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Abstract

TLR9 is a critical nucleic acid sensing receptor in mediating periodontitis and periodontitis-associated comorbidities. Emerging evidence
implicates TLR9 as a key sensor during aging, although its participation in periodontal aging is unexplored. Here, we investigated whether
TLR9-mediated host responses can promote key hallmarks of aging, inflammaging, and senescence, in the course of periodontitis using a
multipronged approach comprising clinical and preclinical studies. In a case-control model, we found increased TLR9 gene expression in
gingival tissues of older (=55 y) subjects with periodontitis compared to older healthy subjects as well as those who are younger (<55 y
old) with and without the disease. Mechanistically, this finding was supported by an in vivo model in which wild-type (WT) and TLR9 7~
mice were followed for 8 to 10 wk (young) and 18 to 22 mo (aged). In this longitudinal model, aged WT mice developed severe alveolar
bone resorption when compared to their younger counterpart, whereas aged TLR9”~ animals presented insignificant bone loss when
compared to the younger groups. In parallel, a boosted inflammaging milieu exhibiting higher expression of inflammatory/osteoclast
mediators (-6, Rankl, Cxcl8) and danger signals (S/00A8, S100A9) was noted in gingival tissues of aged WT mice compared to the those
of aged TLR9”~ mice. Consistently, WT aged mice displayed an increase in prosenescence balance as measured by p16N*¢/p | 94" ratio
compared to the younger groups and aged TLR9™" animals. Ex vivo experiments with bone marrow—derived macrophages primed by
TLR9 ligand (ODN 1668) further corroborated in vivo and clinical data and showed enhanced inflammatory-senescence circuit followed
by increased osteoclast differentiation. Together, these findings reveal first systematic evidence implicating TLR9 as one of the drivers of
periodontitis during aging and functioning by boosting a deleterious inflammaging/senescence environment. This finding calls for further
investigations to determine whether targeting TLR9 will improve periodontal health in an aging population.
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chemokine ligand 8 (Cxcl8) (Kumari and Jat 2021). Such shift
in cell phenotype during aging results in an impaired tissue
turnover followed by the development of a chronic inflamma-
tory milieu termed inflammaging. Cooperatively, these changes
can drive age-related pathologies (Franceschi et al. 2018; Di
Micco et al. 2021). The factors and underlying mechanisms
mediating these biological events in periodontal tissues are still
poorly understood.

Continued activation of innate sensors (e.g., Toll-like recep-
tors [TLRs]) by exogenous and endogenous danger signals
(MAMPs/DAMPs) (e.g., unmethylated CpG-motifs from bac-
terial DNA [CpG-ODNs], nucleic acids released by dead cells,
and storage of S100 proteins into SCs) can trigger an

Introduction

Aging is defined as a time-dependent functional decline phe-
nomenon that results in the progressive loss of tissue integrity,
which increases susceptibility to chronic diseases, including
periodontitis (Ebersole et al. 2016). Given its cumulative
nature (i.e., lifetime periodontal attachment loss), the preva-
lence of periodontitis rises as the population ages. Nonetheless,
there is no definitive evidence that periodontitis pathophysiol-
ogy is affected by age per se, although it is likely that the dys-
regulated host response due to aging may lead to increased
periodontitis progression and/or susceptibility (Preshaw et al.
2017).

Cellular senescence is one the most widely studied hall-
marks of aging, and it is characterized by mitotic cycle arrest

