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Abstract: Periodontitis is a chronic inflammatory disease of the gingival and periodontal tissues, primarily ini-
tiated by bacterial accumulation and driven by an excessive host immune response. This persistent inflamma-
tory condition promotes periodontal tissue degradation through the activation of Toll-like receptor 2 (TLR2) and
Toll-like receptor 4 (TLR4) signalling pathways, leading to the production of pro-inflammatory mediators, includ-
ing interleukin-6, interleukin-8 and tumour necrosis factor-alpha. These mediators alter the local inflammatory
microenvironment, perpetuate immune activation and contribute to progressive periodontal tissue destruction.
This review summarises the roles of TLR2- and TLR4-associated genes, proteins and microRNAs in the pathogen-
esis of periodontitis, based on reported research findings, STRING protein-protein interaction network analysis,
GO/Reactome enrichment analysis and profiling. The study also explores the potential roles of antibodies and ap-
tamers in suppressing inflammation and promoting wound healing. Although antibodies exhibit high target speci-
ficity, their complex manufacturing processes, higher costs and potential immunogenicity may limit their clinical
applicability compared with aptamers. Aptamers, in contrast, are relatively stable, cost-effective and generally
non-immunogenic, making them promising molecular tools for targeted therapeutic intervention. Based on the
reviewed findings, aptamers may be further explored as potential therapeutic agents for regulating intracellular
signalling pathways associated with TLR2- and TLR4-mediated inflammation. Overall, this review highlights the re-
lationship between molecular mechanisms and therapeutic innovation in periodontitis, particularly through TLR2-
and TLR4-associated pathways. It also emphasises the relevance of molecular network analysis, computer-assisted
simulation technologies and precision medicine approaches in advancing therapeutic strategies for chronic inflam-
matory disorders.
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1. Introduction

The periodontium, which includes the gums, periodontal ligament and alveolar bone, can deteriorate as aresult
of periodontitis (PD), a chronic inflammatory disease [1,2]. Itis a risk factor for conditions affecting multiple organ
systems, highlighting the importance of integrating oral health into medical care and professional training [3,4].
This illness results from an abnormal inflammatory response to microbial build-up, leading to ongoing tissue de-
struction and bone resorption. In the initial phase of the disease, bacteria form biofilms on the gums, also referred
to as dental plaque, which may lead to gingivitis. Without early treatment, inflammation spreads deeper into the
tissues that hold the teeth in place and progresses to periodontitis [5,6]. The immune response becomes persis-
tent and uncontrolled due to prolonged exposure to pathogens. It is essential to determine the involvement of
macrophages in periodontitis and the possibility of using biomaterials to regulate the polarisation of macrophages
as a new treatment option for periodontal regeneration while addressing the associated challenges and opportuni-
ties [7].

Toll-like receptors (TLRs) are important mediators expressed on the cell surface, particularly TLR2 and TLR4.
These receptors stimulate the signalling pathways of NF-kB and MAPK signalling pathways by detecting and re-
sponding to structural microbial components, includinglipopolysaccharides (LPS) and bacterial lipoproteins, which
in turn encourage the production of pro-inflammatory cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8)
and tumour necrosis factor-alpha (TNF-a) [8,9]. While TLR activation is necessary to eliminate pathogens, contin-
uous and excessive activation can lead to uncontrolled inflammation and progressive destruction of periodontal
tissue. This allows the cell to adapt its response depending on the nature of the threat it faces by utilising differ-
ent MyD88-dependent and TRIF-dependent pathways. Because of this dynamic and flexible system, the immune
response can be accurately regulated. However, overactivation of these mechanisms makes them difficult to sup-
press [10,11].

A complete understanding of the downstream gene, protein and microRNA (miRNA) networks that coordinate
these pathways is still lacking, even though evidence regarding the relationship between TLR2/TLR4 signalling
and periodontal inflammation is quite extensive [12]. Furthermore, more precise, dependable and cost-effective
treatment platforms that can specifically regulate TLR-mediated inflammation are needed, although several im-
munomodulatory strategies have been examined [13].

The objective of this paper is to identify and analyse the TLR2- and TLR4-related genes, proteins and miRNAs
that contribute to periodontitis. Additionally, the regulatory processes leading to chronic inflammation were as-
sessed, and the effectiveness of antibodies and aptamers as therapeutic and diagnostic agents was compared. By
utilising molecular network analysis with novel biomolecule strategies, the present work fills a major gap in peri-
odontal therapy. The current study lays the groundwork for future computer simulations and precision medicine
approaches that may also be important for other chronic inflammatory diseases.

2. Protein and Genes Associated with TLR2 /4 Signalling Pathway

A literature review was conducted using PubMed and Google Scholar to identify relevant studies published
between 2014 and 2024. The main search terms included “TLR2”, “TLR4” and “P. gingivalis”. The search was per-
formed according to predefined inclusion and exclusion criteria. Studies were included if they examined TLR2
and/or TLR4 activation and downstream gene or protein expression related to periodontitis. Eligible studies in-
cluded in vitro and in vivo investigations involving experimental induction or modulation of TLR2/TLR4 signalling
in cellular or animal models. Studies without mechanistic analysis, clinical studies lacking cellular or molecular
components and review articles were excluded.

The study selection process is summarised in the PRISMA flow diagram. A total of 934 records were identi-
fied from PubMed and Google Scholar. After duplicate removal, 922 records were screened by title and abstract.
Of these, 866 records were excluded because they did not meet the inclusion criteria. The remaining 56 full-text
articles were assessed for eligibility. Eleven full-text articles were excluded because they lacked cell-molecular
mechanisms, investigated alternative pathways, or focused on proteins and genes without examining their involve-
ment in TLR2/TLR4-mediated signalling, as shown in Figure 1. Three reviewers independently assessed each
included study. Any disagreements were resolved through discussion and consensus among the reviewers. The
PRISMA 2020 checklist (Supplementary Materials) was also completed to support transparent reporting of the
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study selection process.

Records identified: n = 934
PubMed: 61 | Google Scholar: 873
record from each database reported

!

Recordsafter duplicatesremoved:n= 922
Automation tool (Rayyan) used

!

| Records screened (by title/abstract): n = 922

!

Full-text articles assessed: n= 56

!

Full-text articles excluded: n = 16 Studies included in qualitative synthesis: n = 40
¢ Lack of cell-molecular mechanisms + Curated entries extracted for Table 1

Records excluded: n = 866 I
Did not meet inclusion criteria

¢ Alternative pathways investigated
* Investigated miRNA networks

Figure 1. PRISMA flow diagram. A total of 934 records were identified from PubMed and Google Scholar between
2014 and 2024.

Protein and gene information from research articles was extracted from eligible studies, including TLR2 or
TLR4 activation, receptor expression, downstream genes and proteins and the absence or suppression of specific
molecules. Experimental details such as cell source, bacterial strain, stimulation duration and diagnostic methods,
including qPCR, Western blotting, ELISA and RNA sequencing, were reviewed. The identified TLR2- and TLR4-
associated genes and proteins were then standardised according to official gene symbols before downstream com-
putational analysis.

Protein-protein interaction analysis was conducted using the STRING database (https://string-db.org/).
The organism was set to Homo sapiens and the interaction network was constructed using a medium confidence
interaction score threshold of 0.400. The network type was designated as a full STRING network. Active inter-
action sources included experiments, curated databases, co-expression, gene neighbourhood, gene fusion, gene
co-occurrence, text mining and protein homology. Disconnected nodes were retained to preserve all reported tar-
gets. Functional enrichment analysis was performed in STRING using Gene Ontology categories, including biological
process, molecular function and cellular component, together with Reactome pathway enrichment. Enriched terms
were considered significant when the false discovery rate (FDR) was less than 0.05.

This section discusses the genes and proteins involved in TLR2- and TLR4-mediated periodontitis, with em-
phasis on their inflammatory mechanisms and potential relevance as therapeutic targets. In this context, activa-
tion of TLR2 and TLR4 initiates several downstream signalling cascades, including the NF-kB, MAPK and PI3K/Akt
pathways [14-16]. This signalling leads to an increase in TNF-q, IL-1f, IL-6 and IL-8, which, through the RANKL-
RANK-OPG pathway, lead to tissue damage and bone loss [17,18].

Beyond causing inflammation, TLR signalling modulates cellular immune cell differentiation, blood vessel for-
mation and tolerance to repeated exposures to bacteria, through the MyD88- and TRIF-dependent pathways and
IRAK-M, Lyn kinase and IRF3 regulators [14,19-22]. TLR2 and TLR4 are vital in disease progression and are effec-
tive therapeutic targets; examples of new therapeutic modalities, such as aptamers, are currently being considered
as stable and cost-effective alternatives to antibodies for therapeutic intervention [23-25].

