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Emerging roles of exosomes in oral diseases progression
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Oral diseases, such as periodontitis, salivary gland diseases, and oral cancers, significantly challenge health conditions due to their
detrimental effects on patient’s digestive functions, pronunciation, and esthetic demands. Delayed diagnosis and non-targeted
treatment profoundly influence patients’ prognosis and quality of life. The exploration of innovative approaches for early detection
and precise treatment represents a promising frontier in oral medicine. Exosomes, which are characterized as nanometer-sized
extracellular vesicles, are secreted by virtually all types of cells. As the research continues, the complex roles of these intracellular-
derived extracellular vesicles in biological processes have gradually unfolded. Exosomes have attracted attention as valuable
diagnostic and therapeutic tools for their ability to transfer abundant biological cargos and their intricate involvement in multiple
cellular functions. In this review, we provide an overview of the recent applications of exosomes within the field of oral diseases,
focusing on inflammation-related bone diseases and oral squamous cell carcinomas. We characterize the exosome alterations and
demonstrate their potential applications as biomarkers for early diagnosis, highlighting their roles as indicators in multiple oral
diseases. We also summarize the promising applications of exosomes in targeted therapy and proposed future directions for the

use of exosomes in clinical treatment.
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INTRODUCTION

The oral cavity is the initial segment of the digestive system,
second source of respiration, and a crucial organ for pronuncia-
tion, mastication, and facial esthetics. Poor oral health may have
an impact on a person’s overall health, causing pain, discomfort,
and disfigurement.! Oral diseases, such as dental caries, period-
ontal diseases, and oral cancers, affect nearly 3.5 billion people,
which are global burdens that cause patients suffering, especially
those with a low socioeconomic status.? To alleviate these
burdens, researchers have come up with innovative methods for
early diagnosis and effective treatment.

Extracellular vesicles (EVs) are derived from cellular membranes
and released into the extracellular space; they play critical roles in
intercellular communication.®> There are two main categories of
EVs, including exosomes and ectosomes.* Exosomes, which are
principal constituents of EVs, are derived from the endosomal
system and possess bilayer lipid encapsulation, with diameters
ranging from 30 to 150 nm.> Compared with ectosomes, which
assemble cargos on the cytosolic surface and transient release in
“outward budding”,6 exosomes exhibit more intricate interactions
with cyto-inclusions and have garnered significant attention from
biological researchers worldwide for their abundant cargos and
various functions associated with physiological or pathological
processes.’

The biogenesis of exosomes is tightly regulated through a
complex network of processes. Upon endocytosis, the potential
cargos are internalized by the cells and give rise to early-sorting
endosomes (ESEs). The subsequent interactions with organelles,
such as the endoplasmic reticulum (ER) and Golgi apparatus, lead
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to the maturation of ESEs into late-sorting endosomes (LSEs).
Following this, the cargos accumulate near the limiting membrane
of multivesicular bodies (MVBs) and generate intraluminal vesicles
(ILVs), which will eventually be released as exosomes via
exocytosis.>”® It should be noted that some ILVs may also
undergo interactions with lysosomes or autophagosomes.>’®
Throughout the entire process, various regulators, such as the
endosomal sorting complex required for transport (ESCRT),
tetraspanin CD9/CD63/CD81, and Alix/programmed cell death
6-interacting protein (PDCD6IP), are involved in the intricate
mechanisms of sorting and secretion.>’™® Accordingly, an
extensive body of research has confirmed that the final version
of the exosomes contains diversified contents, including amino
acids, proteins, nucleic acids, and cellular metabolites. These
molecules play distinct roles in intercellular signaling transmission,
immune-modulation, stromal adaptation, and multiple biological
events.’

Therefore, exosomes exhibit significant potential in managing
disease processes. Previous research has elucidated the close
correlation between exosomes and oral diseases, including
periodontal inflammation, oral squamous cell carcinomas (OSCCs),
oral mucosa diseases, etc. The application of exosomes involves
monitoring the progression of the diseases, early diagnosis,
detection through specific manifestations in fluid, and advanced
targeted therapy via precise molecule delivery. This review
concludes the recent studies on the applications of exosomes in
oral diseases and aims to provide a comprehensive insight into
the latest developments in exosome alterations, functions, and
applications in oral-related physiological and pathological
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conditions. The ultimate goal is to identify new opportunities for
the effective utilization of exosomes in the prevention and
treatment of oral diseases.

EXOSOMES IN THE PROGRESSION OF ORAL DISEASES

As researchers have demonstrated the intricate roles of exosomes
in biological events, their distinct alterations are significant
components in the pathological processes of oral diseases. At
the initial stage, analyzing the exosomal information helps to
improve our early awareness of oral diseases. During the
development and prognosis stages, summarizing the exosome-
related manifestations can enhance our comprehension of the
selection and response of treatments. Therefore, exosomes serve
as a crucial indicator in the diagnosis, monitoring, and treatment
of several oral diseases. In this part, we summarize the roles of
exosomes in determining the progression of oral diseases, with a
focus on periodontal diseases and oral cancers.

Periodontal and bone-related pathological status

Periodontal inflammation and bone resorption. Following expo-
sure to risk factors (intrinsic and/or acquired), the pathological
changes in periodontitis are initiated by immune-inflammatory
responses, leading to the release of inflammatory molecules, such
as cytokines and matrix metalloproteinases (MMPs). These
molecules exert their effects on periodontal tissues, thereby
inducing clinical manifestations.'® Osteoclasts are activated in
inflammatory microenvironments and lead to the destruction of
the surrounding alveolar bone. Subsequently, these irreversible
destructions of periodontal structures accelerate the progression
of periodontitis and lead to tooth mobility or even tooth loss,
severely impacting the patients’ quality of life.'" The previous
studies have demonstrated the significance of inflammatory
factors in periodontitis.'® It is noteworthy that exosomes play
important roles in the modulation and alteration of periodontal
inflammation and bone resorption.'?

Periodontal ligament stem cell (PDLSC)-derived exosomes
significantly improved angiogenesis in inflammatory regions by
upregulating the vascular endothelial growth factor (VEGF) in
human umbilical vein endothelial cells (HUVECs) via miR-17-5p."*
Salivary exosomal miR-223-3p increased the interleukin (IL)-18 and
IL-6 levels by mediating NLRP3 gene expression and pyroptosis.'
Oxidative stress is involved in periodontitis progression with
abnormal reactive oxygen species (ROS). Protein arginine methyl-
transferase 1 (PRMT1) induced by oxidative stress inhibited
exosome secretion from periodontal ligament cells (PDLCs),
resulting in reduced osteogenic differentiation.'?

The interactions between the host inflammatory response
and microbe are also closely involved in the progression of
periodontitis.'® Similar to exosomal microRNAs (miRNAs)
derived from host cells, small RNAs of miRNA size (msRNAs)
from pathogens (A. actinomycetemcomitans, P. gingivalis, and T.
denticola) were detected in the bacterial outer membrane
vesicles.'® P. gingivalis can also assign a senescence-associated
secretory phenotype (SASP) to dendritic cells (DCs) and T cells
by exosomes, and ultimately, this results in alveolar bone loss.!””
Moreover, mechanical stimuli are a promoter of periodontal
inflammatory and tissue/bone impairment, mainly acting on
PDLCs.'® PDLCs secrete exosomal miR-9-5p when facing cyclic
stretching and promote the M1 (pro-inflammatory) polarization
of macrophages through the miR-9-5p/SIRT1/NF-kB pathway in
murine models.'” The M1 macrophage was also induced by
periodontal ligament fibroblast-derived exosomes when a
compressive force was applied. The underlying mechanism
was associated with the Yes-associated protein (YAP),%° which is
a crucial component in the Hippo signaling pathway and
performs significant roles in cellular mechanotransduction.?’ In
the immune-modulation of the inflammatory response, the
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YAP/Hippo pathway acts as a key upstream regulator.?? These
studies highlight the complex interactions between exosomes
and the clinical manifestations of periodontal diseases, accord-
ing to which we should take more steps to attenuate the
progression of periodontitis.