where cells are no longer able to replicate (Di Micco et al.
2021). Two key features of a senescent cell (SC) are increased
ratio between pl6/V%% and p194kF proteins encoded at the
Cdkn2a locus, which favor cell cycle inhibition, and elevated
activity of the B-galactosidase enzyme (Baker, Jin, and van
Deursen 2008; Baker, Perez-Terzic, et al. 2008; Di Micco et al.
2021). Notably, SCs within aged tissues have a senescence-
associated secretory phenotype, which includes increased
basal levels of mediators like the receptor activator of nuclear
factor kB ligand (Rankl), interleukin-6 (I11-6), and C-X-C-motif
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inflammaging state (Huang et al. 2015; Franceschi et al. 2018).
These biological pathways driving aging can be operant in the
oral cavity and likely contribute to periodontal diseases
(Preshaw et al. 2017). As such, TLR9 is a DNA sensing recep-
tor expressed in immune and resident cells of the periodontium
which is implicated in the pathogenesis of periodontitis and
periodontitis-related comorbidities. (Zou et al. 2002; Sahingur
et al. 2013; Chen et al. 2014; Crump et al. 2016; Gongalves-
Anjo et al. 2019; Lyu et al. 2019; Nishimoto et al. 2020).
Remarkably, the activation of TLRY can also trigger the syn-
thesis of DAMPs like S100 proteins (S1I00A8, SI00A9), which
are calcium-binding molecules implicated in aging and peri-
odontal inflammation (Swindell et al. 2013; Hsu et al. 2014;
Macekawa et al. 2019; Kim et al. 2020). Furthermore, TLR9-
mediated responses can lead to the development of various
comorbidities such as skeletal muscle fibrosis, opportunistic
infections, and brain deposition of amyloid plaque in aged
organisms (Frank et al. 2009; Lyu et al. 2019; Sato et al. 2020).
Thus, collectively emerging evidence underscores the signifi-
cance of TLR9 in the pathophysiology of aging-related disor-
ders. Yet there is still limited information about the
pathobiological crosstalk between TLR9 and MAMP/DAMP
signaling within the aging oral mucosa.

Given the lifetime exposure of periodontal tissues to nucleic
acids from different sources and ability of TLRY to sense
MAMPs/DAMPs involved in the aging process, we hypothe-
sized that TLRY exerts an essential function in the pathogene-
sis of periodontitis during aging. For this, we configured a
study in 3 fronts: 1) clinical, by evaluating gingival expression
of TLRY in periodontitis/healthy and young/aged individuals;
2) in vivo, by tracing lifetime developed alveolar bone loss and
inflammaging/senescence in gingival tissues from WT and
TLRY9” mice; and 3) ex vivo, by investigating the aging-
related mechanisms triggered by TLR9 activation.

Materials and Methods
Clinical Study

Study population and sample collection. A case-control study
following the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines (Appendix
file) was approved by the Institutional Review Board of Vir-
ginia Commonwealth University (Protocol No. 11025) and
University of Pennsylvania (Protocol No. 8§44212) and con-
ducted in accordance with the Helsinki Declaration of 1975, as
revised in 2000. The case-control design was used to compare
individuals with (case) or without (control) periodontitis tak-
ing 30-y (lower) and 55-y (upper) age cutoffs: 30 to 55 y
(young/middle) and >55 y (aged) (Billings et al. 2018). The
criteria for periodontitis diagnosis comprised stage II and III in
its generalized form and periodontally healthy individuals
defined as described (Papapanou et al. 2018). In both groups,
the presence of at least 20 natural teeth was required. Gingival
tissue was harvested from the site with the deepest periodontal
probing depth in periodontitis group. Healthy biopsy samples
were obtained during crown lengthening surgery. Inclusion

and exclusion criteria and further details for sample collection
are in Sahingur et al. (2013).

Quantitative real-time polymerase chain reaction. Total RNA
was isolated from gingival specimens using the RNeasy Plus
Mini kit (Qiagen) following the manufacturer’s recommenda-
tions. Quality/concentration was determined at A260/A280
absorbance in a NanoDrop One Spectrophotometer (Thermo
Scientific). Complementary DNA (cDNA) was synthesized
using High-Capacity cDNA reverse-transcription kit (Applied
Biosystems). Quantitative real-time polymerase chain reaction
(qPCR) was determined using specific SYBR Green primers
for TLRY and Gapdh (sequences in the Appendix) and SYBR
Green Master Mix (SABiosciences) in the StepOne Plus Sys-
tem (Applied Biosystems). Relative expression analysis was
performed by the AACT method using Gapdh as endogenous
control.

Animal Model

All animal procedures were approved by the Institutional
Animal Care and Use Committee at University of Pennsylvania
(Protocol No. 806809) and Virginia Commonwealth University
(Protocol No. 10000566). This animal study followed the
ARRIVE 2.0 guidelines (Appendix file). TLR9”" mice
(BALB/c) (Dr. Shizuo Akira, Osaka University) and wild-type
(WT) counterparts (Jackson Laboratory) were bred in house.
Mice were genotyped by tail snip using specific primers
(sequences in the Appendix). We used a murine longitudinal
aging model where mice were kept in a specific-pathogen-free
environment until the time points for biological sample har-
vesting were reached: 8 to 10 wk (young) and 18 to 22 mo

(aged).