Recent studies, as illustrated in Table 1, further emphasise the complex effects of P. gingivalis on both local and
systemic immunity. TLR4-dependent signalling enhances bone loss through elevated RANKL expression, whereas
ligature-induced bone resorption occurs independently of TLR2 /TLR4 [26]. Extracellular vesicles from periodontal
pathogens also promote osteoclastogenesis by increasing osteoclast markers such as TRAP and cathepsin K [27].
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P, gingivalis LPS and RagB protein activate TLR2/TLR4 and downstream NF-kB/MAPK pathways, inducing strong
cytokine responses (IL-1p, IL-6, IL-8, TNF-a and VEGF) that drive tissue destruction and angiogenesis [19,28-30].
Repeated stimulation, however, can induce immune tolerance in macrophages, reducing pro-inflammatory cytokine
production [21]. In addition to direct inflammatory bone loss, bone-cell safety and bone remodelling responses
should also be considered during therapeutic development, as some drugs may affect bone cells, bone density and
fracture risk [31]. At the osteocyte level, disruption of f2-spectrin (Sptbn1), a cytoskeleton-associated protein,
has been shown to increase osteocyte membrane fragility and promote larger, slower-repairing plasma membrane
disruptions under mechanical stress. These changes reduce osteocyte survival, mildly alter calcium signalling and
impair bone adaptation to loading in mice [32].

Table 1. Overview of TLR2/TLR4-driven immune mechanisms in periodontal disease.

No. Protein Gene Function Ref.
. TNFSF11 TLR4 contributes to bone loss induced by P, gingivalis infection but not
. 111b to ligature-induced bone loss, indicating different mechanisms. P
1 * RANKL R 110 gingivalis infection increases RANKL expression, promoting Lin et al. [26]
. Tnf osteoclast-mediated resorption. Differences in IL-1f3, TNF-at and IL-10
between models reflect distinct immune profiles.
. TLR2
* TLR4 Repeated P, gingivalis exposure induces macrophage immune tolerance,
2 ° TNF-a Not reported lowering TNF-a and IL-1B. This may regulate excessive periodontal Luetal. [21]
. IL-1B inflammation.
. IL-10
. TLR2
° TLR4 This paper shows that ultrapure P. gingivalis LPS activates inflammatory
° MCP-1 signalling through TLR4, not TLR2. The study also found a clear species
. TNF-a Without direct difference: human TLR4 and human whole-blood cells responded
3 * IL-6 gene expression strongly to P, gingivalis LPS, whereas mouse TLR4, mouse cell lines and Nativel et al. [15]
* NF-kB (ACP-1 activity) measurement mice showed only weak cytokine responses. The main cytokines
. SEAP assessed were TNF-q, IL-6 and MCP-1, and their secretion was much
* MD-2 lower in mouse models than in human cells.
. CD14
Porphyromonas endodontalis and P. gingivalis LPS mediate angiogenesis
in endothelial cells through TLR2 and TLR4. Cell migration and tube
* VEGF-A formation in response to P endodontalis LPS, which is a strong agonist
4 * IL-6 Not ted of both receptors. VEGF-A synthesis is also independent of TLR2 or Fernandez et
° p-FAK (Y397) otreporte TLR4 via these LPS, which raises IL-6 production by TLR2/TLR4, also al. [19]
° FAK indicating a dual mode of angiogenic activation and the importance of
TLR-mediated and non-TLR2-TLR4 pathways in vascular responses in
relation to periodontitis and apical periodontitis.
. IL-17A
. IFN-y
. TNF-a
* IL-1B P, gingivalis and A. actinomycetemcomitans are able to activate human
° IL-6 CD14* monocytes through TLR2 and TLR4 and induce high levels of
° itig IL-1B, IL-6 and TNF-a. These cytokines promote the differentiation and
* - expansion of Th17 by the activation of RORyt and STAT3, which leads to
5 * IL-12p70 Not reported the production of high levels of IL-17. This Th17 development induced Chengetal. [33]
* TLR2 by monocytes describes one of the major pathways by which
° TLR4 periodontal pathogens are associated with increased inflammation and
° CD40 progression of periodontitis.
. CD54 (ICAM-1)
. CD86
. HKA-DR/MHC class II
. TNF-a
. IL-6
. IL-18
. G-CSF
. IL-1Ra
. IP-10
. KC P, gingivalis extracellular vesicles can promote inflammatory bone loss
6 . MIP-1a Not reported by §t1mulatmg .ost.eoclast d.lfferentlatlon mainly through TLRZ Kim etal. [27]
. MIP-1B activation. Their llpoprotems a‘nd LPS appear to be the major
o MIP-2 components responsible for this effect.
. RANTES
. SICAM-1
. CD25
. SEAP
. TRAP
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Table 1. Cont.

No. Protein Gene Function Ref.
P, gingivalis LPS enhances the development of regulatory B cells (Bregs)
which secrete IL-10 through TLR2 and TLR4 pathways. Upon
. IL-10 . IL10 stimulation, TLR2/TLR4 signalling via MyD88 and TRIF adaptors
. CD5 . CcD5 activates NF-kB and IRF3, regulating key transcription factors (BCL6,
7 . CD93 . CcD93 BLIMP-1, PAX5) to drive B cell differentiation (involving markers like Liu etal. [20]
. IgM . IGHM CD19 and CD138). In particular, it is demonstrated that, upon
stimulation with Pg-LPS, CD5* / IgM* / CD93™ B cells are the
predominant subpopulation, which enhances IL-10 production, which
is tied to the presence of TLR2 and TLR4.
* TLR2 P, gingivalis LPS produces a strong but time-dependent inflammatory
* TLR4 response in human dental pulp stem cells, mainly through TLR4. Its tahedi
8 Not applicable * IL6 effect is more inflammatory during the first 24 hours, but prolonged l\/1[0]ta ediet
¢ IL10 exposure may promote anti-inflammatory regulation through increased al. [34]
* IL18 IL-10 and reduced TLR4 and IL-18 expression.
. TNF
. TGF-B
. MMP2
. MMP9
* IL1B Brain microvascular endothelial cells respond to LPS of P. gingivalis
o Ki-67 * IL6 through the TLR2 and TLR4 receptors. This activates NF-kB and MAPK
9 o AKT ¢ IL10 signalling and drastically upregulates IL-6 and CCL2. These results Sato etal. [35]
* TET1 suggest that periodontal LPS may be involved in neuroinflammation
* TET2 and blood-brain barrier dysfunction.
. TET3
. DNMT1
. DNMT3A
. DNMT3B
. TLR2
. TLR3
. TLR4
. OPN . cCL2
. CD90 . CXCL1
. CD166 . CCL5
. CD39 . IDO1
. CD44 . CXCL10
. CD73 . CXCL12
° CD105 ° TGFB1 Gingival mesenchymal stromal cells (GMSCs) derived from
* CD146 * LAP periodontitis-affected gingiva (P-GMSCs) show higher basal and P.
* PDGFR * HIF1A gingivalis-induced expression of TLR2 and pro-inflammatory
10 *  SSEA4 +  HGF cytokines/chemokines (IL-6, IL-8, MCP-1, GRO-a and RANTES) Bekic et al. [36]
* STRO-1 ° IGFBP4 compared with healthy GMSCs. These P-GMSCs also have reduced
° NG2 ° TNFRSF11B immunosuppressive capacity, suggesting that chronic inflammation
¢ CD34 * MMP3 reprograms their immunomodulatory behaviour.
. CD45 . TIMP1
. CD14 . IGFBP4
. IL-6 . SPP1
. IL-8 . COL1A1
. OCN . RUNX2
. ALP . BMP2
. IL6
. CXCL8
. BGLAP
. FGF23
* ACE2 . P, gingivalis LPS administration in diabetic mice increases expression of
1 * Podoplanin Not reported leukocyte adhesion molecules, FGF23 and ACE2 in the kidney, Kaiiwara et al. [37
¢ Mac-1 otreporte suggesting that Pg-LPS contributes to renal inflammation and may ajiwara et al. [37]
* VCAM-1 exacerbate diabetic nephropathy.
. E-selectin (CD62E)
: g;,plfcs . cxcL8
. IkB-B * IL6 P, gingivalis activates TLR2 /TLR4 and PAR-1/PAR-2 in gingival
12 . IL-6 ° PARI fibroblasts, driving NF-kB/MAPK signalling and cytokine production Palm et al. [28]
. I8 c  PARZ (IL-6, IL-8 and TNF-a). Coordinated TLR-PAR signalling contributes to .
. F2R * TLRZ tissue destruction in periodontitis.
«  F2RL1 © TLR4
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Table 1. Cont.

