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Abstract: Bisphosphonates-related osteonecrosis of the jaw (BRON]) was firstly reported by Marx in
2003. Since 2014, the term medication-related osteonecrosis of the jaw (MRON]) is recommended
by the American Association of Oral and Maxillofacial Surgeons (AAOMS). Development of
MRON] has been associated to the assumption of bisphosphonates but many MRON]J-promoting
factors have been identified. A strong involvement of immunity components has been suggested.
Therapeutic intervention includes surgical and non-surgical treatments, as well as regenerative
medicine procedures for the replacement of the lost tissues. The literature confirms that the
combination of mesenchymal stem cells (MSCs), biomaterials and local biomolecules can support
the regeneration/repair of different structures. In this review, we report the major open topics in
the pathogenesis of MRON]. Then, we introduce the oral tissues recognized as sources of MSCs,
summing up in functional terms what is known about the exosomes release in physiological and
pathological conditions.

Keywords: medication-related osteonecrosis of the jaw (MRONY]J); oral mesenchymal stem cells;
exosomes; immunity; inflammation

1. Introduction

It’s widely accepted that cell-to-cell communications take place via both cell contacts and release
of paracrine factors. Paracrine factors in particular could be released as soluble factors, protein complex
and packaged mediators [1,2]. In the case of mesenchymal stem cells (MSCs), it becomes evident that
tissue regeneration capability is mainly dependent on paracrine effects such as the secretion of trophic
factors, cytokines and extracellular vesicles (EVs).

EVs are phospholipid bilayer membrane-enclosed structures which can be secreted by the majority
of cell types and then released in extracellular space and fluids. EVs are classified on the basis of
both vesicle size and biogenesis in four categories: exosomes, released via exocytosis with the size
of 30-150 nm; microvesicles, released via budding with the size of 100-1000 nm; retrovirus-like
particles, 90-100 nm, which appear similar to retroviral particles and contain a portion of retroviral
protein; apoptotic bodies, released during apoptotic events and generally larger than 1000 nm [3,4].
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More recently, a different type of vesicles smaller than 50 nm has been characterized and termed
exomeres [5,6]. EVs can be generated by a variety of pathways which generally accounted for the release
of a heterogeneous populations of EVs, which differ for size as well as for composition and functions.

Aside from these aspects, many attempts have been made in order to characterize the exact
composition of EVs, however it’s clear that their composition results extremely variable and is cell-
and environment-dependent. Indeed, proteomic and genomic complexities of EVs are still scarcely
recognized. MSC-derived EVs composition appears even less characterized in pathological conditions.

Medication-related osteonecrosis of the jaw (MRON]) has been recognized as one of the most
disabling comorbidities associated to the assumption of bisphosphonates (BPs). In the last decades,
researchers investigate on the pathogenesis of MRON] and potential therapeutic approach. The most
intriguing and promising tool results to be the application of undifferentiated cells able to regenerate
and restore the destroyed tissues. Mesenchymal cells recovered by different sources such as bone
marrow, dental pulp, periodontal ligament have been applied in experimental therapeutic approaches
both as cell suspension or cell sheet. MSCs have also been employed in combination with biocompatible
scaffolds. The evidence that MSCs administration contributes to tissues restoring above all via the
release of paracrine factors shift the attention to the exact nature and composition of such soluble
factors [7].

In this review, we attempted to summarize the most recent discoveries about the composition of
exosomes released by oral MSCs. We reported the major open topics in the pathogenesis of MRON],
suggesting new experimental approaches in this field. Then, we introduced the different oral tissues
recognized as source of MSCs, summing up in functional terms what is known about the exosomes
release in physiological and pathological conditions.