Micro—computed tomography (uCT). Periodontal bone loss
around the maxillary molars was determined using micro—
computed tomography (uCT) analysis as described (Crump
et al. 2016). Details are in the Appendix.

gPCR. Total RNA was extracted from mouse gingival tissues
around maxillary teeth and qPCR was performed according to
the protocol described earlier. Messenger RNA (mRNA) levels
for Rankl, Cxcl8, 1I-6, S100A48, and S100A49 and for the encoded
exons pl6™K% and p194%" in the Cdkn2a locus were assessed
(sequences in the Appendix).

Immunofluorescence. Immunofluorescence staining for p167K#

and p194% was performed on gingival tissues following the
previous protocol (Zaqout et al. 2020). Details are in the
Appendix.

Ex Vivo Model

BMDM isolation and ex vivo stimulation. Bone marrow—
derived macrophages (BMDMs) were differentiated from bone
marrow (BM) cells harvested from femurs and tibias of 8- to
10-wk-old WT and TLR9™”" mice as described (Kim et al.
2015). BMDMs were challenged with different concentrations
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Figure I. TLR9 gene expression in the healthy gingival tissues of
younger (n = 17) and older (n = 10) individuals (control groups), and
younger (n = 10) and older (n = 25) subjects with periodontitis (case
groups). Data are presented in fold change, and each dot represents

a biopsied site per individual. Gapdh was used as endogenous control.
Bars indicate intergroup significant difference using Kruskal-Wallis with
post hoc Dunn’s test and Welch'’s analysis of variance with post hoc
Games—Howell test at the significance level of 5%.

of TLRY ligand ODN1668 (6 pg/mL and 60 pg/mL) (InVivo-
gen) for 12 h, 24 h, and 72 h. Unstimulated cells were used as
negative controls. Culture supernatants and cell lysates were
collected for further analyses. Details are in the Appendix.

Enzyme-linked immunosorbent assay. Supernatant and lysates of
BMDMs were assayed by enzyme-linked immunosorbent assay
(ELISA) for the following markers: senescence-p-galactosidase
enzyme (LifeSpan BioSciences), 11-6 (Thermo Fisher), and
S100A8/A9 heterodimer (R&D Systems). All procedures were
performed following the manufacturer’s recommendation.

Immunofluorescence. In this set of experiments, BMDMs iso-
lated from WT and TLR9”~ described earlier were seeded in
chamber polystyrene vessels (BD Falcon). After a 72-h stimu-
lation with ODN as aforementioned, immunofluorescence
staining for p16"¥%% and p194%” was performed. Details are in
the Appendix.

BMDM-osteoclast differentiation and tartrate-resistant acid
phosphate staining assay. To evaluate osteoclast differentia-
tion, BMDMs were stimulated as outlined earlier and culture
media were refreshed every 2-days for 6-days treatment. Cells
treated with Rankl-mouse recombinant protein (20 ng/mL)

(BioLegend) were used as positive controls. Tartrate-resistant
acid phosphate (TRAP) staining was performed to quantify
osteoclasts (TRAP™ cells) following the manufacturer’s recom-
mendations (Sigma-Aldrich). Details are in the Appendix.

Statistical Analysis

Sample size calculation for the clinical study was based on 4
samples from each group randomly selected from our previous
published study (Sahingur et al. 2013), taking a variation of at
least 2-fold changes in TLR9 gene expression as the main vari-
able. Considering a power of 80% and significance level of
5%, a minimum of 10 individuals per group would be required.
Sample size for the animal study (5 animals per group) was
based on published data, taking age-related alveolar bone loss
as the main variable (Clark et al. 2021).

In the clinical study, the patient was maintained as the unit
of measurement, and normality distribution was evaluated by
Kolmogorov—Smirnov test with Lilliefors correction. Kruskal—
Wallis with post hoc Dunn’s test and Welch’s analysis of vari-
ance (ANOVA) with post hoc Games—Howell test were used to
evaluate intergroup differences. In the in vivo study, the animal
was maintained as the unit of measurement, and 1-way ANOVA
with post hoc Tukey’s test was applied. All tests were per-
formed at the significance level of 0.05 using the GraphPad
Prism software (GraphPad Software).

