased
pro-inflammatory cytokines, eicosanoids, reactive oxygen species and matrix metalloprotei-
nases that mediate destruction of the tooth supporting tissues [4, 5].

The primary objectives of periodontal therapy are removal of pathogenic biofilm and
debridement of the affected tissues in order to facilitate resolution of inflammation and healing
of tissue attachment around teeth. Together with meticulous personal oral hygiene, this should
reduce bacterial accumulation [6, 7]. However, very often in individuals with chronic peri-
odontitis (CP) maintenance of periodontal health requires periodic assessments and interven-
tion [8, 9]. Current methods of diagnosing and monitoring periodontitis include
measurement of probing depths, recessions, clinical attachment levels (CAL), bleeding on
probing (BOP), presence of plaque, suppuration and radiographic bone loss [1]. While these
methods are excellent in detecting tissue destruction and established disease, they are less effi-
cient in identifying active disease at the time of diagnosis or predict future risk [1, 10]. Hence,
over the years there has been active search for identifying biomarkers as supplemental diagnos-
tic and risk assessment tools for managing periodontitis [11].

Host recognition of microorganisms is primarily mediated by pattern recognition receptors
(PRRs), such as toll like receptors (TLR) that act by binding conserved molecular features,
termed pathogen-associated molecular patterns (PAMPs) that are shared by large groups of
microorganisms. To date thirteen mammalian TLRs and many of their ligands have been iden-
tified [12, 13]. In addition to the membrane-associated TLRs, soluble forms of TLRs (sSTRLs)
have been identified in serum, urine, tears and saliva [14-16]. The sTLRs are thought to func-
tion as negative regulators and inhibit membrane associated TLR mediated signaling pathways
[17]. Based on their ligand preferences, TLR-2 and TLR-4 respond to most periodontal patho-
gens by binding the peptidoglycan of the gram positive and the lipopolysaccharide of the gram
negative bacterial cell walls, respectively [18, 19]. Both, TLR-2 and TLR-4 work with the co-
receptor CD14 in binding periodontal pathogens. Altered expression profiles of CD14, TLR-2
and TLR-4 have been previously reported in periodontitis [13, 20, 21]. Additionally, periodon-
tal pathogens have been shown to induce TLR-2 or TLR-4 mediated signaling and up-regulate
cytokine production in oral epithelial cells [22, 23].

Early investigations on biomarkers for periodontitis focused on the assessment of serum
and gingival crevicular fluid for inflammatory molecules [24]. However, in the recent past con-
siderable efforts have been made in identifying markers in saliva, an easily accessible biospeci-
men that is amenable for painless and frequent collection [25, 26]. Different classes of
molecules such as cytokines, matrix metalloproteinases, and micro RNAs in saliva have been
evaluated as biomarkers for periodontitis [27-30]. Recently, levels of microbial ligands for
TLR-2 and TLR-4 have been reported to be higher in the saliva of periodontitis patients [31].
Interestingly, while the sTLR-2 has been shown to exhibit a decreasing trend in saliva, that of
STLR-4 present an increasing trend in periodontitis [7, 32, 33].

In addition to the solutes in clarified saliva, previously others and we have evaluated the
characteristics of the cells in saliva in multiple clinical conditions [26, 34, 35]. In a recent
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detailed analysis of cells in saliva, Theda et al., reported that the non-keratinized surface cells
constitute the most abundant epithelial cells in saliva [35]. In CP, the number of exfoliated epi-
thelial cells are higher resulting from the increased exfoliation secondary to inflammation [36-
38]. Interestingly, we observed that much like the primary human gingival epithelial cells,
stimulation of epithelial cells in periodontitis saliva with TLR-2 or TLR-4 specific ligands
induced cytokine secretion with differential kinetics and up-regulated TLR-2 and TLR-4
mRNAs [23, 39]. The purpose of this study was to detect potential correlations between the
soluble and epithelial cell associated expression of TLR-2 and TLR-4 in CP and possible use as
biomarkers to assess the status and progression of the periodontal diseases.

Materials and methods
Study population and clinical measurements

The study included 20 individuals exhibiting clinical features of generalized moderate to severe
CP [> 30% of sites having >4 mm of clinical attachment loss (CAL)], 20 age-matched individ-
uals with gingivitis [no CAL site >2mm, sites with CAL between 1-2mm not >15%, no radio-
graphic evidence of bone loss] and 10 individuals with normal oral health [minimal to no (0-
Imm) CAL] [7]. Periodontal diagnoses were validated with radiographic evidence of bone loss
with the help of recent full-mouth radiographs [40]. The study was approved by the Institu-
tional Review Board at Indiana University Purdue University at Indianapolis (IUPUI).

Saliva collection and isolation of epithelial cells

Unstimulated whole saliva (UWS) was collected on the second visit following clinical diagnosis
of CP [7, 16]. The subjects refrained from eating or drinking for 1 h prior to saliva collection.
Subjects were seated, asked to swallow and UWS was collected with their head tilted towards
one side by passive drooling for 10 min into a 15 ml chilled centrifuge tube. The samples were
transported on ice to the laboratory for processing and immediately processed. All UWS sam-
ples were centrifuged at 250 x g for 10 min at 4°C. Cellular sediment was re-suspended in iso-
tonic saline at 1:10 volumetric ratio and two drops of Zap-O-globin to lyse blood corpuscles
and then centrifuged at 1,271.7 x g for 10 min at 4°C [34, 39]. The cell suspension was then fil-
tered through a membrane of 20-micron pore size. The membrane-trapped salivary epithelial
cells (SEC) enriched preparation was assessed by light microscopy for appropriate morphol-
ogy, reconstituted in RPMI-1640 (Mediatech Inc., Minnesota, MN, USA), supplemented with
5% fetal bovine serum (Hyclone fetal bovine serum, Thermo Scientific, Logan, UT, USA) and
5% dimethylsulfoxide (Sigma-Aldrich, St Louis, MO, USA), and stored at -80°C until further
analysis.

ELISA for cytokine and sTLRs

Protein content of clarified saliva was determined by spectrophotometry using the Bradford
method to increase the sensitivity of detection of low abundant proteins. Each UWS sample
was depleted of amylase and immunoglobulins by incubating serially with anti-human amylase
mAD (1:2500; Abcam, Cambridge, MA, USA) and protein G beads (Miltenyi Biotec Inc
Auburn, CA) at 4°C. One microgram of protein from each treated UWS sample was assessed
for the presence of IL-8, sCD14, sTLR-2/sTLR-4 by ELISA [7, 16, 41]. sTLR-2 and sTLR-4
were detected in duplicate using anti-human TLR-2 mAb and anti-human TLR-4 mAb (R&D
Systems, MN), respectively. Bound antibodies were detected using HRP-conjugated secondary
antibody followed by TMB (3,3',5,5' - tetramethylbenzidine) substrate (Pharmingen, San Diego,
CA, USA). Purified recombinant human TLR-2Fc and TLR-4Fc (R&D Systems) was used to
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develop a standard curve. The concentration sCD14 was measured by sandwich ELISA using
the commercially available kit (R&D Systems) and that of IL-8 was determined using the OPT
EIA kit (BD Biosciences, CA). Absorbance at 450 nm was measured in a microplate reader
(Biorad Laboratories, Hercules, CA, USA).