2. Pathogenesis of Bisphosphonates-Related Osteonecrosis of the Jaw

Osteonecrosis of the jaw is defined by at least three pathognomonic signs: (1) exposed bone in
the maxillofacial region that does not heal within 8 weeks after the identification; (2) exposure of the
patient to an antiresorptive agent; (3) no history of radiation therapy to the craniofacial region [8].
The first case of MRON] was reported by Marx in 2003 [9]. Initially, osteonecrosis was reported only
after treatment with BPs and then named bisphosphonate-related osteonecrosis of the jaw (BRON]);
since 2014, the term medication-related osteonecrosis of the jaw (MRON]) was recommended by
the American Association of Oral and Maxillofacial Surgeons (AAOMS) [10]. Indeed, accumulating
evidence suggested the involvement of other antiresorptive and antiangiogenic treatments among the
causes of MRON], such as bevacizumab, sunitinib, aflibercept and denosumab [11-14]. More recently,
the administration of other antiangiogenics such as dasatinib, erlotinib, imatinib, axitinib, sorafenib and
cabozantinib has been associated with MRON] [15]. A detailed review of the drugs related to the
development of MRON] has been recently published [15]. Today, the nitrogen-BPs (N-BPs) alendronate
and zoledronate, and the human monoclonal antibody targeting the receptor activator of nuclear factor
kappa-B ligand (RANKL), denosumab, have been suggested as drugs most commonly associated to
the development of MRONJ.

The antiresorptive effects of N-BPs and denosumab are different. Briefly, N-BPs are analogs
of pyrophosphate able to bind to the hydroxyapatite crystals of bone. Upon incorporation within
osteoclast, they inhibit the enzyme farnesyl pyrophosphate (FPP) synthase and decrease prenylation
of low molecular weight-proteins [16,17]. Moreover, the inhibition of FPP-synthase accounts for the
accumulation of isopentenyl diphosphate (IPP), the production of a toxic metabolite (Apppl) and cell
apoptosis [18]. Conversely, the monoclonal antibody denosumab, approved by the U.S. Food and Drug
Administration (FDA) in June 2010 for the treatment of osteoporosis in postmenopausal (PM) women
with a high fracture risk [19,20], displays the capability to bind and inhibit RANKL reducing bone
resorption. Importantly, BPs accumulate in the skeleton for a long time, in contrast with denosumab
whose half-life is approximately 26 days [21]. The most recent classification or staging system for
MRON] has been proposed by the AAOMS. Briefly, patients were assigned to different stages according
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to the criteria reviewed by Ruggiero in 2014, and then classified as “at risk”, stage 0, stage 1, stage 2
characterized by the appearance of infection and stage 3.

What is the trigger for the MRON]J? Although the development of MRON] has been associated to
the assumption of N-BPs, many MRON]J-promoting factors have been also identified, such as dental
treatments and pre-existing oral infections. In the past, many experiments have been carried out
in order to investigate the effects of N-BPs and non-N-BPs on the development of MRON]J. Most of
the research focused on their pro- and/or anti-inflammatory action, showing both overlapped and
opposed effects. To this purpose, typical experimental model of in vitro inflammation requires the
administration of lipopolysaccharide (LPS), recognized as a major anaerobic bacteria component able
to trigger inflammatory cascade in oral tissues. Indeed, oral cavity harbors many microenvironments
constitutively exposed to microorganisms which are directly or indirectly involved in periodontal
diseases such as periodontitis and MRONJ] [22]. In particular, a state of deficit healing process and
reduced vascular supply of the jaws is a favorable condition to establish an infective disease like
osteomyelitis or MRONY], caused by commensal bacteria of the oral cavity [23]. Moreover, the loss of
oral mucosal integrity and submucosal infections increases the infection risk by saprophytic bacteria
of the oral cavity which in basal conditions have low virulence [24,25]. Several studies indicated
Actinomyces spp. as one of the main players in MRON] onset, however, other bacteria typical of
the oral microbiota like Streptococcus spp. and aciduric bacteria play an important role in the bone
colonization [26,27]. Furthermore, as evidenced in a clinical study by Zirk et al., the majority of the
oral bacteria isolated in necrotic bone samples was quite different from bacteria isolated from the
submucosal infected samples. A high Actinomyces spp. presence was detected in the submucosal
infections, instead Viridansstreptococcae, Parvimonasmicra, Prevotella, and Veillonella species were identify
both in bone and soft tissue samples. Usually an anaerobic bacteria dominance was noticed in the
bone and submucosal infections, followed by facultative anaerobic gram-positive bacteria [28].

Regarding the cellular and molecular mechanisms involved in the development of MRON],
the reduced vascularization observed in BPs-treated patients has been suggested as the key player
for the necrosis of the jaw. However, as suggested by Dodson, infections-associated lesions often
precede the development of necrosis of the jaw, so we can conclude that events occurring during the
establishment of the infection result as the trigger for the exacerbation of MRON] [29]. To date, the order
by which infection, inflammation, and inhibition of angiogenesis appear during the pathogenesis of
MRONT] remains to be elucidated.