No. Protein Gene Function Ref.
. TLR2 . TLR2
. TLR4 . TLR4 P, gingivalis activates two types of signalling pathways through
. MyD88 . MYD88 TLR2/TLR4: MyD88-dependent and TRIF-dependent. This double
. TRIF . TICAM1 signalling triggers specific TIR-domain adaptors, such as TIRAP and
13 . TRAM . TICAM2 TRAM, which subsequently activate downstream IRAKs, NF-kB and Bugueno etal. [14]
. MAL . TIRAP MAPKs. This cascade leads to swift and delayed inflammatory cytokine
. SARM . SARM responses, which demonstrate intricate interactions involving the
. S0CS-1 . TNF innate immune system in periodontal inflammation.
. TNF-a . IL6
. IL-8
: {]];i\]é_y . IL1A
. TNF-a . IL1B
. IL-12p70 . ﬁig TLR2/TLR4 is triggered by the RagB protein of P. gingivalis leading to
14 . IL-10 . ccL2? IL-12 and downstream STAT4 activation, resulting in the amplification Hutcherson et
. STAT4 . CCL20 of NF-kB/MAPK-driven cytokine production. RagB is therefore a strong al. [29]
. p-S'géT‘l- . IL12B periodontal inflammatory agent.
° p-p
«  TLR2 © INF
. TLR4 . STAT4
. NF-kB p65
P, gingivalis has an impact on respiratory epithelial cells. The
. NF-xB . 1L6 interaction between the pathogen and TLR2 stimulates NF-kB and W
B . . > . atanabe et
15 . IL-6 . L8 MAPK signalling cascades leading to the production of 1130
. IL-8 pro-inflammatory cytokines, including IL-1b, IL-6 and TNF-a. It is an al. [30]
indication that P. gingivalis is involved in respiratory tract inflammation.
. LOX-1 . OLR1 TLR2 activation increases LOX-1 expression and primes osteoclast
16 . ESESK . TNFRSF11A precursors, enhancing ].(ANKlL-indu(.:ed differentiation' th'rough Ohgi et al. [38]
. MYD88 NF-kB/MAPK/TRAF6 signalling. This TLR2-LOX-1 axis links
. TRAP periodontal inflammation to osteoclast overactivation.
. ACP5
. CTSK
. ccL17
. ccL22
. TLR2 . CXCL10
. TLR4 . CXCL11 Opsonised P, gingivalis triggers Fcy receptors and then regulates
. FcyRIIB . FCGRZB TLR2/TLR4 and NF-kB signalling. This crosstalk not only causes an
. FcyRIII . FCGR3 increase in the production of pro-inflammatory cytokines (such as Pandruvad
17 . TRAP (ACPS5) . FCERIG IL-1B, IL-6 and TNF-a), but also changes the balance of the lanlguva aet
. CD68 . FCRG RANK-RANKL-OPG axis with a marked increase in OPG production. al.[18]
. CD80 . KLF4 Thus, antibody opsonisation appears to protect from periodontal bone
. CD163 . MRC1 loss by decreasing the osteoclastogenesis induced by RANKL.
. CD206 . NFATC1
. TNFRSF11A
. TLR1
. TLR2
. TLR4
. TLR2
. TLR4
. TNF-a L . L. .
. HMGB1 P, gingivalis-induced periodontitis activates the
. MyD88 . TLR2 TLR2/TLR4-MyD88-p38 MAPK-NF-«B inflammatory pathway, leading
18 . MPO . TLR4 to increased inflammatory mediators, gingival inflammation and Sun etal. [39]
. p38 MAPK . TNF alveolar bone. loss. Baicalin suppresses TLRZ/TLR4 expression gnd
. p-p38 MAPK downsFream mﬂan.lmatory sngnalll.mg, den?onstljatmg ther?peutlc
. NF- kB p65 potential for reducing periodontitis-associated inflammation.
. P-NF-xB p65
o IL1B
Lactobacillus rhamnosus restores TLR2 /TLR4-mediated NF-kB
. TLR2 No direct signalling to reverse the P. gingivalis-mediated suppression of CXCL8
19 . TLR4 :nel_z;c ression (IL-8) expression. This restoration also restores equilibrium in the Mendi et al. [40]
. IL-8 8 P release of pro-inflammatory cytokines (IL-1B, IL-6, TNF-a) with the )
. IL-10 measurements recruitment of neutrophils and periodontal defense by CXCL8, thus
offering the basis for the use of probiotics in these areas.
. TLR2
. TLR4
. TRAP . TNF Chronic TLR2/TLR4 activation reduces RANKL and enhances OPG
20 . TNF-a . NFATC1 expression, suppressing osteoclastogeneS{s without af_fectm_g Karlis et al. [41]
. ALP . ACP5 osteogenesis markers (RUNX2, ALP). Persistent TLR signalling may
. RUNX2 thus limit bone loss while sparing regeneration.
. ALPL
. SPARC
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Table 1. Cont.

No. Protein Gene Function Ref.
. IL-2
. IL-10
. IL-12
° i;NB P, gingivalis LPS promotes dendritic-cell maturation and antigen
° Y presentation, but it tends to drive a Th2-biased immune response
21 * CD11c Not reported through TLR2. In contrast, E. coli LPS promotes a stronger Th1-biased Suetal. [42]
* MHC Class II response mainly through TLR4.
. CD80
. CD86
. CD40
P, gingivalis LPS activated human mast cells to increase the gene
. TNF-a . TNF expression and protein release of TNF, VEGF and MCP-1 without
22 . VEGF . VEGFA causing significant degranulation. TNF production was mainly Palaska et al. [43]
* MCP-1 * CcLz mediated through TLR2, whereas VEGF production involved both TLR2
and TLR4; MCP-1 release appeared independent of these receptors.
. TLR2
. TLR4 . TLR2
. CD14 . TLR4
. IL-18 . CD14
° IL-6 ° IL1B P, gingivalis LPS activates TLR2/4-mediated NF-kB and STAT3 signalling
23 . NF-B p65 . IL6 in microglial cells, leading to increased inflammatory cytokine Qiuetal. [22]
* p- NF-, B p65 * NFKB production. However, its inflammatory activity is weaker than that of E. )
* p-STAT3 * STAT3 coli LPS, mainly because of structural differences in lipid A.
. STAT3 . TNF
. TNF-a . IL17A
. IL-17A . IL23A
. IL-23
P, gingivalis gingipains, particularly Kgp and RgpA, selectively reduced
o CD14 CD14 surface protein expression on macrophages without altering
. TLR2 TLR2 or TLR4 expression. This reduction in CD14 weakened Wilensky et
24 R TLR4 Not reported macrophage TNF-a production and phagocytosis following exposure to al. [44] y
live P. gingivalis. The study suggests that gingipain-mediated CD14 )
. TNF-a ging y sugg gingip
cleavage helps P, gingivalis evade innate immune clearance and
promote persistent periodontal infection.
. TNF-a
. IL-1a
. IL-1B
. IL-6
. 1-10
. 11-12p40 Lo . .
. IL-12p70 . Nos2 Al‘thf)ugh P, gingivalis L]?S weakly stlmulate_s Ml/MZ macrophages, it
25 . CD40 . Argl ;tll.l .md}lces low-grgde mﬂam.matmjy cytoklpes 1r.1cludmg TNF—a, Holden et al. [45]
. CD86 . Chil3 acilitating chronic inflammation without triggering strong immune
. CD206 clearance.
. KC
. RANTES
. Eotaxin
. MCP-1
. MIP-1a
P, gingivalis elevates thrombospondin-1 (TSP-1) in THP-1 cells,
26 . TSP-1 . THBS1 suggesting a role in ECM remodelling and inflammatory modulation Gokyu et al. [46]
during periodontal disease.
. OMV proteins . X X
. TLR2 Outer membrane vesicles from different periodontal pathogens
. TLR4 differentially activate pattern-recognition receptors, particularly TLR2
o TLR7 and TLR4, demonstrating species-specific imnmune modulation and
27 . TLR8 Not reported distinct virulence strategies. P. gingivalis OMVs also moderately Cecil etal. [47]
o TLR9 activated TLR7, TLR8 and TLR9. This study primarily assessed the
o NOD1 functional activation of these receptors rather than changes in their
. NOD2 gene or protein expression.
* itgi Subgingival plaque activated both TLR2 and TLR4, but TLR4 was
° functionally more important. The TLR4 inhibitor markedly suppressed . .
28 ° TNF-a Not reported plaque-induced TNF-a and IL-8 production, whereas the TLR2 inhibitor Ziauddin et al. [45]
. IL-8 had little effect.
. L6 Pretreatment with low-dose P. gingivalis LPS generally did not reduce
o IL-6 o CXCL8 inflammatory mediator production, indicating that the periodontal
. R . ligament cells did not develop endotoxin tolerance. Stimulation with P .
29 . {\}I‘C?’—l . %:l}é gingivalis LPS, E. coli LPS and Pam3CSK4 increased IL6, CXCL8 and Blufstein etal. [49]
. TLR4 CCL2 gene expression and increased the corresponding IL-6, IL-8 and

MCP-1 proteins.
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Table 1. Cont.

