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Abstract: Periodontitis is a common and persistent inflammatory disease resulting from a sophisticated relation‑
ship between oral bacteria and the body's immune system. Toll‑like receptors (TLRs) act as crucial sensors within
the immune response, playing a fundamental role in the disease's initiation and progression. This review examines
periodontitis, highlighting the limited understanding of TLR activation mechanisms and the therapeutic potential
of TLR inhibitors. The discussion beginswith a definition of TLRs, outlining their characteristics, types, distribution,
and activation mechanisms. It then details the manifestation of TLRs in periodontitis, including alterations during
inflammation and their correlation with disease severity. TLR activity is influenced not only by microbial stimuli
but also by epigenetic factors and miRNAs, which mediate gene expression changes linked to inflammation. Vari‑
ous miRNAs have been shown to regulate TLR signaling pathways, thereby modulating the inflammatory response
in periodontal tissues. Additionally, epigenetic modifications further complicate the landscape of immune regula‑
tion in periodontitis, affecting TLR expression and function. This interplay between TLRs, miRNAs, and epigenetic
changes underscores the systemic implications of periodontal disease, contributing to broader health issues. Con‑
sequently, the review explores innovative strategies to modulate TLR signaling and discusses future challenges in
TLR research in relation to periodontitis treatment. In summary, a more profound understanding of TLR‑driven
immune responses, along with the regulatory roles of miRNAs and epigenetic factors, is essential for developing
targeted therapies and advancing treatment options for periodontitis.
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1. Introduction
Periodontitis (PD) is a common and long‑standing inflammatory condition that gradually breaks down the

tissues supporting the teeth, specifically the gums, periodontal ligament, and alveolar bone [1]. It affects a large
portion of the population, with over half of adults over 30 and nearly 70% of seniors over 65 showing signs of the
disease [2,3].

The disease often begins as gingivitis, an early inflammatory reaction to the accumulation of bacterial plaque.
When this early stage is not resolved, it can escalate into chronic inflammation and irreversible tissue destruc‑
tion [4,5]. What makes PD particularly challenging is its persistence, which is largely due to the body’s inability to
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turn off inflammation once it starts [6–8]. A major driver of this process is the entry of harmful bacteria into the
gum tissues, which sets off a chain reaction of immune responses. This includes the recruitment of immune cells
like neutrophils, macrophages, dendritic cells, and natural killer cells to the site of infection [9–12].

TLRs are essential elements of the innate immune system, functioning as pattern recognition receptors (PRRs)
that have a critical role in identifying different microbial components referred to as pathogen‑associatedmolecular
patterns (PAMPs) [13]. The effectiveness of the immune system is dependent on the proper functioning of PRRs.
The PRRs include TLRs, RIG‑I‑like receptors, Nod‑like receptors (NLRs), AIM2‑like receptors, C‑type lectin recep‑
tors, and intracellular DNA and RNA sensors [14–16]. Once activated by microbial signals, TLRs trigger pathways
such as nuclear factor kappaB (NF‑κB) and type I interferon (IFN) that drive inflammation andhelp initiate adaptive
immunity [15,17–19].

In the oral environment, where the immune system is constantly exposed to bacteria, TLRs are vital for main‑
taining balance. They help distinguish between harmless microbes and harmful pathogens and coordinate appro‑
priate responses [20]. However, when this delicate balance is disrupted, especially by bacteria such as Porphy‑
romonas gingivalis, known to promote microbial imbalance (dysbiosis), it will lead to chronic disease [21].

The resulting inflammation damages both soft and hard tissues, fueled by a complexmix of signalingmolecules
and immune cells [4,22–26]. Neutrophils, in particular, are highly active in PD and can be stimulated by both TLRs
and complement pathways, such as complement component 5a [27]. In addition to innate immunological sensing
through TLRs, neutrophil activation can also take place through other mechanisms. Due to a lack of neutrophil
recruitment [28] and dysregulated Th17 immunity, individuals who have leukocyte adhesion disease type 1 are
more likely to develop periodontal disease and have severe symptoms of the illness. This is because of the increased
oral bone loss that occurs as a result of bacterial infection [29].

While TLRs offer promising potential as therapeutic targets, their essential role in defending the host com‑
plicates the development of treatments. Broadly blocking TLR function could leave the body more vulnerable to
infection. However, selectively modulating specific TLRs may provide a safer, more effective way to manage peri‑
odontal inflammation [30,31].

Despite growing interest in the role of TLRs in periodontitis, the molecular mechanisms underlying their acti‑
vation and regulation remain poorly defined. The complicated relationship between microbial dysbiosis, immune
cell dysfunction, and TLR signaling represents a significant yet underexplored area in periodontal research. While
several previous reviews have addressed aspects of TLR function, most have focused broadly on innate immunity
or predate recent advances in TLR‑targeted therapies.

This review addresses critical gaps in the TLR‑associated research. It integrates the latest insights into the
signaling within the specific context of dysbiotic microbial communities and immune dysregulation in PD, empha‑
sizing the dual role of TLRs in both preserving oral immune homeostasis and driving chronic inflammation—a per‑
spective often underrepresented in earlier work. Additionally, this review explores the translational relevance of
selectively modulating TLR activity, highlighting emerging therapeutic strategies and identifying key directions for
future research. By bridging fundamental immunological mechanisms with clinical application, this work provides
an updated and clinically meaningful perspective on TLRs in PD, with implications for both local disease control
and broader systemic health.

2. Distribution and Expression of Toll‑like Receptors in Immune Cells
TLRs are a critical subset of PRRs that initiate innate immune responses. These transmembrane proteins are

characterized by extracellular leucine‑rich repeat (LRR) domains responsible for pathogen recognition, and intra‑
cellular Toll/interleukin‑1 receptor (TIR) domains essential for downstream signaling. Upon ligand recognition,
TLRs initiate pro‑inflammatory cytokine and IFN production through adaptor proteins, forming a primary defense
mechanism. This signaling is tightly regulated by feedback mechanisms to prevent excessive inflammation and
maintain immune homeostasis. Dysregulated TLR signaling is implicated in chronic inflammatory and autoimmune
diseases, which highlights the therapeutic promise of TLR modulation [19,20,32–36].

TLRs are unevenly distributed inside a cell and classified based on their specific position within the cell. TLRs
are synthesized in the endoplasmic reticulum, processed through the Golgi apparatus, and transported to either the
plasma membrane (TLR1, 2, 4, 5, 6, 10) or endosomal compartments (TLR3, 7, 8, 9) [37–39]. Human TLR genes
are mapped to specific chromosomal locations: TLR1 and TLR6 reside proximal to 4p14, TLR2 is situated at 4q32,
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TLR3 occupies 4q35, TLR4 is located at 9q32‑33, TLR5 is found at 1q33.3, and TLR7 and TLR8 are co‑located at
Xp22. TLR9 claims its position at 3p21.3 [19,40,41]. In contrast, mice possess TLR1–TLR13, with TLR10 being
non‑functional [40,41]. The TLR family in humans consists of 10 distinct members (TLR1‑TLR10), each possessing
remarkable capabilities to recognize unique PAMPs associated with various pathogens [19]. Mammals contain a
total of 13 TLRs, specifically TLR1‑13. However, humans only have 10 of these receptors (TLR1‑10), whereas mice
have all 13, but TLR10 is not functional [39,42].

TLRs are differentially expressed across immune and non‑immune cells, contributing to host defense. Mono‑
cytes and macrophages express most TLRs except TLR3. Myeloid dendritic cells (MDCs) express TLR1, 2, 4, 5, and
8, enabling detection of diverse pathogens. Plasmacytoid dendritic cells (PDCs), which make up a small fraction
of blood mononuclear cells, express only TLR7 and TLR9, allowing them to detect viral nucleic acids and trigger
antiviral responses via myeloid differentiation primary response 88 (MyD88), TRAF6, IRF‑7, and IRAK4 signaling
pathways [43–45]. TLR4 signaling in MDCs involves MAP3K apoptosis signal‑regulating kinase 1 for cytokine se‑
cretion. Restoring dendritic cells (DCs) function using factors like Fms‑related tyrosine kinase 3 ligand enhances
immune responses and survival in septicmodels. TLR agonists also showpromise in reversing immunosuppression
and preventing secondary infections [46,47].

Dendritic cells (DCs), renowned for their role in antigen presentation, contribute significantly to the landscape.
MDCs express a spectrumof TLRs, including TLR1, TLR2, TLR4, TLR5, andTLR8. This array equipsMDCs to detect a
wide range of pathogenic signatures, initiating immune responses. In contrast, PDCs express exclusively TLR7 and
TLR9, suggesting a dedicated role in detecting viral nucleic acids andmodulating antiviral defenses [45]. PDCs, com‑
prising a small percentage of blood mononuclear cells, release various cytokines upon pathogen exposure through
TLR7 and TLR9 activation, mediated by MyD88, TRAF6, IRF‑7, and IRAK4 [43, 44]. Different subtypes of MDCs
express various TLRs, except TLR9 [46,48].

Gamma delta (γδT) cells, key players in the innate immune system, contribute to pathogen defense, immune
regulation, and tissue homeostasis. In humans, they are classified into Vδ1 and Vδ2 subsets; Vδ1 cells residemainly
in mucosal tissues, while Vδ2 cells circulate in peripheral blood [49]. Sepsis leads to a decline in Vδ2 γδT cells,
especially CD3⁺CD56⁺ subsets, correlating with disease progression and organ injury in animal models [50]. γδT
cell activation is partlymediated byTLRs, with TLR1, TLR2, TLR4, TLR5, andTLR6 variably expressed onperipheral
γδT cells [50–55]. TLR3 expression is induced by TCR stimulation, not by TLR3 ligands, while TLR7 and TLR8
are intracellular; TLR9 remains undetectable. These findings highlight the role of γδT cells in TLR‑driven innate
immune responses.