Quantitative real-time PCR for epithelial TLR-2 and TLR-4

Total cellular RNA was isolated from SEC using a Qiagen RNA isolation kit (Invitrogen) and
reverse-transcribed using an iScript cDNA synthesis kit (Biorad, Austin, TX, USA). The con-
centration of the cDNA was measured at 260 and 280 nm by the Gensys5model UV-visible
spectrophotometer (ThermoelectronicCorp.,CA). Real-time PCR was performed by using the
SYBR green/ROX qPCRmaster mix (SABiosciences, Frederick, MD) according to manufac-
turer’s recommendations on the CFX96 Touch Real-Time PCR Detection System (Biorad lab-
oratories, Hercules, California, USA). Each reaction contains 2ng/ml of cDNA, 2x12.5 ul of
SYBR green Master Mix and 1 ul of 10 pM of primers to a total volume of 25 ul. Message for
small proline-rich protein 2a (SPRR2a) abundantly expressed in differentiated squamous epi-
thelium and that of the housekeeping gene [42, 43], glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), were amplified as control [39]. Primers used were as follows: GAPDH-F:

5’ CATGACCACAG TCCATGCCATCACT-3’, GAPDH-R:5’ ATGACCTTGCCCACAGCCTT-3";
TLR-2F:5" ACCTGTGTGA CTCTCCATCC-3, TLR-2R:5’ GCAGCATCATTGTTCTCTC-3";
TLR-4F:5’ TTCCTCTCCTGCGTGAG AC-3’,TLR-4R:5’ TTCATAGGGTTCAGGGAC AG-3'
and SPRR2aF:5’ AGTGCCAGCAGAAATATCC TCC-3’,SPRR2a-R:5’ GAACGAGGTGAGCCAA
ATATCC -3’.TLR-2and TLR-4 mRNA in macrophages were amplified as positive controls.
The PCR products were visualized and images acquired. The magnitude of change in the TLR-2
and TLR-4 mRNA with respect to that of SPRR2a mRNA was expressed as 27",

Statistical methods

Statistical differences in the expression of TLRs between the healthy, gingivitis and CP cohorts
were determined using two-sample t-tests. The distribution of the expression levels was exam-
ined and a transformation of the data (e.g., natural logarithm) or nonparametric tests was
used. Plots and Pearson correlation coefficients were used to test the association between solu-
ble and cellular TLRs expression. A 5% significance level was used for all tests.

Results

Demographic and clinical features

The control cohort included two groups the normal oral health group that exhibited no overt
signs of gingival inflammation, no CAL and minimal BOP (<5%), and the gingivitis group
with minimal CAL (1-2mm), no overt clinical signs of gingival inflammation, and minimal
bleeding on probing (BOP) scores. The CP group included individuals exhibiting severe clini-
cal inflammation, high BOP scores, CAL > 4mm in 30% of sites and radiographic evidence of
bone loss. A modified Schei ruler was used to measure bone loss, and an average measurement
of the mesial and distal bone levels was obtained [40]. The Ramfjord teeth were selected for
measurement, and if a tooth was not present, the tooth distal to it was utilized. Twelve radio-
graphs were randomly selected, and an inter/intra examiner measurement calibration was per-
formed (HA and YH). An interclass correlation coefficient (ICC) > 0.9 was achieved prior to
the actual measurements. Patients with a diagnosis of aggressive periodontitis, any known sys-
temic illness, history of routine use of antibiotics/anti-inflammatory therapy within the past 6
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months, subjects with oral mucosal lesions and present or past history of smoking were
excluded from both groups.

The average age of the normal cohort was 44.3+/-10.2, that of the gingivitis cohort was
46.10 £ 11.55 years and the CP group was 51.25 + 13.77 years. The male to female ratio was 4:6
in the normal, 5:11 in the gingivitis and 15:3 in the periodontitis cohorts. Periodontal measure-
ments, including plaque index, bleeding on probing and percentage of sites with pocket depth
of >4 mm and mean clinical attachment levels of >4 mm were significantly higher in the peri-
odontitis cohort. In the CP group more than 50% of sites exhibited clinical attachment loss of
>4 mm, and a 20.83 + 6.41 percentage of bone loss, meaning that this cohort is a good repre-
sentation of moderate CP (Table 1).

Biomarker assessment in clarified saliva.

Several studies have evaluated multiple cytokines as potential biomarkers for CP. Discrepancies
in observations have been largely attributed to the difficulty in differentiating active vs stable dis-
ease at the time of diagnosis [11, 25, 27]. We observed that the mean IL-8 concentration in the
clarified saliva was significantly higher in the CP cohort as compared to that in the normal oral
health group. However, no significant difference was observed in the IL-8 concentration between
the normal and gingivitis or the gingivitis and the CP groups (Fig 1A). We also assessed the con-
centration of sCD14, the coreceptor for both TLR-2 and TLR-4 in clarified saliva. The sCD14 was
significantly higher in both the gingivitis and the CP groups as compared to that in the normal
oral health cohort (Fig 1B). Previously, others and we have reported similar observations of ele-
vated sCD14 in clarified saliva in CP [7, 44, 45]. PAMPs of TLR2 and TLR4 have been shown to
be elevated in saliva of periodontitis patients [31]. Since STLRs are thought to function as decoy
receptors for their respective PAMPs, we measured sTLR-2 and sTLR-4 in saliva. We observed
that while both sSTLR-2 and sTLR-4 showed a trend toward significance between both cohorts,
only the reduction in sTLR-4 was significant (P <0.05; Fig 1C and 1D).

Correlation of sTLR-2 and sTLR-4 with clinical parameters

To evaluate whether the salivary sTLR-2 or sTLR-4 could be potential biomarkers for CP, we
estimated the correlation coefficient between the salivary sTLR-2 or sTLR-4 with the paired
clinical parameters. Interestingly, an inverse correlation was observed between the salivary
STLR-2 and the paired clinical parameters of % CAL (r* = 0.56) or % bleeding index (r* = 0.63)
in the gingivitis cohort (Fig 2A). In contrast, we observed a direct correlation between the sali-
vary sSTLR-4 and the % CAL sites (r* = 0.3) and % bleeding index (r* = 0.5) in the gingivitis

Table 1. Demographic and clinical features.