No. Protein Gene Function Ref.
. IL-8 Probiotic co-infection generally restored or increased TLR2
30 . TNF- « . TLR2 transcription and reduced the P, gingivalis-induced increase in TLR4 Albuquerque-
118 . TLR4 transcription. P, gingivalis increased the production of IL-18 and TNF-a  Souza etal. [50]
proteins.
. BSP
. IBSP L . .
. IL-8 . CXCL8 P, gingivalis LPS regulates BSP and IL-8 production via TLR2/4 and
31 . ERK1/2 . TLR2 MAPK signalling in periodontal ligament fibroblasts. This may Zhang and Li [51]
. p38 MAPK . TLR4 contribute to periodontitis pathogenesis.
« JNK
P, gingivalis LPS-induced diabetic nephropathy leads to overexpression
Type I collagen of SGLT2 in the kidney. The findings suggest that Kaii d
32 . Podoplanin . SLCA2 periodontitis-associated P, gingivalis LPS may aggravate both diabetes ajlwa;:; an
. SGLT2 and diabetic kidney disease by promoting abnormal renal SGLT2 Sawa [52]
expression.
. IL-1B
. IL-6 . IL1B
. MCP-1 . IL6 Genomic DNA from Lactiplantibacillus plantarum suppresses P.
33 . p38 MAPK . ccLz gingivalis LPS-induced inflammation. This occurs via inhibition of TLR, Choi et al. [53]
. ERK . TLR2 MAPK and NF-kB signalling.
« JNK e TLR4
. IxkBa
The increase in IL-33 mRNA and intracellular protein was markedly
34 ° IL-33 . IL33 reduced in TLR2-deficient cells, showing that the response was Tada et al. [54]
¢ TLR2 TLR2-dependent.
. TNF
. IL-1B
. IL-10
. IL-12p40 L i i
35 . IL-8 Not reported P g.mglvallls OMVs 1r.1duce TNF tol.erance via TLR4 and mTOR pathways. Waller etal. [55]
. TLR2 This contributes to immune evasion.
. TLR4
. mTOR
. AKT
. ANGPTL2 L . . L
. IL-1B R.glr?gzvahs. LPS increased ANGPTL2 expression and S.eCI'etl().ll in human
. IL-8 . ANGPTL2 gingival epithelial .cells th.rough‘ TLR2- apd TLRfl—-medlated signalling.
o TNF-a o IL1B ANGPTL2 then activated integrin a581, increasing IL-1p, IL-8 and
36 . TLR2 . CXCL8 TNF-a production, whereas ANGPTL2 knockdown or integrin a581 Ohno etal. [56]
. TLR4 . TNF blockade reduced this inflammatory response. The study identifies an
. Integrin a5p1 LPS-ANGPTL2-integrin o581 inflammatory pathway that may prolong
. LILRB2 chronic inflammation and contribute to periodontal tissue destruction.
. IL1B
. ITZ\éF Bacterial supernatants enhance glucose-dependent insulin secretion
o ; * via PI3K/AKT signalling in pancreatic -cells. Bacterial supernatants, .
37 . ;\n[z};‘lm . TLR2 especially those from P, gingivalis and T. denticola, upregulated IL1B, ;m[r;rizom et
. TLR4 TNF, IL6, TLR2, TLR4, Ins1 and Ins2 gene expression. This suggests )
. Ins1 potential interactions between oral and metabolic health.
. Ins2
. TLR2
. TLR4
. TGF-B1 . F2RL1
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This suggests a potential therapeutic approach for periodontitis.
MMP-2 was not significantly detected.
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TLR2/TLR4 activation also shapes adaptive immunity. In B cells, MyD88 and TRIF signalling regulates tran-
scription factors such as BCL6, BLIMP-1, PAX5 and alters cytokine output, including IL-6 and IFN-$[20,34]. In mono-
cytes, TLR-driven signalling enhances Th17 differentiation via RORyt and STAT3 [33], while gingival fibroblasts
and inflamed gingiva-derived MSCs mount exaggerated cytokine responses following TLR activation [36]. System-
ically, P gingivalis contributes to respiratory inflammation, diabetic nephropathy and neuroinflammation through
TLR2/TLR4-mediated activation of endothelial cells and modulation of ICAM-1, VCAM-1, FGF23, ACEZ2, IL-6 and
CCL2 [30,35,37].

P, gingivalis has been shown to use immune-evasion strategies. While TLR2 responses induced by E. coli
LPS are stronger compared to P, gingivalis LPS, there are muted responses that reduce the activation of dendritic
cells [42,61]. Additionally, gingipains cleave CD14 and OMV sphingolipids that induce TNF-« tolerance via the
TLR4-mTOR pathway [21,42]. Beyond these immune-evasion mechanisms, current osteocyte biology indicates
that periodontal bone loss should not be interpreted solely through osteoclast activation or the RANKL-OPG axis.
Osteocytes are now recognised as central regulators of alveolar bone homeostasis because they produce RANKL,
OPG and sclerostin, thereby controlling both osteoclastogenesis and osteoblast-mediated bone formation [62,63].
This osteocyte-level mechanism is particularly relevant because osteocytes form an extensive lacuno-canalicular
network that senses mechanical loading, coordinates mineral homeostasis and communicates with osteoblasts
and osteoclasts. Chronic TLR-driven inflammation may disturb this network through cytokine-mediated stress,
osteocyte apoptosis, altered mechanosensing and dysregulated release of RANKL and sclerostin. Recent evidence
also suggests that osteocyte-intrinsic MyD88 signalling can directly regulate inflammatory osteolysis, indicating
that osteocytes may act as active innate immune-responsive cells during bacterial bone infection [64,65]. Thus, in-
corporating osteocyte biology provides a more complete model of periodontal bone destruction, linking bacterial
recognition, TLR-MyD88 signalling, inflammatory cytokine production, osteocyte dysfunction, suppressed bone
formation and enhanced alveolar bone resorption.

TLR pathways are vital to the processes of bone remodelling. For instance, enhanced OPG production and de-
creased osteoclastogenesis are associated with P. gingivalis opsonized to modify the crosstalk of FcyR-TLR [18],
whereas prolonged TLR2 /4 stimulation decreases RANKL and increases OPG to suppress bone resorption without
inhibiting bone formation [40]. It was reported that P. gingivalis LPS can trigger inflammation in human brain mi-
crovascular endothelial cells by increasing the production of IL-6 and CCL2. The response occurred mainly through
TLR4 signalling, involving the NF-kB, p38 MAPK and JNK pathways. These findings suggest a possible mechanism
linking periodontal infection with inflammation in the brain and an increased risk of neurological conditions such
as cerebrovascular disease and Alzheimer’s disease [35].

Collectively, these studies highlight key proteins and genes involved in periodontal innate and adaptive immu-
nity, inflammatory bone loss, osteocyte dysfunction and systemic comorbidities. The compiled list of genes and pro-
teins was further analysed using STRING to generate a protein-protein interaction network, as depicted in Figure
2. The protein network demonstrates extensive connectivity among the compiled proteins and genes, indicating
that they participate in closely related biological processes rather than acting independently. A dense central clus-
ter is formed by inflammatory and innate immune mediators, including TLR2, TLR4, TNF, IL6, IL1B, MYD88, RELA
and STAT3, highlighting the importance of Toll-like receptor and cytokine signalling. Several peripheral subclusters
are also evident, including epigenetic regulators such as TET1-3 and DNMT1/3A/3B, as well as bone-remodelling
proteins such as TNFSF11, TNFRSF11A, ACP5, ALPL and RUNX2. The multiple coloured edges represent differ-
ent types of known and predicted associations, supporting substantial functional overlap between inflammatory,
immune, metabolic and osteogenic pathways. Overall, the network suggests that periodontitis-related responses
involve coordinated interactions among immune signalling, tissue remodelling and systemic regulatory proteins.
Additional functional enrichment analyses were performed to determine their biological relevance. The enrich-
ment results were organised into four categories: cellular component, biological process, Reactome pathway and
molecular function, based on Gene Ontology and Reactome annotations [66].