T cells, central to adaptive immunity, play diverse roles in inflammation. In sepsis, rapid apoptosis of CD4⁺
and CD8⁺ T cells occurs within 24 hours, and blocking this apoptosis may restore protective immunity [56,57]. Reg‑
ulatory T cells (Tregs) increase during sepsis, potentially impairing tissue protection. While adoptive Treg trans‑
fer enhances TNF‑α release and survival, Treg depletion after three days improves outcomes. TLR2, TLR3, TLR4,
TLR5, and TLR9 show differential expression across CD4⁺ and CD8⁺ T cells, modulated by TCR signaling andmouse
strain [57–60].

B cells contribute to early innate responses in bacterial sepsis beyond antibody production. B–cell–deficient
mice exhibit impaired cytokine responses and highermortality [60]. Human andmurine B cells show distinct TLR2
and TLR4 responses [60–62]. TLR9 activation influences vaccine‑related antibody responses, and TRAF5 regu‑
lates B cell TLR signaling. TRAF5 deficiency enhances mitogen‑activated protein kinases (MAPK) activation and
increases IL‑6, IL‑12p40, IL‑10, TNF‑α, and IgM production [63]. IL‑10–producing regulatory B cells are reduced in
autoimmunediseases such as rheumatoid arthritis (RA), pemphigus vulgaris, multiple sclerosis (MS), inflammatory
bowel disease (IBD), type 1 diabetesmellitus (T1DM), and systemic lupus erythematosus (SLE) [63,64]. Elucidating
TLR signaling in B cells offers potential for novel therapies in inflammatory disorders.

Mast cells, key players in immune and allergic responses, express TLR2, TLR4, TLR6, and TLR8, but lack TLR5,
suggesting unique regulatory mechanisms [65, 66]. Ligands such as lipopolysaccharide (LPS), lipoteichoic acid
(LTA), and peptidoglycan (PGN) trigger mast cell secretion of TNF‑α, IL‑5, IL‑10, and IL‑13 [67]. In murine mast
cells, TLR4 signaling occurs via the MyD88 pathway, while TIR domain‑containing adaptor inducing interferon‑β
(TRIF) is inactive. Human mast cells also express TLR1, TLR3, TLR5, and TLR6–10 at the mRNA level. TLR3 stim‑
ulation by poly I:C induces IFN‑α/β release, though mouse mast cell responses to TLR3, TLR7, and TLR9 vary sig‑
nificantly [68–71]. TLR4 recognizes LPS in conjunction with co‑receptors such as CD14 and MD‑2, whereas RP105
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modulates TLR4‑mediated LPS responses [32,33].
Epithelial cells, critical at barrier sites, exhibit tissue‑specific TLR expression. Intestinal epithelial cells express

TLR5 on the basolateral surface, aiding in pathogen detection beyond the barrier, while TLR4 is upregulated in
inflammatory bowel disease. Renal epithelial cells express TLR2 and TLR4, contributing to bacterial defense and
inflammation [20,72].

Beyond immune cells, corneal epithelial cells express TLR4, aiding defense against parasitic infections, and
endothelial cells (ECs) express TLR4, detecting pathogens and triggering immune responses [20,73]. While mono‑
cytes/macrophages respond to LPS or Pam3Cys by releasing TNF‑α and IL‑1β, ECs induce IL‑6, IL‑8, CSF2/3, ICAM‑
1, and SELE via ERK1/2 and ERK5 pathways. MEK1 inhibits TLR2 signaling in ECs but promotes it in monocytes.
ECs also express TLR2 and TLR4 intracellularly and release distinct cytokines, influencing diseases such as sepsis‑
induced vascular leakage and chronic inflammation [74,75].

Microglia and astrocytes, key immune cells in the brain, express TLRs that mediate pathogen recognition and
drive neuroinflammation in neurodegenerative diseases and stroke [76]. Microglia upregulate TLR1–9 and CD14 in
response to infection. Astrocytes express TLR1, TLR2, TLR3, TLR5, TLR7, TLR8, and TLR9, though TLR4 expression
remains debated. They also contain TLR signaling adaptors such as MyD88, TIRAP, and TRIF, enabling them to
complement microglial responses in CNS inflammation, including sepsis [77–80].

Platelets, beyond hemostasis, participate in angiogenesis, antimicrobial defense, and neurodegenerati‑
on [81,82]. Platelet‑expressed TLR1, TLR2, TLR4, TLR6, and TLR9 mediate responses in sepsis, influenza, trans‑
fusion injury, and cardiovascular disease [83]. TLR activation promotes platelet inflammation and thrombin gen‑
eration, with TLR2 implicated in histone‑induced coagulation and TLR4 polymorphisms linked to reduced cardio‑
vascular risk [84]. This diversity in TLR expression across cell types reflects the immune system’s complex and
adaptable defense strategies.

3. TLR Expression in Periodontal Tissues
TLRs are differentially expressed across immune and non‑immune cells and play essential roles in maintain‑

ing immune balance. Dysregulated TLR signaling is linked to chronic inflammation and autoimmune diseases. In‑
vestigating TLR expression in periodontal tissues is important, as their activation by oral pathogens contributes
to the inflammation and tissue damage seen in periodontitis. Understanding their local expression and function
could guide targeted therapies to modulate immune responses and control disease progression. Table 1 provides
a comprehensive overview of TLR isoforms, detailing their active forms, cellular localization, expression patterns
in periodontitis, associated cell types, and immunological functions. It highlights the diverse roles of individual
TLRs in recognizing microbial components and orchestrating host immune responses within periodontal tissues.
Table 2 provides further information on the strengths, limitations, and potential of each TLR dimer.

Focusing onTLR expression in periodontal tissues is essential for understanding the early pathogenesis of peri‑
odontitis. Gingival epithelial cells and fibroblasts, as key resident cells, form the first line of defense by recognizing
microbial patterns through TLRs and initiating local inflammatory responses. Upon activation, these TLRs trig‑
ger signaling pathways that lead to the release of pro‑inflammatory cytokines, antimicrobial peptides, and matrix
metalloproteinases, contributing to epithelial barrier disruption, connective tissue breakdown, and altered bone
remodeling via the RANKL/OPG axis—mechanisms critical in the early and progressive stages of disease [85,86].
Unlike studies centered on immune cells such as macrophages and neutrophils, which are recruited later, tissue‑
level analysis captures the early molecular events that shape the local disease environment. Moreover, evidence
from longitudinal studies in nonhuman primates shows that TLR expression in gingival tissues fluctuates dynam‑
ically during disease initiation and resolution, often independently of immune cell infiltration [30,85]. Therefore,
examining TLR activity in epithelial and fibroblast populations offers deeper insight into themechanisms of disease
onset and progression and may uncover novel therapeutic targets [87–89].

Beyond epithelial and immune cells, TLR expression has been identified in various oral‑derived mesenchymal
stromal cells, including human periodontal ligament stem cells (hPDLSCs) [90], dental pulp stem cells (DPSCs) [90],
human gingival mesenchymal stem cells (hGMSCs) [91], bone marrow mesenchymal stem cells (BM‑MSCs) [92],
and stem cells of the apical papilla [93]. While immune cells play a key role in pathogen recognition and clearance
through TLR‑mediated cytokine production and phagocytosis, resident stromal and epithelial cells are central to
initiating localized immune responses.
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In periodontal diseases such as gingivitis and periodontitis, microbial pathogens trigger increased TLR expres‑
sion acrossmultiple cell types, contributing to the inflammatory cascade. TLR2andTLR4areparticularly important
in recognizing bacterial components like LPS and LTA in periodontal biofilms [94,95].

This activation initiates intracellular signaling cascades, including NF‑κB and interferon regulatory factors
(IRF) pathways, resulting in the production of pro‑inflammatory mediators, recruitment of neutrophils, and tissue
destruction. Elevated TLR2 and TLR4 mRNA levels have been observed in patients with chronic periodontitis [96],
with P. gingivalis shown to activate these pathways and enhance monocyte‑derived chemokine production [97,98].

TLR9, a DNA‑sensing receptor, also plays a role in periodontal inflammation by detecting unmethylated CpG
motifs in bacterial DNA. Its activation promotes osteoclastogenesis and bone resorption, key features of advanced
periodontitis [99, 100]. Increased TLR9 expression in inflamed gingival tissues has been linked to age‑related
inflammatory conditions, including cerebral amyloid deposition and skeletal muscle fibrosis [101–103]. Despite
these associations, the exact mechanisms by which TLR9 interacts with microbial or damage‑associated signals in
aging oral tissues remain unclear.

Additionally, some pathogens can subvert TLR signaling to evade immune detection, while host factors such
as genetic background and systemic health influence TLR function. Dysregulation of TLR pathways may create a
vicious cycle of unresolved inflammation, excessive tissue destruction, and progressive alveolar bone loss, under‑
scoring the importance of balanced TLR signaling in maintaining periodontal health. These findings open exciting
possibilities for new therapeutic approaches in managing periodontitis, particularly by targeting specific TLR2,
TLR4, and TLR9. By understanding how these receptors drive inflammation and tissue breakdown, researchers
can begin to design treatments that not only stop disease progression but also promote healing.

Table 1. TLR characteristics and immunological functions in periodontal inflammation.

No TLR TLR Active
Form Location

Location of
Expression in
Periodontitis

Cell Types Function Refs

1 TLR1
(CD281) TLR1‑TLR2

Type 1
transmembrane
receptor

Epithelial cells
Gingival fibroblasts

These include white blood cells, natural killer
cells, resting B cells, γδT cells in the peripheral
blood of humans, platelets, CD4+ T cells,
microglia, astrocytes, and immature dendritic
cells.

Recognizes and contributes to Gram‑positive
bacterial lipoproteins. TLR1 triggers intracellular
signaling cascades, resulting in an inflammatory
response and the activation of immunological
responses.

