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Therapeutic potential of
exosomes in periodontal
regeneration:
Immunomodulatory and
tissue-repair mechanisms
Shuang Yang, Chunyu Han, Qihui Wang, Yicen Ai,
Dezhou Wang and Wenzhi Song*

Department of Stomatology, China-Japan Union Hospital, Jilin University, Changchun, China
Periodontitis, a chronic inflammatory disease leading to irreversible tissue

destruction, is a highly prevalent oral disease. The clinical management of

periodontitis is challenging because conventional treatments like mechanical

debridement and antibiotic therapy lack sufficient regenerative efficacy to

achieve functional periodontal restoration. In recent years, exosomes have

received widespread attention as cell-free therapeutic agents for periodontal

tissue regeneration. This article reviews the dual role of exosomes in modulating

immune response and promoting tissue repair, and briefly describes the

exosome delivery systems studied so far. The aim of this review is to

emphasize the important position occupied by cell-derived exosomes in the

treatment of periodontitis as well as the main mechanisms, and to explore novel

targets for the treatment of periodontitis.
KEYWORDS
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1 Introduction

Periodontitis is a major global chronic inflammatory and destructive condition, the

major cause of tooth loss worldwide (1–3) and a potential risk factor for a variety of

systemic diseases. A large amount of evidence supports the association between periodontal

disease and various systemic diseases, including cardiovascular diseases, rheumatoid

arthritis and diabetes (4–6). For example, the risk of suffering an acute myocardial

infarction has been shown to be two to four times higher in patients with moderate to

severe periodontitis (7). Periodontitis is characterized by pathologic loss of periodontal

attachment and progressive alveolar bone resorption (8). The ultimate goal of periodontal

treatment is to control the infections and reconstruct the structure and function of

periodontal tissues including cementum, alveolar bone, periodontal ligament (PDL) and

gingival connective tissue. The routine treatment for periodontal disease mainly includes
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basic therapy, guided tissue regeneration (GTR), and guided bone

regeneration (GBR). However, these approaches are associated with

significant limitations. Non-surgical treatments, such as long-term

antibiotic use, carry the risk of inducing bacterial resistance, while

mechanical debridement alone fails to stimulate regeneration of lost

bone tissue. Surgical interventions, including GTR and GBR, are

constrained by inherent surgical risks, strict indication criteria, and

technical challenges such as membrane exposure and inadequate

vascularization (2, 9, 10). Consequently, current therapeutic

strategies for periodontitis primarily aim to control infection but

often fall short of reliably reconstructing the supporting structures

and biological connections of periodontal tissues damaged by the

disease. As a result, achieving predictable periodontal regeneration

remains a major clinical challenge (11–13). Therefore, the current

research trend has shifted towards developing tissue engineering

and cell-based techniques for periodontal regeneration (14).

Mesenchymal stem cell (MSC) therapy has been shown to have

regenerative potential in the treatment of periodontal defects.

However, the clinical application of exogenous cell therapy faces

several challenges, including the requirement for large-scale cell

expansion and specialized technical expertise, which substantially

elevates treatment costs. Moreover, the efficacy of transplanted

exogenous stem cells is highly dependent on donor-specific

factors and the pathophysiological microenvironment of the

recipient’s lesion (15). Additionally, cell-based therapies are

associated with inherent risks such as immunogenic responses,

potential disease transmission, limited cell survival, and

tumorigenicity (16). Consequently, the therapeutic benefits of

MSCs are increasingly attributed not to their direct differentiation

capacity but rather to their paracrine functions, particularly

mediated through the secretion of exosomes or small extracellular

vesicles (17). Given these considerations, this review aims to

synthesize current understanding of the therapeutic potential of

exosomes in periodontal regeneration, emphasizing their dual roles

in immunomodulation and tissue repair. This review

comprehensively elucidates the cellular and molecular regulatory

effects of exosomes on periodontitis-associated immune cells (such

as neutrophils, macrophages, and T cells) and regenerative tissues

(including gingival epithelium, alveolar bone, and periodontal
Abbreviations: ADSCs, Adipose-derived stem cells; ATP, Adenosine

triphosphate; BMP, Bone morphogenetic protein; BMP-2, Bone Morphogenetic

Protein type 2; BMSCs, Bone marrow mesenchymal stem cells; DCs, Dendritic

cells; DPSCs, Dental pulp stem cells; ECs, endothelial cells; EVs, Extracellular

vesicles; GBR, Guided bone regeneration; GelMA, Gelatin methacryloyl; GMSCs,

Gingival mesenchymal stem cells; GTR, Guided tissue regeneration; HIF-1a,

Hypoxia-inducible factor 1-alpha; HucMSCs, Human umbilical cord

mesenchymal stem cells; IFN-g, Interferon-g; LPS, Lipopolysaccharide; MSCs,

Mesenchymal stem cells; MVBs, Multivesicular bodies; NETs, Neutrophil

extracellular traps; PDL, Periodontal ligament; PDLCs, periodontal ligament

cells; PDLSCs, Periodontal ligament stem cells; PK, Pyruvate kinase; ROS,

Reactive oxygen species; SHED, Stem cells from human exfoliated deciduous

teeth; TGF-b, Transforming growth factor beta; Th17, T helper 17; TLR, Toll-like

receptor; TNF-a, Tumor necrosis factor-alpha; Treg, Regulatory T cells; VEGF,

Vascular endothelial growth factor.
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ligament), providing robust evidence for the role of exosomes in