Orthodontic movement. Orthodontic treatment involves the
complex processes of alveolar bone remodeling upon the
application of mechanical forces. During movement, the expres-
sion of gingival crevicular fluid (GCF) exosomal miR-29 is
significantly increased.”® Meanwhile, the PDLSC-derived exosomal
miRNAs are largely altered,**** and the quantity of exosomal
proteins annexin A3 (ANXA3) increases, which induces osteoclast
differentiation by the activation of extracellular regulated protein
kinase (ERK).?® When orthodontic movement stops and teeth
position satisfies our needs, PDLSC-derived exosomes also
contribute to teeth stabilization. For instance, Simvastatin, a
bone-formation-enhancing drug, has better bioavailability in
conjunction with PDLSC-derived exosomes.”

Oral squamous cell carcinomas

With increasing incidence and mortality rates, oral cancers rank as
the 13th most common cancer worldwide, with an estimated
377,713 new cases and 177,757 deaths in 2020.°%%° The
consumption of tobacco and areca nut significantly increases
the risk of oral cancers. Specifically, oral cancers cause larger
burdens in developing countries due to delayed diagnosis and
limited treatment opportunities.”® Among all the types of oral
cancers, OSCCs are the most common, with an estimated 40%
higher incidence rate in 2040.3° Summarizing the alterations in the
exosomes in OSCCs could enhance our understanding of
malignant progression. Here, we discuss exosomal roles in
malignization, angiogenesis, and tumor microenvironment (TME)
modification in OSCC progression and the post-treatment
response (Fig. 1).

Malignization. According to transcriptome analysis, head and
neck squamous cell carcinoma (HNSCC)-associated exosomes play
a significant role in various processes throughout cancer develop-
ment.?" As the most common malignancy types in HNSCCs, OSCCs
exhibit various exosomal alterations. From the outset, the injection
of OSCC-tumor-derived exosomes accelerated the malignancy
progression of precancerous lesions in murine models,*? and this
phenomenon was attributed to exosomal miR-10b through AKT
signaling.®® The same initiation of malignancy also occurs in
recurrent OSCCs with increased serum exosomal long non-coding
RNA (IncRNA)-CCDC144NL-AS1 and MAGI2-AS3 via the PI3K-AKT-
mTOR pathway®* (Fig. 1a). Upon the manifestation of these early
malignancy symptoms, the subsequent progression of OSCCs
ensues through diverse exosomal alterations.

Angiogenesis. Inducing the vasculature is an important hallmark
of cancer,®® and the exosomes accelerate this process through
several pathways (Fig. 1b). Phosphatase and tensin homolog
deleted on chromosome ten (PTEN) is a tumor-suppressing factor,
and its expression is downregulated in OSCCs.>® Exosomal miR-
130b-3p derived from OSCCs cells and miR-23b-3p from salivary
adenoid cystic carcinomas (SACCs) cells negatively regulate PTEN
expression, promoting migration and angiogenesis in HUVECs.?”-32
miR-221s and miR-210-3p also regulated HUVECs angiogenesis
through the PI3K/AKT pathway.>**° Besides cancer cells, the
mesenchymal stem cells (MSCs) in oral carcinomas can secrete
angiogenesis-stimulative exosomes. OSCC-MSC-derived exosomal
matrix metalloproteinases 1 (MMP1) significantly enhances the
function of HUVECs.*'

TME modification. In addition to tumor cells, TME exerts a
dominant influence on the development of OSCCs, involving
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Fig. 1 Exosomes in OSCCs. Exosomes play crucial roles in several key processes through OSCCs progression. a Addition of exosomal miR-10b and
increased level of several exosomal IncRNAs (targeting PI3K-AKT-mTOR pathway) lead to initiation of OSCCs. b OSCC cells derived exosomal miR-
130b-3p and miR-23b-3p promoted angiogenesis through downregulating PTEN, while miR-221s and miR-210-3p activated through PI3K/AKT
pathway. MSCs-derived MMP1 played the same role in angiogenesis. ¢ During the progression of OSCCs, TME exhibits intricate interactions with
tumors. Exosomes derived from OSCC cells promoted differentiation of CAFs, while CAFs secreted exosomal miR-382-5p and miR-146b-5p to
enhance tumor development. In immune regulations, cancer-derived exosomal THBS-1 induced polarization of TAMs toward M1 type. Exosomal
UCA1, miR-29a-3p, CMTM6, HSP-90 and PD-L1 (under ER stress) lead TAMs to M2 type. Both M1 and M2 macrophages contribute to the
progression of malignancy. T cells were also modulated by cancer cells through exosomal circ_0069313, targeting PD-L1. In addition, Tregs played
a crucial role in facilitating immune evasion in OSCCs. d Exosomes can regulate treatment response of OSCC to chemotherapy and radiotherapy

intricate interactions with exosomes (Fig. 1c¢). The TME s CAF differentiation.”* In turn, the CAFs have received great
composed of the extracellular matrix (ECM) and relevant cells, attention for their significance in promoting tumor development
including cancer-associated fibroblasts (CAFs), endothelial cells, through intracellular communications, primarily via exosome
and immune cells.*? In OSCCs, tumor-derived exosomes induce  secretion.** In OSCCs, the CAF-derived miR-382-5p*> and miR-
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146b-5p*® exosomes are upregulated, leading to the invasion of
cancer cells and metastasis. In addition, the miR-34a-5p-devoid
exosomes from CAFs promote malignancy by targeting the AXL (a
component of the receptor tyrosine kinase) of cancer cells.*’

By analyzing the genes related to EV formation in the HNSCCs
samples and their impact on cellular behaviors, other scientists
have found a significant correlation between EVs and immune
modification (T/B cells, macrophage, and neutrophils) when a
malignancy occurs.*® The tumor-associated macrophages (TAMs)
play a crucial role as immune cells within the TME. Generally, the
TAMs mainly polarize into two states—the M1 and M2 subtypes.*®
According to the conventional perspective, the M1 macrophages
perform anti-tumor functions by direct cytotoxicity or antibody-
dependent cell-mediated cytotoxicity (ADCC), while the M2
macrophages promote cancer progression and metastasis by
secreting cytokines and related molecules, such as ILs, epithelial
growth factors (EGFs), and MMPs.>° However, the involvement of
M1 macrophages in the process of malignancy invasion has been
recently observed, suggesting that their presence may contribute
to more aggressive malignization, but not a higher survival rate.”’