Patient Profile Normal oral health Gingivitis N = 20 (Mean + SD) Periodontitis N = 20 (Mean + SD)
Age (years) 29.2+1.9 46.10 £ 11.55 51.25 £13.77

Gender ratio (M/F) 3.7 5:11 15:5

PD (mm) 0.9+£0.3 2.17 £0.321 3.55 + 0.88"

CAL (mm) 11303 2.220.31 3.97 + 1017

BOP (%) 1.9£0.06 4.77 £7.14 38.1 +24.15%*

PI (%) 13+ 1.3 19.88 + 30.7 63.28 +22.49"*

Sites of PD > 4 mm (%) 1.5+0.4 2.11+3.78 39.33 + 2247

Sites of CAL > 4mm (%) 1.7+£0.5 2.90 £ 3.92 51.98 + 18.67"

Average Bone loss (%) 0.332+0.04 0.530 + 0.81 20.83 + 6.41*7

PD: Periodontal depths, CAL: clinical attachment loss, BOP: Bleeding on probing, PI: plaque index.
* represents p<0.05 as compared with the gingivitis cohort and

# is p<0.05 as compared with the normal oral health cohort.

https://doi.org/10.1371/journal.pone.0200231.t001
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Fig 1. Salivary IL-8, sCD14, sTLR-2 and sTLR-4 in chronic periodontitis. Unstimulated whole saliva (UWS) was collected from 10 orally healthy
individuals, 20 patients with gingivitis and 20 patients with chronic periodontitis. (A) UWS IL-8 (A) is marginally higher and that of sCD14 (B) is
significantly higher in chronic periodontitis as compared to that in normal UWS samples. The concentration of both sTLR-2 (C) and sTLR-4 (D) is lower

in chronic periodontitis.

https://doi.org/10.1371/journal.pone.0200231.9001

cohort (Fig 2C). However, neither the sTLR-2 nor the sTLR-4 in saliva correlated with the
paired % CAL or % bleeding index in the periodontitis cohort (Fig 2B and 2D). Taken
together, these results suggest that sSTLR-2 and sTLR-4 could potentially represent markers of

gingivitis prior to bone loss.

Epithelial cell expression of TLR-2 and TLR-4 transcripts

Previously, we observed that the relative expression of TLR-4 mRNA in SEC from periodonti-
tis saliva is higher than that in SEC from healthy saliva [39]. In this study, we observed that the
SEC from the normal, the gingivitis and the CP cohorts exhibit equivalent levels of TLR-2
mRNA (Fig 3A and 3B). On the other hand, the TLR-4 mRNA was significantly higher in the
SEC from the UWS of the gingivitis and the CP cohort as compared to that in SEC from the

healthy saliva samples (Fig 4A and 4B).

Correlation of sTLR-2/sTLR-4 with SEC associated TLR-2/TLR-4

Since one of the mechanisms of sSTLR generation is extracellular shedding of membrane asso-
ciated TLR, we next investigated whether the STLR-2 and the sTLR-4 levels correlated with the
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Fig 2. Relationship between the clinical periodontitis and sSTLR-2 or sSTLR-4 in clarified saliva. Unstimulated whole saliva (UWS) was collected from 20 patients
with gingivitis (CAL 1-2mm not >15%, low % BOP sites) and 20 patients with chronic periodontitis (CAL >4m in >30% sites, high % BOP). (A) Pearson
correlation between the % CAL and sTLR-2 (A,B) or sTLR-4 (C,D) in gingivitis (A,C) and chronic periodontitis (B,D).

https://doi.org/10.1371/journal.pone.0200231.9002
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TLR-2 or TLR-4 transcripts in the associated SECs [46]. Evaluation of the relationship between
the salivary sTLR-2 with the paired SEC associated TLR-2 mRNA in the gingivitis cohort sug-
gest a moderate inverse correlation (r* =0.5) (Fig 3C). This observation provides additional
evidence of the origin of sSTLR-2 by shedding of the ectodomain of the membrane bound TLR-
2. In contrast, there was a mild direct correlation between the sTLR-2 and the paired SEC asso-
ciated TLR-2 mRNA (r* = 0.3) in CP saliva (Fig 3D). In gingivitis saliva, lower concentrations
of STLR-4 correlated with lower TLR-4 mRNA levels in the paired SEC (r* = 0.4) (Fig 4C). As
opposed to this, in periodontitis saliva, the sSTLR-4 concentration exhibited a moderate inverse
correlation with the paired SEC associated TLR-4 mRNA level (r* = 0.4) (Fig 4D).

Discussion

The potential value of saliva as a biospecimen is gaining increasing significance with the
extended applications in genomics, proteomics, epigenomics, microbiome and metabolomics
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Fig 3. Relationship between the sTLR-2 and the paired SEC associated TLR-2 transcript. Unstimulated whole saliva (UWS) was collected from 10 individuals with
normal oral health, 20 patients with gingivitis and 20 patients with chronic periodontitis. UWS samples were processed to separate clarified and epithelial cell rich
fraction as described in materials and methods. The concentration of sSTLR-2 was measured by ELISA. The SEC associated TLR-2 mRNA, the epithelial differentiation
associated gene SPRR2a and the house keeping gene GAPDH was determined by quantitative PCR. Relative quantities of TLR-2 mRNA with respect to SPRR2a mRNA
were determined using the 2"2“* method. (A) Shows no significant difference in the TLR-2 mRNA between the three groups, (B) shows gel electrophoresis of the PCR
products, (C) shown a moderate inverse correlation between sTLR-2 and SEC TLR-2 mRNA in the gingivitis cohort and (D) shows a mild direct correlation between
the STLR-2 and SEC TLR-2 mRNA in the periodontitis cohort. Cohorts are labelled as N: normal, Gin: gingivitis and CP: chronic periodontitis.

https://doi.org/10.1371/journal.pone.0200231.9003

[11, 24]. Similar to the use of colonocytes in stools for evaluating colitis [47, 48] and that of
uroepithelial cells in urine as indicators of dysregulated glucose metabolism [49], molecular
analyses of the epithelial cells in saliva could represent a viable strategy for monitoring the host
responses in CP. In this study, we report the potential clinical value of the combined assess-
ment of STLR-2 and sTLR-4 together with the paired SEC associated TLR-2 and TLR-4 tran-
script as predictive indicators of CP.

Dysbiosis or imbalance in the relative abundance of the microbial species in the dental pla-
que biofilm leads to destructive inflammation in periodontitis [2, 50]. TLRs as primary
microbe recognition receptors have been widely investigated in periodontitis [18, 19]. While
the immunohistochemical or immunofluorescence studies have shown elevated TLR-2 and
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4, the epithelial differentiation associated SPRR2a and the GAPDH genes was determined by quantitative PCR. (A) Relative quantities of TLR-4 mRNA with respect to
SPRR2a mRNA were determined using the 22 method. (A) Shows no significant difference in the TLR-4 mRNA between the three groups, (B) shows gel
electrophoresis of the PCR products, (C) shown a moderate positive correlation between the sTLR-4 and the SEC TLR-4 mRNA in the gingivitis cohort and (D) shows a
moderate inverse correlation between the sTLR-4 and the SEC TLR-4 mRNA in the periodontitis cohort. Cohorts are labelled as N: normal, Gin: gingivitis and CP:

chronic periodontitis.

https://doi.org/10.1371/journal.pone.0200231.9004

TLR-4 protein expression in the gingival epithelial cells in periodontitis [13, 21, 51], molecular
analyses of TLR-2 and TLR-4 transcripts have yielded variable results [52-54]. The variabilities
in the mRNA expressions are attributed to the extent of inflammation and evaluation of the

gingival tissue consisting of epithelial cells as well as infiltrating leukocytes and activated fibro-
blasts that add to the TLR-2 and TLR-4 mRNA. Furthermore, variability in the composition of
the dysbiotic biofilm could also contribute to the differential TLR profile in CP [55, 56]. While
optimal TLR activation in response to a commensal biofilm is critical for healthy host-microbe
homeostasis, dysregulated activation of TLRs dictated by the dysbiotic biofilm promotes devel-
opment of chronic inflammation and tissue destruction [19, 57, 58]. In this context, evaluating
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the exfoliated epithelial cell associated TLR and the soluble isoform could represent a method
to develop a personalized host-microbe profile in CP.