Results

Increased Gingival TLR9 Expression Was a
Hallmark of Periodontitis in Aged Subjects

A total of 62 participants were included into 4 groups based on
their age and diagnoses as follows: 17 young healthy, 10 aged
healthy, 10 young periodontitis, and 25 aged periodontitis. All
the subjects were nonsmokers and systemically healthy, and
there was similar gender distribution among groups in order to
avoid potential confounders (see Appendix). Gingival biopsies
from older periodontitis subjects (=55 y) exhibited a marked
increase in TLRY expression compared to those obtained from
both young and aged healthy groups (mean fold-change of
17.84 vs. 2.09 and 1.28, respectively) (Fig. 1). This finding
established nucleic acid sensing by TLR9 as a potential insti-
gator of periodontal pathology during aging.

Lack of TLR9 Reduced Aging-Associated
Physiological Alveolar Bone Resorption
and Inflammaging Markers

Since TLR9 was highly expressed in gingival tissues from
older periodontitis subjects, we then tested in a longitudinal
animal study whether TLR9 could have an effect on the life-
time physiological development of periodontitis (Fig. 2A). No
animal during this longitudinal study was lost due to health
problems or signs of illness (e.g., diarrhea, spontaneous tumor,
bleeding). As expected and consistent with our clinical data,
aged WT mice presented significantly increased alveolar
bone loss (—39.24 pm) compared to young WT counterparts
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Figure 2. In vivo murine physiological aging model using wild-type (WT) (n=5) and TLR9™~ (n=5) mice. (A) Study model displaying the longitudinal
timeline for sample collection 8 to 10wk (young mice) to 18 to 22mo (aged mice). (B) Representative images of alveolar bone levels used in micro—
computed tomography analysis for each group. (C) Mean (in um) of the distance from the cementoenamel junction (CE)) to the alveolar bone crest
(ABC) for each animal. Negative values represent bone resorption in relation to the mean bone level of the control group (young WT mice).

(D) Heatmap for messenger RNA (mRNA) levels of inflammatory markers (Cxcl8, ll-6, and Rankl) in gingival tissues of young and aged mice. (E, F)
mRNA levels of the DAMPs (S/00A8 and S100A9) in the gingival tissue of each experimental group. All mMRNA data are presented as fold change, and
Gapdh was used as an endogenous control. In the heatmap, (¥) indicates significant difference in the group in relation to all other experimental groups
and (?) indicates significant difference in relation to aged WT mice. Bars indicate intergroup significant difference. One-way ANOVA with post hoc

Tukey’s test was used at the significance level of 5%.

(P < 0.01), whereas lack of TLRY resulted in minimal and
insignificant physiological bone loss (—8.04 pm) in aged
TLR9™ mice (P > 0.05 vs. young WT or young TLR9"~
groups) (Fig. 2B, C). Furthermore, gingival tissues from aged
WT mice presented higher expression of Rankl and Cxcl8
(~1.83- and ~2.41-fold change vs. young WT, respectively).
On the contrary, the transcripts for Rankl were reduced (by
~0.31-fold change vs. aged WT), and the expression of Cxcl§
and /-6 was practically abolished in aged TLR9"~ animals
when compared to all experimental groups (Fig. 2D). Similar
to the changes observed in inflammaging markers, the tran-
scripts for DAMPs signals (S10048 and S10049) were also
upregulated in aged WT mice compared to its young counter-
parts. On the contrary, the expression of these S100 proteins
was reduced in aged TLR9 ™~ animals when compared to all the
other experimental groups (Fig. 2E, F).