Figure 3a highlights the subcellular locations where the enriched genes and their products are predominantly
active. The highest signal and significance are observed in membrane-related structures, such as the external side
of the plasma membrane, the membrane side and the cell surface. Other notable locations include the extracel-
lular space, extracellular region, endoplasmic reticulum lumen and cytoplasmic vesicles [67]. This localisation is
directly relevant to the function of TLR2 and TLR4, which are two of the major TLRs typically located on the cell
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surface/outer membrane of innate immune cells, such as macrophages and monocytes. Their primary role is to
act as pattern recognition receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPs) originating
from invading microbes outside the cell, such as LPS for TLR4 and lipopeptides/peptidoglycans for TLR2, which are
components of the bacterial cell wall or outer membrane. The enriched GO terms therefore imply that the gene set
likely includes TLR2 and TLR4 themselves and/or other critical components of their signalosome that are required
for ligand binding and initiation of the inflammatory signalling cascade right at the plasma membrane [68]. This
localisation is essential for the rapid detection of extracellular threats and the mounting of an immediate immune
response.
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Figure 2. A protein-protein interaction (PPI) network generated based on the reported protein or gene.

Note: The relationship between proteins is indicated by colour. Deep Magenta, experimentally determined; sky blue, from curated database; green, gene neighbour-
hood; red, gene fusion; dark blue, gene co-occurrence; yellow, text-mining; black, co-expression; silver, protein homology.

Figure 3b illustrates the Gene Ontology (biological process) enrichment, it highlights how the analysed genes
are strongly involved in immune and inflammatory responses. The most strongly enriched processes involved cellu-
lar responses to bacterial molecules and lipopolysaccharide, together with inflammatory responses. The proteins
were also associated with the regulation of inflammatory mediators, particularly IL-6, IL-8 and tumour necrosis
factor-related cytokines. The genes are most active in pathways triggered by LPS, a hallmark of Gram-negative bac-
teria. Key immune signalling routes such as the TLR pathway and MyD88-dependent signalling have an essential
role, indicating activation of innate immunity [69].

Figure 3c demonstrates the ways in which the actions shown in Figure 3b are implemented through specific
signalling pathways. Itillustrates specific molecular pathways defined in the Reactome database, showing dominant
enrichment in interleukin signalling cascades. It also emphasises active TLR pathways along with downstream
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MyD88/MAL-mediated signalling and TRAF6-induced NF-kB/MAPK activation [69]. These are the pathways that
lead to the release of downstream transcription factors and MAP kinases that in turn coordinate the expression of
major pro-inflammatory cytokines [70,71].

The functional landscape of these coded genes is explained in Figure 3d. The main enriched molecular func-
tions were cytokine activity, receptor ligand activity, cytokine receptor binding and chemokine activity. Additional
enrichment in pattern-recognition receptor, integrin and chemokine-receptor binding suggests extensive involve-
ment in immune-cell signalling and inflammatory cell recruitment.
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External side of plasma membrane O ~1x107% Cellular 'ESP"“”GZC'I’;‘#:ICL’E ?g O B ~1x107%7
Side of membrane Q f1x102 b L1x10%
[ixi0? Tipopolyssacharide O | 1xa0¥
Cell surface O Lxlot Response to molecule of bacterial O [ 1x 1071
1x10~ origin 1x10”
o - ‘3°°e§f°' complex ® [ S Bixi Response to lipopolysascharide Q@ 12 Bixo>
Jasma membrane signalling receptor . £ =2
- gcon?glex Ié Gene count Inflammatory response O E Gene count
E g
Extracellular space Z o Regulation of interleukin-8 production ——() a0 20
Extracellular region () g 8 :g Pusifveegliion o nieriokind g g O
°© S
fecat ° Positive regulation of tumour necrosis Y O 70
Endoplasmic reticulum lumon l O 90 factor superfamily cytokine production
Membrane raft —@ l Positive regulation of tumour recrosis @)
factor production
Cytoplasmic vesicle . l Positive regulation of in|rar§3uk‘:p-6 I
production
15 20 25 3.0 50 55 6.0 6.5 7.0
Signal Signal
(C) Reactome Pathways enrichment FDR (d) Molecular Function (Gene Ontology) enrichment FDR
Interleukin-10 signaling o | 1% 1074 Cytokine activity @ 10
Interleukin-1 and Interleukin-13 -1x107%7 . - ~1x 10734
signaling ® L1 %1077 Receptor ligand activity O L x 102
Signalling by Interleukins ) = :32 Cytokine receptor binding @ I AbsilOp?
x 1%10°
Cytokine Signallingin Immune sysem O 3 B Chemokine activity | L
Toll-like Receptor Cascades —@ é Gene count Signaling receptor binding O é Gene count
Toll Like Receptor 4 (TLR) Cascade —— @ = @ 100 e recogution receptor activity ) f: ov
MyD88 MAL(TIRAP) cascade iniiaedon __ g 5 O % ik ® s O
plasma membrane & O 50 Integrin binding & O 50
Toll Like Receptor 7/8 (TLR7/S) —— @ © o Growth factor receptor binding — @ I Omn
‘TRAF6 mediated induction of NFkB and
MAP kinases upon TLR7/8 or 9 —@ CCR chemokine receptor binding ~@ I
activation
Chemokine receptors bind chemokines — @ I CXCR chemokine receptor binding @ I
3 4 5 6 7 8 15 2.0 25 3.0 35 4.0 4.5 5.0
Signal Signal

Figure 3. Functional analysis results, based on differentially expressed genes, are shown according to four major
categories of enrichment: (a) cellular component (location of gene products), (b) biological process (associated
physiological activities), (c) Reactome pathway (involved signalling and metabolic pathways) and (d) molecular
function (specific biochemical activities).

The proposed proteins are mostly related to cell surface signalling and receptor binding, the main functional
outcome of which occurs through the activation of the innate immune system. Specifically, the information impli-
cates the Toll-like receptor signalling pathway, especially the TLR4-MyD88 cascade, as the regulatory nexus. The
downstream response is the modulation of essential inflammatory cytokines (IL-6, IL-12), which determines the
subsequent immune response.

3. miRNAs Associated with TLR2 /4 Signalling Pathway

The review of miRNAs associated with TLR2 and TLR4 was conducted separately from the analysis of proteins
and genes involved in the TLR2/TLR4 signalling pathways. Although TLR2 and TLR#4 are closely related pattern-
recognition receptors that share several downstream inflammatory signalling pathways, the references selected
for this analysis were clearly associated with either TLR2 or TLR4. Owing to the limited number of relevant stud-
ies, miRNA data published between 2009 and 2024 were compiled from the literature and summarised in Table
2. For functional analysis, miRNAs reported to be associated with TLR2 and TLR4 were grouped separately and
analysed using TAM 2.0 (http://www.lirmed.com/tam2/). All identified miRNAs were entered into the plat-
form, followed by functional enrichment analysis. Cancer-related terms were masked to minimise disease-specific
bias, and “Function” was selected as the annotation category. Statistical significance was determined using an FDR-
adjusted p-value threshold of <0.05. The enrichment results were subsequently presented using the visualisation
options available on the platform.
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Table 2. Functional Roles of miRNAs associated with TLR2 and TLR4.

TLR

miRNA

Function

Ref.

TLR 2

miR-19a/b

miR-19a/b act as negative regulators of TLR2-mediated inflammation. They
directly target TLR2 mRNA, reducing TLR2 protein expression in
rheumatoid arthritis fibroblast-like synoviocytes.

Philippe et al. [72]

TLR 2

miR-21

Loss of miR-21 increases gingival inflammation and alveolar bone loss, it is
suggesting that miR-21 may have a protective role against periodontal tissue
destruction.

Zhou et al. [73]

TLR 2

miR-105

It directly suppresses TLR2 protein translation and reduces TLR2-induced
IL-6 and TNF-a production in gingival keratinocytes.

Benakanakere et al. [74]

TLR 2

miR-30b-3p,
miR-125b-1-3p

miR-30b-3p and miR-125b-1-3p are elevated in periodontitis and positively
associated with periodontal disease severity, inflammatory cytokine levels
and clinical indicators such as probing pocket depth, clinical attachment loss
and bleeding on probing.

Zhu and Zhong [75]

TLR 2

miR-143-3p

miR-143-3p promotes pro-inflammatory M1 macrophage polarisation and
aggravates periodontal inflammation. It is enriched in extracellular vesicles
derived from inflammatory periodontal ligament stem cells and directly
targets PI3Ky, thereby suppressing PI3K/AKT signalling and activating
NF-kB signalling.

Wang et al. [76]

TLR 2

miR-143/145

P, gingivalis activates the TLR2-MyD88/TRIF-NF-kB pathway in vascular
smooth muscle cells. miR-143/145 are functional mediators of
communication between apoptotic vascular smooth muscle cells and
macrophages, and are associated with periodontal infection and defective
immune clearance in atherosclerotic plaques.

Xieetal. [77]

TLR 2

miR-146a

miR-146a acts as a negative-feedback regulator of TLR-mediated
inflammation in human periodontal ligament cells.