Soluble ectodomains have been shown to be generated for many TLRs, including TLR2,
TLR4, TLR6 and TLRY, by several mechanisms such as alternative splicing and proteolytic
cleavage [46, 59]. The sTLRs are thought to bind and attenuate PAMPs in the extracellular
space preceding their engagement with specific pattern recognition receptors [17, 46].
Although both serum sTLR2 and sTLR4 are elevated in response to infection, the kinetics of
increase is differentially regulated. Elevated plasma concentration of sSTLR-4 has been shown
to discriminate infectious from non-infectious inflammation correlating effectively with the
C-reactive protein levels [60]. Lower plasma sTLR-2 has been reported in chronic diseases,
such as asthma and colitis [61, 62]. Furthermore, in mice induced peritoneal inflammation the
STLR-2 has been shown to reduce bacteria-associated inflammation without abrogating micro-
bial recognition [63].

Our data showed that the sTLR-2 in saliva exhibits a decreasing trend in CP. During innate
immune responses, ectodomain shedding permits downregulation of responses triggered by
pathogens or stressors [60]. Pertinently, it is interesting that our data demonstrates a negative
correlation between the SEC associated TLR-2 mRNA and the sSTLR-2 in the gingivitis cohort
and not in the periodontitis cohort. This suggests that the sSTLR2 and the SEC associated TLR-
2 transcript may represent markers for periodontal health. Previously, it has been reported
that in monocytes, microbial stimulation mediated negative correlation between the mem-
brane-bound TLR-2 and the sTLR-2 [60, 63].

Although naturally occurring sTLR-4 has been suggested to arise as alternate splice variant,
it is also possible that passive diffusion could contribute to the overall concentration of sTLR-4
in saliva [32, 64]. Previously, elevated sTLR-4 has been reported in periodontitis in plasma and
saliva [32]. However, we observed reduced sTLR-4 in periodontitis saliva. The discrepancy
could be attributed to differences in the nature of the sample (stimulated versus unstimulated
saliva), disease status at the time of sample collection and differences in the sensitivity and
specificity of the antibodies used. It has been suggested that the sTLR-4 bound in a complex
with MD2, a protein associated with TLR-4 on the host cell surface, may block the interaction
between membrane-bound TLR-4 and its ligands and thereby inhibit TLR-4 signaling [65].
The lower sTLR-4 in CP saliva combined with the higher TLR-4 mRNA in the associated SEC
in our cohort could potentially reflect active sequestration of microbial ligands by sSTLR-4 and
the compromised ability to block epithelial TLR-4. Furthermore, the direct correlation
between the higher sTLR-4 and greater SECs TLR4 mRNA in gingivitis saliva perhaps support
the sentinel functions of TLR4.

In conclusion, host response associated with bacterial invasion directs the disease progres-
sion from gingivitis to CP [1]. Microbial adherence and invasion mediate increased exfoliation
of epithelial cells supporting the presence of high concentration of epithelial cells in saliva of
individuals with CP [36, 37]. Our data of moderate inverse correlation between the sTLR-2
and that of direct correlation of sSTLR-4 with clinical parameters in CP suggests that the evalua-
tion of both could function as clinically viable diagnostic markers. In addition, the reversal of
correlation between the sTLR-2 and the sTLR-4 with the paired SEC in periodontitis as
opposed to gingivitis suggest that the assessment of these measures will provide effective way
to track disease progression and even response to therapy. Indeed, oral epithelial cells of the
buccal mucosa have been shown as extracrevicular reservoirs of periodontal pathogens sup-
porting the clinical value of SEC in CP [66, 67]. If supported in larger cohort, our approach
will allow for evidence-based highly individualized diagnosis, and risk based treatments for
periodontitis [11].

PLOS ONE | https://doi.org/10.1371/journal.pone.0200231 December 20, 2018 10/14


https://doi.org/10.1371/journal.pone.0200231

®PLOS | one

TLRs in periodontitis

Author Contributions

Conceptualization: Mythily Srinivasan.

Data curation: Mythily Srinivasan.

Formal analysis: Hawra AlQallaf, Mythily Srinivasan.
Funding acquisition: Mythily Srinivasan.

Investigation: Hawra AlQallaf, Mythily Srinivasan.
Methodology: Hawra AlQallaf, Yusuke Hamada, Mythily Srinivasan.
Project administration: Mythily Srinivasan.

Resources: Hawra AlQallaf, Mythily Srinivasan.

Software: Mythily Srinivasan.

Supervision: Yusuke Hamada, Mythily Srinivasan.
Validation: Mythily Srinivasan.

Visualization: Mythily Srinivasan.

Writing - original draft: Hawra AlQallaf, Mythily Srinivasan.

Writing - review & editing: Hawra AlQallaf, Yusuke Hamada, Steven Blanchard, Daniel Shin,
Richard Gregory, Mythily Srinivasan.

References

1. Armitage GC, Research S, Therapy Committee of the American Academy of P. Diagnosis of periodon-
tal diseases. J Periodontol. 2003; 74(8):1237-47. https://doi.org/10.1902/jop.20083.74.8.1237 PMID:
14514240.

2. JiaoY, Hasegawa M, Inohara N. The Role of Oral Pathobionts in Dysbiosis during Periodontitis Devel-
opment. J Dent Res. 2014; 93(6):539—46. https://doi.org/10.1177/0022034514528212 PMID:
24646638; PubMed Central PMCID: PMCPMC4023464.

3. EkePI, Page RC, Wei L, Thornton-Evans G, Genco RJ. Update of the case definitions for population-
based surveillance of periodontitis. Journal of periodontology. 2012; 83(12):1449-54. https://doi.org/10.
1902/jop.2012.110664 PMID: 22420873

4. Kornman KS, Page RC, Tonetti MS. The host response to the microbial challenge in periodontitis:
assembling the players. Periodontol 2000. 1997; 14:33-53. PMID: 9567965.

5. Meyle J, Chapple |. Molecular aspects of the pathogenesis of periodontitis. Periodontol 2000. 2015; 69
(1):7—-17. https://doi.org/10.1111/prd. 12104 PMID: 26252398.