In OSCCs, the TAMs have complex interactions with the tumor
cells. The exosomal transforming growth factor beta (TGF-f)
derived from HNSCCs cells can promote angiogenesis by both
interacting with epithelial cells and modulating TAMs chemotaxis
for pro-angiogenic functions.>> OSCC-derived exosomal throm-
bospondin 1 (THBS-1) activates an M1-like macrophage through
p38, Akt, and SAPK/JNK signaling, which promotes cancer
progression.>®>  M1-like  TAMs  enhance the  OSCC
epithelial-mesenchymal transition (EMT) and cancer stem cell
formation through the IL-6/Jak/signal transducer and the activator
of transcription 3 (Stat3)/THBS-1 axis.>*

Furthermore, oral cancer cells are closely associated with the
conventional oncogenic M2 macrophages through multiple path-
ways.”® OSCC cancer stem cell-derived exosomes polarize TAMs
into M2 macrophages by the urothelial carcinoma-associated 1
(UCA1) secretion targeting LAMC2-PI3K/AKT signaling pathway.
These exosomes also suppress anti-tumor immunity, including
CD4" T cells activation and interferon-y (IFN-y) production.>® In
addition, OSCC cancer cells secrete exosome-enclosed cargos,
inducing M2 macrophages. MiR-29a-3p, a member of the miR-29
family that significantly increases in OSCCs,>® exerts effects on M2
polarization through the suppressor of cytokine signaling 1
(SOCS1)/signal transduction and the transcriptional activator
(STAT) pathway.>” The CKLF-like MARVEL transmembrane
domain-containing 6 (CMTM6)*® and heat shock protein-90
(HSP-90)°° are important proteinic influencers of M2 macrophage
conversion, indicating novel crosstalk between cancer cells and
immune-modulation. ER stress, a functional proteinaceous
response that reacts to cellular events like oncogenesis, drives
OSCC cells to secrete exosomal programmed death ligand 1 (PD-
L1) and activate the M2 polarization of TAMs.°

Besides TAMs, T cells are also important immune regulators in
OSCCs. T-effector (Teff) cells and T-regulatory (Treg) cells are the
two main classifications of T cells.®' Teff cells primarily execute
killing functions toward pathogens or, anomaly, self-antigens. Treg
cells modulate over-functioning Teff cells and maintain immune
homeostasis. However, in the oncogenesis process, Treg cells may
lead to immune evasion®' In OSCCs, exosomal circular RNA
circ_0069313 could increase the PD-L1 expression in cancer cells
with miR-325-3p sponging and interact with Treg cells. Thus, the
Teff cells are suppressed, while the Treg cells are activated,
resulting in the immune escaping of malignancy.®?

Post-treatment reaction. The traditional non-surgical treatments
for OSCCs include chemotherapy and radiotherapy.®®> However,
resistance and unwilling treatment responses will impact the
prognosis and mortality. Therefore, it is imperative to identify
precise markers that can effectively assess the efficacy of these
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therapies. Chemoresistance occurs in nearly all anti-tumor drugs,
and the underlying mechanism can be intrinsic (gene mutations)
or acquired (TME, epigenetic alteration).’* According to recent
studies, the exosomes play a crucial role in chemoresistance of
OSCCs through several pathways® (Fig. 1d). Exosomal microRNAs
(such as miR-21 and miR-24) derived from OSCC cell lines
contribute to chemoresistance by targeting multiple signaling
molecules, including STAT3 and PTEN.®>°® Macrophage-derived
exosomes and CAF-derived exosomal miR-196a can also reduce
drug sensitivity.”°® In addition, the exosomes can influence
chemoresistance by modulating the drug efflux, vesicular pH, anti-
apoptotic signaling, DNA damage repair (DDR), as well as the
EMT®® In reverse, the delivery of exosomal miR-30a and the
inhibitor of exosomal miR-155 showed the ability to enhance the
sensitivity of cisplatin-resistant OSCCs,%>7° highlighting their
potential role in improving cancer therapy. Cancer cells’ reactions
toward radiotherapy are also associated with exosomes (Fig. 1d),
mainly through modulating DDR, cell death signals, and the
EMT.”" In HNSCC radiation-resistance cases, the functions of
tumor-promoting exosomes are strengthened after radiation.”?
Besides resistance, the profile of exosomes in OSCCs alters in
response to treatment. After surgery and/or chemo-radiothera-
pies, monitoring immune-related exosomal proteins (such as PD-
L1) could accurately indicate the treatment reaction and
recurrence possibility.”>”* Melatonin, a hormone secreted by the
pineal gland, plays crucial roles in multiple physiological
processes.”> The recent research has highlighted its potential
function in OSCC therapy as an adjuvant, owing to its ability to
inhibit tumor progression by modulating key regulators, such as
MMP-9, p53, and epidermal growth factor receptor (EGFR), as well
as enhancing immune functions.”%”” The expression of OSCC cell-
derived exosomes (miR-21 and miR-155) undergoes alterations
following melatonin application, indicating their potential for
assessing the treatment response and predicting the prognosis.”®
In conclusion, exosomes exhibit various characteristics during
the development and prognosis of OSCCs. By improving our
comprehension of these alterations, we can approach a better
understanding of the enigma surrounding OSCC occurrence and
conduct further investigations on therapeutic interventions.

EARLY DIAGNOSTIC METHODS UTILIZING EXOSOMES IN ORAL
DISEASES

According to the above, it is convincing that exosomes play a
crucial role in the progression of oral diseases. Our particular
emphasis lies in exosomal application for early diagnosis due to
the potential exacerbation of patients’ suffering caused by
delayed detection. In contrast to the more apparent biomarkers,
such as inflammatory molecules of periodontitis and gene
expression changes in OSCCs, exploring the full advantages of
exosomes represents a promising avenue. Liquid biopsy is an
emerging disease diagnostic method that primarily involves the
isolation and evaluation of fluid entities, such as DNAs/RNAs,
proteins, and extracellular vesicles in human saliva, blood, and
urine.”® Compared with the other patterns of biomarkers,
exosomes protect their cargos, remarkably enhancing the
accuracy and practicability of detection® In the field of oral
medicine, exosome-associated liquid biopsy has demonstrated
value in the diagnosis of multiple diseases.2' The identification of
novel biomarkers and reliable detective techniques are potential
research prospects.

Biomarkers for periodontitis

The traditional diagnostic criteria for periodontitis primarily rely on
clinical symptoms, such as the periodontal pocket depth and the
pathological loss of the alveolar bone. However, the possibilities of
“overdiagnosis” or “underdiagnosis” remain unsolved, as these
clinical variables may fail to accurately predict the disease
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progression and treatment response.®? The identification of
exosomal biomarkers has the potential to enhance our under-
standing of the intricate biological mechanisms underlying
periodontitis progression and facilitate the development of
advanced clinical management strategies for patients. Generally,
the concentration of EVs from the GCF of periodontitis patients is
evidently higher when compared to that of healthy samples.®

Nucleic acids, as prominent constituents of exosomal cargos,
can provide valuable diagnostic insights. In addition to DNA/RNAs
that directly encode proteins, non-coding RNAs play important
roles in regulating cellular events through diverse pathways, such
as gene silencing and post-translational modification.** MiRNAs
are small, non-coding RNAs that modulate mRNA expression by
forming RNA-induced silencing complexes (RISCs) or directly
binding to mRNAs through base pairing.2®

According to Kamal et al.®° 1995 salivary exosomal miRNAs and
333 plasma exosomes were significantly altered in their period-
ontitis samples. Among these potential biomarkers, serum
exosomal miR-let-7d, miR-126-3, miR-199a-3, and salivary exoso-
mal miR-125a-3 were notable for distinguishing the disease status
and correlation with the clinical stages.®® In addition, researchers
reported that serum exosomal miR-1304-3p, miR-200c-3p, small
nucleolar RNA SNORD57, SNODB1771,%” salivary exosomal miR-
223-3p,"* Osx mRNA® and GCF exosomal miR-1226%° were
downregulated in periodontitis. However, salivary exosomal miR-
140-5p, miR-146a-5miR-628-5p,° miR-381-3p,”" tumor necrosis
factor-alpha (TNF-a),%® and PD-1 mRNAs exhibited higher expres-
sion levels in the periodontitis samples.”> As for proteins, the
levels of the tetraspanins CD9 and CD81 were decreased in the
salivary exosomes of periodontitis, which is associated with an
inflammatory reaction.”® The levels of immune-related proteins,
such as complement components (C6, C8A, and (8B) and
chemokines, were increased in the salivary exosomes of young
severe periodontitis patients,”* implying that immune changes are
responsible for this pathological alteration.