Jiang et al. [78]

TLR 2

miR-155

miR-155 is enriched in extracellular vesicles released from Porphyromonas
gingivalis-infected cells and is upregulated mainly through TLR2 signalling
rather than TLR4 signalling.

Yoshida et al. [79]

TLR 2

miR-223

Suppresses the TLR2-MyD88-]NK pathway, reduces inflammatory cytokine
production and promotes recovery from thrombophlebitis.

Lietal. [80]

10

TLR 4

miR-21

miR-21 acts as a negative regulator of TLR4-mediated inflammation. It
suppresses TLR4 signalling, reduces pro-inflammatory cytokine production
and limits periodontal inflammation and alveolar bone loss.

Zhou et al. [73]

11

TLR 4

miR-125a, miR-499a

Both miR-125a and miR-499a function as regulatory miRNAs whose genetic
variations may modify inflammatory responses and predisposition to
chronic periodontitis. Both are host genetic susceptibility factors for chronic
periodontitis.

Venugopal et al. [81]

12

TLR 4

miR-146a

miR-146a acts as a negative regulator of TLR4-mediated inflammation.
Preservation of miR-146a may help suppress TNF-q, IL-1f and IL-8
production.

Molteni et al. [82]

13

TLR 4

miR-146a/b

miR-146a acts as a key regulator of immune responses, inflammation and
fibrosis by modulating inflammatory signalling pathways. It may serve as a
potential biomarker and therapeutic target for chronic inflammatory and
fibrotic diseases.

Liao et al. [83]

14

TLR 4

miR-155

The study indicates that miRNAs function as extracellular-vesicle-mediated
regulators of intercellular communication during P. gingivalis infection.
miR-155 is generally associated with pro-inflammatory signalling.

Yoshida et al. [79], Molteni

etal. [82]

15

TLR 4

miR-200b, miR-200c

miR-200b and miR-200c act as negative regulators of TLR4-mediated
inflammatory signalling. They reduce MyD88 expression, thereby
suppressing activation of the MyD88-dependent NF-kB pathway. This
decreases the production of pro-inflammatory mediators, including IL-6,
CXCL9 and TNF-q, following LPS stimulation.

Wendlandt et al. [84]

16

TLR 4

miR-223

1) miR-223 acts as an anti-inflammatory regulator in the hippocampus. Aero-
bic exercise increases miR-223 expression, which is associated with suppres-
sion of the TLR4/MyD88/NF-kB signalling pathway, reduced IL-1f, increased
IL-10 and improvements in depressive behaviour and hippocampal function
in CUMS-induced mice.

2) miR-223 acts as a negative regulator of osteogenic differentiation in
periodontal ligament-derived cells. It is upregulated in inflamed gingival
tissues and is positively associated with periodontitis severity. miR-223
directly targets FGFR2 and TGFBR2, thereby reducing the expression of
osteogenic markers such as OCN, OPN and Runx2 and suppressing
mineralisation.

Zhang et al. [85], Qu et
al. [86]

The miR-19 plays an essential role in regulating TLR2 expression in fibroblast-like synoviocytes, ultimately
leading to a reduction in inflammation [72,87]. With similar observations, the expression of miR-21 has been
reported to influence lung inflammation in response to TLR2 agonists, with modifications impacting cytokine re-
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sponses [73,88]. The miR-105 binds to the 3’ UTR of TLR2 and influences the process of protein translation, thereby
demonstrating an inverse correlation between miR-105 levels and TLR2 protein/cytokine responses [74]. Various
reports have suggested that TLR2 activation could alter miR-125b levels and in turn influence downstream cytokine
and differentiation pathways [89-91]. Both miR-30b-3p and miR-125b-1-3p are upregulated in periodontitis and
are associated with greater disease severity and inflammation. Their expression levels are higher in gingival crevic-
ular fluid from patients with periodontitis, particularly in severe cases and correlate positively with clinical peri-
odontal parameters and inflammatory cytokines, including IL-13, IL-6 and TNF-a. Both miRNAs may also serve as
potential diagnostic biomarkers for periodontitis [75].

Furthermore, miR-143 has gained attention for its role in regulating smooth muscle cell fate, where it may
function as a tumour suppressor. It is also linked to key biological processes such as tissue homeostasis, heart de-
velopment, obesity and cancer [76]. The miR-143/145 cluster demonstrates broad anti-inflammatory and tumour-
suppressive properties. Collectively, these findings suggest that miR-143 consistently downregulates TLR2 across
multiple studies [77]. miR-146a may serve as a negative regulator of inflammatory responses and cytokine produc-
tion in keratinocytes by targeting key downstream signalling components, IRAK1 and TRAF6 [78,92-94]. miR-147
is noted for its involvement in inflammatory pathways and its capacity to modulate cytokine expression [95].

Conversely, miR-155 induces an inflammatory response by targeting myosin light chain kinase and positively
regulates inflammation by targeting negative regulators of TLR pathways, such as SHIP1 and SOCS1. Its upregula-
tion indicates a significant component of the inflammatory response initiated by TLR ligands [96,97]. miR-195 plays
arole in inhibiting pro-inflammatory profiles in macrophages during immune responses, directly targeting and neg-
atively regulating TLR2 expression, leading to reduced production of downstream pro-inflammatory cytokines [98].
miR-223 is involved in regulating immune cell differentiation and has been shown that overexpression can inhibit
TLR signalling pathways, thereby decreasing downstream inflammatory mediators. It plays a role in the feedback
control of the TLR2/TLR4 axis [80]. let-7b, along with other members, has been identified as being regulated in
the LPS/TLR2 immune axis and proposed as an early diagnostic or response marker, therefore showing functional
effects reported in immune-related models [99].

miR-21 is implicated in regulating gene expression in cancer by targeting tumour suppressor genes, which
influences essential biological processes such as cell proliferation, apoptosis and invasion. It specifically targets
PDCD4, leading to a reduction in TLR4-mediated inflammatory responses and MKK4 [73,100]. Similarly, miR-92a,
which is down-regulated upon LPS (TLR4) stimulation, has been shown that its overexpression can suppress the
production of inflammatory cytokines through the targeting of MKK4 [101].

Generally, miR-125a could be upregulated in a TLR4-dependent manner during Mycobacterium tuberculosis
(M.tb) infection, where it directly targets TRAF6 [81,102]. This targeting suppresses NF-kB activation, effectively
reducing pro-inflammatory cytokines and therefore enhancing M.tb survival. In contrast, miR-125b increases in
response to TLR4 ligation, repressing targets such as BIK and MTP18, which alter mitochondrial dynamics and
promote a pro-inflammatory and apoptotic phenotype [103].

miR-155 acts by being induced by LPS (a TLR4 ligand), thereby suppressing negative regulators such as SOCS1
and SHIP1 to enhance TLR4 signalling [82,104]. Meanwhile, miR-146a/b serves as a negative regulator within the
inflammation and innate immune system context [78,83,105]. Observation of miR-194 indicates that miR-194a-5p
binds to the 3’ UTR of TLR4, its overexpression results in reduced TLR4 levels, while CRISPR deletion of miR-194
corresponds with increased TLR4 and downstream inflammatory gene expression [106,107].

In addition to these, miR-200c modulates protein expression by affecting overall fundamental physiological
properties, while promoting epithelial-mesenchymal transition (EMT) and cell migration [84,108]. Myeloid cells
are particularly affected by miR-223, which is important for regulating immune cell differentiation and inflamma-
tion and therefore plays a significant role [85,86]. Both miR-1236 and miR-642a have been shown to inhibit TLR4
production after binding to specific 3" UTR region. The effectiveness of the binding is influenced by genetic poly-
morphisms such as the rs11536889, which may be found in both of these miRNAs.

A better understanding of miRNA regulation in the TLR2 and TLR4 pathways provides fundamental platform
for developing targeted therapeutic strategies for inflammatory and infectious diseases. An important finding is the
negative feedback mechanism. miR-146a and the miR-143/145 cluster function as negative feedback regulators in
both pathways, indicating their potential as therapeutic candidates for addressing generalised systemic inflamma-
tion linked to conditions such as sepsis, chronic autoimmune disorders and chronic metabolic inflammation [77].
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miRNAs play a crucial role in regulating immune responses by keeping inflammation under control and main-
taining tissue balance. This could be achieved by fine-tuning multiple signalling pathways, which can significantly
influence the production of pro-inflammatory cytokines and regulate pathways involved in chronic inflammation,
such as rheumatoid arthritis and inflammatory bowel disease [109,110]. Recent studies suggest that miRNAs may
contribute to the immunomodulatory effects of mesenchymal stromal cell-based therapies and can be transported
by extracellular vesicles to regulate inflammatory signalling. These findings support their potential as therapeu-
tic targets or delivery cargo for autoimmune and inflammatory diseases, although further studies are required to
establish their clinical safety and efficacy [111,112].