6. Friedewald VE, Kornman KS, Beck JD, Genco R, Goldfine A, Libby P, et al. The American Journal of
Cardiology and Journal of Periodontology editors’ consensus: periodontitis and atherosclerotic cardio-
vascular disease. J Periodontol. 2009; 80(7):1021-32. https://doi.org/10.1902/jop.2009.097001 PMID:
19563277.

7. Prakasam S, Srinivasan M. Evaluation of salivary biomarker profiles following non-surgical manage-
ment of chronic periodontitis. Oral Dis. 2014; 20(2):171—7. https://doi.org/10.1111/0di.12085 PMID:
23496245.

8. El-Shinnawi U, Soory M. Associations between periodontitis and systemic inflammatory diseases:
response to treatment. Recent Pat Endocr Metab Immune Drug Discov. 2013; 7(3):169-88. PMID:
23909844.

9. Otomo-Corgel J, Pucher JJ, Rethman MP, Reynolds MA. State of the science: chronic periodontitis and
systemic health. J Evid Based Dent Pract. 2012; 12(3 Suppl):20-8. https://doi.org/10.1016/S1532-3382
(12)70006-4 PMID: 23040337.

10. Bogren A, Teles R, Torresyap G, Haffajee AD, Socransky SS, Lindhe J, et al. A three-year prospective
study of adult subjects with gingivitis. I: clinical periodontal parameters. J Clin Periodontol. 2007; 34
(1):1-6. Epub 2006/12/02. CPE1000 [pii] https://doi.org/10.1111/1.1600-051X.2006.01000.x PMID:
17137469.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200231 December 20, 2018 11/14


https://doi.org/10.1902/jop.2003.74.8.1237
http://www.ncbi.nlm.nih.gov/pubmed/14514240
https://doi.org/10.1177/0022034514528212
http://www.ncbi.nlm.nih.gov/pubmed/24646638
https://doi.org/10.1902/jop.2012.110664
https://doi.org/10.1902/jop.2012.110664
http://www.ncbi.nlm.nih.gov/pubmed/22420873
http://www.ncbi.nlm.nih.gov/pubmed/9567965
https://doi.org/10.1111/prd.12104
http://www.ncbi.nlm.nih.gov/pubmed/26252398
https://doi.org/10.1902/jop.2009.097001
http://www.ncbi.nlm.nih.gov/pubmed/19563277
https://doi.org/10.1111/odi.12085
http://www.ncbi.nlm.nih.gov/pubmed/23496245
http://www.ncbi.nlm.nih.gov/pubmed/23909844
https://doi.org/10.1016/S1532-3382(12)70006-4
https://doi.org/10.1016/S1532-3382(12)70006-4
http://www.ncbi.nlm.nih.gov/pubmed/23040337
https://doi.org/10.1111/j.1600-051X.2006.01000.x
http://www.ncbi.nlm.nih.gov/pubmed/17137469
https://doi.org/10.1371/journal.pone.0200231

®PLOS | one

TLRs in periodontitis

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Korte DL, Kinney J. Personalized medicine: an update of salivary biomarkers for periodontal diseases.
Periodontol 2000. 2016; 70(1):26-37. https://doi.org/10.1111/prd.12103 PMID: 26662480.

Akira S. TLR signaling. Curr Top Microbiol Immunol. 2006; 311:1-16. Epub 2006/10/20. PMID:
17048703.

Beklen A, Hukkanen M, Richardson R, Konttinen YT. Immunohistochemical localization of Toll-like
receptors 1-10 in periodontitis. Oral Microbiol Immunol. 2008; 23(5):425-31. https://doi.org/10.1111/j.
1399-302X.2008.00448.x PMID: 18793367.

LeBouder E, Rey-Nores JE, Rushmere NK, Grigorov M, Lawn SD, Affolter M, et al. Soluble forms of
Toll-like receptor (TLR)2 capable of modulating TLR2 signaling are present in human plasma and breast
milk. J Immunol. 2003; 171(12):6680-9. PMID: 14662871.

Hossain MJ, Morandi E, Tanasescu R, Frakich N, Caldano M, Onion D, et al. The Soluble Form of Toll-
Like Receptor 2 Is Elevated in Serum of Multiple Sclerosis Patients: A Novel Potential Disease Bio-
marker. Front Immunol. 2018; 9:457. https://doi.org/10.3389/fimmu.2018.00457 PMID: 29593720;
PubMed Central PMCID: PMCPMC5861194.

Zunt SL, Burton LV, Goldblatt LI, Dobbins EE, Srinivasan M. Soluble forms of Toll-like receptor 4 are
present in human saliva and modulate tumour necrosis factor-alpha secretion by macrophage-like cells.
Clin Exp Immunol. 2009; 156(2):285-93. https://doi.org/10.1111/j.1365-2249.2009.03854.x PMID:
19292767; PubMed Central PMCID: PMCPMC2759477.

Liew FY, Xu D, Brint EK, O’Neill LA. Negative regulation of toll-like receptor-mediated immune
responses. Nat Rev Immunol. 2005; 5(6):446-58. https://doi.org/10.1038/nri1630 PMID: 15928677.

Hans M, Hans VM. Toll-like receptors and their dual role in periodontitis: a review. J Oral Sci. 2011; 53
(3):263-71. PMID: 21959652.

Song B, Zhang YL, Chen LJ, Zhou T, Huang WK, Zhou X, et al. The role of Toll-like receptors in peri-
odontitis. Oral Dis. 2017; 23(2):168-80. https://doi.org/10.1111/0di.12468 PMID: 26923115.

JinL, RenL, Leung WK, Darveau RP. The in vivo expression of membrane-bound CD14 in periodontal
health and disease. J Periodontol. 2004; 75(4):578-85. https://doi.org/10.1902/jop.2004.75.4.578
PMID: 15152823.

Mori Y, Yoshimura A, Ukai T, Lien E, Espevik T, Hara Y. Immunohistochemical localization of Toll-like
receptors 2 and 4 in gingival tissue from patients with periodontitis. Oral Microbiol Immunol. 2003; 18
(1):54-8. PMID: 12588460.

Stathopoulou PG, Benakanakere MR, Galicia JC, Kinane DF. Epithelial cell pro-inflammatory cytokine
response differs across dental plaque bacterial species. J Clin Periodontol. 2010; 37(1):24-9. https:/
doi.org/10.1111/j.1600-051X.2009.01505.x PMID: 20096064; PubMed Central PMCID:
PMCPMC2900159.