El‑Zayat et al. [33],
Beklen et al, [104],
Janssens & Beyaert
[105], Han et al. [106],
Vijay [107]

2 TLR2
(CD282)

TLR1‑TLR2
TLR2‑TLR2
TLR2‑TLR6
TLR2‑TLR10

Type 1
transmembrane
receptor

Monocytes,
Macrophages

Airway epithelium, lung alveoli, renal tubules,
and the Bowman's capsules inside renal corpus‑
cles.
Peripheral blood leukocytes, microglia, Schwann
cells, monocytes, macrophages, dendritic cells, B
cells, and T cells.
Mononuclear cells, keratinocytes, sebaceous
glands, and intestinal epithelial cells.

Detects Gram‑positive and Gram‑negative bacteria,
fungi, viruses, and certain endogenous chemicals.
Typically, this leads to the absorption of attached
molecules by endosomes/phagosomes and the
activation of cells.

Beklen et al. [104],
Janssens & Beyaert
[105], Vijay [107],
Cario [108], Sepehri
[109]

3 TLR3
(CD283) TLR3‑TLR3

Endoplasmic
reticulum, lysosomal
membrane

Epithelial cells
Dendritic cells

Macrophages, placenta, pancreas, and iDC
(CD11c+iDC).

Recognizes double‑stranded RNA, which is com‑
monly generated during viral infections, and initi‑
ates an immune response to combat the virus.
TLR3 triggers the activation of IRF3, leading to an
increase in the production of type I interferons.
These interferons then communicate with other
cells, prompting them to enhance their antiviral
defenses.

Beklen et al. [104],
Vijay [107], Han et al.
[110], Alexopoulou et
al. [111]

4 TLR4
(CD284)

TLR4/MD2–
TLR4/MD2
TLR4‑TLR6

Cell membrane,
endoplasmic
reticulum, lysosomal
membrane

Monocytes,
Macrophages,
Dendritic cells

Myeloid‑derived immune cells, such as mono‑
cytes, macrophages, and dendritic cells.
Epithelium, endothelium, placental cells, and
beta cells in Langerhans islets.

The immune system launches an attack against
Gram‑negative bacteriawhen it detects LPS on their
cell walls.
In order to help eliminate the invading bacteria,
TLR4 reacts to LPS in tissues and the circulation
during infection, setting off pro‑inflammatory
responses.

Beklen et al. [104],
Vijay [107], Vaure et al.
[112]

5 TLR5
(CD285) TLR5‑TLR5 Cell membrane Epithelial cells,

Gingival fibroblasts
Monocytes, PreDC, and iDC (CD11c+iDC),
gingival epithelial cells.

Through direct interaction, Caveolin‑1 has the abil‑
ity to stabilize TLR5, increasing the level of TLR5.
Detects bacterial flagellin, a protein present in
bacterial flagella, and aids in the immune response
against moving germs.

Beklen et al. [104],
Miao et al. [113], Lim
et al. [114]

6 TLR6
(CD286)

TLR2‑TLR6
TLR4‑TLR6 Cell membrane Epithelial cells,

Gingival fibroblasts
B lymphocytes, dendritic cells, microglia,
macrophages, neutrophils, NK cells, and
monocytes. Appendix, spleen, and lymph node.

TLR2 forms heterodimers with it and detects
diacylated lipopeptides from Gram‑positive
bacteria.

Beklen et al. [104],
Noreen & Arshad
[115], Yeh et al. [116],
Kang et al. [117]

7 TLR7
(CD287) TLR7‑TLR7

Cell membrane,
endoplasmic
reticulum, lysosomal
membrane

Epithelial cells,
Plasmacytoid.
dendritic cells

Macrophages, NK cells, resting B cells, germinal
center B cells, and plasmacytoid DC.
In lung, placenta, and spleen.

Detect single‑stranded RNA, often from viruses.

Beklen et al. [104],
Janssens & Beyaert
[105], Jackson & Rovin
[118], Brown et al.
[119]

8 TLR8
(CD288) TLR8‑TLR8

Endoplasmic
reticulum, lysosomal
membrane

Monocytes,
Macrophages,
Dendritic cells

Lung and peripheral blood leukocytes,
neutrophils, Monocytes, resting B cells,
germinal center B cells, preDC (Monocytes), iDC
(CD11c+iDC).

In mice, it is not functioning.
Identify single‑stranded RNA, which is often
produced by viruses.

Beklen et al. [104],
Janssens & Beyaert
[105], Heil et al. [120],
Huang et al. [121]
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Table 1. Cont.

No TLR TLR Active
Form Location

Location of
Expression in
Periodontitis

Cell Types Function Refs

9 TLR9
(CD289) TLR9‑TLR9

Endoplasmic
reticulum, lysosomal
membrane

Plasmacytoid,
dendritic cells

Dendritic cells, macrophages, natural killer cells
and other antigen‑presenting cells.

The immunological response is triggered by
unmethylated CpG DNA patterns that are present
in bacterial and viral DNA.

Beklen et al. [104],
Janssens & Beyaert
[105], Leite et al.
[122], Lund et al.
[123]

10 TLR10
(CD290)

TLR1‑TLR10
TLR2‑TLR10
TLR10‑TLR10

Cell membrane,
endoplasmic
reticulum, lysosomal
membrane

Monocytes,
Macrophages,
Dendritic cells

Resting B cells, Germinal c B cells, iDC
(CD11c+iDC), spleen, lymph nodes and tonsils.

Exhibiting an anti‑inflammatory role as opposed to
a pro‑inflammatory one.

Beklen et al. [104],
Janssens & Beyaert
[105], Leite et al.
[122], Hess et al. [124]

Table 2. Preclinical and clinical studies for TLR dimers.

TLR TLR Active
Form Preclinical Evidence Clinical Evidence Strengths Limitations Translational Potential Refs

TLR1 TLR1‑TLR2

Recognizes triacylated
lipopeptides, activating
MyD88–NF‑κB/MAPK
pathways in macrophages,
dendritic cells, and epithelium.
Mouse models show roles in
bacterial clearance and
inflammation; blockade
reduces inflammatory damage
in some infections and
periodontitis models.

Elevated expression in
inflamed tissues and blood
leukocytes. SNPs linked to
infection risk and cytokine
response variability, including
in periodontitis. No
large‑scale trials directly
targeting TLR1/2; most
translation via TLR2‑focused
adjuvants or antagonists.

Clear ligand specificity,
well‑mapped signaling,
and structural data
support drug design,
relevant at multiple
mucosal sites.

Functional overlap with
TLR2/TLR6, species
differences in responses

Biomarker for
inflammatory status;
agonists for vaccines or
antagonists for chronic
inflammation; structural
insights enable rational
therapeutic design, but
safety concerns remain.

Kang et al. [117], Shukla et
al. [125], Sahasrabudhe et
al. [126], Raieli et al. [127],
Zhu et al. [128], Plantinga
et al. [129], Monlish et al.
[130], Su et al. [131],
Takeuchi et al. [132]

TLR2 TLR2‑TLR2

Homodimerization is reported
in vitro, but functional
signaling as a pure TLR2
homodimer is
weak/controversial; most
activity requires a TLR1/6
partner or co‑receptor.

Sparse direct clinical evidence
for TLR2 homodimer function;
TLR2 expression is
upregulated in many
inflammatory conditions.

Studies collectively reveal
TLR2's varied and
significant roles in
mediating immune
responses across many
diseases. These findings
provide a strong
foundation for
understanding TLR2's
functions in health and
disease.

Many studies are limited
by their focus on specific
pathways, disease models,
or populations. In vivo
studies frequently employ
animal models that might
not fully represent human
immunological responses
or disease states.

It requires more
mechanistic validation.

Yang et al. [133], Frank et
al. [134], Weinkove et al.
[135], Kwok et al. [136],
Soberman et al. [137]

TLR3 TLR3‑TLR3

Detects viral dsRNA and poly
I:C via TRIF, inducing type I
IFNs and cytokines. Knockouts
show reduced antiviral
defense. Poly I:C boosts NK
and CD8+ T cells in cancer
models but can worsen CNS
inflammation.

Expressed in epithelial cells,
DCs, fibroblasts, and neurons.
Loss‑of‑function variants
linked to herpes encephalitis
and upregulated in viral
infections, autoimmune
diseases and cancers. Poly I:C
trials show immune activation
but also toxicity.

Diverse roles in antiviral
defense, autoimmune
regulation, and cancer
immunity, with strong
links to key signaling
pathways for therapy
development.

Most research uses
pathogen‑specific or
preclinical models that
may not reflect human
disease, and TLR3
signaling remains complex
and incompletely
understood.

TLR3 shows promise for
vaccines, infection control,
and cancer therapy, but
further research is needed.

Alexopoulou et al. [111],
Tsai et al. [138], Lim et al.
[139], Chen et al. [140]

TLR4

TLR4/MD2–
TLR4/MD2

Recognizes LPS from
Gram‑negative bacteria via
MD‑2 and CD14, activating
MyD88/TRIF pathways.
Knockouts show resistance to
LPS shock but higher infection
susceptibility. Antagonists
reduce inflammation in sepsis
models.

Widely expressed on immune
and endothelial cells. High
levels in sepsis,
atherosclerosis, periodontitis,
and metabolic disease. Genetic
variants linked to infection
and CVD risk. Eritoran is safe
in trials, but no mortality
benefit in sepsis.

Well‑characterized
structure and ligand
binding; strong in vivo
proof; broad disease
relevance, including
infections, inflammation,
neurocognitive disorders,
and cardiovascular
diseases.

Strong inflammatory
potential; systemic
antagonism may impair
bacterial defense; many
studies are limited by
their focus on specific
pathogens, conditions, or
cell types.