promoting comprehensive periodontal regeneration. Furthermore,

this review outlines recent advances in engineered exosome delivery

systems and provides a forward-looking analysis of related clinical

translation challenges and future research directions (Figure 1).
2 Exosomes

Extracellular vesicles (EVs) are membrane-bound particles

released by cells into the extracellular environment, which are

broadly classified into three major subtypes based on their

biogenesis and size: exosomes, microvesicles, and apoptotic bodies

(18, 19). Exosomes, the smallest among these EVs, range from 30 to

150 nm in diameter and possess a lipid bilayer structure. They are

secreted by a wide variety of cell types and play a crucial role in

intercellular communication by transferring bioactive molecules—

such as proteins, lipids, and genetic materials including mRNA,

miRNA, and snRNA—from donor to recipient cells (19–22). In

terms of biogenesis, apoptotic bodies (800–5000 nm) and

microvesicles (200–1000 nm) are generated through direct budding

from the plasma membrane (23). In contrast, exosomes are derived

from the endosomal pathway: they are formed as intraluminal

vesicles via inward budding of the endosomal membrane within

multivesicular bodies (MVBs) and are subsequently released into the

extracellular space upon fusion of MVBs with the plasma membrane

(24) (Figure 2). This distinct mode of formation underscores the

unique molecular and functional identity of exosomes among EVs.

Exosomes can directly fuse with the receptor cytoplasmic membrane

and deliver information, being internalized through endocytosis or

phagocytosis (25). Exosomes as important mediators of paracrine

effects retain almost all advantages of source cells. In addition to their

unique advantages of being cell-free, ready-to-use, easy to store, and

easy to reformulate to support different routes of administration (26),

exos have lower immunogenicity and better biocompatibility than

cell-based therapies, resulting in lower post-transplantation immune-

related adverse reactions (27–29). Moreover, the composition of the

contents of exosomes from different types of cells is different, and

even for cells of the same type, the exos they secrete are highly

heterogeneous because of the different environments in which they

are located (28). This heterogeneity, while presenting a challenge for

standardization, also offers opportunities for sourcing exosomes with

specific desired functions. Recent studies have shown that exosomes

are effective in various animal models of tissue damage and have

emerged as potential therapies for inflammatory diseases and tissue

injuries (21). The potential of exosomes in periodontal regeneration

has been demonstrated in recent years.
3 Modulating the inflammatory and
immune response

Extensive research on cellular and animal models has begun to

unravel the complex immunopathogenesis of periodontitis. Recent

studies have shown that the progression of periodontitis is an
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organized cellular response, with tissue-resident dendritic cells

(DCs), B cells, plasma cells, macrophage, T cells. Neutrophils

respond early and rapidly to subgingival pathogens, producing

associated enzymes to kill the pathogens and releasing cytokines

and chemokines, which attract immune cells such as macrophages,

T cells, and DCs to the site, participating in the periodontal immune

response. This section will explore the effects of exosomes on the

modulation of immune responses in various immune cells within

the periodontal tissues.
3.1 Neutrophils

Neutrophils are polymorphonuclear leukocytes, the most

prevalent immune cells in the human body, constituting 60-70% of

all circulating leukocytes, and the proportion of neutrophils in the

oral mucosa is significantly higher than that in other barrier tissues

(30). Neutrophils are the first line of defense of the innate immune

system against pathogens (31) and the balance between their activity

and apoptosis plays a crucial role in maintaining periodontal

homeostasis. In periodontitis, this balance is disrupted; overactive

neutrophils triggers excessive release of proteolytic enzymes, reactive

oxygen species (ROS), and neutrophil extracellular traps (NETs).
Frontiers in Immunology 03
Recent clinical evidence has demonstrated that elevated levels of

NETs (32) and ROS (33) in gingival tissues and gingival crevicular

fluid of periodontitis patients are positively correlated with the

severity of periodontitis and the degree of tissue destruction.

Studies have indicated that NETs not only contribute directly to

tissue damage, but may also perpetuate inflammation by promoting

cytokine release and activating other immune pathways (34). This

pathological accumulation of cytotoxic mediators creates a self-

perpetuating cycle of inflammation that drives progressive

destruction of periodontal structures (35).

The therapeutic potential of exosomes lies in their ability to

recalibrate this dysregulated neutrophil response. Studies found that

MSCs-exos could reduce tissue damage by inhibiting NETs,

increasing anti-inflammatory cytokines, and reducing immune

responses (36, 37) Exosomes can suppress the destructive

NETosis process, as mechanistically demonstrated by Morishima

et al., who identified exosomal miR-125a-3p as a direct mediator of

this inhibition (38). Furthermore, they can induce neutrophil

apoptosis, thereby facilitating the clearance of these cells, shifting

macrophages toward an anti-inflammatory phenotype, and

accelerating inflammation resolution (39). Another facet of their

function is the induction of N2 polarization in neutrophils, which

promotes the release of pro-angiogenic factors like BV8, thereby
FIGURE 1

Schematic diagram of exosomes improving inflammatory microenvironment and promoting periodontal regeneration.
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stimulating angiogenesis and tissue repair (40). Conversely, other

studies present a seemingly paradoxical effect: exosomes may

prolong neutrophil lifespan (41) and enhance phagocytosis via

anti-apoptotic miRNAs (e.g., let-7 family, IL-6 mRNA) (42). This

evidence raises a critical question: do exosomes primarily eliminate

overactive neutrophils or reprogram them to enhance their

phagocytic function?

This apparent contradiction likely underscores the context-

dependent duality of exosome therapy, rather than representing

mutually exclusive actions. The effect on neutrophils is probably

determined by variables such as the specific exosomal cargo (which

is influenced by the cellular source and preconditioning), the local

inflammatory microenvironment, and the temporal stage of the

disease. This duality demonstrates the strategic potential of

applying exosomes to achieve tailored therapeutic outcomes—by

eliminating pathological neutrophils or reprogramming their

reparative functions during different stages of inflammation.