Wang A, Swinford C, Zhao A, Ramos ED, Gregory RL, Srinivasan M. A Case-Control Study to Deter-
mine the Prognostic Features of Salivary Epithelial Cells in Periodontitis. JDR Clinical & Translational
Research. 2016; 1(3):256—65. https://doi.org/10.1177/2380084416653596

Ebersole JL, Nagarajan R, Akers D, Miller CS. Targeted salivary biomarkers for discrimination of peri-
odontal health and disease(s). Front Cell Infect Microbiol. 2015; 5:62. https://doi.org/10.3389/fcimb.
2015.00062 PMID: 26347856; PubMed Central PMCID: PMCPMC4541326.

de Lima CL, Acevedo AC, Grisi DC, Taba M Jr., Guerra E, De Luca Canto G. Host-derived salivary bio-
markers in diagnosing periodontal disease: systematic review and meta-analysis. J Clin Periodontol.
2016; 43(6):492-502. https://doi.org/10.1111/jcpe.12538 PMID: 26926312.

Janardhanam SB, Zunt SL, Srinivasan M. Quality assessment of saliva bank samples. Biopreserv Bio-
bank. 2012; 10(3):282—7. https://doi.org/10.1089/bi0.2011.0039 PMID: 24835067.

Jaedicke KM, Preshaw PM, Taylor JJ. Salivary cytokines as biomarkers of periodontal diseases. Peri-
odontol 2000. 2016; 70(1):164-83. https://doi.org/10.1111/prd. 12117 PMID: 26662489.

Gursoy UK, Kononen E, Pradhan-Palikhe P, Tervahartiala T, Pussinen PJ, Suominen-Taipale L, et al.
Salivary MMP-8, TIMP-1, and ICTP as markers of advanced periodontitis. J Clin Periodontol. 2010; 37
(6):487-93. Epub 2010/05/29. https://doi.org/10.1111/j.1600-051X.2010.01563.x PMID: 20507371.

Ebersole JL, Schuster JL, Stevens J, Dawson D 3rd, Kryscio RJ, Lin Y, et al. Patterns of salivary ana-
lytes provide diagnostic capacity for distinguishing chronic adult periodontitis from health. Journal of
clinical immunology. 2013; 33(1):271-9. Epub 2012/08/29. https://doi.org/10.1007/s10875-012-9771-3
PMID: 22926406; PubMed Central PMCID: PMCPMC3788639.

Sorsa T, Gursoy UK, Nwhator S, Hernandez M, Tervahartiala T, Leppilahti J, et al. Analysis of matrix
metalloproteinases, especially MMP-8, in gingival creviclular fluid, mouthrinse and saliva for monitoring
periodontal diseases. Periodontol 2000. 2016; 70(1):142—63. Epub 2015/12/15. https://doi.org/10.1111/
prd.12101 PMID: 26662488.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200231 December 20, 2018 12/14


https://doi.org/10.1111/prd.12103
http://www.ncbi.nlm.nih.gov/pubmed/26662480
http://www.ncbi.nlm.nih.gov/pubmed/17048703
https://doi.org/10.1111/j.1399-302X.2008.00448.x
https://doi.org/10.1111/j.1399-302X.2008.00448.x
http://www.ncbi.nlm.nih.gov/pubmed/18793367
http://www.ncbi.nlm.nih.gov/pubmed/14662871
https://doi.org/10.3389/fimmu.2018.00457
http://www.ncbi.nlm.nih.gov/pubmed/29593720
https://doi.org/10.1111/j.1365-2249.2009.03854.x
http://www.ncbi.nlm.nih.gov/pubmed/19292767
https://doi.org/10.1038/nri1630
http://www.ncbi.nlm.nih.gov/pubmed/15928677
http://www.ncbi.nlm.nih.gov/pubmed/21959652
https://doi.org/10.1111/odi.12468
http://www.ncbi.nlm.nih.gov/pubmed/26923115
https://doi.org/10.1902/jop.2004.75.4.578
http://www.ncbi.nlm.nih.gov/pubmed/15152823
http://www.ncbi.nlm.nih.gov/pubmed/12588460
https://doi.org/10.1111/j.1600-051X.2009.01505.x
https://doi.org/10.1111/j.1600-051X.2009.01505.x
http://www.ncbi.nlm.nih.gov/pubmed/20096064
https://doi.org/10.1177/2380084416653596
https://doi.org/10.3389/fcimb.2015.00062
https://doi.org/10.3389/fcimb.2015.00062
http://www.ncbi.nlm.nih.gov/pubmed/26347856
https://doi.org/10.1111/jcpe.12538
http://www.ncbi.nlm.nih.gov/pubmed/26926312
https://doi.org/10.1089/bio.2011.0039
http://www.ncbi.nlm.nih.gov/pubmed/24835067
https://doi.org/10.1111/prd.12117
http://www.ncbi.nlm.nih.gov/pubmed/26662489
https://doi.org/10.1111/j.1600-051X.2010.01563.x
http://www.ncbi.nlm.nih.gov/pubmed/20507371
https://doi.org/10.1007/s10875-012-9771-3
http://www.ncbi.nlm.nih.gov/pubmed/22926406
https://doi.org/10.1111/prd.12101
https://doi.org/10.1111/prd.12101
http://www.ncbi.nlm.nih.gov/pubmed/26662488
https://doi.org/10.1371/journal.pone.0200231

®PLOS | one

TLRs in periodontitis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Lappin DF, Sherrabeh S, Erridge C. Stimulants of Toll-like receptors 2 and 4 are elevated in saliva of
periodontitis patients compared with healthy subjects. J Clin Periodontol. 2011; 38(4):318-25. https://
doi.org/10.1111/j.1600-051X.2011.01702.x PMID: 21284689.

Banu S, Jabir NR, Mohan R, Manjunath NC, Kamal MA, Kumar KR, et al. Correlation of Toll-like recep-
tor 4, interleukin-18, transaminases, and uric acid in patients with chronic periodontitis and healthy
adults. J Periodontol. 2015; 86(3):431-9. https://doi.org/10.1902/jop.2014.140414 PMID: 25345339.

Buduneli N, Ozcaka O, Nalbantsoy A. Salivary and plasma levels of Toll-like receptor 2 and Toll-like
receptor 4 in chronic periodontitis. J Periodontol. 2011; 82(6):878—84. https://doi.org/10.1902/jop.2010.
100467 PMID: 21138350.

Estimates Dawes C., from salivary analyses, of the turnover time of the oral mucosal epitheliumin
humans and the number of bacteria in an edentulous mouth. Arch Oral Biol. 2003; 48(5):329-36. PMID:
12711376.

Theda C, Hwang SH, Czajko A, Loke YJ, Leong P, Craig JM. Quantitation of the cellular content of
saliva and buccal swab samples. Sci Rep. 2018; 8(1):6944. https://doi.org/10.1038/s41598-018-25311-
0 PMID: 29720614; PubMed Central PMCID: PMCPMC5932057.

Bisson-Boutelliez C, Miller N, Demarch D, Bene MC. CD9 and HLA-DR expression by crevicular epithe-
lial cells and polymorphonuclear neutrophils in periodontal disease. J Clin Periodontol. 2001; 28
(7):650-6. PMID: 11422586.