Targeting the TLR4/MD2
complex holds strong
potential for therapies in
inflammation, cancer, and
neuroprotection, but
further research is needed
to clarify mechanisms and
expand clinical use.

Park & Lee [141], Opal et
al. [142], den Dekker et al.
[143], Oliveira et al. [144],
O’Neil et al. [145], Xu et al.
[146], Zuo et al. [147]

TLR4‑TLR6

Limited in vitro evidence
suggests possible TLR4–TLR6
cooperation in recognizing
atypical bacterial ligands; no
robust animal model
confirmation.

No direct human clinical
studies; expression
co‑detection in some
inflammatory tissues, but
functional relevance unclear.

Potential to broaden TLR4
ligand recognition
spectrum; theoretical
synergy could enhance
pathogen sensing and
immune activation.

Unknown signaling
dominance

Lack of functional
confirmation.

Stewart et al. [148],
Shmuel‑Galia et al. [149]

TLR5 TLR5‑TLR5

TLR5 homodimers specifically
detect bacterial flagellin,
leading to the activation of
NF‑κB and the subsequent
production of
pro‑inflammatory cytokines.
Studies have demonstrated
their role in enhancing
mucosal immunity in mouse
models.

Elevated expression levels of
TLR5 have been observed in
conditions such as
inflammatory bowel disease,
chronic obstructive
pulmonary disease, and
certain cancers. Additionally,
flagellin‑based vaccines are
being trialed for their
potential in infection
prevention.

TLR5 exhibits highly
specific ligand recognition
for flagellin, plays a
significant role in mucosal
immunity, and has
promising applications as
a vaccine adjuvant.

Overactivation of TLR5
has been associated with
chronic inflammatory
responses. Additionally,
there is limited data on the
long‑term modulation of
TLR5 activity in humans,
and notable species
differences exist in TLR5
responses.

TLR5 shows promising
potential for use as a
vaccine adjuvant and in
enhancing mucosal
immunity. It may also
serve as a therapeutic
target in the treatment of
chronic infections and
cancer immunotherapy.

Zhou et al. [150], Zhao et
al. [151], Treanor et al.
[152], Gewirtz et al. [153],
Afzal et al. [154]

TLR6 TLR2‑TLR6

Recognizes diacylated
lipopeptides. Mouse and cell
models show TLR2–TLR6
drives cytokine production
and contributes to bacterial
clearance and inflammatory
pathology.

Elevated in inflamed tissues;
some SNPs are linked to
infection risk, but limited
intervention data.

Distinct ligand specificity;
clear MyD88 signaling
pathway.

Functional overlap with
other TLR2 heterodimers

Suitable for selective
antagonists or modulators
in diseases driven by
diacyl lipopeptides, but
requires careful patient
stratification and
human‑centric validation.

Kang et al. [117], Takeuchi
et al. [155], Love et al.
[156]

TLR7 TLR7‑TLR7
TLR7‑TLR8

An intracellular protein that
detects viral RNA and
synthetic drugs, triggering a
signaling pathway that
produces type I interferons to
fight viruses and enhance
anti‑cancer immunity.

Imiquimod approved for
warts/BCC; TLR7/7–8
agonists in cancer trials show
immune activation but
dose‑limiting toxicity.

Clear ligand biology and
conserved signaling;
proven ability to elicit
strong type I IFN
responses useful for
antiviral and antitumor
immunity; existing
approved topical agent
(imiquimod)
demonstrates clinical
feasibility.

Risk of inflammation;
murine–human
differences; possible
off‑target effects.

High for topical/local use
and vaccine adjuvants;
moderate for systemic use
due to safety concerns.

Heil et al. [120], Diebold et
al. [157], Adams et al.
[158], Frega et al. [159]
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Table 2. Cont.

TLR TLR Active
Form Preclinical Evidence Clinical Evidence Strengths Limitations Translational Potential Refs

TLR8 TLR8‑TLR8
TLR7‑TLR8

TLR8 recognizes ssRNA and
various synthetic agonists,
leading to the activation of the
MyD88 pathway, which in turn
activates NF‑κB and IRF7.
Murine models exhibit less
active TLR8.

Clinical trials have
investigated TLR8 agonists,
such as motolimod, in the
context of cancer and viral
infections. While these trials
demonstrated immune
activation, the overall efficacy
was limited, and some patients
experienced systemic toxicity.

TLR8 serves as a potent
inducer of Th1‑type
immune responses and
exhibits synergistic effects
when combined with other
TLRs. This characteristic
makes TLR8 a promising
candidate for inclusion in
vaccine formulations and
cancer immunotherapy
strategies.

The narrow therapeutic
window for TLR8
activation poses a toxicity
risk. Furthermore,
significant species
differences in TLR8
activity challenge the
reliability of preclinical
models, as systemic
activation can lead to
excessive inflammatory
reactions.

High for vaccine adjuvants
and targeted cancer
immunotherapy; systemic
applications constrained
by safety profile.

Paul et al. [160], Bender et
al. [161], Finberg et al.
[162], Kawai & Akira
[163], Wang et al. [164],
Urban‑Wojciuk et al. [165],
McGowan et al. [166]

TLR9 TLR9‑TLR9

Detects unmethylated CpG
DNA, activating
MyD88–NF‑κB/IRF7 to induce
IFN‑α and cytokines, driving
anti‑pathogen, antitumor, and
autoimmune responses.

CpG oligodeoxynucleotides
evaluated as vaccine adjuvants,
cancer immunotherapy agents,
and antiviral treatments;
effective immune activation in
trials, but mixed efficacy and
some adverse inflammatory
reactions.

A promising target for
therapeutic interventions
in diverse fields, from
oncology to infectious
diseases.

Context‑specific findings
and reliance on animal
models may limit human
applicability.

Strong potential for
vaccines,
immunotherapies, and
chronic inflammation
treatments; broader
clinical validation needed.

Jin et al. [167], Kumagai et
al. [168], Babenko et al.
[169], Jeon et al. [170],
Wagner et al. [171]

TLR10

TLR1‑TLR10

Very limited in vitro evidence;
hypothesized to form
non‑canonical complexes that
may modulate TLR1/2
signaling―no robust animal
data due to TLR10 being
nonfunctional in mice.

No direct clinical functional
studies; some genetic
association data hint at TLR10
loci affecting inflammatory
disease risk.

It could fine‑tune
TLR1‑driven responses;
human‑specific biology
may reveal novel
regulatory mechanisms.

Practically untested in
vivo.

Requires human
cell‑based and ex vivo
validation before
therapeutic work.

Guan et al. [172], Su et al.
[173]

TLR2‑TLR10

In vitro data show TLR10 can
heterodimerize with TLR2 and
suppress TLR2‑driven
cytokine responses; limited
human primary‑cell studies
suggest inhibitory signaling.
No reliable murine models.

TLR10 is expressed in B cells
and pDCs; SNPs in the TLR10
locus are associated with an
altered risk of Crohn’s disease,
RA, and other inflammatory
conditions in some
cohorts―no therapeutic trials.

It could be an endogenous
brake on TLR2‑mediated
inflammation.

Mechanism incompletely
defined.

Promising for
human‑targeted
anti‑inflammatory
biologics if the mechanism
and safety are confirmed
in ex vivo/humanized
models.

Oosting et al. [174], Hasan
et al. [175], Fore et al.
[176]

TLR10‑
TLR10

In vitro antibody engagement
or overexpression shows
TLR10 homodimers suppress
NF‑κB/MAPK/Akt signaling in
human monocytes, B cells, and
pDCs; humanized mice
confirm anti‑inflammatory
role.

Expression in human immune
cells has been documented;
associations of TLR10 variants
with clinical phenotypes have
been reported but are
inconsistent.

Potent human‑specific
anti‑inflammatory
regulator; antibody
targeting modulates key
pathways while
preserving antimicrobial
function.

Lack of in vivo validation
and limited reproducible
functional assays.

Requires robust
mechanistic and safety
data from human‑cell
systems or humanized
models before drug
development.

Oosting et al. [174], Hess
et al. [177], Deb et al.
[178], Sindhu et al. [179]

4. TLR as Key Mediators of Local and Systemic Inflammation in Periodontitis
TLRs play a central role in the immune response to periodontitis, which is driven by microbial dysbiosis in

the periodontal biofilm, which activates host cells and initiates inflammation that can lead to tissue destruction
and tooth loss [30,180]. Upon activation, TLRs initiate intracellular signaling pathways—most notably NF‑κB and
MAPK—leading to the release of pro‑inflammatory cytokines and chemokines [181]. While this response is critical
for controlling infection, it can also contribute to tissue damage. Immune cells like neutrophils and macrophages
release reactive oxygen species and proteolytic enzymes, which exacerbate connective tissue breakdown [4, 13].
Importantly, TLR‑mediated inflammation is not limited to the oral cavity. Inflammatory mediators such as IL‑6 and
TNF‑α can enter systemic circulation, contributing to chronic conditions including cardiovascular disease, diabetes,
and adverse pregnancy outcomes [4,180,182,183]. This highlights the broader health implications of periodonti‑
tis and the role of TLRs in linking oral and systemic inflammation. Modulating their activity could provide novel
approaches for both local disease management and reducing systemic inflammatory burden.

Twomajor pathways are activated: TheMyD88‑dependent and TRIF‑dependent pathways. TheMyD88‑depen‑
dent pathway, triggered by TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, will recruit adaptor proteins such as IRAK
and TRAF6. This activation leads to the stimulation of key transcription factors, particularly NF‑κB and MAPK,
promoting the transcription of pro‑inflammatory cytokines, including IL‑1β, IL‑6, and TNF‑α [20,184].