Biomarkers for oral cancers

Scalpel biopsies and histological examinations have long been
regarded as the golden standard for malignancy research.”
However, oral cancers, particularly OSCCs, usually develop
imperceptibly, with minimal clinical manifestations in the early
stages. Therefore, by the time the symptoms have been identified,
the malignancy may have already appeared, leading to a poor
prognosis.’® In the meantime, the pursuit of non-invasive
detection methods has become a prevailing trend in the medical
field. These statuses emphasize the necessity for the application of
exosomal biomarkers in OSCC diagnosis. Compared with the
samples from healthy controls, the exosomes from OSCC patients
showed an increased concentration and larger diameter, with
higher CD63 and lower CD9/CD81 expression levels, revealing
basic evidence for distinguishment.”” However, the most com-
prehensive and convincible distinctions are the cargos of the
exosomes. We have summarized these biomarkers and the
relevant research in Table 1.

In OSCCs, the altered secretion of exosomal miRNAs can signal
the disease status. Based on the statistical evidence, the levels of
serum/plasma exosomal miR-19a/27b/20a/28-3p/200c/151-3p/
223/20b,°® miR-130a,”® miR-155, miR-21,'° miR-3168, miR-125a-
5p, miR-451a, and miR-16-2-3p,'®' and salivarz exosomal miR-486-
5p, MiR-486-3p, MiR-24-3p,'%? miR-1307-5p,'*> miR-200a, and miR-
134'%* were significantly elevated in the patients with OSCCs,
performing potential oncogenic roles. However, the serum
exosomal miR-370/139-5p/let-7e/30¢,”® miR-126,"" and salivary
exosomal miR-10b-5p'%'% expression levels were reduced, as
they are tumor suppressors. Through the in vitro culturing of
OSCC cell lines, miR-365 and other miRNAs are produced in
exosomes aberrently'®” and can be used to assess human
papilloma virus (HPV) involvement.”®’ Tissue-derived exosomal
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circRNA_047733 can be used to indicate the lymph node
metastasis (LNM) outcomes of OSCC cases with satisfying
specificity and sensitivity.'°® The in vivo application of these
biomarkers necessitates further research. CirRNAs are back-
splicing formed RNAs that influence protein translation through
interacting with miRNAs, RNA-binding proteins, and RNA Pol.'®®
Serum exosomal circ_0000199 showed a higher level in OSCC
patients and is associated with the Tumor Node Metastasis (TNM)
stage and prognosis.''°

Regarding the protein cargos of the exosomes, there are
notable differences between the OSCC patients and healthy
individuals. TGFB, a well-known cancer biomarker, provides much
more diagnostic and prognostic information for OSCCs in an
exosomal form than in a soluble form.""" The level of the sera and
salivary exosomal marker Alix increases significantly in OSCC
patients, but the sensitivity in early cancer (stage I) detection is not
satisfying. Moreover, exoAlix behaves differently in sera and saliva
in a stage-dependent manner; only serum exoAlix presents
prognosis information.'’? In addition to single-exosomal protein
biomarker detection, Li et al.'"® demonstrated the advantages of
combined exosomal C-reactive protein (CRP), von Willebrand
factor (VWF), and leucine-rich alpha-2-glycoprotein (LRG) in the
determining specificity and sensitivity of early OSCCs diagnosis.
The serum exosomal platelet factor 4 variant (PF4V1), C-X-C motif
chemokine (CXCL7), coagulation factor Xlll, A (F13A1) and
Apolipoprotein A-l (ApoA1) not only enable discrimination
between the OSCC cases and healthy controls, but also provide
information on the lymph node metastasis status. The combina-
tion of these four biomarkers could also increase the
preciseness.''

Biomarkers for other oral diseases

Exosomal biomarkers have also been discovered in other oral
diseases. Viral infectious hand, foot, and mouth disease (HFMD)
mostly affects young patients under 5 years old with herpes.'’ In
the sera of patients with HFMD (both the mild and severe types),
there is an elevated level of exosomal miR-16-5p, while the miR-
671-5p and miR-150-3p levels were decreased.''® These statistical
data demonstrated the satisfying sensitivity and specificity of
exosomes as biomarkers in HFMD diagnosis.

Oral lichen planus (OLP) is an immune-related mucosa disease
that is well recognized as a potentially malignant disorder.""”
Therefore, its early diagnosis would inhibit the progression toward
oral cancers and benefit the patients’ prognosis. The exosomal
alteration in fluids has provided valuable information regarding
OLP detection. Based on the evidence from the polymerase chain
reaction (PCR) technique, the serum exosomal miR-34a-5p''® and
salivary exosomal miR-4484'"° were significantly upregulated in
the OLP samples. Furthermore, the human cytomegalovirus
(HCMV)-encoded miR-UL59 manifested a higher level in the OLP
samples,’?® suggesting the underlying connections between
HCMYV infection and the unclear etiology of OLP.

As an autoimmune disease related to the salivary glands,
Sjogren’s syndrome causes alterations in various contents of
patients’ fluids. Since 2010, scientists have reported the potential of
exosomal miRNA biomarkers used for diagnosing Sjogren’s
syndrome.'?' Novel sequencing evidence has revealed that the
levels of exosomal circRNAs circ-IQGAP2 and circ-ZC3H6 increased
in the serum samples from primary Sjégren’s syndrome patients.'?
In addition, in murine models, the levels of serum exosomal
miRNA-127-3p, miRNA-409-3p, miRNA-410-3p, miRNA-541-5p, and
miRNA-540-5p were upregulated.'?® These findings deserve further
research on the underlying mechanism via human studies.

Analysis technique for exosomes

Prior to our evaluation of exosomal biomarkers, the primary focus
was the development of efficient and precise detection techni-
ques. The separation and quantitative analysis of exosomes serve
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Table 1. Exosomal cargos as biomarkers for oral cancer diagnosis
Tissue Sample  Exo-biomarker Alternation Statistic scale Mechanism Other information Ref
Tongue  Plasma  miR-19a/27b/20a/  Upregulated 5 patients N/A N/A o8
SCCs 28-3p/200c/151-3p/
223/20b
miR-370/139-5p/let- Downregulated
7e/30c
0OSCCs Plasma miR-130a Upregulated 184 patients  N/A Associated with poor 99
196 controls prognosis
(advanced TNM stages/
poorly differentiation)
0SCCs Serum  miR-155/21 Upregulated 35 patients ~ Downregulating tumor N/A 100
11 controls suppressors PTEN and Bcl-6
miR-126 Downregulated Inhibiting oncogene EGFL7 Low miR-126 was associated
expression with poor prognosis
HNSCCs ~ Serum miR-3168/125a-5p/  Upregulated 22 patients N/A N/A o1
451a/16-2-3p 10 controls
(with benign
neoplasm)
00Cs Saliva miR-486-5p Upregulated 25 patients  N/A Higher level in stage I 105,106
miR-10b-5p Downregulated 25 controls N/A
0SCCs Saliva miR-24-3p Upregulated 49 patients  Targeting circadian gene-  N/A 102
14 controls PER1
0OSCCs Saliva miR-1307-5p Upregulated 12 patients Suppressing onco-related Associated with poor 103
7 controls genes THOP1, EHF, RNF4, prognosis
GET4 and RNF114
0SCCs Saliva miR-134/200a Upregulated 14 patients N/A N/A 104
IL-1p and IL-8 23 controls
0OSCCs Serum circ_0000199 Upregulated 108 patients  Associated with miR-145-5p Associated with poor o
50 controls and miR29b-3p prognosis
HNSCCs Plasma TGF-p Upregulated 36 patients TME-dependent oncogenic  Increasing with stages/size '
12 controls role of tumors
OSCCs Serum/  Alix Upregulated Serum N/A Only serum exoAlix 12
saliva 29 patients associated with stages
21 controls
Saliva
23 patients
20 controls
0SCCs Serum Combined CRP, VWF Upregulated 40 patients N/A Combined biomarkers show '3
and LRG 20 controls greater sensitivity and
specificity than individual
ones.
0SCCs Serum  PF4V1, CXCL7, Downregulated 10 patients  N/A PF4V-tumor differentiation  ''*
F13A1 and ApoA1 (F13A1 (no LNM) level
upregulated) 10 patients PF4V1/F13A1-positive node
(with LNM) number
10 controls ApoA1-smoking and
drinking