However, translating this promise into reality faces significant

hurdles. Therefore, a central consideration for future therapeutic

development will be striking a precise balance between suppressing

detrimental neutrophil functions and preserving or enhancing their

beneficial roles.
3.2 Macrophages

As an important component of innate immunity, macrophages

exhibit remarkable diversity and plasticity, playing critical roles in
Frontiers in Immunology 04
inflammatory responses. Functionally, within local tissue

microenvironments, macrophages are broadly categorized into

classically activated (M1), alternatively activated (M2), and

unactivated (M0) states (43, 44). M1 macrophages are induced by

Th1 cytokines like Interferon-g (IFN-g) or microbial products like

lipopolysaccharide (LPS), and mediate pro-inflammatory responses

through the production of cytokines such as IL-1b, Tumor necrosis

factor-alpha (TNF-a), and IL-6. In contrast, M2 macrophages are

induced by cytokines IL-4 and IL-13, characterized by their

secretion of anti-inflammatory mediators, including IL-10,

Transforming growth factor beta (TGF-b), and Vascular

endothelial growth factor (VEGF) (45).

In periodontal tissues, macrophages play a key role in

mobilizing host defense against microbial infection and

maintaining tissue homeostasis. However, excessive activation

towards the M1 phenotype can lead to periodontal tissue

destruction and aggravate periodontitis (46, 47). Therefore, a

timely and appropriate phenotypic transition from pro-

inflammatory (M1) to anti-inflammatory (M2) macrophages is

critical for resolving inflammation and treating periodontitis (48).

Through RNA sequencing and gene ontology analysis, Yue et al.

found that the most significant biological activities of macrophages

affected by exosome treatment were metabolic processes and cell

differentiation (49). MSC-derived exosomes can significantly alter

macrophage M1 to M2 phenotypes (50). Current studies have

shown that Gingival mesenchymal stem cells-derived exosomes

(GMSCs-exos) (25), human periodontal ligament cells-derived

exosomes (hPDLCs-exos) (51), dental pulp stem cells-derived
FIGURE 2

Biogenesis, structure, and function of exosomes.
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exosome (DPSC-exos) (52), M2 macrophage-derived exosome

(M2-exos) (48), and adipose mesenchymal stem cells-derived

exosomes (ADSC-exos) (53) can positively promote the

conversion of M1 macrophages to M2 macrophages, reduce the

production of pro-inflammatory factors and stimulate the

production of anti-inflammatory cytokines, inhibiting periodontal

bone loss and treating periodontitis. Moreover, it has been

demonstrated that macrophage-derived exosomes can effectively

clear MRSA/E. coli (54).

Several studies have shown that exosomes contain miRNAs

such as miR-223 (53), miR-1246 (52), miR-21-5p (55) and miR-182

(56), which play important roles in regulating macrophage

phenotypes. This regulation may be mediated through multiple

signaling pathways: Zhang et al. identified Toll-like receptor 4

(TLR4) suppression by exosomes as a key driver (56); miR-23a-

3p in MSCs-exos inhibits IRF1 expression and the NF-kB signaling

pathway to promote M2 phenotypes; Exo-181b was shown to

significantly down-regulate PRKCD expression, thereby

enhancing p-AKT, polarizing macrophages to M2 (57); And

ADSCs-exos regulate macrophages via miR-451a/MIF (58).

Additionally, Cmklr1 (ChemR23), the receptor for Resolvin E1,

was significantly increased in macrophages by exosomes, which is

conducive to the suppression of periodontal tissue inflammation

and the reduction of bone loss (49). Furthermore, pretreatment of

cells enhances this immunomodulatory capacity of exosomes.

Wang et al. proposed that under conditions of circulating tensile

stress, PDLCs-exos can Suppress IL-1b Production through the

Inhibition of the NF-kB Signaling Pathway in LPS-stimulated

Macrophages, which contribute to the maintenance of periodontal

immune/inflammatory homeostasis (59). Nakao et al .

demonstrated that Exosomes from TNF-a-treated human

gingiva-derived MSCs(Exo-TNF) have a greater ability to convert

macrophage phenotype from M1 to M2 by examining the

expression of M1 (CD86) and M2 markers (CD206), and it was

further demonstrated that high CD73 expression of Exo-TNF is

important for M2 macrophage polarization (Figure 3) (51).

However, the functional consequences of exosome-induced M2

polarization are not uniformly straightforward. While M2

macrophages are typically associated with the release of regenerative

factors such as Bone Morphogenetic Protein type 2 (BMP-2) and

VEGF, which promote osteogenesis (60), studies have shown that the

M2 phenotype can also elevate the expression of markers for

osteoclastogenesis and enhance osteoclast differentiation (61–63).

Exosomes have been found to promote this pro-osteoclastogenic

effect (64), thereby presenting a more complex picture. This apparent

paradox—whereby the M2 polarization that aids in resolving

inflammation may also inadvertently facilitate bone resorption—

highlights the insufficiency of the simplistic M1/M2 dichotomy in

capturing the functional heterogeneity of macrophage subsets in

periodontal healing. The therapeutic outcome is likely determined by

the specific M2 subpopulation induced, the timing of polarization, and

the integrated signals from the surrounding microenvironment.

Consequently, achieving precise induction and control over these

complex macrophage responses emerges as a central challenge in

developing exosome-based therapies for periodontitis.
Frontiers in Immunology 05
3.3 T cells

Within CD4+ T lymphocyte populations, the balance between T

helper 17 (Th17) and regulatory T (Treg) cells critically influences

periodontitis pathogenesis (65). It was found that Th17 were up-

regulated or Treg were down-regulated respectively in peripheral

blood and periodontal tissues of patients with periodontitis (66).