TLR engagement also promotes the generation of reactive oxygen species and nitric oxide, contributing to ox‑
idative stress and subsequent tissue damage in the periodontium [20,185]. Beyond innate immunity, TLR signaling
influences adaptive responses by enhancing antigen presentation and promoting T and B cell activation [186,187].
However, this response must be finely regulated. Host factors such as genetic polymorphisms, age, and systemic
health can significantly alter TLR expression and responsiveness, predisposing individuals to exaggerated immune
activation and chronic inflammation [188,189].

Importantly, TLRs function as immune sentinels but also exhibit a dual role in disease progression. Dysregu‑
lated or prolonged TLR signaling can perpetuate a vicious cycle of inflammation and tissue destruction, not only in
periodontitis but across various autoimmune and chronic inflammatory diseases [190]. Understanding this duality
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is crucial for developing precision therapies that modulate TLR signaling to restore immune homeostasis [191].
Upon ligandbinding, TLRs activate transcription factors such as IRFs andNF‑κB,whichpromote theproduction

of immune effectors like type I interferons and pro‑inflammatory cytokines [34,35]. These responses are coordi‑
nated through key adaptor proteins within the TLR signaling network, as depicted in Figures 1 and 2. The core
components of this signaling network consist of adaptor molecules, including MyD88 and TRIF. MyD88 transduces
signals from TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, while TRIF coordinates signals from TLR3, TLR7, TLR8,
and TLR9 [192, 193]. Supplementary pathways such as MAPK and PI3K refine the signaling response, enabling
fine‑tuned control of chemokines, cytokines, and other immune effectors [194].

Figure 1. The Toll‑like receptor (TLR) signaling pathway.
Notes: The Toll‑like receptor (TLR) signaling pathway in innate immune cells involves receptors located at the cell surface orwithin endosomes, depending on ligand
preferences. TLR5, TLR4, and heterodimers like TLR2–TLR1 or TLR2–TLR6 recognize pathogenic components at the cell surface. TLR4 relocates to endosomes upon
activation. Ligand binding triggers receptor dimerization and TIR domain interaction with adaptor proteins like TIRAP, MyD88, TRAM, and TRIF. TLR4 signaling
shifts from MyD88 to TRIF post‑endosomal translocation. MyD88 engages downstream signaling, forming the Myddosome with IRAK4 and IRAK1/2, activating
TAK1, IKK, and NF‑κB. TAK1 activates MAPKs (JNK, p38, ERK1/2), enhancing pro‑inflammatory gene expression with NF‑κB, CREB, and AP‑1. TRIF recruits TRAF6,
TRAF3, RIP1, TAK1, IKK, andMAPKs, leading to NF‑κB activation. TRAF3 activates TBK1/IKKϵ, phosphorylating IRF3 for Type I IFN induction. TLRs thus orchestrate
immune responses through diverse signaling cascades upon pathogen recognition [20,33].

TLR4 triggers both the MyD88‑dependent and TRIF‑dependent pathways, which are controlled by different
molecules to initiate the necessary reactions. Maintaining a delicate balance between the production of inflam‑
matory cytokines and type I IFN is essential in managing the growth of tumor cells and preventing autoimmune
disorders. TRAF3 plays a crucial role in the signaling pathways of TLR4, being a key component of both the MyD88
and TRIF complexes. Within the MyD88 complex, the activation of TAK1 is triggered by the degradation of TRAF3.
TRAF3 has a dual function, boosting the activation of the TRIF‑dependent pathway while suppressing the MyD88‑
dependent pathway. In order to decrease inflammatory cytokine production and increase type I IFN production,
the E3 ubiquitin ligase NRDP‑1 binds with MyD88 and TBK1, ubiquitinates them, and promotes the breakdown of
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MyD88. This, in turn, enhances the activation of TBK1 [19,195].
Upon activation by ligands, MyD88 facilitates the recruitment of IRAK‑4 to TLRs via the interaction of their

death domains. Phosphorylation of IRAK‑1 and its interaction with TRAF6 leads to the activation of the IKK com‑
plex, which in turn activates MAPKs (JNK, p38 MAPK) and NF‑κB [196]. Tollip and IRAK‑M form interactions with
IRAK‑1, resulting in the inhibition of TLR‑mediated signaling pathways [197]. ST2L, TRIAD3A, and SOCS1 block
TIRAP‑mediated downstream signaling, while RIP1 triggers TRAF6 signaling in a TRIF‑dependent way. To gov‑
ern TLR‑mediated signaling pathways, adaptors with TIR domains like TIRAP, TRIF, and TRAM provide specificity
for different TLR signaling cascades. MyD88‑independent pathways are activated by TRIF and TRAF3, which bind
IKKε/TBK1, phosphorylate IRF3, and express interferon‑γ. By regulating TRAF3 degradation, TRAF3 promotes
MyD88‑dependent signaling and suppresses TRIF‑dependent signaling, two types of signaling that are reliant on
each other [198,199].

Together, these tightly orchestrated signaling events highlight howTLRs shape immune responses in periodon‑
titis. A nuanced understanding of this network opens the door to targeted interventions aimed at correcting im‑
mune dysregulation and mitigating periodontal tissue destruction.

Figure 2. Endosomal TLR signaling pathways leading to inflammatory and antiviral responses.
Note: When endosomal TLRs are activated, MyD88 binds to their cytoplasmic domains, initiating signaling that leads to nuclear translocation of pro‑inflammatory
transcription factors. Upon TLR activation, IRAK proteins and TRAF6 are recruited, with IRAK‑1 interacting with MyD88. TRAF6 activation can engage RIP1, acti‑
vating TAK1 and IKK, subsequently leading to NF‑κB and MAPK activation. TRIF facilitates TRAF3‑mediated stimulation of TBK1 and IKKϵ, activating IRF3. TLR7,
TLR8, and TLR9 in pDCs activate IRF7 via Myddosome, triggered by IRAK1 and IKKϵ, resulting in Type I IFN production [20,33].

4.1. Impact of Toll‑like Receptor Signaling on Systemic Health
The impact of TLR signaling on systemic health is profound and multifaceted, affecting various physiologi‑

cal systems, including the immune, cardiovascular, respiratory, gastrointestinal, nervous, and reproductive sys‑
tems. TLRs represent a class of proteins crucial to the innate immune system, recognizing structurally conserved
molecules derived frommicrobes and initiating immune responses. Their broad influence underscores their signif‑
icance in coordinating immune defense and influencing overall physiological homeostasis [200,201]. This explo‑
ration of TLR signaling and its influence on systemic health highlights its effects on reproductive health, as well as
other critical bodily functions.

Cardiovascularhealth is particularly sensitive toTLR4signaling. Activation in endothelial cells andmacrophages
promotes atherosclerosis by inducing inflammation and lipid accumulation. In contrast, TLR3has shownprotective
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effects in myocardial injury models, illustrating the context‑dependent roles of different TLRs [202–205].
In the respiratory system, TLRs defend against airborne pathogens, but excessive activation can lead to chronic

conditions like asthma and chronic obstructive pulmonary disease [206]. TLR4, for instance, mediates responses
to air pollution and allergens, contributing to airway inflammation and hyper‑responsiveness [207].

Gastrointestinal (GI) homeostasis relies on balanced TLR signaling to maintain tolerance toward commensal
microbes while defending against pathogens. Dysregulation here is linked to inflammatory bowel diseases like
Crohn's disease and ulcerative colitis [208,209]. In the nervous system, TLR signaling is involved in neuroinflam‑
mation and neurodegeneration. TLRs on microglia detect damage and infection, leading to the production of neu‑
roprotective factor [76, 210]. However, chronic activation contributes to neurological diseases like Alzheimer's
disease, Parkinson's disease, and multiple sclerosis by perpetuating inflammatory responses and neuronal dam‑
age [211,212].

Reproductive health is also influenced by TLR signaling. In females, TLRs protect against sexually transmitted
infections, but aberrant activation can lead to pelvic inflammatory disease, preterm labor, and preeclampsia [213].
In males, TLRs are involved in sperm maturation, influencing sperm quality [214], with dysregulation associated
with conditions like prostatitis and reduced fertility [215].

Altogether, the role of TLRs in periodontitis extends far beyond oral immunity. Their ability to initiate and
sustain both local and systemic inflammation positions them at the intersection of oral and systemic health. As
such, modulating TLR activity holds promise not only for treating periodontitis but also for mitigating its broader
health consequences. Continued exploration of TLR signaling pathways offers a gateway to more precise, targeted,
and holistic therapeutic strategies.

The role of TLRs is multifaceted across different phases of disease, as depicted in Table 3. For example, in
arthritis, TLR3 is associated with early inflammatory responses, while TLR7 contributes to chronic progression
by sustaining inflammation [216–218]. Similarly, in Parkinson’s disease, TLR3 and TLR2 are implicated in disease
onset and progression, respectively, underscoring their potential as phase‑specific therapeutic targets [219,220].

The diverse functions of TLRs across pathological contexts highlight their therapeutic relevance. In periodon‑
titis, for instance, inhibiting TLR2 and TLR4 signaling can reduce inflammation while preserving essential antimi‑
crobial defenses [221]. In autoimmune conditions such as systemic lupus erythematosus (SLE), TLR7 and TLR9
play central roles in modulating disease activity and therefore present promising targets for therapeutic interven‑
tion [222,223].

Overall, these findings underscore the distinct and disease‑specific roles of TLRs, reinforcing the importance
of developing targeted strategies that modulate TLR activity to alleviate inflammation and facilitate resolution in
conditions such as inflammatory arthritis, neurodegenerative diseases, and autoimmune disorders.

Table 3. TLR involvement in disease onset, progression and resolution.

No Disease TLR Phase Role Refs

1 Alzheimer’s Disease

TLR2,
TLR4 Onset TLR4 activation has been linked to neuroinflammation

and amyloid pathology in Alzheimer’s.
Hajishengallis & Lambris [224],
Walter et al. [225]

TLR2,
TLR4,
TLR9

Progression TLR2 mediates inflammatory responses in microglia
associated with neuronal damage.