SCC squamous cell carcinoma, OSCC oral squamous cell carcinoma, HNSCC head and neck squamous cell carcinoma, OOC oral and oropharyngeal cancer, miR
micro-RNA, IL interleukin, circRNA circular RNA, TGF-f transforming growth factor beta, Alix programmed cell death 6-interacting protein (PDCD6IP), CRP
C-reactive protein, VWF von Willebrand factor, LRG leucine-rich alpha-2-glycoprotein, PF4V1 platelet factor 4 variant, CXCL7 C-X-C motif chemokine, F13A1
coagulation factor XIll, A, ApoA1 apolipoprotein A-l, PTEN chromosome ten, PERT Period1

as crucial steps in clinical applications.'** Centrifugation is the
conventional method used for exosome separation. To improve
efficiency, differential centrifugation is the most commonly used and
practical technique. This approach allows for the isolation of nucleic
acid cargos at fractions of 0.3x10° and 2.0x103, while protein cargos
appear at different fractions; Alix predominantly appears at the
160.0x10 fraction, and HSP70 exhibits an even distribution across a
wide range from 0.3x10° to 160.0x10°'**'?* (Fig. 2a).

The requirements for exosomal quantitative analysis vary
depending on specific objectives, such as particle enumeration,
protein quantification, RNA quantification, etc.'?* Consequently,
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the relevant methodologies include nanoparticle tracking analysis
(NTA) and flow cytometry for particle enumeration, bicinchoninic
acid (BCA) assaying and PAGE-SDS staining for protein quantifica-
tion.'** Aiming at enhanced efficiency, other researchers have
come up with more practical and precise methods for oral
exosomal quantitative analysis. Surface enhancement Raman
spectroscopy (SERS) is a modified form of Raman spectroscopy
(the inelastic scattering of light), which shows an amplified
vibrational Raman spectrum when the testing sample is in close
proximity to a plasmonic nanostructured surface (Fig. 2b). Based
on the analysis of saliva exosomes, SERS exhibits exceptional
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Fig.2 Schematic illustration of exosomal detection techniques. a Differential centrifugation can isolate exosome cargos at different fractions.
b Surface enhancement Raman spectroscopy (SERS) demonstrates distinct Raman spectra between saliva samples from HNSCC and healthy
control groups. ¢ Modified mass spectrometry with CD63 capturing allows for quantitative analysis of exosomes. c-1 Detection of exosomal
signal is achieved through cholesterol-based rolling circle amplification and gold-nanoparticle-labeled DNA. c-2 Red blood cell membrane
(RBCM)-modified electrode can produce electrochemical signals of exosomes with Au nanoparticles

sensitivity and specificity in distinguishing malignant and normal
ones, enabling the early diagnosis of head and neck cancers.'*
Cheng et al. introduced a new technique for inductively coupled
plasma mass spectrometry, performing excellently in oral exo-
somes quantitative analysis.'?” They captured exosomes with the
CD63 antibody and detected a signal with cholesterol-based
rolling circle amplification and gold-nanoparticle-labeled DNA
(Fig. 2c-1). Also associated with CD63 capturing, red blood cell
membrane (RBCM)-modified electrode could produce electroche-
mical signals once confronting exosomes, showing great precision
in saliva exosomes detection'?® (Fig. 2c-2).

Although significant progress has been made in the identifica-
tion of exosomal biomarkers for diagnosing oral diseases, certain
limitations still exist. The majority of studies lack sufficient
evidence due to inadequate sample collection and classifications
for exosomal biomarkers. These deficiencies pose challenges in
standardizing their clinical applications. Furthermore, the techni-
ques used for isolating and analyzing exosomes from human
fluids are impractical for most basic medical institutions, and a
valid consensus has not yet been reached. To address these issues,
it is imperative to further develop technical capabilities and gain
deeper insights into the role of exosomes in the progression of
oral diseases, which will undoubtedly inspire more reliable
diagnostic standards.
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EXOSOMES IN TARGETED THERAPY FOR ORAL DISEASES
Over recent years, exosomes have been extensively investigated
in the treatment of multiple oral diseases. The primary research
areas encompass the utilization of engineered exosomes as an
innovative drug delivery tool with specific cargos and the clinical
application of exosomes derived from orofacial stem cells in tissue
regeneration. In this session, we summarize the current research
on exosomal therapies toward infections, oral cancers, and the
regeneration of pulp and bone.

Engineered exosomes

Anti-infection. Infectious pathogens play a significant role as
causative agents and risk factors in various oral diseases. Recent
studies have unveiled the potential of the application of exosomes
as innovative therapies against microbial infections. An infection
with Enterovirus 71 (EV-71) serves as the primary trigger for HFMD,
leading to an elevated level of exosomes in the patients’ sera
samples.''® Consequently, the utilization of the exosome inhibitor
GW4869 could effectively reduce infectious activities.'*® Exosomal
miR-155 exhibits a comparable antiviral effect by targeting the
phosphatidylinositol clathrin assembly protein (PICALM)."*° As the
first inhabitant microbes in the oral cavity, streptococci promi-
nently influence oral health status, where dysbacteriosis may lead
to caries and other oral inflammatory-related diseases. The

SPRINGER NATURE



Emerging roles of exosomes in oral diseases progression

Wang et al.
Table 2. Exosomal cargos exhibiting anti-tumor effect on OSCCs
Exo-cargo Origin Function Mechanism Research model Ref
miR-1294 0OSCC tissue Inhibiting OSCC cells Targeting oncogene c-Myc 0SCC cell lines '3
proliferation and migration
miR-101-3p Bone marrow mesenchymal Inhibiting OSCC occurrence  Targeting collagen type X alpha 1 chain  OSCC cell lines ~ '**
stem cells (BMSCs) and progression (COL10A1) Nude mice
miR-6887-5p Eldecalcitol (ED71)-induced  Inhibiting OSCC cells Targeting Heparin-binding protein 17/ OSCC cell lines 3¢
OSCC cells proliferation fibroblast growth factor-binding protein- Nude mice
1 (HBp17/FGFBP-1)
miR-34a Engineered exosomes from  Inhibiting OSCC cells Targeting special AT-rich sequence- 0SCC cells-HN6 ~ '*7
HEK-293T cells with miR-34a proliferation, migration, and binding protein 2 (SATB2)
loading invasion
circRNA GDP Engineered exosomes from  Inhibiting OSCC cells Regulating miR-424-5p and suppressor of OSCC cell lines ~ '3®
dissociation OSCC cells with circGDI2 proliferation, migration, cancer cell invasion (SCAI) BALB/c mice
inhibitor 2 loading invasion and glycolysis
(circGDI2)
LncRNA LBX1-AS1T  Immunoglobulin kappa J Inhibiting OSCC cells Regulating miR-182-5p/FOX03 pathway  OSCC cell lines 33
region (RBPJ) overexpressed proliferation, and invasion Nude mice
macrophages

exosomes separated from honey contain antimicrobial agents that
have more potent effects on Streptococcus mutans in comparison
to those of the other strains.’*'

Anti-cancer. Traditional chemo-/immunotherapies for OSCCs are
often non-specific to the malignancy and incompatible with the
host tissue. However, exosomes, which act as physiological
“packages” between cells, may offer a solution to these issues.'*?
The application of engineered exosomes in OSCC treatment can
disrupt various processes involved in oncogenesis and tumor
microenvironment modulation, thereby effectively inhibiting
cancer progression. According to recent studies, many cargos of
exosomes attenuate the oncogenesis of OSCCs through complex
signaling pathways'**"'*8 (Table 2).