Emerging evidence further positions Tregs as central mediators of

tissue repair, suppressing the inflammatory response by producing

anti‐inflammatory cytokines such as IL‐10, TGF‐b, and IL‐35 (67,

68), with their local presence demonstrably attenuating

experimental periodontitis severity and limiting alveolar bone

destruction (69–71). Zheng et al. demonstrated that Periodontal

ligament stem cells (PDLSC)-exosomes can be taken up by CD4+ T

cells, which in turn regulate Th17/Treg balance (Figure 4) (66). In

addition, this immune imbalance is orchestrated by DCs, the

principal conductors of T cell differentiation (72). At oral

lymphoid foci, DCs direct naïve T cell fate determination,

selectively promoting either pro-inflammatory Th17 or reparative

Treg dominance (73).

Dendritic cell (DC)-derived exosomes demonstrate targeted

immunomodulatory effects in inflammatory bone loss contexts

(74), with regulatory DC exosomes exhibiting enhanced retention

within inflamed gingival tissues (73). These exosomes concurrently

impair recipient DC maturation, suppress Th17 effector induction,

and promote Treg recruitment, ultimately attenuating alveolar bone

destruction by reducing bone-resorptive cytokines (73, 74). This

regulatory network is amplified through reciprocal exosomal

crosstalk: Treg-derived exosomes reprogram DCs toward anti-

inflammatory phenotypes (characterized by increasing IL-10/

decreasing IL-6 production) (75), while delivering miRNAs (e.g.,

Let-7d) that inhibit Th1 proliferation and IFN-g secretion in vitro

and in vivo (76). Aiello et al. found that Engineered dnIKK2-Treg-

EVs further enhance immunomodulation by suppressing IFN-g+ T
cells and inducing IL-10 expression (75). Crucially, exosomal

miRNAs orchestrate Th17/Treg rebalancing through distinct

pathways—PDLSC-derived miR-155-5p targets Sirtuin-1 to

suppress Th17 differentiation while expanding Treg populations

(66), and 3D-cultured MSC-exosomes restore immune equilibrium

in periodonti t i s via the miR-1246/NFAT5 axis (77) .

Complementing these mechanisms, PD-L1-engineered HUVEC-

exosomes bind PD-1 on T cells to suppress activation and promote

osteogenesis (78), collectively establishing exosomes as multifaceted

immunotherapeutic agents.
4 Repairing and regenerating
periodontal tissues

4.1 Gingival epithelial barrier regeneration

The gingival epithelium serves as the primary barrier against

pathogenic microbial invasion into periodontal tissues, functioning

as both a physical shield preventing microbial components from

penetrating deeper connective tissues and a key component of
frontiersin.org
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nonspecific immunity in periodontal inflammation (79).

Compromised integrity of this epithelial barrier is strongly

associated with the pathogenesis of periodontal diseases (80).

Therapeutic strategies targeting epithelial barrier restoration and

immunomodulation have demonstrated efficacy in preventing or

ameliorating periodontitis in preclinical studies (81–84).

In rat models of experimental periodontitis, DPSC-exos

significantly promote gingival epithelial healing by suppressing the

IL-6/JAK2/STAT3 signaling pathway, thereby reducing inflammatory
Frontiers in Immunology 06
cell infiltration, mitigating tissue damage, and attenuating periodontal

inflammation (85). Similarly, ADSC-exos enhance gingival repair by

improving human gingival fibroblast migration and collagen synthesis

through IL-1RA-mediated anti-inflammatory actions (86, 87). Despite

these promising findings, research on exosome-mediated mechanisms

within the gingival epithelium remains limited, and their precise

regulatory functions require further elucidation. This represents a

significant gap in the literature, as effective barrier restoration is

fundamental to treating periodontitis.
FIGURE 3

Effect of TNF-a-treated GMSC-derived exosomes on macrophage polarization. (A) Mechanism diagram of Exo-TNF treatment of periodontitis.
(B) Strategy diagram to validate the capacity of exosomes to promote M1 to M2 macrophages. (C) Effects exosomes on CD86 expression in
M1 macrophages. The percentage of double-positive cells (CD11b+ CD206+) was analyzed to represent the ratio of M2 macrophages. (D) The
percentage of double positive cells (CD11b+ CD86+) was analyzed to represent M1 macrophages. M2/M1 balance was expressed by the ratio
of (CD11b+ CD206+)/(CD11b+ CD86+) macrophage populations (51). © 2020 Acta Materialia Inc.
frontiersin.org
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4.2 Bone regeneration

Periodontitis is characterized by progressive inflammation and

alveolar osteolysis that eventually leads to tooth loss, fundamentally

driven by disrupted osteoblast-osteoclast homeostasis (88).
Frontiers in Immunology 07
Therapeutic strategies must therefore stabilize the immune

microenvironment, activate mesenchymal stem cells (bone

marrow mesenchymal stem cells, BMSCs/PDLSCs), and enhance

osteogenic differentiation (20). Recently, exosomes derived from

various types of cells have been reported to inhibit periodontal bone
FIGURE 4

PDLSC-exos improves Th17/Treg balance in periodontitis. (A) Th17/Treg imbalance in periodontal tissues. (B) PDLSC-exos ameliorate the inflammatory
microenvironment through the Th17/Treg/miR-155-5p/SIRT1 regulatory network. (C) After 72hr of exosome treatment of CD4+ T cells, the amount of
Th17 (CD4+IL-17+) and Treg (CD4+CD25+FOXP3+) was detected by flow cytometry. ns, no significant difference; *p < 0.05; **p < 0.01;
****p<0.0001. N-EXO, exosomes from the normal PDLSCs; L-EXO, exosomes from the PDLSCs stimulated with 1 ug/ml LPS (66). © 2019 Wiley
Periodicals, Inc.
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loss and promote tissue regeneration (26, 51). Currently, there is

evidence that exosomes can promote the repair of experimental

periodontitis in rats through anti-inflammatory as well as

modulation of stem cell proliferation and osteogenesis

(Figure 5) (85).