3. The Effects of BPs on Cells Residing in the Bone

BPs exert their anti-resorptive action targeting bone-resorbing osteoclasts. However, in the
last two decades, many evidence challenges the long-held dogma that BPs act only in the skeleton,
showing direct or indirect effects not only on osteoblast, osteocyte, fibroblast and epithelial cells [30-36],
but also on cancer cells and tumor-associated macrophages (TAMs). The molecular mechanisms
involved in N-BPs interaction with cells other than osteoclasts have been investigated recently. As a
matter of the fact, there are still no robust evidence suggesting that endothelial cells, osteoblast and
immunity cells can internalize N-BPs. During bone remodeling that strongly occurs in alveolar bone,
osteoclasts are the only cells that are able to release N-BPs via the production of HCI accounting for
bone dissolving. In this acidic environment, N-BPs result lipophilic and then able to go across the cell
membrane [37]. Nevertheless, Rogers et al. suggested that free BPs or BPs complexed to bone particles
or matrix proteins are internalized by osteoclasts into membrane-bound vesicles by endocytosis [16].
It’s interesting to note that after the release of BPs into osteoclast cytosol, free BPs may accumulate
in the cytosol or migrate by transcytosis in the extracellular space for their recycling [38]. In neutral
environment, N-BPs must be taken into cells by specific transporters such as phosphate transporters.
N-BPs enter in the osteoclasts via transporters belonging to the solute carriers (SLC) 20 and/or SLC34
family; non-N-BPs enter via transporters of SLC17 family [39]. There is evidence suggesting that
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similar to osteoclasts, also TAMs take in BPs by endocytosis or by phagocytosis of BPs bound to
microcalcification [38,40,41].

It’s generally accepted that a major event during the establishment of bacterial infection in MRON],
is the suppression of the immunological reactions; the immunosuppressive state occurs as a result
of BPs action on the different cell populations in the oral microenvironment, such as macrophages,
v6 T-cells, endothelial cells [42].

3.1. BPs-Macrophages Cross-Talk

Inflammation and necrosis have been identified as two hallmarks of N-BPs action [43-45].
Some evidence suggested that such effects depend on the N-BP concentrations: inflammation becomes
evident at lower concentration while necrosis appears as a consequence of higher drug concentrations.
Among the cell populations residing in alveolar socket, macrophages play a key role in the conservation
of tissue homeostasis by regulating both the development and the maintenance of inflammation.
Since 1993, itbecame evident that some BPs are able to interfere with immunity response, via direct effects
on macrophages, granulocytes and osteoclasts in vivo [46]. N-BPs inhibited monocytes/macrophages
release of cytokines, osteoclast commitment, and dendritic differentiation [47-49]. More recently, it was
described that N-BPs are able to regulated macrophage polarization. Macrophages have been classified
into M1 and M2 subtypes: M1 macrophages are functionally pro-inflammatory, while M2 macrophages
are anti-inflammatory. N-BPs are able to inhibit M2-polarization and stimulate the pro-inflammatory M1
phenotype both in vivo and in vitro [50,51]. Molecular mechanisms involved in such phenomena have
been partially investigated. Macrophages may be stimulated by both damage-associated molecular
pattern (DAMPs) and pathogen-associated molecular patterns (PAMPs) which trigger inflammatory
responses through innate immune receptors, such as TLRs, and downstream pathways such as nuclear
factor-«xB (NF-«B).

Zhu et al. showed that zoledronate in vivo administration accounted for Toll-Like Receptor 4
(TLR4) activation, NF-kB translocation in the nucleus and M1-polarization of macrophages in the
alveolar socket after teeth extraction (Figure 1) [51]. Moreover, it’s known that generally such stimuli
promote the assembly of NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome
complex, the activation of caspase-1 and the production of mature form of interleukin (IL)-1f3 and
IL-18 (Figure 1) [52].

The role of IL-1 signaling in N-BPs-mediated inflammation has been described [53]. Both the two
isoforms of IL-1, IL-1ac and IL-1§3 are produced as a 31 kDa precursor which can be converted to proper
17 kDa mature form via enzymatic cleavage. The overexpression of caspase-1 and IL-1f3 reported in
zoledronate treated cells seems to also involve epigenetic mechanisms. Indeed, zoledronate treatment
increases the expression of two related JmjC-domain-containing proteins, lysine demethylase 6 A
(Kdmé6a) and Kdméb, leading to demethylation of the caspase-1 and IL-13 promoters and their
overexpression (Figure 1) [54]. Interestingly, N-BPs-associated IL-1(3 overexpression is not always
accompanied by its overproduction; such effect is due to the fact that caspase-1 expression might not
be stimulated by N-BPs [53].