Engineered exosomes secreted from diverse cell types exert
inhibitory effects on OSCC development through administrating
different drugs or molecules. Macrophage-derived exosomal
miR144/451 (tumor suppressive) connected with chitosan nano-
particles exhibit an anti-tumor effect in 0SCCs."*? The exosomes
secreted by menstrual stem cells performed anti-angiogenesis in
05CCs."° In addition to host-derived exosomes, other researchers
have also explored alternative sources of therapeutic exosomes
for OSCC treatment. Milk exosomes are widely recognized for their
exceptional resilience in acidic conditions within the digestive
system and their ability to traverse physiological barriers.'*" The
engineered exosomes of milk combined with doxorubicin and an
anthracene endoperoxide derivative demonstrate remarkable
efficacy in eradicating OSCCs cells,'** showing great potential in
clinical applications.

Novel delivery system based on engineered exosomes. Besides the
dental tissue-derived and natural original exosomes mentioned
above, engineered exosomes have demonstrated great value as a
novel delivery system. The procedure of exosome engineering
mainly consists of cargo encapsulation and surface modification,
with each step encompassing various methodologies and indica-
tions."® Exosomal cargo packing could be induced in situ by
interactions between the cargos and donor cell components or
in vitro after exosome purification.'*® Generally, the in vitro
methods show more flexibility and practicality in applications,
including electroporation, incubation, sonication, extrusion, etc 8
In OSCC treatment, Epstein—Barr Virus Induced-3 (EBI3) transfected
fibroblasts were electroporated with anti-tumor small interfering
RNAs (siRNAs), the productive engineered exosomes of which
significantly targeting OSCCs cells by diminishing their
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proliferations.'* The incubation of miRNA-34a with HEK-293T
cells also acquires effective exosomes against OSCCs.'*”

Surface modification is another important step in exosome
engineering, aiming at enhancing exosomal targeting toward
certain receptors. Multiple components can be added to the
exosomal membrane, such as proteins, antigens, antibodies, and
DNA/RNA aptamers.'*? The relevant research has proved that the
surface-modified exosomes with peptides can cross blood-brain
barrier and treat cerebral ischemia.'*>'*® Although similar
research on oral medicine is underway. However, exosome-
mimetic nanoparticles have received great attention in oral cancer
treatment for their convenience in surface engineering.'#’ 48
These biomimetic particles could resemble membrane structures
of multiple host cells (blood and stem cells) and escape from
immune clearance.’

Dental stem cell-derived exosomes in regenerative therapy
Dental stem cells (DSCs) refer to a group of primitive cells derived
from dental tissue, with the potential to proliferate and
differentiate. DSCs are generally classified into dental pulp stem
cells (DPSCs), stem cells from human exfoliated deciduous teeth
(SHED), stem cells from apical papilla (SCAPs), PDLSCs, dental
follicle cells (DFCs), and oral mesenchymal stem cells (OMSCs),
based on their distinct histologic origin.'**~">! The application of
DSCs in oral regeneration treatment has long been embraced, and
stem cell-derived exosomes have recently shown great promise
for healing dental defects and orofacial tissues.

Pulp regeneration. Due to infectious or traumatic etiologies,
pulpal and/or apical diseases invariably result in the irreversible
impairment of blood, neural, and nutrient supplies to the natural
teeth.'®® Despite the well-established efficacy of root canal
treatment (RCT), the quest for achieving biological pulp regenera-
tion with complete physiological functionality remains ceaseless.
There are a series of crucial steps in achieving dental pulp
regeneration and forming a physiological pulpodentinal complex,
for instance, differentiation from MSCs to functional dental pulp
cells (DPCs), the promotion of angiogenesis, and the facilitation of
neural reconstruction.’®® Such as stem cells from pulp tissue,
DPSC-derived exosomes positively stimulated the differentiation
of stem cells toward DPCs through the P38/MAPK'** and
miR-150-Tlr4 pathways.'>> Meanwhile, Schwann cells are recruited
to enhance neurogenesis with the presence of DPSC-derived
exosomes, particularly under the condition of lipopolysaccharide
(LPS) stimulation.’®® LPS also promotes angiogenesis via DPSC-
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derived exosomes,'””"'*° which simultaneously could be

enhanced by hypoxia with higher level of lysyl oxidase-like 2
(LOXL2)."%"®" Compared with a normal status, DPSCs under
odontogenic differentiation condition secrete more effective
exosomes, for instance, the levels of miR-27a-5p are elevated,
which induces DPSC differentiation."**'®* Furthermore, the
evidence suggested that younger donors of DPSCs gave better
performance to exosomal ability in pulp regeneration,'® as
exosomal miR-26a secreted by aggregating stem cells from
deciduous teeth (SHED) strongly promotes the angiogenesis of
HUVECs in pulp tissue through TGF-B/Smad2/3 signaling.'®*
Moreover, the exosomes derived from dental pulp tissue (DPT)
exhibit superior efficacy in modulating SCAPs for pulp regenera-
tion compared to that of the DPSCs, which is attributed the “cell-
homing technique”.'®> SCAPs can also release exosomes, facilitat-
ing an anti-inflammatory effect on pulpitis during Treg conversion
and the dentinogenic differentiation of MSCs,'®®'®” which
demonstrate great potential as pulp regenerative therapies.

Besides the DSCs, there are several other stem cells that secrete
functional exosomes in pulp regeneration. Embryonic stem cell
(ESC)-derived exosomes promote DPCs maturation through CD73
(a type of nucleotidase)-mediated AKT/ERK pathway activation.'®®
Furthermore, the exosomes from umbilical cord mesenchymal
stem cells (UCMSCs) showed a great effect on inflammatory
alleviation after a pulp injury.®® And platelet-sourced exosomes
also have the potential for pulp regeneration with thrombin
activation.'”®

Orofacial bone regeneration. The conventional therapeutic
sequence for periodontitis encompasses plaque control, re-
evaluation, and surgical intervention. Regenerative surgery has
emerged as a pioneering approach in clinical practice, aiming to
restore periodontal tissue and regain functions.”' Alongside
various biofilm and bone graft materials, recent studies have
highlighted the potential of exosomal agents for orofacial bone
reconstruction.'”? Controlling the anomaly inflammatory changes
in periodontal cells and the microenvironment is the premise of
periodontitis regenerative treatment.'' Exhibiting periodontal
anti-inflammatory effect, gingival mesenchymal stem cell
(GMSCQ)-secreted exosomes target NF-kB signaling and Wnt5a in
a periodontal microenvironment'”>'7* and modulate macrophage
polarization in high-lipid-level'”> or TNF-a pre-condition circum-
stances.'’® A similar macrophage transformation also occurs with
chitosan hydrogel-engineered DPSC-derived exosomes via miR-
1246."7 In addition, MSC-derived exosomal miR-1246'"® and
PDLSC-derived exosomal miR-155-5p'”?/miR-205-5p'®° inhibit
inflammation by balancing the Th17/Treg ratio.