Specifically, immune cell-derived exosomes can enhance

periodontal bone regeneration through targeted molecular

delivery. Myeloid dendritic cell exosomes deliver miR-335 to

BMSCs to stimulate proliferation and osteogenic differentiation

(89), while LPS-stimulated monocyte exosomes upregulate

expression of osteogenic genes in MSCs to facilitate bone

regeneration (90). Exosomes from different types of macrophages

have been shown to have different functional effects on

osteogenesis, Macrophage-derived exosomes of types M0 and M2

have all been reported to contribute to osteogenesis (91, 92). M2-

exosomes, in particular, induce BMSC differentiation into

osteoblasts by targeting salt-inducible kinases 2 and 3 via

miRNA-5106 (93) and inhibit osteoclastogenesis by releasing

miR-1227-5p (94), delivering CYLD to inactivate STAT3 (95),

and regulating the Pyruvate kinase (PK)M2/Hypoxia-inducible

factor 1-alpha (HIF-1a) signaling axis (96). Furthermore,

reparative M2-exosomes further deliver IL-10 mRNA to activate

the IL-10/IL-10R pathway, simultaneously upregulating IL-10

expression in BMSCs and bone marrow-derived macrophage,

which drives BMSC osteogenesis and inhibits osteoclast

formation in periodontitis mice (20).

Periodontitis-associated bone loss primarily involves the

RANKL/RANK pathway (97, 98), and the Wnt and TGF-b
signaling pathways further participate in the pathogenesis of

periodontitis through their roles in periodontal tissue

development, including fibrinogenesis promotion, and

osteogenesis regulation (99, 100). Exosomes play pivotal roles in

counteracting this destruction, they promote bone formation by

activating and enhancing the specific osteogenic differentiation of

key mesenchymal stem cells (BMSCs and PDLSCs) through the

delivery of specific cargoes (85, 101–105). Li et al. found that

vascular endothelial cell-derived exosomes facilitated the

osteogenic differentiation and inhibited adipogenic differentiation

of BMSCs by inhibiting STAT1 via miR-5p-72106_14 (106). Chen

et al. found that miR-184 was down-regulated in the exosome of

LPS-pretreated DFSCs, which attenuates oxidative stress, reduces

inflammatory responses, and promotes osteogenic differentiation

by targeting PPARa inhibition, activating the Akt pathway, and

inhibiting the JNK pathway in PDLSCs (107). Likewise, Liu et al.

demonstrated that exosomal lncRNA HCP5 promotes osteogenic

differentiation of hPDLSCs through the miR-24-3p/HO1/P38/

ELK1 pathway, thereby promoting bone regeneration (108).

Mechanistically, exosomes inhibit Axin1 expression while

upregulating b-catenin (109), and modulate Wnt (110) and

RANKL (51) pathways to promote osteoblast generation and

suppress osteoclast formation. Moreover, certain exosome

subtypes carry surface-bound Wnt and TGF-b molecules that

directly activate osteogenic pathways (111, 112), collectively

enhancing bone repair and regeneration.
Frontiers in Immunology 08
Beyond this direct osteogenic stimulation, exosomes critically

ensure the success of bone regeneration by orchestrating a

supportive vascular niche (113). They effectively promote

angiogenesis both in vitro and in vivo, even under hyperglycemic

conditions, with the extent of neovascularization demonstrating a

positive correlation with exosome concentration (114).

Spatiotemporal coupling with angiogenesis (i.e., the precise

coordination of where and when new blood vessels form) is

essential for functional regeneration. An adequate vascular

network supports the growth of cells associated with tissue

production by delivering nutrient and oxygen, and removing

metabolic waste (115). H-vessels, in particular, regulate bone

vascularization, recruit osteoblasts and combine osteogenesis with

angiogenesis (116). Exosomes establish vascularized bone niches by

stimulating endothelial cells (ECs) proliferation/migration and

upregulating VEGF/HIF-1a (117, 118). Notably, a self-amplifying

circuit between BMSCs and ECs is triggered by EC-exosomes,

which upregulate ZBTB16 in BMSCs to promote osteoprogenitor

conversion; these osteoprogenitors reciprocally enhance H-type

vessel formation via HIF-1a activation (119). Molecularly,

exosomes may positively regulate angiogenesis and osteogenesis

by mediating SOX2 (120), OTULIN (121) and other factors to

regulate the Wnt/b-catenin signaling pathway, while activating the

HIF-1a/VEGF and BMP-2/Smad1/RUNX2 signaling pathways

(117). Additionally, Behera et al. proposed that the exosomal lnc-

H19 uptakes endogenous miR-106 and regulates the expression of

the angiogenic factor Angpt1, thereby activating lnc-H19/Tie2-NO

signaling in mesenchymal and ECs, exerting angiogenic effects and

promoting osteogenesis (115).

In conclusion, bone regeneration and repair is a complex

physiological process that involves the synergistic action of many

different cell types, such as MSCs, osteoblasts, osteoclasts, vascular

endothelial cells and immune cells (122). Exosomes extracted from

a variety of the above cells have been reported to promote bone

repair by facilitating cell proliferation and osteogenic

differentiation, inhibiting osteoclast formation, promoting blood

vessel formation, and modulating immunity.
4.3 Periodontal ligament regeneration

PDLSCs are considered to be the main functional cells for

periodontal repair and regeneration because of their multipotent

differentiation capacity (osteogenic, chondrogenic, adipogenic) and

immunomodulatory properties, enabling reconstruction of osteoid/

PDL-like tissues and alveolar bone. However, under inflammatory

conditions, PDLSCs exhibit significantly impaired regenerative

potential (123, 124).