Cecilia EC, Myriam AK, Maria EL. Cytological analysis of the periodontal pocket in patients with aggres-
sive periodontitis and chronic periodontitis. Contemp Clin Dent. 2014; 5(4):495-500. https://doi.org/10.
4103/0976-237X.142818 PMID: 25395766; PubMed Central PMCID: PMCPMC4229759.

Giannelli M, Formigli L, Bani D. A novel cytodiagnostic fluorescence assay for the diagnosis of periodon-
titis. In: Yamamoto SL, editor. Peridontal disease: Symptomes, treatment and prevention: Nova Sci-
ence Publishers, Inc; 2011. p. 137-51.

Swaminathan V, Prakasam S, Puri V, Srinivasan M. Role of salivary epithelial toll-like receptors 2 and 4
in modulating innate immune responses in chronic periodontitis. J Periodontal Res. 2013; 48(6):757—
65. https://doi.org/10.1111/jre.12066 PMID: 23679005.

Schei O, Waerhaug J, Lovdal A, Arno A. Alveolar Bone Loss as Related to Oral Hygiene and Age. Jour-
nal of Periodontotlogy. 1959; 30(1):7-16.

Srinivasan M, Kodumudi KN, Zunt SL. Soluble CD14 and toll-like receptor-2 are potential salivary bio-
markers for oral lichen planus and burning mouth syndrome. Clin Immunol. 2008; 126(1):31-7. Epub
2007/10/06. S1521-6616(07)01328-9 [pii] https://doi.org/10.1016/j.clim.2007.08.014 PMID: 17916440.

Presland RB, Dale BA. Epithelial structural proteins of the skin and oral cavity: function in health and dis-
ease. Crit Rev Oral Biol Med. 2000; 11(4):383—408. PMID: 11132762.

Presland RB, Jurevic RJ. Making sense of the epithelial barrier: what molecular biology and genetics
tell us about the functions of oral mucosal and epidermal tissues. J Dent Educ. 2002; 66(4):564—74.
PMID: 12014572.

Isaza-Guzman DM, Aristizabal-Cardona D, Martinez-Pabon MC, Velasquez-Echeverri H, Tobon-
Arroyave Sl. Estimation of sCD14 levels in saliva obtained from patients with various periodontal condi-
tions. Oral Dis. 2008; 14(5):450-6. PMID: 18938271.

Nicu EA, Laine ML, Morre SA, Van der Velden U, Loos BG. Soluble CD14 in periodontitis. Innate
Immun. 2009; 15(2):121-8. https://doi.org/10.1177/1753425908101577 PMID: 19318422.

Leifer CA, Medvedev AE. Molecular mechanisms of regulation of Toll-like receptor signaling. J Leukoc
Biol. 2016; 100(5):927—41. https://doi.org/10.1189/jlb.2MR0316-117RR PMID: 27343013; PubMed
Central PMCID: PMCPMC5069093.

Kamra A, Kessie G, Chen JH, Kalavapudi S, Shores R, McElroy |, et al. Exfoliated colonic epithelial cells:
surrogate targets for evaluation of bioactive food components in cancer prevention. J Nutr. 2005; 135
(11):2719-22. Epub 2005/10/28. 135/11/2719 [pii]. https://doi.org/10.1093/jn/135.11.2719 PMID: 16251637.

Loktionov A. Cell exfoliation in the human colon: myth, reality and implications for colorectal cancer
screening. Int J Cancer. 2007; 120(11):2281-9. https://doi.org/10.1002/ijc.22647 PMID: 17351899.

Rahmoune H, Thompson PW, Ward JM, Smith CD, Hong G, Brown J. Glucose transporters in human
renal proximal tubular cells isolated from the urine of patients with non-insulin-dependent diabetes. Dia-
betes. 2005; 54(12):3427-34. PMID: 16306358.

Hajishengallis G, Darveau RP, Curtis MA. The keystone-pathogen hypothesis. Nat Rev Microbiol.
2012; 10(10):717-25. https://doi.org/10.1038/nrmicro2873 PMID: 22941505; PubMed Central PMCID:
PMCPMC3498498.

Rojo-Botello NR, Garcia-Hernandez AL, Moreno-Fierros L. Expression of toll-like receptors 2, 4 and 9 is
increased in gingival tissue from patients with type 2 diabetes and chronic periodontitis. J Periodontal
Res. 2012; 47(1):62—73. https://doi.org/10.1111/.1600-0765.2011.01405.x PMID: 21848608.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200231 December 20, 2018 13/14


https://doi.org/10.1111/j.1600-051X.2011.01702.x
https://doi.org/10.1111/j.1600-051X.2011.01702.x
http://www.ncbi.nlm.nih.gov/pubmed/21284689
https://doi.org/10.1902/jop.2014.140414
http://www.ncbi.nlm.nih.gov/pubmed/25345339
https://doi.org/10.1902/jop.2010.100467
https://doi.org/10.1902/jop.2010.100467
http://www.ncbi.nlm.nih.gov/pubmed/21138350
http://www.ncbi.nlm.nih.gov/pubmed/12711376
https://doi.org/10.1038/s41598-018-25311-0
https://doi.org/10.1038/s41598-018-25311-0
http://www.ncbi.nlm.nih.gov/pubmed/29720614
http://www.ncbi.nlm.nih.gov/pubmed/11422586
https://doi.org/10.4103/0976-237X.142818
https://doi.org/10.4103/0976-237X.142818
http://www.ncbi.nlm.nih.gov/pubmed/25395766
https://doi.org/10.1111/jre.12066
http://www.ncbi.nlm.nih.gov/pubmed/23679005
https://doi.org/10.1016/j.clim.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17916440
http://www.ncbi.nlm.nih.gov/pubmed/11132762
http://www.ncbi.nlm.nih.gov/pubmed/12014572
http://www.ncbi.nlm.nih.gov/pubmed/18938271
https://doi.org/10.1177/1753425908101577
http://www.ncbi.nlm.nih.gov/pubmed/19318422
https://doi.org/10.1189/jlb.2MR0316-117RR
http://www.ncbi.nlm.nih.gov/pubmed/27343013
https://doi.org/10.1093/jn/135.11.2719
http://www.ncbi.nlm.nih.gov/pubmed/16251637
https://doi.org/10.1002/ijc.22647
http://www.ncbi.nlm.nih.gov/pubmed/17351899
http://www.ncbi.nlm.nih.gov/pubmed/16306358
https://doi.org/10.1038/nrmicro2873
http://www.ncbi.nlm.nih.gov/pubmed/22941505
https://doi.org/10.1111/j.1600-0765.2011.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/21848608
https://doi.org/10.1371/journal.pone.0200231

®PLOS | one

TLRs in periodontitis

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fatemi K, Radvar M, Rezaee A, Rafatpanah H, Azangoo khiavi H, Dadpour Y, et al. Comparison of rela-
tive TLR-2 and TLR-4 expression level of disease and healthy gingival tissue of smoking and non-smok-
ing patients and periodontally healthy control patients. Aust Dent J. 2013; 58(3):315—-20. https://doi.org/
10.1111/adj.12089 PMID: 23981212.

llango P, Mahalingam A, Parthasarathy H, Katamreddy V, Subbareddy V. Evaluation of TLR2 and 4 in
Chronic Periodontitis. J Clin Diagn Res. 2016; 10(6):2C86-9. https://doi.org/10.7860/JCDR/2016/
18353.8027 PMID: 27504418; PubMed Central PMCID: PMCPMC4963778.