Alveolar bone loss is a typical manifestation of periodontitis.
How to promote bone repair and regeneration is a key issue in
periodontitis management. PDLSCs are a group of stem cells
residing in the periodontium. The available evidence strongly
supports that PDLSCs possess a robust self-renewal capacity and
multipotential differentiation abilities. In periodontal regeneration,
PDLSCs can differentiate into fibroblasts, osteoblasts, cemento-
blasts, etc.'®’ During these processes, various stem cells become
the sources for exosomes, facilitating PDLSC proliferation and
differentiation. Bone marrow mesenchymal stromal cell (BMSC)-
derived exosomes have been applied with hydrogel in vivo,'®?
and SHED-derived exosomes were tested in vitro,'® both of which
showed a promising effect on PDLSCs proliferation, migration, and
differentiation. DFC-derived exosomes exhibited a higher effi-
ciency with LPS stimulation through an ROS-mediated antioxidant
mechanism in PDLSCs.'®*'8 UCMSC- and PDLSC-derived exo-
somes are able to activate PDLSCs' functions even in high-glucose-
level circumstances.'®'® The application of MSCs enhances
periodontal ligament (PDL) cell activation after impairment via
exosomes through the AKT/ERK pathway.'® In addition, adipose-
derived stem/stromal cells (ADSCs) and DFCs exosomes
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performed a periodontal healing function in murine periodontitis
models with newly formed PDL and alveolar bone."®'®! Never-
theless, there is a paucity of data related to the underlying
mechanisms and applications in human models.

In addition to enhancing the differentiation of PDLSCs, there are
also other methods used to promote orofacial bone regeneration,
such as the direct activation of osteoblasts and the induction of
BMSC osteogenesis. PDLSC-derived exosomes are capable of
inducing osteoblast activation,'”> while osteogenic-induced and
differentiated PDLSCs can accelerate BMSC differentiation toward
osteoblasts via significant exosomal miRNAs alteration, targeting
various osteogenic-related signaling pathways, such as the MAPK
and AMPK pathways.'”® In addition, DPSC-derived exosomes
induced jaw bone regeneration in vivo,'®* and SHED-derived
exosomes are capable of promoting naive BMSCs' differentiation
into osteoblasts.'®>~"°” While SHED-derived exosomes can pro-
mote DPSCs’ osteogenesis by regulating the mitochondrial
transcription factor A (TFAM).'*® To strengthen the bone repair
effect, BMSCs can be innovatively engineered with overexpressed
bone morphogenetic protein 2 (BMP2) or miR-26a cargo. These
functional modifications significantly improve bone regeneration
through the exosomes, targeting the BMP2-associated signaling
cascade/mTOR pathway.'?*?%° Moreover, immune modifications
performed by engineered exosomes also promote bone regen-
eration. Dendritic cell-derived exosomes loaded with IL-10 and
TGF-B can inhibit immune-related bone resorption and suppress
bone loss.?°! The exosomes secreted by M2 macrophages can be
engineered with melatonin, exhibiting anti-inflammatory behavior
and rescuing PDLSC potency in differentiation.*

Besides periodontitis, there are also other oral diseases
characterized by bone destruction that necessitate exosomal
regenerative therapies. Osteoarthritis (OA) is a common bone
degenerative disease that mainly occurs in joints with cartilage
degradation.’®® The temporomandibular joint (TMJ), as the key
joint enabling mandible movement, significantly influences
chewing and pronouncing functions. Therefore, temporomandib-
ular joint osteoarthritis (TMJOA) causes severe pain and incon-
venience among patients.?** Similar to the mechanism of orofacial
bone regeneration, the aims of exosomal therapies for TMJOA are
reducing the inflammatory response and inducing chondrocyte
differentiation.?’> The SHED-derived exosomal miR-100-5p down-
regulates the inflammatory factors (IL-6, IL-8, and MMP1) in TMJOA
by targeting mTOR signaling.?°® Moreover, MSC-derived exosomes
enhanced the overall cartilage regeneration, and this mechanism
is associated with the adenosine activation of the AKT, ERK, and
AMPK signaling pathways.?%

Salivary gland revitalization. Exosomal regenerative therapies
have also been developed to treat other oral diseases. The
dysfunction of the salivary gland may occur in Sjogren's
syndrome, menopause, diabetes, or after radiotherapy for OSCC
patients. In vivo studies of exosomal therapies for salivary gland
recovery have been conducted using murine models. The DPSC-
derived exosomes rescued salivary gland epithelial cells through
the G-protein coupled estrogen receptor (GPER)-mediated cAMP/
PKA/CREB pathway in Sjogren’s syndrome.?’” And tonsil mesench-
ymal stem cell (T-MSC) exosomes contribute to the regaining of
salivary gland function after an ovariectomy, resembling the
menopause period.’°® The application of BMSC-derived exosomes
could reduce the salivary gland complications in diabetes via the
TGF-B/Smad3 pathway,”®® while the exosomes from the salivary
gland performed a similar effect via an unclear mechanism.*'°
Urine-derived stem cells (USCs) under hypoxia stimuli secrete
exosomes to repair the salivary gland after radiotherapy via the
Wnt3a/GSK3B pathway.*'

Skin regeneration based on anti-aging effect. Skin senescence is a
progressive process, with the declining proliferation of cells,
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reducing ECM, and decreasing repair ability resulting in skin
dysfunction. Both intrinsic and extrinsic factors (smoking/ultravio-
let light) could influence the skin senescence procedure.?'? This
issue has garnered significant public attention, particularly in the
orofacial area, due to its profound impact on patients’ esthetic
appearance and functional needs. Novel research has proved the
potential applications of stem cell-derived exosomes in skin
regeneration based on their anti-aging effects.

The dermis, the layer of skin under the epidermis, mainly
consists of the ECM, which is regulated by dermal fibroblasts. As a
long-lived cell type, dermal fibroblasts can be used to indicate the
skin senescent status through accumulated damage and repair.'>
Induced pluripotent stem cell (iPSC)-derived exosomes exhibit
significant anti-aging effects on dermal fibroblasts, which
manifests as the downregulated level of senescence-associated-
B-galactosidase (SA-B-Gal) and MMP1/3 and the restoration of
collagen type 12" In aged murine models with wounds, the
exosomes isolated from young donor wound edge fibroblasts can
facilitate fibroblasts differentiation through miR-125b, inhibiting
sirtuin 7 (Sirt7).2"> Similarly, trophoblast-derived exosomes can
activate dermal fibroblasts as well.?'®

Wound healing is an intricate process including an inflamma-
tory response, stem cell differentiation and proliferation, ECM
modulation, etc.?'” Senescent skin cells can perform SASP,
inducing vicinal inflammation and postponing the healing
process.”'® A pressure ulcer, defined as the localized damage of
skin tissue due to a combination of shear and friction,®'®
commonly appears in the orofacial area. A recent survey has
suggested the high incidence of facial pressure ulcers in patients
with respiratory destruction (such as COVID-19) due to staying
prone.?° ESC-derived exosomes can rejuvenate epithelial cells
and promote the angiogenesis process in aged murine models of
pressure ulcers. This mechanism is associated with enriched miR-
200a cargo and activated nuclear factor-like 2 (Nrf2) signaling.?’

Besides the aging factor, the SASP also plays a role in several
endocrine diseases, including diabetes*? Diabetic wounds
commonly appear on oral soft and hard tissues, which struggle
to heal, leading to great suffering.?**> Therefore, diabetic wound
healing requires anti-aging therapies as well, and stem cell-
derived exosomes can reduce the SASP. ADSC-derived exosomes
accelerated diabetic wound healing, and Nrf2 overexpression
enhanced this effect??* A novel biomaterial, oxygen-releasing,
antioxidant wound dressing, OxOBand, loaded with ADSC-derived
exosomes has been applied in murine diabetic models and shown
great performances.>*> Fetal mesenchymal stem cells (fMSC) can
also promote diabetic wound healing through exosomes.??® Of
note, dental stem cells, such as SHED-derived exosomes, have
been used for tendon regeneration, with a significant anti-aging
effect through NF-kB inhibition,>?” which has encouraged us to
expand the application of oral original exosomes into other fields.