Lack of TLR9 Improves Senescence Phenotype
by Instigating a Balanced p | 6™N<*A:p | 9ARF Ratio
in Aged Periodontal Tissues

Next, in order to evaluate whether TLR9 could alter the aging
phenotype of periodontal tissues, we assessed the expression
of pl6™&# and pl194”" proteins, which are widely studied
markers of senescence (Baker, Jin, and van Deursen 2008;
Baker, Perez-Terzic, et al. 2008). At the gene level, both aged
WT and aged TLR9™~ mice (18-22 mo old) had higher expres-
sion of pl16™K* when compared to their young counterparts
(8-10 wk old). However, there was significantly reduced
expression of p/6™%% in aged TLR9”~ mice compared to the
aged WT mice, which further supports the notion that lack of
TLR9Y can improve senescence phenotype (Fig. 3A). Likewise,
higher levels of p194RF transcripts were found in aged groups
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Figure 3. In vivo evaluation of the Cdkn2a locus through quantitative real-time polymerase chain reaction and immunofluorescence (IF) of the exons
for p16/™Nf@ and p194* in gingival tissues from young and aged wild-type (WT) and TLR9™~ mice. (A) Transcription levels of p16™*, (B) Transcription
levels of p19*%. (C) Balance of the prosenescence messenger RNA p16/N<e/p| 94% ratio. (D) Percentage of p|6™*** cells. (E) Percentage of p 9%
cells. (F) Ratio between p|6N%** and p| 94f" cells. (G) Representative IF images taken at 40x magnification. Ct, connective tissue; Ge, gingival
epithelium. Messenger RNA data are presented as fold change, and Gapdh was used as endogenous control. The number of marked cells for each
antibody was calculated taking DAPI as endogenous control. Bars indicate intergroup significant difference using |-way analysis of variance with post

hoc Tukey’s test at the significance level of 5%.

when compared to younger mice (Fig. 3B). At the protein
level, there was reduced frequency of p16™VK#* cells in gingi-
val specimens from aged TLR9 ™~ compared to all other groups,
further confirming that nucleic acid sensing can trigger senes-
cence in gingival tissues (Fig. 3D, G). Furthermore, aged WT
mice displayed decreased number of p194%#* cells compared to
other groups (Fig. 3E, G). Previous evidence implicates
increased pl6™K%:p ] 94RF ratio as one of the key features of a
deleterious senescence (Baker, Jin, and van Deursen. 2008;
Baker et al. 2016; Zhang et al. 2019). Consistently, aged WT
mice had a higher p16™K%:p 1 9RF ratio at both gene and pro-
tein levels when compared to all experimental groups, which
was not observed in aged TLR9”~ mice (Fig. 3C, F).

TLR9-Mediated Responses Trigger Senescence
and Inflammaging Followed by Increased
Osteoclastic Differentiation

Last, we evaluated whether TLRY activation triggers an inflam-
maging response followed by premature senescence and osteo-
clastic differentiation ex vivo. Priming of TLR9 with ODN1668
in BMDMs derived from WT mice increased synthesis of
S100A8/A9, 11-6, and senescence-f3-galactosidase enzyme (Fig.
4A—~C). Immunofluorescence assays revealed increased p16/VK#

expression over pl9RF (Fig. 4D, E). Moreover, this boosted
prosenescence/inflammaging milieu under TLR9 priming was
accompanied by increased osteoclast differentiation (Fig. 4F,
G). Confirming the specificity, BMDMs obtained from TLR9
mice did not show any of the reported outcomes.

Discussion

TLRY is implicated in the pathogenesis of periodontitis, and
evidence suggests its critical role in aging (Sahingur et al.
2013; Huang et al. 2015; Kim et al. 2015; Crump and Sahingur
2016; Crump et al. 2016; Gongalves-Anjo et al. 2019). Herein,
using a systematic approach including clinical and preclinical
studies, we uncovered several lines of novel evidence that col-
lectively reveal TLRY as one of the drivers of aging in peri-
odontal tissues possibly through its tight control on DAMP
signaling and senescence/inflammaging axis.

According to the “DAMP hypothesis,” inflammaging arises
from the accumulation of danger signals like S100 proteins by
SCs, which could then mediate aging-related disorders through
TLR signaling (Huang et al. 2015). Importantly, the lifetime
tissue exposure of endogenous and microbial nucleic acids like
CpG-ODNs could favor this response via TLR9 activation
(Huang et al. 2015). In this context, Rankl, Cxcl8, and I1-6
exist as part of a typical proinflammatory response that leads to
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TLRY-mediated biological events trigger an environment favoring
periodontal aging and issue destruction
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severity of lung inflammation (Rashid et al. 2018).
Likewise, higher SI00A9 expression was associated
with increased rates of neurodegeneration and cogni-
tive deficits in an Alzheimer’s disease model (Kim
et al. 2014). Hence, our results in periodontal tissues
are consistent with the proposed role of these danger
signals in other organs and reveal the first evidence of a
possible crosstalk between TLR9 and DAMPs like
S100 proteins in periodontal senescence. However,
given that S100 proteins have either proinflammatory
effect or antimicrobial activity (Wang et al. 2018),