Hajishengallis & Lambris [224],
Scholtzova et al. [226],
Calvo‑Rodrı́guez et al. [227]

TLR2,
TLR4,
TLR9

Resolution Targeting TLRs may alleviate neuroinflammation and
improve cognitive functions.

Hajishengallis & Lambris [224], Wang
et al. [228]

2 Arthritis

TLR3 Onset
TLR3 expression increases during the early onset phase
of arthritis, indicating a stress‑induced inflammatory
response linked to synovial fibroblast activation.

Zhu et al. [216], Meng et al. [218]

TLR2,
TLR4,
TLR7

Progression

Both TLR2 and TLR4 are critically involved in triggering
and sustaining inflammatory responses in arthritis. TLR7
has been implicated in the maintenance of the disease,
suggesting that enhanced TLR7 signaling contributes to
chronic inflammatory states.

Alzabin et al. [217]

TLR2,
TLR4 Resolution

Therapeutic interventions targeting TLR2 and TLR4
pathways may promote the resolution of inflammation in
arthritic patients by modulating the immune response.

Kay et al. [229]
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No Disease TLR Phase Role Refs

3 Autoimmunity

TLR7,
TLR9 Onset TLR7 senses RNA and TLR9 senses unmethylated CpG

DNA, both critical for initiating autoimmune responses.
Heinz et al. [230],
Odhams et al. [231]

TLR2,
TLR4 Progression Chronic activation of these receptors fosters the

perpetuation of autoimmune insults. Caielli et al. [232], Ban et al. [233]

TLR2 Resolution Modulating TLR activity or signaling pathways could lead
to decreased autoimmune manifestations.

Caielli et al. [232], McGarry et al.
[234]

4 Atherosclerosis

TLR2,
TLR4 Onset TLR2 and TLR4 contribute to the inflammatory

processes in atherogenesis by recognizing oxidized LDL.
Kalliolias et al. [235], Chávez‑Sánchez
et al. [236]

TLR2,
TLR4,
TLR7

Progression
Chronic activation drives plaque growth and instability
via sustained NF‑κB activation, cytokine production, and
recruitment of inflammatory cells. Promotes necrotic
core formation and matrix degradation.

Kalliolias et al. [235], Schoneveld et al.
[237], Shafeghat et al. [238]

TLR2,
TLR3,
TLR4,
TLR9

Resolution Strategies that inhibit TLR signaling may reduce
inflammation and promote plaque stabilization.

Kalliolias et al. [235], Cole et al. [239],
Koulis et al. [240]

5 Chronic Periodontitis

TLR2,
TLR4 Onset In chronic periodontitis, TLR2 and TLR4 recognize oral

pathogens and initiate inflammatory responses.
Rajendran et al. [241], Liao et al.
[242]

TLR2,
TLR4,
TLR9

Progression
TLR9 is involved in the progression of periodontal
disease through its role in regulating immune cell
activation.

Albuquerque‑Souza et al. [99], Yılmaz
et al. [243]

TLR2,
TLR3,
TLR4,
TLR9

Resolution Inhibiting TLR‑mediated effects may enhance healing
and reduce tissue destruction. Liao et al. [242], Zeng et al. [244]

6 Crohn’s Disease

TLR4 Onset TLR4 activation in the gut microbiota is implicated in the
pathogenesis of Crohn’s Disease.

Hajishengallis & Lambris [224],
Kalliolias et al. [235]

TLR9 Progression
TLR9 mediates immune activation in response to
bacterial DNA, further contributing to localized
inflammation.

Hajishengallis & Lambris [224]

TLR9 Resolution
TLR9 signaling supports mucosal healing and epithelial
repair. TLR9‑deficient mice exhibit impaired wound
healing and delayed recovery in DSS‑induced colitis
models.

Hajishengallis & Lambris [224], Rose
et al. [245]

7 IgA Nephropathy

TLR4 Onset
Evidence suggests TLR4 is involved in the inflammatory
response during the onset of IgA nephropathy,
influencing disease exacerbation.

Coppo et al. [246], Ciferská et al. [247]

TLR9 Progression
Specific TLR9 polymorphisms correlate with disease
progression, indicating genetic influences on the disease
course.

Ciferská et al. [247], Nakata et al.
[248]

TLR4,
TLR7 Resolution

In the resolution phase of IgA nephropathy, TLR7 plays a
critical role in modulating inflammation and promoting
recovery, while specifically blocking TLR4 signaling may
also facilitate improved renal health.

Zheng et al. [249], Zou et al. [250]

8 Inflammatory Bowel
Disease (IBD)

TLR2,
TLR4,
TLR5

Onset
Recognition of lipoproteins, LPS, and flagellin by
intestinal epithelial cells and lamina propria immune
cells triggers innate responses, loss of barrier integrity,
and recruitment of inflammatory cells that initiate colitis.

Hajishengallis & Lambris [224],
El‑Sayed et al. [251], Cario [252]

TLR4,
TLR2,
TLR5,
endosomal
TLRs
(TLR7/8/9)

Progression

Chronic/over‑activation sustains NF‑κB and type I IFN
pathways, drives proinflammatory cytokine release (TNF,
IL‑1β, IL‑6), promotes dysbiosis, epithelial damage, and
adaptive immune activation that perpetuates disease.
TLR5 (flagellin) dysregulation is linked to Crohn‑type
pathology.

Ren et al. [253], Feng et al. [254],
Guo et al. [255]

TLR2,
TLR3,
TLR9

Resolution Inhibitors targeting TLR signaling pathways may help
achieve remission.

Hajishengallis & Lambris [224],
Schmitt et al. [256]

9 Parkinson's Disease

TLR2,
TLR4 Onset

Activation by α‑synuclein and neurotoxins triggers
microglial inflammation, disrupting autophagy and
accelerating α‑syn aggregation and neuronal dysfunction.

Chung et al. [257]

TLR4,
TLR9 Progression TLR4 deficiency worsens toxin‑induced PD. TLR9

deletion protects in experimental models.
Adhikarla et al. [210], Maatouk et al.
[258]

TLR4 Resolution Inhibiting TLR4 signaling can promote recovery from
neuroinflammation in later stages of the disease. Leventhal & Schröppel [259]

23



Trends in Immunotherapy | Volume 10 | Issue 01

Table 3. Cont.

No Disease TLR Phase Role Refs

10 Periodontitis

TLR2,
TLR4 Onset

TLR2 and TLR4 are crucial in the initial immune
response to periodontal pathogens, such as P. gingivalis,
triggering inflammation.

El‑Sayed et al. [90], Kim et al. [100]

TLR9 Progression Continuous activation of TLR9 in immune cell subsets
leads to alveolar bone loss and exacerbates inflammation. Kim et al. [100]

Resolution Limited resource.

11 Rheumatoid Arthritis

TLR2,
TLR3,
TLR4

Onset
TLR4 activation is pivotal in recognizing endogenous
danger signals in the joint, leading to the onset of
rheumatoid arthritis.

Hajishengallis & Lambris [224],
Kalliolias et al. [235], Brentano et al.
[260]

TLR2,
TLR4 Progression

TLR2 plays a crucial role in sustaining synovial
inflammation, contributing to disease progression. In
animal models, TLR4 deficiency protects against severe
arthritis via reduced Th17 responses.

Kalliolias et al. [235],
Abdollahi‑Roodsaz [261]

Resolution Limited direct evidence implicating any TLR in actively
promoting the resolution of RA.

12 Sepsis

TLR2,
TLR4 Onset TLR4 is vital for recognizing LPS, initiating the sepsis

cascade through pro‑inflammatory cytokine release.
Hajishengallis & Lambris [224],
Kužnik et al. [262], Chen e. [263]

TLR3,
TLR5,
TLR7,
TLR9

Progression
During sepsis' progression, TLR signaling leads to
persistent inflammation, contributing to organ
dysfunction.

Kužnik et al. [262], Chen e. [263]

Resolution No TLR has been definitively linked to actively facilitating
recovery.

13 Systemic Lupus
Erythematosus (SLE)

TLR7 Onset TLR7 activation is critical in early disease manifestation
by mediating antinuclear antibody production.

Tilstra et al. [264], Zhang et al. [265],
Smith et al. [266]

TLR7,
TLR9 Progression

TLR7 exacerbates disease by promoting autoantibody
production. Continuous stimulation of TLR9 is linked to
the exacerbation of SLE and disease flares.

Zhu et al. [267], Gao et al. [268],
Santiago‑Raber et al. [269]

TLR7/8,
TLR9 Resolution

Targeting TLR7/8 activities may facilitate regulatory
pathways necessary for the resolution phase in SLE.
TLR9 polymorphisms correlate with lupus susceptibility
in humans, with ethnic variations noted.

Wang et al. [270],
Lee & Song [271]

14 Viral Infections

TLR3,
TLR7/8,
TLR9

Onset pDC antiviral IFN via TLR7/9; influenza sensed via TLR7;
DNA viruses via TLR9.

Heinz et al. [230], Yun et al. [272],
Krug et al. [273]

TLR2,
TLR4,
TLR7/9

Progression
Some viruses, engaging TLR2, induce MyD88/NF‑κB
inflammation. TLR4 is engaged by RSV F protein and
airway inflammation. Exaggerated TLR7 signaling can
drive immunopathology in susceptible settings.

Ma & He [274], Rallabhandi et al.
[275], Saidoune et al. [276]

TLR7,
TLR9 Resolution Therapeutically tuning TLR7/9 can modulate IFN and

inflammation. Kužnik et al. [262], Kader et al. [277]

15 Viral Myocarditis

TLR3 Onset
TLR3 recognizes viral double‑stranded RNA, triggering
innate immune responses crucial for controlling viral
replication. TLR3 deficiency increases viral load and
early damage.