Targeted administration of miRNA mimics or anti-miRs (oligonucleotides that inhibit pro-inflammatory miR-
NAs) to particular immune cells could be a potential therapeutic strategy [113]. For example, in sepsis, where
excessive TLR4/LPS signalling drives pathology, delivering a miR-146a mimic encapsulated in a targeted nanopar-
ticle could globally enhance the body’s natural braking mechanism by suppressing IRAK1 and TRAF6, effectively
resolving hyper-inflammation while minimising the risk of global immunosuppression [114]. In contrast, in con-
ditions requiring a sustained, appropriate immune response, such as chronic infection or cancer immunotherapy,
strategies could include using anti-miRs to block negative regulators such as miR-125a in target cells, thereby main-
taining NF-kB activation and enhancing antimicrobial or anti-tumour immunity [81,102].

As depicted in Figure 4, both TLR2- and TLR4-associated miRNAs showed enrichment in immune-related and
cellular regulatory functions. Shared functional categories included immune response, innate immunity, T-cell ac-
tivation, regulation of stem cells, response to oestrogen, granulopoiesis and ageing, indicating that both miRNA
groups may participate in the regulation of inflammation, immune-cell development and tissue homeostasis. How-
ever, the relative enrichment differed: the TLR2-associated miRNAs showed stronger enrichment for immune re-
sponse and innate immunity, whereas TLR4-associated miRNAs showed particularly strong enrichment for T-cell
activation and stem-cell regulation.
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Figure 4. Comparison of (a) TLR 2 activation and (b) TLR 4 activations from the aspect of functional study. The
obtained miRNAs were analysed using TAM 2.0.

Distinct functional patterns were also observed. TLR2-associated miRNAs were uniquely enriched in latent
virus replication, cell death and haematopoiesis, suggesting broader involvement in antiviral regulation, immune-
cell production and cell survival. In contrast, TLR4-associated miRNAs were uniquely associated with epithelial-
to-mesenchymal transition, cell-cycle regulation and type Il pneumocyte differentiation, indicating greater involve-
ment in cellular proliferation, tissue remodelling and epithelial differentiation. These findings represent functional
enrichment patterns and should be interpreted as hypothesis-generating rather than evidence of direct receptor-
specific mechanisms. Modulating this route may impact deeper cellular maintenance systems, providing advan-
tages beyond rapid immune suppression [16,115].

4. Therapeutic Approach to Suppress TLR Activation

Monoclonal antibodies and aptamers are established and emerging approaches for targeting inflammatory
pathways. Antibodies offer high target specificity but may have limited tissue penetration, immunogenicity and vari-
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able patient responses [116]. In contrast, aptamers are smaller oligonucleotides designed to bind specific targets
with high affinity, with advantages including low immunogenicity, ease of synthesis and tunable pharmacokinetics,
which may facilitate more efficient targeting of inflamed tissues [117,118].

The innate immune system includes TLRs as important components. These receptors serve as PRRs that detect
PAMPs and initiate immune responses. Among them, TLR2 and TLR#4 are particularly important: TLR2 responds
broadly to components of Gram-positive bacteria, while TLR4 is primarily responsible for sensing LPS from Gram-
negative bacteria.

TLR2 often forms heterodimers with either TLR1 or TLR6, depending on the ligand. This dimerisation broad-
ens its recognition capacity to include lipoteichoic acid, peptidoglycan and bacterial lipoproteins [119]. Upon ligand
binding, TLR2 recruits adaptor proteins (such as MyD88 and TIRAP/MAL), triggering downstream signalling path-
ways that activate NF-kB and MAPKs, thereby driving pro-inflammatory cytokine production [120-122]. TLR4
primarily senses LPS via its co-receptor MD-2 (and CD14) and activates two major downstream pathways. The
MyD88-dependent pathway leads to rapid NF-kB activation and the production of inflammatory cytokines. The
TRIF-dependent (MyD88-independent) pathway leads to type I interferon responses, via TRIF and TRAM adap-
tors [17,123]. Beyond bacterial PAMPs, both TLR2 and TLR4 can also be activated by damage-associated molecular
patterns (DAMPs), such as HMGB1, which are released by host tissues under stress or following injury. However,
while TLR activation is critical for host defence, excessive or chronic activation of TLR2 and TLR4 contributes to
pathological inflammation, autoimmunity and tissue damage [124,125]. Thus, therapeutic neutralisation of TLR2
and TLR4 has been pursued as a strategy to mitigate inflammation in various disease contexts.

Several therapeutic strategies have been explored to inhibit TLR2 and TLR4 activity. Monoclonal antibodies
such as OPN-305, a humanised anti-TLR2 IgG4 antibody, demonstrated reduced inflammatory injury in ischaemia-
reperfusion models and showed favourable safety and pharmacokinetics in a Phase I trial [126,127]. For TLR4,
NI-0101, a humanised anti-TLR4 antibody, successfully blocked LPS-induced cytokine production in healthy vol-
unteers. This randomised controlled trial evaluated NI-0101, a monoclonal antibody that blocks TLR4, in ACPA-
positive rheumatoid arthritis patients who responded inadequately to methotrexate. Although NI-0101 success-
fully inhibited TLR4 activity and had a safety profile similar to placebo, it did not significantly improve disease
activity or clinical response rates [128]. TAK-242 selectively binds to the intracellular domain of TLR4 and disrupts
its interaction with the adaptor proteins TIRAP and TRAM. This suppresses downstream NF-kB, interferon-related
signalling and inflammatory mediator production [129]. Preclinical studies have shown neuroprotective effects
of TAK-242 in traumatic brain injury (TBI), reducing inflammation, neuronal loss and autophagy via inhibition of
TLR4-MyD88/TRIF/NF-kB signalling [130]. In models of ulcerative colitis, TAK-242 modulated macrophage polar-
isation (less M1, more M2) and T helper cell balance (reduced Th1/Th17), via a mechanism that involves inhibition
of the JAK2 /STAT3 pathway [131].

Lipid A analogues, such as Eritoran, have been evaluated in sepsis, although large trials have shown limited
clinical efficacy. In addition, natural compounds such as curcumin and resveratrol exhibit broad anti-inflammatory
effects, partly through the suppression of TLR2 /4-mediated NF-kB and MAPK signalling [132,133].

More recently, aptamers have emerged as highly promising modalities due to their strong affinity, low im-
munogenicity and excellent tissue penetration [24]. Aptamers can neutralise TLRs by direct binding to receptor
ectodomains, disrupting dimerisation, blocking ligand recognition, or sequestering PAMPs such as LPS. Notably,
RNA- and DNA-based aptamers targeting the TLR4/MD-2 complex have shown potent antagonistic effects in vitro
and in vivo [134,135].

Neutralisation of TLR2 and TLR4 could help to treat a wide range of diseases. Recent studies have shown
the evolving landscape of TLR2/4-targeting aptamers. The list of reported TLR 2 and TLR4 aptamers is shown in
Table 3. The TLR4-binding DNA aptamer ApTOLL has progressed the furthest clinically. A Phase I trial in healthy
volunteers demonstrated a safe record and a plasma half-life of ~9 h [134]. A technique called SELEX was used
and successfully found a functional TLR2 aptamer, designated AP177, exhibiting strong affinity (Kd = 73 pM). It
significantly inhibits TLR2, reducing NF-«B activation and suppressing cytokine release by over 80% in vitro [136].
Although this early study did not evaluate periodontitis directly, it established AP177 as a highly specific functional
TLR2 aptamer and introduced IP-SELEX combined with functional screening. Its findings provide a foundation for
developing next-generation TLR2 aptamers through core-sequence optimisation, receptor-conformation-specific
selection, chemical stabilisation and validation in periodontal disease models.
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Table 3. Reported aptamer sequence with binding affinity towards TLR 2 and TLR 4.

No. Target of TLR Aptamer Sequence Status ::;‘i:lilt‘yg(nM) Ref.