Kajita K, Honda T, Amanuma R, Domon H, Okui T, Ito H, et al. Quantitative messenger RNA expression
of Toll-like receptors and interferon-alphai in gingivitis and periodontitis. Oral Microbiol Immunol. 2007;
22(6):398—402. https://doi.org/10.1111/j.1399-302X.2007.00377.x PMID: 17949343.

Curtis MA, Zenobia C, Darveau RP. The relationship of the oral microbiotia to periodontal health and
disease. Cell Host Microbe. 2011; 10(4):302—-6. https://doi.org/10.1016/j.chom.2011.09.008 PMID:
22018230; PubMed Central PMCID: PMCPMC3216488.

Percival RS, Challacombe SJ, Marsh PD. Age-related microbiological changes in the salivary and pla-
que microflora of healthy adults. J Med Microbiol. 1991; 35(1):5—11. https://doi.org/10.1099/00222615-
35-1-5 PMID: 2072378.

Irie K, Novince CM, Darveau RP. Impact of the Oral Commensal Flora on Alveolar Bone Homeostasis.
J Dent Res. 2014; 93(8):801-6. https://doi.org/10.1177/0022034514540173 PMID: 24935067; PubMed
Central PMCID: PMCPMC4126224.

Ramberg P, Sekino S, Uzel NG, Socransky S, Lindhe J. Bacterial colonization during de novo plaque
formation. J Clin Periodontol. 2003; 30(11):990-5. PMID: 14761122.

Langjahr P, Diaz-Jimenez D, De la Fuente M, Rubio E, Golenbock D, Bronfman FC, et al. Metalloprotei-
nase-dependent TLR2 ectodomain shedding is involved in soluble toll-like receptor 2 (sTLR2) produc-
tion. PLoS One. 2014; 9(12):e104624. https://doi.org/10.1371/journal.pone.0104624 PMID: 25531754;
PubMed Central PMCID: PMCPMC4273945.

Ten Oever J, Kox M, van de Veerdonk FL, Mothapo KM, Slavcovici A, Jansen TL, et al. The discrimina-
tive capacity of soluble Toll-like receptor (STLR)2 and sTLR4 in inflammatory diseases. BMC Immunol.
2014; 15:55. hitps://doi.org/10.1186/s12865-014-0055-y PMID: 25406630; PubMed Central PMCID:
PMCPMC4240815.

Candia E, Diaz-Jimenez D, Langjahr P, Nunez LE, de la Fuente M, Farfan N, et al. Increased production
of soluble TLR2 by lamina propria mononuclear cells from ulcerative colitis patients. Immunobiology.
2012; 217(6):634—42. https://doi.org/10.1016/j.imbio.2011.10.023 PMID: 22101184.

Tehrani M, Varasteh AR, Khakzad MR, Mirsadraee M, Sankian M. Decreased levels of soluble Toll-like
Receptor 2 in patients with asthma. Rep Biochem Mol Biol. 2012; 1(1):30-6. PMID: 26989706; PubMed
Central PMCID: PMCPMC4757078.

Raby AC, Le Bouder E, Colmont C, Davies J, Richards P, Coles B, et al. Soluble TLR2 reduces inflam-
mation without compromising bacterial clearance by disrupting TLR2 triggering. J Immunol. 2009; 183
(1):506—17. https://doi.org/10.4049/jimmunol.0802909 PMID: 19542461.

Vaure C, Liu Y. A comparative review of toll-like receptor 4 expression and functionality in different ani-
mal species. Front Immunol. 2014; 5:316. https://doi.org/10.3389/fimmu.2014.00316 PMID: 25071777;
PubMed Central PMCID: PMCPMC4090903.

Hyakushima N, Mitsuzawa H, Nishitani C, Sano H, Kuronuma K, Konishi M, et al. Interaction of soluble
form of recombinant extracellular TLR4 domain with MD-2 enables lipopolysaccharide binding and
attenuates TLR4-mediated signaling. J Immunol. 2004; 173(11):6949-54. Epub 2004/11/24.173/11/
6949 [pii]. PMID: 15557191.

Danser MM, Timmerman MF, van Winkelhoff AJ, van der Velden U. The effect of periodontal treatment
on periodontal bacteria on the oral mucous membranes. J Periodontol. 1996; 67(5):478-85. https://doi.
org/10.1902/jop.1996.67.5.478 PMID: 8724705.

Danser MM, van Winkelhoff AJ, de Graaff J, van der Velden U. Putative periodontal pathogens coloniz-
ing oral mucous membranes in denture-wearing subjects with a past history of periodontitis. J Clin Peri-
odontol. 1995; 22(11):854—9. PMID: 8550862.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200231 December 20, 2018 14/14


https://doi.org/10.1111/adj.12089
https://doi.org/10.1111/adj.12089
http://www.ncbi.nlm.nih.gov/pubmed/23981212
https://doi.org/10.7860/JCDR/2016/18353.8027
https://doi.org/10.7860/JCDR/2016/18353.8027
http://www.ncbi.nlm.nih.gov/pubmed/27504418
https://doi.org/10.1111/j.1399-302X.2007.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/17949343
https://doi.org/10.1016/j.chom.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/22018230
https://doi.org/10.1099/00222615-35-1-5
https://doi.org/10.1099/00222615-35-1-5
http://www.ncbi.nlm.nih.gov/pubmed/2072378
https://doi.org/10.1177/0022034514540173
http://www.ncbi.nlm.nih.gov/pubmed/24935067
http://www.ncbi.nlm.nih.gov/pubmed/14761122
https://doi.org/10.1371/journal.pone.0104624
http://www.ncbi.nlm.nih.gov/pubmed/25531754
https://doi.org/10.1186/s12865-014-0055-y
http://www.ncbi.nlm.nih.gov/pubmed/25406630
https://doi.org/10.1016/j.imbio.2011.10.023
http://www.ncbi.nlm.nih.gov/pubmed/22101184
http://www.ncbi.nlm.nih.gov/pubmed/26989706
https://doi.org/10.4049/jimmunol.0802909
http://www.ncbi.nlm.nih.gov/pubmed/19542461
https://doi.org/10.3389/fimmu.2014.00316
http://www.ncbi.nlm.nih.gov/pubmed/25071777
http://www.ncbi.nlm.nih.gov/pubmed/15557191
https://doi.org/10.1902/jop.1996.67.5.478
https://doi.org/10.1902/jop.1996.67.5.478
http://www.ncbi.nlm.nih.gov/pubmed/8724705
http://www.ncbi.nlm.nih.gov/pubmed/8550862
https://doi.org/10.1371/journal.pone.0200231