Similar mechanisms have been suggested to be involved in the N-BP-induced fever; indeed,
fever occurs among patient receiving the first BP treatment, while does not occur in patients receiving
second or repeated intravenous N-BPs. In the latter case, the inhibition of osteoclast, recognized as a
major source of IL-13, accounts for normal or reduced IL-1f level [53,55]. Together, these observations
indicate a key role of IL-1§3 in the N-BPs-induced acute immune response.
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Figure 1. Schematic representation of ZOL-macrophage cross-talk mechanisms. ZOL-mediated
activation of TLR4 in macrophages accounted for the overexpression of mature form of IL-1f leading
to M1- polarization. Red arrows indicate the action of ZOL on TLR4 activation and Kdm6 proteins
overexpression. (l_>): gene transcription; (*): increase; (H3K27Me3 ¢'): reduced methylation; all the
other arrows indicate the direction of the flow; IL-1f3, interleukin-13; Kdmé6a, lysine demethylase
6 A; Kdméb, lysine demethylase 6 B; NF-kB, nuclear factor-«B; NLRP3, NACHT, LRR, and PYD
domains-containing protein 3; TLR4, Toll-Like Receptor 4. See text for explanation [51,53,54].

3.2. BPs-y6 T Cells Cross-Talk

The mechanisms by which N-BPs inhibit osteoclast also account for the establishment of both
inflammatory and necrotic events. The most relevant involves the production of IPP during the
inhibition of FPP synthase in osteoclasts. Indeed, IPP stimulates VyV52 T-cells to produce interferon
(INF)-y and tumor necrosis factor (TNF) triggering acute inflammatory reactions [56,57]. Dendritic cells,
monocytes and macrophages-release of IPP seems to also mediate the activation of 6 T-cells [16,58,59].
IPP extrusion is mediated by ATP-binding cassette transporter A1 (ABCA1) in cooperation with
butyrophilin-3 (BTN3A1) and apolipoprotein A-I (ApoA-I) (Figure 2) [60,61].

A lot of papers have reported that patients treated with N-BPs showed a significant alteration of
8 T-cells population in peripheral blood despite a higher level of infiltrating vy T-cells in the lesion
area [62-65]. In particular note, zoledronate was reported to activate T cell surveillance in both bone
niche and blood, together with antiangiogenic and immunomodulatory mechanisms [66]. The fact that
single or repeated administration of BPs may lead to different results is remarkable [67]. Regarding the
molecular mechanisms involved in yd T-cells-activation, N-BPs seem to induce the release of soluble
Sema4D which further stimulates macrophages-release of TNFa. Further studies are required in order
to clarify this point.

The mechanisms by which N-BPs account for MRON] establishment also involve other
cell types. Administration of N-BPs and in particular of zoledronate accounts for reduced
recruitment of neutrophils and reduced activity of natural killer (NK) cells [68]. During bone
remodeling, osteoclasts stimulate NKs cells which, in turn, produce INFy inhibiting osteoclastogenesis.
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Osteoclast suppression induced by N-BPs accounts for NK cells deregulation and the maintenance of
an immunosuppressive microenvironment, delaying wound healing [69].
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Figure 2. Mechanisms of y&T-cells activation. The ZOL-mediated overproduction of IPP in osteoclasts
accounts for ydT-cells activation and triggers acute inflammatory reaction. The cells involved in IPP
production also included monocytes, macrophages and dendritic cells. Black arrows indicate the direction of
the flow; green arrow indicates the activation of acute inflammatory response. X: inhibition of FPP synthase.
ABCA1: ATP-binding cassette transporter Al; ApoA-I: apolipoprotein A-I; BTN3A1: butyrophilin-3;
FPP: farnesyl pyrophosphate; GGPP: geranylgeranyl diphosphate; HMG-CoA: Hydroxymethylglutaryl-CoA
Reductase; INF-y: interferon-y; IPP: isopentenyl diphosphate; TNEF, tumor necrosis factor. See text for
explanation [16,56-61].