Figure 5. Model illustrating how TLR9-mediated responses can govern

periodontitis pathophysiology during aging. The lifetime activation of TLR9 by
nucleic acids triggers the synthesis of inflammatory mediators and DAMPs-like
S100 proteins and fosters a deleterious senescence environment characterized
by an elevated activity of the B-galactosidase enzyme and p [ 6™N<“9/p | 9% balance,
as well as a boosted inflammaging milieu with higher expression of inflammatory/

osteoclast mediators like Cxcl8, Il-6, and Rankl. As a result, macrophages

undergo osteoclast differentiation, which leads to alveolar bone resorption and

periodontitis progression during aging.

periodontal tissue destruction, but they are also elevated during
inflammaging (Franceschi et al. 2018; Di Micco et al. 2021,
Kumari and Jat 2021). These mediators are produced as part of
TLRY signaling and affect osteoclastogenesis (Souza and
Lerner 2019). In fact, TLR9-mediated responses can be con-
text dependent and exert anti- or pro-osteoclastogenic effects
based on the type of extracellular stimulus and stress (Zou et al.
2002). Here, we reported enhanced inflammaging milieu,
senescence-f-galactosidase enzyme activity, and osteoclast
differentiation upon TLR9 activation with ODN 1668. Our
data indicate that this pathobiological circuit is operant in peri-
odontal tissues and can explain the reduced physiological bone
loss and gingival expression of inflammatory/osteoclast mark-
ers noted in aged mice lacking this receptor.

Furthermore, we also noted lack of SI00A8 and S100A9
expression in the gingival tissues of aged TLR9~~ mice where,
in contrast, aged WT mice exhibited overexpression of these
proteins. This observation was also mechanistically confirmed
by our ex vivo data showing higher levels of these S100 pro-
teins (DAMPs) in macrophages upon TLR9 activation with
CpG-ODNs (DAMPs/MAMPs), which was also consistent
with previous reports in other cells (Hsu et al. 2014; Singh et
al. 2016). S100A8 and S100A9 proteins have been previously
implicated in periodontal disease pathogenesis where they can
possibly act as danger signals (Maekawa et al. 2019; Kim et al.
2020). Similar to the periodontium, a robust shift in ST00AS
and S100A9 expression has been noted in other aged tissues,
suggesting their likely contribution to senescence phenomenon
as DAMPs (Swindell et al. 2013). It has been shown that
S100A8 could induce cellular senescence-like changes in
bovine oviduct epithelial cells (Nakamura et al. 2019).
Similarly, SI00A8/A9 promoted aging-related cardiac fibrosis
in myeloid-derived suppressor cells (Sun et al. 2021). At the
organ level, in lungs, for example, aging per se was followed
by CS and concomitant upregulation of SI00AS8 and increased

future studies targeting the TLR9/S100 protein axis
also need to assess its consequences in terms of modu-
late host susceptibility to infectious diseases.