In vivo studies confirm superior periodontal regeneration in

exosome-treated rats, including newly formed bone and PDL

formation (26). MSC-exos rescue this PDLSCs dysfunction

through synergistic mechanisms: They suppress TNF-a/LPS-
induced inflammation in human PDLSCs by inhibiting NF-kB
activation—reducing apoptosis and osteogenic impairment while
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enhancing proliferation/differentiation (125–127)—with GMSC-

exos specifically attenuating inflammation via NF-kB/Wnt5a axis

modulation (128). Concurrently, exosomal biomolecules engage

TLR to regulate immune responses (129–131), and by blocking

the TLR4/NF-kB axis (a key driver of periodontitis-associated

osteogenic suppression), MSC-exos mitigate inflammatory

damage (21). Furthermore, exosomes can influence cellular
Frontiers in Immunology 09
function by regulating cellular energy metabolism. MSC-exos

deliver glycolytic enzymes and other Adenosine triphosphate

(ATP)-generating enzymes (e.g., adenylate kinase, nucleoside-

diphosphate kinase) that elevate ATP production via anaerobic

metabolism (132–134), providing energy for cell survival and

activating CD73-mediated adenosine receptor signaling to trigger

pro-survival AKT/ERK pathways, thereby enhancing PDLSC
FIGURE 5

The therapeutic effect of DPSC-EXO on periodontitis in rats. (A) Sagittal view of a micro CT scan of the maxillary molars. The red line corresponds to
the ABC-CEJ distance. (B) The extent of osteoclast infiltration in TRAP-stained sections of periodontal tissue. (C, D) BV/TV measurements and
distance from ABC to CEJ. (E) Quantitative analysis of osteoclasts between the first and second molars *p < 0.05; **p < 0.01; ***p < 0.001;
****p<0.0001. (85). © 2023 Qiao et al.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1675707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2025.1675707
migration and proliferation (26). M2-exos promotes aerobic

glycolysis-mediated osteogenic differentiation of hPDLSCs by

targeting TRIM26-induced PKM ubiquitination through

significantly elevated miR-6879-5p (135).
5 Engineered exosomes

Exosomes have the capacity to load multiple bioactive

components involved in the regulation of cellular communication

and function in a paracrine manner. Consequently, their potential is

amplified through two primary strategic paradigms: integration

with biomaterial scaffolds to control spatiotemporal release, and

direct engineering of the vesicles themselves to enhance targeting

and therapeutic payload.

Exosomes have been combined with cells and materials,

including hydrogels, biomaterials, and nanomaterials, to establish

active tissue engineering complexes, which represent a promising

future treatment for injured or defective tissues (136). Compared to

free exosomes, combining exosomes with tissue-engineered

scaffolds were suitable for stable and sustained exosome release,

and may be advantageous for osteogenic induction and tissue

repair. Moreover, exosomes often co-modify the scaffold surface

with other pro-tissue-forming factors and anti-inflammatory

factors to repair tissue damage. For example, Ti6Al4V scaffolds

functionalized with engineered Smurf1-Exosome from BMSCs

activate BMP/Smad signaling pathway in BMSCs and induce

macrophage M2 polarization to promote osseointegration (137),

while acellular fish scale scaffolds loaded with BMSC-exos enhance

BMSC adhesion, proliferation, and osteogenic differentiation in

vitro, accelerating bone regeneration in vivo (138).

Beyond native vesicles, exosomes function as engineered

delivery systems for therapeutic cargo (proteins, nucleic acids,

lipids), leveraging their lipid bilayer structure for efficient

intracellular transfer alongside lower immunogenicity and

superior stability compared to synthetic nanoparticles (139, 140).

Distinct from manufactured liposomal carriers, exosomes are

endogenously assembled in cells, packaging a complex of

biomolecules (e.g., targeting moieties, adhesion proteins) into

their lipid bilayer that confers multifunctional properties (141).

Since their composition reflects the donor cell’s phenotype,

exosomes from specific sources possess inherent functional

tendencies; immune cell-derived exosomes, for example, strongly

modulate immunity (142). This intrinsic targeting capability makes

them ideal for achieving precise drug delivery and enhanced

therapeutic outcomes when loaded with therapeutic cargo. At

present, there are two primary strategies to load exogenous drugs

into exosomes (1): Pre-loading via genetic modification of parent

cells to produce inherently functionalized exosomes (2); Post-

loading through direct cargo incorporation into isolated

exosomes. For example, BMSC-exos loaded with miR-26a via

immunomodulatory peptide (DP7-C), activating the mTOR

pathway to stimulate osteogenesis and suppress periodontitis

(143); exosomes overexpressing miR-181b (Exo-181b) that inhibit

PRKCD/AKT signaling to promote M2 macrophage polarization
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and bone formation (57). Moreover, the application of exosomes is

undergoing a paradigm shift from serving as generic carriers to

functioning as “precision-guided molecular therapeutics.” This

advanced strategy synergistically leverages the inherent homing

capabilities of exosomes by integrating exogenous targeting

ligands with highly specific cargo (e.g., siRNA, miRNA), thereby

achieving multi-faceted therapeutic outcomes. A example is bone-

targeting exosome system (Bt-Exo-siShn3), an engineered exosome

delivery system, which was constructed from iMSC-derived

exosomes loaded with siShn3 via electroporation and conjugated

to a bone-targeting peptide. This complex specifically delivers

siRNA to osteoblasts, mediating Shn3 gene silencing to enhance

osteogenic differentiation, promote H-type vessel formation, and

inhibit osteoclastogenesis—collectively facilitating bone

regeneration (Figure 6) (144).