1 TLR2-AP1 TCCCTACGGCGCTAACGACGGGGGAGTTGTGCTCCCGAAAGGAGGTGCCACCGTGCTACAAC in vitro 6.42 Chang et al. [136]

2 TLR2-AP2 TCCCTACGGCGCTAACTCCCGATAGGAGGCCCGTGGCCGTGTTATCGCCACCGTGCTACAAC invitro 1.99 Chang et al. [136]

3 TLR2-AP3 TCCCTACGGCGCTAACGGATCAAACATGCGCTCCAAGGAGTAGGGGCCACCGTGCTACAAC invitro 4.12 Chang et al. [136]

4 TLR2-AP4 TCCCTACGGCGCTAACCAGTGCTAGCCACTGCGGGGTTCCCTTGTTGCCACCGTGCTACAAC invitro 0.028 Chang et al. [136]

5 TLR2-AP5 TCCCTACGGCGCTAACGTATAAGTCGCCTGCATCACGGCCAGATTTGCCACCGTGCTACAAC invitro 0.097 Chang et al. [136]

6 TLR2-AP177 TCCCTACGGCGCTAACGTACTAGCGAGGGTATGGTGTGGGAATGTCGCCACCGTGCTACAAC invitro 0.073 Chang et al. [136]

7 TLR2 TCCCTACGGCGCTAACTTCTGCAAGAGGCCGTCAACGGGCGAGTTAGCCACCGTGCTACAAC invitro 19.25 Changetal. [136]

8 TLR4-ST-6 AGCAGCACAGAGGTCAGATGAGGGCATCAAAGGGGGGAGGGCGGGTGGATTGGATGCCGACCTATGCGTGCTACCGTGAA invitro 35.62 Yangetal. [135]

9 TLR4-ST-6-1 AGGGCATCAAAGGGGGGAGGGCGGGTGGATTGGATGCCGA in vitro 79.44 Yangetal. [135]

10 TLR4-ST-6-2 GGGGAGGGCGGGTGGATTGGATGCCGA in vitro 80.22 Yang et al. [135]

11 TLR4- ApT#1R GTTGCTCGTATTTAGGGCCACCGGCACGGGACAAGGCGCGGGACGGCGTAGATCAGGTCGACACCAGTCTTCATCC GC in vitro and in vivo 0.2-200 Fernandez etal. [137]
12 TLR4- ApT#1RT CCACAGCTGGACTAGATGCGGCAGGGCGCGGAACAGGGCACGGCC in vitro and in vivo 0.2-200 Fernandez etal. [137]
13 TLR4- ApT#4F GCGGATGAAGACTGGTGTGCCAATAAACCATATCGCCGCGTTAGCATGTACTCGGTTGGCCCTAAATACGAGCAAC in vitro and in vivo 0.2-200 Fernandez et al. [137]
14 TLR4- ApT#4FT GAGCATAAATCCCGGTTGGCTCATGTACGATTGCGCCGCTATACCAAATAACCGTGTGG in vitro and in vivo 0.2-200 Fernandez et al. [137]

Therefore, TLR2 and TLR4 serve not only as frontline sentinels of innate immunity but also as major amplifiers
of pathological inflammation. Therapeutic neutralisation by using antibodies, small-molecule inhibitors or high-
affinity aptamers is an effective approach to re-establish immunological equilibrium. Aptamer technology contin-
ues to advance and may overcome several limitations associated with conventional biologics and small molecules,
thereby positioning TLR-targeting aptamers as next-generation immunomodulators with significant therapeutic
potential in inflammatory, infectious and neurovascular diseases.

5. Challenges and Future Prospects

Periodontitis therapy requires a delicate balance between dampening pathological inflammation and preserv-
ing innate immunity. Although TLRs are primary drivers of the disease, they are also essential for host defence.
Consequently, broad TLR inhibition poses a risk: it may reduce inflammatory damage but at the cost of impaired
wound healing and an increased vulnerability to secondary infections.

In patients with compromised immunity, the molecular pathways associated with TLR2/TLR4 are unlikely to
have the same impact as in immunocompetent individuals. Studies indicate that the activation of TLR2 and TLR4
may initiate MyD88/TRIF-dependent signalling, NF-kB/MAPK activation and the generation of IL-6, IL-8, IL-13 and
TNF-a; however, the downstream response may be modified when immune function is compromised or dysregu-
lated. Conditions such as diabetes, chemotherapy, HIV infection, prolonged corticosteroid use, transplantation and
ageing may compromise neutrophil function, macrophage clearance, antigen presentation and adaptive immune
control. Consequently, periodontal pathogens such as P. gingivalis may survive despite TLR activation, resulting
in persistent low-grade inflammation instead of efficient microbial eradication. This aligns with findings in the
text indicating that P. gingivalis may elicit immunological tolerance, diminish dendritic cell activation and disrupt
CD14-mediated recognition [21,42,44,55].

In immunocompromised individuals, TLR2 /TLR4 signalling may persist, although its biological consequences
may shift towards chronic inflammation, inadequate repair and increased periodontal damage. Ongoing micro-
bial stimulation may perpetuate cytokine production, RANKL-mediated osteoclastogenesis and tissue degradation,
while the host’s ability to resolve inflammation and repair periodontal tissues is diminished. This has significant
therapeutic implications: extensive suppression of TLR2/TLR4 may diminish inflammatory damage but might also
undermine antimicrobial defence. Therefore, regulation of TLR pathways using aptamers, antibodies or miRNAs
should be implemented through a precise strategy, informed by the immunological state, microbial load, cytokine
profile and TLR expression, to rebalance host immunity rather than entirely suppressing it.

Indeed, therapeutically targeting TLRs is complex, owing to their functions and multi-connected signalling
networks. TLR2 and TLR4 share adaptors and downstream targets. Modifying one pathway often leads to unwanted
side effects or compensatory responses. This makes single-target therapies less effective, as the immune system
can utilise other pathways to sustain the ongoing inflammation [14].

The potential of aptamers as high-affinity immunomodulators is frequently limited by their short half-life in
vivo. To overcome this, researchers are developing new ways to protect them, such as PEGylation, structural modifi-
cation and nanoparticle delivery to shield these molecules, and ensure they can survive longer and reach inflamed
tissues. In addition to molecular stability, the field encounters a substantial translational gap. Because of differ-
ences in the immune landscape, the animal models frequently do not reflect human responses. Therefore, the tran-
sition to 3D gingival constructs and organ-on-chip models is imperative for better prediction.
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Future strategies for periodontitis are evolving towards more advanced, multifaceted interventions. Synthetic
biology has advanced considerably and aptamers can now be designed to target several inflammatory mediators
simultaneously, rather than focusing on just one. Gene-level tools such as CRISPR and RNA interference provide
better control over TLR expression than previous approaches. These new approaches mark a shift from general
immunosuppression to precise, molecular-level modulation of the host response. miRNAs, such as miR-146a and
miR-155, are also gaining attention because they help regulate inflammation linked to these immune receptors. By
fine-tuning the duration and intensity of inflammation, they open the door to new RNA-based treatments that are
more precise [78]. Today, periodontitis is not only a problem in the mouth, but it is also closely connected to overall
health. Targeting TLRs at the source of periodontal infection may consequently reduce the risk of related systemic
diseases. Integrating precision medicine, specifically patient-specific TLR profiling and microbiome analysis allows
for personalised therapies that maximise efficacy while mitigating risk. In combination with delivery platforms
such as hydrogels and liposomal carriers, these advancements represent a substantial progression. Together, these
advances could make immune-targeted therapies for gum disease more effective and longer-lasting [35].

6. Conclusions

The enrichment analysis showed that the identified proteins are mainly involved in cell surface signalling, re-
ceptor binding and innate immune activation, as reflected by the molecular function, cellular component, biological
process and Reactome pathway analyses. The TLR4-MyD88 cascade appeared to be one of the major regulatory
pathways, with downstream associations with inflammatory cytokines such as IL-6 and IL-12. However, these
findings should be interpreted as pathway-level associations and require experimental validation before causal or
clinical conclusions can be made.

The miRNA analysis showed overlapping but distinct functional patterns between TLR2- and TLR4-associated
networks. TLR2-related miRNAs were more closely associated with immune activation and inflammatory response
pathways, whereas TLR4-related miRNAs showed broader associations with metabolic regulation, cellular stress,
ageing and latent virus-related pathways. These observations suggest possible receptor-specific regulatory trends,
but they should be considered hypothesis-generating rather than direct evidence for selective clinical target-
ing.

Aptamers may serve as promising molecular tools for modulating TLR2/TLR4-related inflammatory path-
ways because of their small size, high binding affinity, chemical stability, low immunogenicity and potential use
in targeted delivery or aptasensor development. Nevertheless, the present analysis does not provide periodontal-
specific comparative evidence showing that aptamers are superior to antibodies. Therefore, aptamers should be
described as potential alternatives or complementary platforms, not established replacements for antibody-based
therapy.

A key limitation of this review is that the conclusions are based on published literature and computational en-
richment analyses, which identify biological associations but do not prove causality, therapeutic efficacy, or clinical
superiority. Further in vivo, in vivo and clinical studies are needed to validate the roles of TLR2, TLR4, miRNA regula-
tion and aptamer-based targeting in periodontal inflammation, bone remodelling and tissue regeneration. Overall,
this study provides a mechanistic and bioinformatics-based framework to guide future experimental validation and
the development of more precise immunomodulatory strategies for periodontitis.
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