Scaffolds for exosomes in oral regenerative therapy. In addition to
exploring the novel sources of exosomes for oral tissue regenera-
tion, it is crucial to consider appropriate scaffolds that interact
synergistically with the exosomes in order to optimize the
therapeutic efficacy. According to previous studies on pulp
regenerative treatment with stem cells, an injectable hydrogel is
convenient as a biomaterial applied to the root canals. Different
types of scaffolds (such as natural collagen-based scaffolds and
synthetic/hybrid materials) with injectable hydrogel have been
investigated.??® In terms of the scaffolds loaded with exosomes,
we should widen our scope to meet the new demands for
exosomal applications. Generally, DPSC-derived exosomes can
bind to collagen type | and fibronectin, thereby connecting with
the biomaterials and promoting DPSC differentiation.'>* However,
these findings were not completed with a certain implementable
biomaterial system. Furthermore, the hydrogels engineered with
hydroxypropyl chitin (HPCH)/chitin whisker (CW) and the
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hydrogels with fibrin can both facilitate attraction between the
exosomes and MSCs, showing injectable and biocompatible
behaviors, ultimately accelerating the exosomes’ effect on pulp
regeneration.”?>?*° The controlled releasement of exosomes is
also a promising prospect for bio-scaffolding. Poly(lactic-co-
glycolic acid) (PLGA)-based biodegradable microspheres have
been recently developed to have continuous exosomal effects on
pulp regeneration.*’

In orofacial bone regeneration, the traditional scaffolds mostly
focus on mimicking the extracellular matrix (ECM) of natural bones,
aiming at enhancing MSC adhesion and osteogenic differentia-
tion.2*2 With a further understanding of the role of exosomes in
bone regeneration, new demands for bio-scaffolds are emerging in
cellfree therapies. Lyophilized BMSC-derived exosomes on hier-
archical mesoporous bioactive glass (MBG) can satisfy both
bioactive maintenance and the continuous releasement of exo-
somes.”* In vitro experiments also proved that titanium nanotubes
loaded with BMP2-stimulated macrophage-derived exosomes
upregulate osteogenic marker (such as alkaline phosphatase)
expression.”>* As a biodegradable polymer that has been widely
accepted in controlled delivery,”>® PLGA has a great performance in
exosomal bone regeneration.”*® Poly-dopamine (pDA)-modified
PLGA can ensure the controlled release of exosomes from adipose-
derived stem cells (ADSCs), significantly enhancing skull bone repair
in murine models.>* Combined with metal-organic framework
(MOF), the PLGA/Exo-Mg*"-gallic acid (GA) system provides the
advantages of ADSC-derived exosomes, Mg>™ and GA in the anti-
inflammation, angiogenesis, and osteogenic differentiation of bone
regeneration.”*® Moreover, adding VEGF and DPSC-derived exo-
somes to an injectable chitosan nanofibrous microsphere-based
PLGA-poly(ethylene glycol) (PEG)-PLGA hydrogel strongly promotes
angiogenesis and osteogenesis.”*° In recent decades, the produc-
tion of three-dimensional (3D) scaffolds has been widely used in
exosomal regenerative medicine.?*® Three-dimensional-printed silk
fibroin/collagen I/nano-hydroxyapatite (SF/COL-I/nHA) scaffolds
loaded with UCMSC-derived exosomes could stimulate alveolar
bone defect repair in murine models.>*! In addition, novel scaffolds
can also enhance cartilage regeneration. Lithium-substituted
bioglass ceramic (Li-BGC) significantly promoted the BMSC-
derived exosomal effect on chondrogenesis.**?

Based on the convincing evidence that DSC-derived exosomes
contribute to various oral regenerative therapies, more research is
underway. The expansion of MSC-derived exosomes from other
tissue origins may benefit oral therapies. And the crosstalk
between oral and other diseases, such as general OA*** and
TMJOA, should be highlighted. Overall, the application of
exosomes is one of the key points in oral regenerative treatment.
Basic-to-clinic translation is one of the future focuses.

CONCLUSIONS AND PROSPECTS
Exosomes have emerged as a novel research frontier, with a
significant application potential across diverse fields. In the realm of
oral medicine, exosomes hold promise as non-invasive biomarkers
for early disease diagnosis by distinguishing between pathological
and healthy states, with periodontitis and OSCCs as the most
convincing examples. Furthermore, exploring the distinct character-
istics and alterations in exosomes during the progression of oral
diseases can deepen our understanding of their underlying
pathological mechanisms and pave the way for targeted therapeutic
interventions and treatment efficacy. Stem cell-related studies and
applications are currently at the forefront of medical research,
particularly in relation to regenerative treatments for oral diseases.
This intersection with exosome biology provides a valuable
foundation for the rational utilization of stem cells (Fig. 3).

Despite the existing research and applications of exosomes in
oral medicine, there are still several limitations. First, the
identification, analysis, and synthesis of oral exosomes are not
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Fig.3 Research flow for exosomes in oral diseases. Exosomes can be obtained from human fluids, such as saliva collected from the oral cavity,
providing non-invasive methods for disease detection (a). Subsequently, exosomes are isolated from diverse sources, separated and analyzed
by novel techniques (e.g., modified centrifugation) (b, c). The distinct effects of exosomes are then examined through in vitro and/or in vivo
experiments (d). These comprehensive research findings contribute to the development of a systematic understanding of exosomes, serving
as a foundation for clinical applications (e). Finally, with a well-established experimental basis, exosomes meet practical clinical applications in

oral medicine (f)

precise or convenient enough. In accordance with the updated
guidelines for exosomal research®** and the specific characteriza-
tion of the oral cavity (such as the availability of saliva), it is
imperative to develop more advanced techniques that will
undoubtedly expand the applications of exosomes in oral
diseases. Reducing the technique barriers is also important for
the promotion of exosomes in real-world medicine, especially in
large-scale production and stable storage-to-transportation stra-
tegies. Exosomal biomimetic materials might also be promising,
combining the inherent advantages of natural exosomes with
industrial synthesis techniques. Meeting these diverse demands
necessitates collaborative efforts across the biomedical field, while
we should raise specific views based on oral diseases properties.
Second, there is still lack of clear catalog of the exosomes in oral
diseases. Though the current studies involve exosomes in various
aspects of oral medicine, they are not yet systematic. While
exosomes’ classification primarily relies on their origin, it is worth
considering alternative approaches, such as their targeting specific
signaling pathways or exploring their distinct effects on cellular
functions. With more insights into the abundant exosomal roles
throughout oral disease progression and treatment, we ought to
find general paths for the future exploration of novel exosomes.
These avenues necessitate a deeper understanding of both the
exosomes themselves and the underlying mechanisms involved in
oral diseases. Third, clinical trials on exosomes in oral diseases are
still scarce. According to a relevant analysis, the clinical trials on
exosomes have mainly fallen under the respiratory research
category, such as biomarkers for lung cancer and therapies for
SARSCoV-2 pneumonia.?*® The primary challenges in conducting
clinical trials on exosomes for oral diseases pertain to establishing
standardized production criteria and determining the precise
dosages for specific indications. Therefore, future studies should
prioritize quality control measures and expand the experimental
models to more advanced animals. In addition, investigating the
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crosstalk between oral diseases and other systemic diseases
focusing the exosome’s communications could provide valuable
insights for future research.

In summary, while the current research on exosomes in oral
medicine has yielded significant achievements, there is a substantial
amount of work to be conducted. Future studies should not only
focus on the physiological and pathological molecular mechanisms
associated with exosomes, but also emphasize the feasibility of
relevant clinical translation, enhancing the exploration and application
of efficient and effective exosomal therapies.
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