In summary, engineered exosomes successfully integrate the

biological properties of natural vesicles with the precision and

controllability of synthetic nanotechnology. While inheriting the

inherent advantages of natural exosomes—such as low

immunogenicity, high biocompatibility, and excellent biological

barrier penetration—they have been further optimized through

targeted modifications to effectively reduce off-target effects and

enhance therapeutic precision and efficacy. As a result, engineered

exosomes demonstrate significant potential in the treatment of

periodontitis, offering the prospect of overcoming the limitations

of conventional delivery systems and providing a more efficient and

safe strategy for disease intervention.
6 Clinical challenges and future
directions

Exosomes hold considerable promise for the treatment of

periodontitis; however, several significant challenges remain, and

their translation into clinical practice remains distant.
1. Challenges in large-scale production, storage, and

transportation continue to limit the clinical application of

exosomes (145). Current exosome yields remain low, and

common methods such as ultracentrifugation are time-

consuming and costly (146). Furthermore, exosomes

require str ict storage condit ions. Studies have

demonstrated that storage at 4°C can lead to aggregation

and structural damage, while storage at –80°C—though it

preserves particle size and concentration—may

compromise certain functional properties of EVs (147).

The use of cryoprotectants such as trehalose and the

development of lyophilization techniques represent

potential strategies to improve storage stability (148).

2. Lack of unified and efficient standards for production,

isolation, and purification. Unlike synthetic carriers,

exosomes are formed through intracellular assembly.

Their molecular composition and biological functions

depend not only on the cell type but are also susceptible

to variations in culture conditions—such as bioreactor type,
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culture medium, duration, and cell confluence—which may

alter their biological characteristics. Studies indicate that

exosomes derived from the same parental cells can still

exhibit heterogeneity (149). Moreover, different isolation

methods yield exosomes with considerable variability in
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size, cargo, and function, resulting in poor batch-to-batch

consistency and challenges in achieving reproducible

production. This complicates comparative studies and

treatment standardization (150). Quality control (QC) is

essential to ensure the reproducibility of exosomes in
FIGURE 6

Bt-Exo-siShn3 promotes bone regeneration. (A) Preparation of BT-Exo-siShn3 and its therapeutic mechanism. (B) Biodistribution of DiR-labeled Exo
in mouse. (C) Fluorescence intensity of DiR-labeled Exo in different organs. (D) Expression levels of VEGF, angiopoietin and SLIT3 in the co-culture
system after different treatments. NS, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001; #p<0.0001. (144). Adapted from Cui et al., 2022,
© 2021 The Authors.
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TABLE 1 Lists the characteristics and application scenarios published over the past 5 years regarding the use of cell-derived exosomes for periodontal regeneration in vivo.

Source of exosomes Engineering and Animal model defect type Dose Frequency Vehicle Results

ys for 7 days PBS Reduce osteoclast infiltration, and alleviate
alveolar bone destruction via IL-10 mRNA

ly for 4 weeks GelMA@MP196 Antibacterial, inhibit alveolar bone loss, relieve
periodontitis

ys for 2 weeks GelMA hydrogel Reduce inflammation, inhibit bone resorption

ys for 7 days PBS Reduce osteoclast infiltration, and alleviate
alveolar bone destruction

r day for 30 PBS Reduce inflammatory factor (TNF-a), decrease
M1-type macrophages, thicken the periodontal
epithelial fibrous layer, reduce osteoclast
infiltration, and alleviate alveolar bone
destruction

ys for 6 weeks PBS Exosomal lncRNA HCP5 inhibits pro-
inflammatory factor expression and promotes
bone regeneration

ys for 11 days PBS Reduce alveolar bone loss

for 8 days hydrogel Reduce inflammation, reduce osteoclasts, inhibit
bone resorption

ys for 2 weeks PBS Reduce inflammation, reduce osteoclasts, inhibit
bone resorption

lantation GelMA hydrogel Promote nerve regeneration, angiogenesis, bone
regeneration and orderly arrangement of
collagen fibers

ys for 2 weeks PBS Reduce inflammatory factors (TNF-a/IL-1b/IL-
6), promote osteogenic gene expression,
attenuate periodontal tissue destruction

l injection PBS Reduce bone loss, osteoclast activation, and M1
macrophages; Increase M2 polarization

r 4 weeks PBS Reduce alveolar bone loss (NG > HG) and
osteoclasts
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preconditioning

M2-macrophages (20) Ligature-induced periodontitis model in mice 30 μL (50 μg/mL) every 3 da

neutrophils (39) induction of apoptosis with
staurosporine

Ligature-induced periodontitis model in rats 30 mL twice week

M2 macrophages (48) Melatonin Ligature-induced periodontitis model in rat 200 mL every 2 da

GMSCs (51) TNF-a Ligature-induced periodontitis model in mice 20 mg (1 μg/μL) every 3 da

DPSCs (85) Ligature-induced periodontitis and LPS local
injection in mice

10 μL (50 μg/mL) every othe
days

hBMSCs (108) sh-NC/sh-HCP5 Ligature-induced periodontitis in mice every 3 da

BMSCs (143) miR-26a, DP7-C Ligature-induced periodontitis model in mice 10 mL(50 mg/mL) every 3 da

hucMSCs (156) Ligature-induced periodontitis in mice 50 μL (1.2×1010

particles/mL)
twice daily

Macrophages (157) DP7-C Ligature-induced periodontitis in mice 10μL (1.2 μg/μL) every 3 da

Schwann cell(SC) (158) maxillary bone defect (2×2×2 mm³) in rats Single imp

Stem cells from human
exfoliated deciduous teeth
(SHED) (159)

Ligature-induced periodontitis model in rats 100 μL(5 μg/μL) every 2 da

Human embryonic kidney cells
(293T/17) (160)

CXCR4 and miR-126 Ligature-induced periodontitis model in rats 300 mg Single loca

PDLSCs (161) miR-31-5p mimics/
inhibitors
NG-PDLSCs/HG-PDLSCs:
5.5 mM/33 mM glucose

Ligature-induced periodontitis model in mice 300 mg Weekly fo
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TABLE 1 Continued