Another important feature of aging that is altered by
TLRY activation seems to be the balance between
pl6™K# and p194RF which are 2 proteins encoded in
the Cdkn2a locus with opposing functions (Baker, Jin,
and van Deursen 2008; Baker, Perez-Terzic, et al. 2008;
Baker et al. 2016). p16™K is a well-recognized prose-
nescence protein that induces an irreversible cell cycle
arrest and, consequently, leads to an impaired tissue homeosta-
sis due to the loss of cellular replicative capacity (Baker et al.
2016; Kumari and Jat 2021). On the contrary, p194%” has anti-
senescence effects by inducing a reversible arrest that allows
cells to replicate under minor stress-related damage and by
guaranteeing long-term genomic stability and repair DNA
damage (Baker, Perez-Terzic, et al. 2008; Bieging-Rolett et al.
2016). Such opposite functions in the Cdkn2a locus were
recently corroborated by a study highlighting that p194%" medi-
ates repression of p/6™%* via long-range chromatin interac-
tions (Zhang et al. 2019). Thus, analysis of the p16/V<#1/p194%F
balance is used as a marker to assess age-related phenotypes
resulting from the deleterious effect of a prosenescent environ-
ment (Tp16) or from the protective action of an antisenescence
response (Tp19) (Baker, Perez-Terzic, et al. 2008; Baker et al.
2016). This is the first study that evaluated this balance in peri-
odontal aging and revealed pronouncedly increased p167K#/
p194RF ratio in gingival tissues at both gene and protein levels
in aged mice expressing TLRY. This finding was verified
through ex vivo studies demonstrating an elevated pl16/7VK4/
p194%7 balance upon TLRO activation. In addition, despite
increased number of transcripts for p194%F, the number of
p194%7* cells was practically abolished in the gingival epithe-
lium of aged WT mice compared to the TLR9”~ counterpart.
Thus, the increased p16™%4/p194kF ratio came at the expense
of a lifetime reduction in p194%” rather than an increase in the
number of cells expressing p16/K#. This finding indicates that
an increase in pl6™K#/p194RF ratio boosts the deleterious
senescence effects of aging (Baker, Jin, and van Deursen 2008;
Bieging-Rolett et al. 2016). Since p16™¥k# expression during
aging is organ dependent (Idda et al. 2020) and works in coun-
terbalance with pl94%" (Baker, Perez-Terzic, et al. 2008;
Bieging-Rolett et al. 2016), it is plausible that determining the
expression of both markers and their interaction may be a bet-
ter measure of the aging phenomenon.



TLR9 Mediates Periodontal Aging by Fostering Senescence and Inflammaging 1635

The complexity of this balance also appears to have an
interaction with TLRY, as the activation of this receptor is
required for posttranslational stabilization of p16™%# (Parroche
et al. 2016). Interestingly, no significant change in p16™K%
expression was observed in young animals lacking TLRY,
whereas aged mice lacking the receptor had increased tran-
scription of p16/%# but reduced number of p16/V#_expressing
cells, especially at the basal layer of the gingival epithelium,
where a higher pattern of TLR9 expression was reported in a
previous study (Chen et al. 2014). These findings are consis-
tent with the notion that the absence of this prosenescence sig-
naling may exert more profound effect in aging periodontal
tissues possibly due to the lifetime accumulation of stressors
(e.g., DAMPs) that engage TLR9. Thus, it is likely that in ani-
mals lacking TLRY, destabilization of p16™%% may occur
throughout life, eventually rescuing the expression of the
p194%F and favoring healthier periodontium. Our findings are
also in line with the previous reports that reported that the
clearance of p16™k#e+ cells improves life span and promotes
healthy aging in several organs (Baker et al. 2016), which
seems to naturally occur in the absence of TLRY signaling.
These data also draw further attention to the divergent
responses between the expression of genes and proteins in
aging tissues, which likely results from posttranslational modi-
fications, epigenetic alterations, and changes in cellular metab-
olism that emerge with senescence (Santos and Lindner 2017,
Di Micco et al. 2021).

Our knowledge about the host factors dictating the develop-
ment and progression of periodontitis in aged tissues is still in
its infancy. In this study, using clinical analyses and mechanis-
tically using longitudinal in vivo model and ex vivo studies, we
established that TLR9 induces periodontal aging-associated
deleterious effects. This novel finding indicates that targeting
TLRY can be a promising strategy to improve clinical out-
comes, especially in aging population. In the light of this evi-
dence, future investigations are warranted to identify specific
host cells within the periodontium exhibiting higher TLR9
expression with a concomitant shift in the senescence balance
and characterize cellular and molecular pathways in aging tis-
sues to develop targeted therapies. It will also be important to
design population-based cohorts to prove a relation of causal-
ity between TLR9 and periodontitis during aging.

Conclusion

In summary, our data support the hypothesis that lifetime
TLRY activation due to the presence of MAMPs/DAMPs
within the periodontium is one of the drivers of periodontitis
possibly through its effect on boosting inflammaging/senes-
cence (Fig. 5). Thus, targeting TLR9 has the potential to
become an effective strategy to manage periodontal diseases,
especially in an aging population.
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