Hajishengallis & Lambris [224],
Abston et al. [278]

TLR4 Progression
Upregulated TLR4 in the heart promotes NF‑κB‑driven
cytokines and worsens myocardial inflammation and
injury. Silencing or antagonizing TLR4 reduces disease
severity in Coxsackievirus B3 models.

Zhao et al. [279], Zheng & Dong [280]

TLR4
(inhibition);
TLR3
(support)

Resolution Improved outcomes with TLR4 inhibition; IFN‑β
protective in CVB3 myocarditis.

Kužnik et al. [262], Zhao et al. [279],
Yajima & Knowlton [281]

5. Epigenetic Modifications and MicroRNA‑Mediated Control of TLR Pathways
Epigenetic modifications play a key role in shaping miRNA expression profiles, which can significantly influ‑

ence TLR signaling pathways. Epigenetic modifications such as DNAmethylation and histone acetylation can either
silence or activate genes, including those responsible formiRNA transcription. Hypermethylation can inhibit the ex‑
pression of particular miRNAs, limiting the host's ability to modulate inflammatory responses to TLR activation. In
conditions such as chronic inflammation or infection, altered epigenetic landscapesmay contribute to dysregulated
TLR signaling, ultimately exacerbating pathologies such as autoimmunity [282,283].

MicroRNAs (miRNAs) play a significant role in the regulation of TLR signaling pathways, modulating immune
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responses across various conditions. Their involvement can enhance our understanding of immune dysregulation
andmay provide therapeutic targets for intervention. CertainmiRNAs can directly interact with components of the
TLR signaling pathway, modulating both the expression and function of TLRs. ThemiR‑146a is awell‑characterized
negative regulator of TLR signaling; it targets key adaptor proteins such as IRAK1 and TRAF6, thereby dampening
downstream NF‑κB activation and limiting pro‑inflammatory cytokine production. This regulatory mechanism is
essential for maintaining immune homeostasis and preventing excessive or chronic immune activation, which is
particularly relevant in autoimmune conditions such as SLE and RA. In SLE, the consensus from multiple studies
is that miR‑146a expression is generally downregulated or underexpressed [284]. In contrast to SLE, studies on
RA consistently show that miR‑146a is upregulated or overexpressed in patients. This is particularly noted in the
inflamed synovial tissue, synovial fluid, and peripheral blood mononuclear cells [285]. Dysregulation or reduced
expression ofmiR‑146a has been associatedwith heightened inflammatory responses and disease severity in these
disorders [284,286–288].

External factors such as diet, pollution, and stress can lead to epigenetic modifications that subsequently alter
miRNA expression. For example, certain dietary components can induce DNA methylation changes, affecting the
expression of miRNAs involved in TLR signaling pathways. This suggests that lifestyle choices may considerably
influence an individual's immune response and susceptibility to diseases, making it essential to understand how
these factors can be managed to promote better health outcomes [289].

miRNAs play a critical role in modulating the production of pro‑inflammatory cytokines following TLR acti‑
vation. These small non‑coding RNAs act as fine‑tuners of the innate immune response by either promoting or
attenuating cytokine expression. For example, miR‑155 is rapidly induced upon TLR stimulation and enhances
the production of pro‑inflammatory cytokines such as TNF‑α, IL‑6, and IL‑1β, thereby amplifying the inflamma‑
tory response [287]. In contrast, miR‑146a serves as a negative feedback regulator, attenuating excessive inflam‑
mation by targeting key TLR signaling intermediates and subsequently reducing cytokine levels such as IL‑6 and
TNF‑α [290,291]. This balance between pro‑ and anti‑inflammatory miRNAs is essential for preventing chronic
inflammation and immune‑mediated tissue damage.

In IgA nephropathy (IgAN), a growing body of research highlights the potential of miRNAs as non‑invasive
biomarkers that reflect disease progression, severity, and even therapeutic response. Among these, miR‑148a‑3p,
miR‑425‑3p, and miR‑20a‑5p have been found at elevated levels in patients with IgAN, suggesting a close associa‑
tion with immune dysregulation and renal injury characteristic of the disease [292,293]. These circulatingmiRNAs
may serve as useful indicators of disease activity and could support more personalizedmonitoring approaches. Ad‑
ditionally,miR‑204has emerged as a promisingpredictive biomarker for IgANprogression. Lower expression levels
of miR‑204 in urinary samples have been linked to a higher risk of renal function decline, underscoring its potential
role in risk stratification and early intervention strategies [294]. In chronic conditions such as IgA nephropathy, dis‑
turbances inmiRNA expression driven by epigenetic alterationsmay lead to unregulated TLR signaling, resulting in
persistent inflammation and tissue damage [295,296]. Understanding the epigenetic control of miRNAs presents
a promising avenue for developing therapeutic strategies aimed at correcting dysregulated immune responses in
diseases characterized by inappropriate TLR activation.

miRNAs regulate not only TLRs but also other PRRs, such as NLRs, thereby contributing to a broader regula‑
tory network that shapes innate immune responses. A well‑studied example is miR‑223, which directly modulates
the activation of the NLRP3 inflammasome involved in thematuration and secretion of pro‑inflammatory cytokines
such as IL‑1β and IL‑18. By targeting NLRP3 mRNA, miR‑223 acts as a negative regulator of inflammasome activa‑
tion, helping tomaintain immune homeostasis and prevent excessive inflammation [297–299]. This regulatory role
is especially relevant in renal diseases, including IgA nephropathy and diabetic nephropathy, where uncontrolled
inflammasome activation contributes to chronic kidney injury. Reduced expression ofmiR‑223 has been associated
with enhanced NLRP3 activation, increased inflammatory cytokine production, and subsequent tissue damage in
kidney tissues [300]. For example, research by Wang et al. elucidates the role of miR‑223 in reducing IL‑1β levels
by targeting NLRP3 in human dental pulp fibroblasts, indicating a similar mechanism in other cell types [301]. Fur‑
thermore, the study by Tian et al. demonstrates how silencing of miR‑223 results in enhanced expression of IL‑1β,
solidifying its role in controlling cytokine levels during inflammatory processes [302].

The interplay between epigenetic modifications, miRNA expression, and TLR signaling underscores the com‑
plexity of immune regulation in periodontitis, where environmental and lifestyle factors strongly influence disease
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outcomes. By modulating receptor families such as TLRs and NLRs, miRNAs fine‑tune innate immune responses,
enhancing specificity, maintaining balance, and promoting resolution.

6. Therapeutic Implications and Future Perspectives
6.1. Targeting Toll‑like Receptors as a Potential Therapeutic Approach

The recognition of TLRs as key modulators in the immune response to periodontopathic bacteria provides a
promising strategy for therapeutic intervention in periodontitis. TLRs, particularly TLR2 and TLR4, are pivotal in
detectingmicrobial components such as LPS and lipoproteins, which activate downstream inflammatory pathways.
Therapeuticmodulationof TLRpathways offers potential to selectively suppress pathological inflammationwithout
compromising host defense [30,303]. Strategies under investigation target specific TLRs or their adaptor proteins,
such as MyD88 and TRIF, which are summarized in Table 4.

Table 4. Potential therapeutic strategies targeting TLRs in the context of periodontitis.

Strategy Target TLR Mechanism of Action Supporting Evidence Refs

Small molecule
inhibitors TLR4 Block LPS‑TLR4 interaction

and downstream signaling
TAK‑242 reduced cytokine levels
and bone loss in murine
periodontitis models

Hua et al. [304], Liu et al.
[305]

Monoclonal antibodies TLR2, TLR4 Neutralize receptor activation
Anti‑TLR2 Ab inhibited
inflammation in P.
gingivalis‑infected mice

Hajishengallis et al. [97],
Clark et al. [306]

TRAM‑Derived Decoy
Peptides TLR4 Interfere with TLR4 adaptor

(TRAM) binding
Reduced proinflammatory
response in LPS‑stimulated
macrophages

Piao et al. [307],
Matsuguchi et al. [308]

siRNA/antisense
oligonucleotides

TLR2,
MyD88

Silence gene expression of
TLRs or downstream adaptors

TLR2 siRNA decreased IL‑1β
production in human periodontal
ligament cells

Hajishengallis et al.
[309], Makkawi et al.
[312]

Probiotic‑derived TLR
modulators TLR2, TLR4 Competitive inhibition of

pathogenic TLR ligands
Lactobacillus spp. reduced
TLR4‑mediated cytokine
production in vitro

Finamore et al. [311],
Kanmani et al. [312]

Peptide inhibitors targeting TLRs have shown significant promise in modulating immune responses, particu‑
larly in the context of inflammation and autoimmune diseases. Among the various peptides studied, specific exam‑
ples highlight their mechanisms of action, strengths, and limitations. It has been reported that the effectiveness
of peptides derived from the TRAM region, specifically TM4 and TM6, disrupts the assembly of TLR4 signaling
complexes. These peptides inhibit the TIR: TIR interactions required for adaptor recruitment, effectively blocking
MyD88‑ and TRIF‑dependent cytokine production in LPS‑stimulated macrophages. The study indicates that these
decoy peptides can reduce pro‑inflammatory cytokine levels, revealing their therapeutic potential against systemic
inflammation [307,308].

One notable peptide is the viral inhibitory peptide (VIPER), derived from the vaccinia virus protein A46. This
peptide has been demonstrated to inhibit TLR4 signaling by directly targeting the MyD88 adaptor‑like and TRIF‑
related adaptor molecule, effectively blocking the downstream signaling that leads to pro‑inflammatory cytokine
production [313]. The specificity of VIPER for TLR4 makes it a compelling candidate for therapeutic applications;
however, its efficacy in vivo and potential immunogenicity require thorough evaluation before clinical use.