Source of exosomes Engineering and Animal model defect type Dose Frequency Vehicle Results

of LPS (2 mg/ml)
in rats

10 mg every 2 days for 4 weeks PBS Reduce inflammatory cell infiltration and TNF-
a/IL-1b/IL-6 levels, decrease Th17 cells, and
increased Treg cells

l in mice 100 mg (caudal vein
injection)

every 2 days for a total
of ten times

PBS M1-exos attenuates Cementoblast
mineralization; M2-exos augmentes
Cementoblast mineralization

cts (2×2×2 mm³) in 2 mg/mL Single implantation Gelatin-Sodium
Alginate
Hydrogel (Gel-
Alg)

Promote alveolar bone regeneration

ntitis model in mice 5mL (7.5 × 108

particles)
every 2 days for 7 days physiological

saline (PS)
Reduce alveolar bone loss

ct of the right
× 1.5 × 2 mm³) in

150 mg/mL Single implantation (8
weeks)

Matrigel/b-TCP Promote alveolar bone regeneration, promote
the orderly arrangement of periodontal fibers

ntitis model in mice 12.5 mM miR-PEI-
NPs

Injected on day 0 and
day 3 for 7 days

Polyethylenimine
nanoparticles
(PEI-NPs)

Reduce alveolar bone loss, reduce ATF6b
expression

ntitis model in mice 50 mg Single local injection Chitosan
hydrogel (CS)

Reduce bone loss and epithelial damage,
decrease pro-inflammatory cytokines
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PDLSCs (162) miR-205-5p gingival sulcus injection
every 2 days for 4 weeks

Macrophages (163) LPS local injection mode

PDLSCs (164) bilateral periodontal defe
rats

DPSCs (165) Ligature-induced periodo

PDLSCs (166) buccal alveolar bone defe
mandibular first molar (3
rats

GMSCs (167) TNF-a Ligature-induced periodo

DPSCs (52) Ligature-induced periodo
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research and to verify the purity, homogeneity, and

integrity of exosome-based products prior to therapeutic

use. Although the International Society for Extracellular

Vesicles (ISEV) has issued guidelines recommending QC

assessments, the processes for exosome isolation,

optimization, and purification still lack universal

standardization (151). Therefore, establishing unified

protocols spanning isolation, characterization, and

production, along with developing stable, controllable,

and cost-effective large-scale manufacturing processes, is

imperative for clinical translation.

3. Technical immaturity in therapeutic cargo loading and

insufficient understanding of surface modification

impacts. First, current methods for encapsulating

therapeutic molecules—such as nucleic acids and proteins

—into exosomes (including physical, chemical, and

biological approaches) often compromise the integrity

and functionality of the phospholipid membrane and

surface proteins. In addition, lipid insertion strategies

may introduce cytotoxicity (150, 152, 153). Second,

although natural exosomes exhibit low immunogenicity,

engineering modifications—particularly the introduction of

exogenous proteins or chemical molecules—may alter their

immunogenic profi l e and provoke unintended

immune responses.

4. Evidence for exosome therapy in periodontitis remains

insufficient. Current research remains largely confined to

in vitro and animal models, with a notable lack of large-

scale clinical trials validating their safety and efficacy. Some

studies suggest that long-term use and genetically modified

exosomes may pose unknown side effects (154). Moreover,

as previously mentioned, the immune microenvironment

in periodontitis is highly dynamic, and exosomes play a

dual role in this context. Their regulatory networks remain

poorly defined, and translating these complex—and at

times contradictory—immunomodulatory effects into safe,

predictable, and effective clinical treatments for

periodontitis remains a major hurdle. Although certain

substances within exosomes have been found to exert

beneficial effects on immune regulation and tissue

regenerat ion in periodontal inflammation, the

composition of exosomal cargo remains highly complex.

Within the specific pathological environment of

periodontitis, our understanding of the cargo carried by

exosomes from different cellular sources and their

comprehensive effects on target cells remains limited.
In summary, critical obstacles—including challenges in scalable

production, lack of standardized quality control, and immature

engineering technologies—hinder the translation of exosome-based

therapies into clinical products. From a current perspective, exosome-

based treatment for periodontitis remains at a preliminary stage, and

the associated costs for translational research and clinical application

are expected to be substantial (155).
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7 Conclusions

Exosomes, secreted by nearly all cell types, function as key

mediators of intercellular communication by carrying and

delivering bioactive molecules such as proteins and nucleic acids.

This enables them to exert the primary functions of their parent

cells. Owing to their low immunogenicity, capacity for delivery

across biological barriers, and multifaceted regulatory roles,

exosomes have emerged as significant vectors for “cell-free

therapeutics”. Their applications in disease diagnosis and

treatment are consequently receiving increasing attention.

This review systematically elaborates on the therapeutic

potential of exosomes in overcoming the limitations of traditional

periodontal regeneration strategies. This potential is realized

primarily through modulating the inflammatory immune

microenvironment and directly promoting the repair of diverse

periodontal tissues. Furthermore, engineered modifications of

exosomes or their integration with biocompatible scaffolds can

s ignificant ly enhance the ir target ing spec ific i ty and

regenerative efficacy.

Although experimental studies have confirmed the therapeutic

effects of exosomes against periodontitis (Table 1), their clinical

translation faces several challenges. These include low yield, a lack

of standardized protocols for isolation and characterization,

difficulties in controlling heterogeneity, and inadequate

a s s e s smen t o f l ong - t e rm sa f e t y . The r e fo r e , f u tu r e

efforts necessitate exploring large-scale, standardized production

technologies and advancing engineering designs to enhance

their yield and purity, thereby expanding the frontiers of their

application in precision medicine. Additionally, more

comprehensive and in-depth investigations are required to

elucidate the detailed mechanisms and establish the definitive

therapeutic efficacy of exosomes for the diagnosis and treatment

of periodontitis.

In conclusion, compared to conventional therapies, exosomes

represent a transformative cell-free therapeutic vector, offering a

novel paradigm for periodontal treatment and demonstrating

immense potential for clinical application.
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