Another important example is the TLR2‑interfering peptide, known as the wild‑type TIDM peptide, which se‑
lectively disrupts the interaction between TLR2 and its adaptor MyD88. This specific targeting allows it to inhibit
TLR2‑specific signaling pathways while sparing other TLR pathways, potentially reducing side effects associated
with broad‑spectrum TLR inhibition [314]. Although this peptide demonstrates significant promise in reducing
inflammation related to Alzheimer's disease, challenges remain in optimizing its delivery and stability within bio‑
logical systems.

Furthermore, the novel peptide TIP1 has garnered attention for its ability to inhibit multiple TLR signaling
pathways, both MyD88‑dependent and MyD88‑independent, showcasing its utility in addressing broader inflam‑
matory conditions caused by excessive TLR activation [315]. While themulti‑functional capability of TIP1 presents
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a strategic advantage, its potential for systemic effects could pose risks, necessitating a balance between therapeutic
efficacy and safety.

Moreover, peptides such as Cecropin B, derived from insects, interact with TLR2 and TLR4. While they serve
to activate immune pathways against pathogens, they also have the capacity to repress certain signaling pathways,
suggesting a dual role in both antimicrobial activity and immunemodulation [316]. The challenge with Cecropin B,
similar to other antimicrobial peptides, is controlling its immune‑modulatory effects, which can lead to unwanted
inflammatory responses if not precisely regulated.

In addition, peptides derived from the Toll/IL‑1 receptor (TIR) domain have been identified as cell‑permeable
decoy peptides, which can block TIR‑TIR interactions essential for TLR signaling assembly. Recent reviews have
addressed the therapeutic potential of decoy peptides in either enhancing or inhibiting TLR activity based on the
disease context [317]. However, the efficacy and deliverymechanisms of these peptides in living organisms remain
under extensive investigation.

TargetingTLRs represents a sophisticatedapproach tomanagingperiodontitis,movingbeyondbroad‑spectrum
anti‑inflammatory drugs. The challenge lies in developing highly specificmodulators that can differentiate between
beneficial and detrimental TLR activation, ensuring effective pathogen clearance without promoting excessive in‑
flammation. Future research will focus on identifying optimal TLR targets, developing effective delivery mecha‑
nisms for these therapeutics, and conducting rigorous clinical trials to assess their safety and efficacy in human
periodontitis patients. The ultimate goal is to offer more precise and personalized treatment options that can halt
disease progression and promote long‑term periodontal health.

6.2. Novel Strategies for Modulating Toll‑like Receptor Signaling
While traditional strategies to control periodontitis have focused on mechanical plaque removal and antimi‑

crobial treatments, recent advances in immunology offer newhope formanaging this chronic inflammatory disease
at its roots�by targeting the signaling pathways. Emerging strategies to modulate TLR signaling are not limited to
simply turning these pathways “off”. Instead, researchers are developingmore precise and flexible approaches that
either enhance or suppress TLR responses depending on the clinical need. For instance, TLR agonists are being
explored as vaccine adjuvants, where they can strengthen the immune system's ability to recognize and respond to
microbial invaders. Agonists such as CpG oligodeoxynucleotides (TLR9 ligands) or Pam3CSK4 (TLR2 agonist) have
already shown success in boosting mucosal immunity and may eventually be adapted for oral applications against
periodontopathic pathogens [309,318–320].

On the other hand, TLR antagonists hold promise for cases where the immune system goes into overdrive, con‑
tributing to the chronic inflammation seen in periodontitis. Unlike broad‑spectrum anti‑inflammatory drugs, these
agents aim to selectively block hyperactive TLR pathways, such as TLR2 or TLR4, that are directly implicated in driv‑
ing destructive cytokine responses and tissue breakdown. Several natural and synthetic TLR antagonists, including
Eritoran, TAK‑242, and curcumin, have demonstrated anti‑inflammatory effects in preclinical studies [321–323].

One of the most exciting areas of innovation lies in gene‑silencing technologies. siRNA, antisense oligonu‑
cleotides, and even CRISPR‑based systems are being investigated to selectively downregulate genes encoding TLRs
or their adaptor molecules like MyD88. This approach allows for highly specific immune modulation, reducing
inflammation without broadly suppressing host defenses. For example, TLR2‑targeted siRNA has been shown to
reduce IL‑1β production in human periodontal ligament cells stimulated with P. gingivalis LPS, suggesting its po‑
tential to limit inflammation at a cellular level [324,325].

In parallel, attention has turned to the oral microbiome, a key modulator of TLR activity. Dysbiosis can pro‑
mote inappropriate TLR activation, leading to chronic inflammation. This insight has spurred interest in probiotic
and postbiotic therapies, which aim to restore microbial harmony and, in turn, rebalance TLR‑mediated immune
responses. Certain strains of Lactobacillus sp., for instance, have been shown to suppress TLR4‑driven cytokine
production, offering a non‑invasive and natural means to modulate host immunity [326,327].

Additionally, advances in nanotechnology are helping overcome challenges in delivering these targeted thera‑
pies to periodontal tissues. Nanoparticle‑based delivery systems, including liposomes and polymer‑based carriers,
can improve the precision and stability of TLR modulators, ensuring they reach inflamed sites with minimal sys‑
temic exposure. This is especially beneficial in a localized disease like periodontitis, where topical delivery may
reduce side effects and enhance efficacy [328,329].
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6.3. Challenges and Future Direction in Toll‑like Receptor Research in Periodontitis
TLRs remain compelling therapeutic targets in periodontitis due to their central role in immune regulation.

However, their intricate signaling networks, interactions with a diverse and adaptable microbiota, and sensitivity
to environmental and genetic influences pose substantial challenges. TLRs initiate diverse, sometimes overlapping,
signaling cascades that complicate the delineation of their specific functions in periodontal disease [330,331]. For
instance, TLR2 and TLR4 can trigger both pro‑inflammatory and anti‑inflammatory pathways depending on the
surrounding cytokine milieu and microbial composition, creating ambiguity in functional interpretation, particu‑
larly in therapeutic contexts. A more refined, context‑specific understanding of TLR signaling is therefore critical
for clarifying their role in disease progression and guiding targeted interventions.

The polymicrobial nature of the periodontal pocket presents another layer of complexity. TLRs interact with a
wide array of microorganisms, including keystone pathogens like P. gingivalis, which can manipulate TLR signaling
to evade immune responses and promote a dysbiotic microbial shift [21,224,331]. This dynamic underscores the
paradoxical role of TLRs: while essential for host defense, they can alsobe exploited to sustain chronic inflammation.
Consequently, TLR function must be examined within the ecological context of the oral microbiome.

Environmental and systemic factors further influence TLR activity. Smoking, for example, has been shown
to alter TLR expression in gingival tissues, with significant differences in TLR2 and TLR4 levels between smok‑
ers and non‑smokers with periodontitis [332]. Such variability introduces confounding factors in evaluating TLR‑
based therapies across patient populations. Genetic background also shapes TLR responsiveness; specific single‑
nucleotide polymorphisms in TLR genes are linked to differential susceptibility to periodontitis and variable im‑
mune reactivity [333]. Additionally, epigenetic modifications such as DNAmethylation and histone changes further
regulate TLR gene expression and function. These inter‑individual differences necessitate a personalizedmedicine
approach to TLR‑based therapies, taking into account the genetic and epigenetic context of each patient. Future
research priorities should include elucidating the context‑dependent mechanisms by which TLRs modulate peri‑
odontal disease onset and progression, particularly in relation to diverse microbial communities [330,334].

A critical area of development involves identifying specific TLR ligands involved in periodontal disease and
deciphering the crosstalk between TLRs and other immune receptors, such as NOD‑like receptors. Understanding
these interactions may enable the design of more precise therapeutic strategies that modulate inflammation with‑
out compromising innate immune defense. Among the promising therapeutic innovations are TLR‑derived decoy
peptides, such as TLR4 inhibitors that show potential in regulating excessive inflammatory responses [330,335].
Furthermore, advances in nanotechnology and multifunctional drug delivery systems are opening new avenues
for the targeted delivery of TLR‑modulating agents directly to periodontal tissues, offering enhanced efficacy and
reduced systemic side effects [316,336].

Parallel efforts should investigate the genetic and epigenetic modulators of TLR signaling in diverse popula‑
tions to enable precision‑based periodontal care [313,314]. Addressing the complexity and redundancy of TLR
signaling, as well as the translational gap between preclinical and clinical outcomes, will require interdisciplinary
collaboration, advanced molecular tools, and innovative therapeutic platforms.

Finally, given the established associations between periodontitis and systemic inflammatory comorbidities
such as diabetes and cardiovascular disease, research should also explore the broader implications of TLR mod‑
ulation in systemic health [315,316]. Collectively, these future directions highlight the potential for translational
breakthroughs in periodontal research and underscore the need for a holistic understanding of immune regulation
within and beyond the periodontium.

7. Conclusion
TLRs are central to the immune system’s recognition of periodontal pathogens, initiating protective responses

but also driving chronic inflammation and tissue destruction when overactivated. Recent advances in decoding
TLR signaling have spurred interest in targeted interventions—ranging from small molecules and peptides to RNA‑
based therapies and probiotics—that aim to modulate immune activity without compromising host defense. How‑
ever, critical gaps remain, including a clearer understanding of how TLR expression varies across periodontal cell
types and disease stages, and howmiRNAs fine‑tune these pathways. Unraveling these mechanisms is particularly
important given that TLR‑driven inflammation not only fuels periodontitis but is also linked to systemic conditions
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such as cardiovascular disease, diabetes, and adverse pregnancy outcomes. In summary, TLRs sit at the intersection
of microbial detection, immune response, and inflammation in periodontitis. By addressing the current knowledge
gaps, particularly in TLR expression patterns and miRNA regulation, researchers can pave the way toward more
precise, effective, and holistic approaches to managing periodontal and systemic health.
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