3.3. BPs-Vascular Endothelium Cross-Talk

N-BPs have been shown to inhibit angiogenesis both in vivo and in vitro, hindering the mobility
of cells involved in the immune response [70]. It becomes evident that the inhibitory action towards
osteoclast interferes with normal angiogenesis, due to the role of osteoclasts in the correct patterning of
the vessels in the bone [71]. Moreover, N-BPs exert their role in inhibiting angiogenesis through both
direct and indirect effects. First of all, N-BPs such as zoledronate inhibit endothelial cells and endothelial
progenitor cells proliferation, migration and differentiation, accounting for cells apoptosis [68,72].
On the other hand, Ohlrich et al. showed overexpression of vascular-endothelial growth factor (VEGF)
in gingival fibroblast after exposure to zoledronate, suggesting the induction of a proangiogenic
environment [73]. Similar contrasting effects may be understood in light of the fact that N-BPs alter
VEGEF receptors maturation in endothelial cells, so that the increased expression of VEGF does not exert
any effect [74]. In addition, zoledronate treatment may inhibit angiogenesis by reducing the expression
of osteopontin (an angiogenesis inducer) in both maxilla and mandible [75]. Finally, N-BPs may also
interfere with endothelial differentiation of mesenchymal cells [76].

4. Current and Emerging Treatment Options

During the years several authors have discussed MRON]J treatment. However, while the objective
seems to be to minimize the risk of MRON] onset, unfortunately this is not always possible. In 2014,
the American Association of Oral and Maxillofacial Surgeons provided some guidelines in the
treatment of MRON]. They argued that each MRONJ stage should be treated with a specific therapy;
stage 0 (patients without any clinical evidence of necrotic bone, but with non-specific symptoms
or clinical and radiographic findings) should be strictly monitored and eventually treated with
medication for chronic pain and infections; stage 1 (patients with exposed necrotic bone or fistulae
without any evident infection) should benefit from medical management with topic antimicrobial
and chlorhexidine 0.12% rinses, however immediate surgical treatment is not suggested; stage 2
(patients with exposed necrotic bone or fistulae and clear signs of infection) should be treated with a



Pharmaceuticals 2020, 13, 423 7 of 24

combination of oral antibiotics, antibacterial mouth rinses and debridement of necrotic areas to relieve
soft tissues irritation and to control infection spread; stage 3 (patients with exposed necrotic bone or
fistulae, clear signs of infection and huge necrotic bone areas, pathological fractures, extra-oral fistula,
oral antral/oral nasal communication and osteolysis process extended to the inferior mandibulae
border or sinus floor) should be managed with antibiotics and pain control, antibacterial mouth
rinses and surgical debridement/resection of all necrotic zones. However, there is no clarity about the
best treatment to prevent or to manage MRON]. Several authors affirmed as medical therapy with
a wide spectrum antibiotic prophylaxis is a vital part to reduce and to manage the symptomatology
of MRON] [77]. However, for the advanced stage of MRON] is mandatory a combined protocol of
antibiotics administration and surgical approach [78]. Although in the past it has been highlighted
how conservative surgical treatment can be useful to control bone necrosis progression in the early
stages of MRON] [79], recently it has been observed that radical surgical treatment of these stage is
more effective in reducing the recurrence of MRON] pathology [80]. Furthermore, many innovative
tools have been developed to perform a better management of surgical phases: the use of piezoelectric
surgery, low-laser therapy and VELscope® device to distinguish the limits of necrotic bone [81-83].
Several authors assessed the efficacy of the application of platelet-rich fibrin, and transplantation of
autologous bone mixed to MSCs to facilitate a faster tissue healing after surgery [84-87].

In the last decade, attention was focused on the possible effect of MSCs in the healing of wound
caused by BPs [88]. In particular, the first case of MRON] successfully treated with autologous stem
cells transplantation has been reported by Cella et al. [89]. Classically, tissue engineering approach
involves scaffolds, growth factors and MSCs, used either separately or in combination in order to
restore functional tissues. In this context, it’s important to take in considerations the fact that oral
MSCs are influenced by BPs administration, which accounts for the impairment of their capability in
tissue repair and osteogenic differentiation [90,91].

5. An Overview of the Oral MSCs Ontogenesis

The site specificity of MRON] has been associated to intramembranous formation of maxilla and
mandible, which was responsible for the different histology of jaw respect to long bones. Moreover,
jaw displays highest bone turnover according to the majority of researches, and surgical interventions
account for increase bone remodeling [92]. Jaw is particularly susceptible to bacterial infections
compared to other bones, due to the anatomy of mucosal barrier which appears very thin and vulnerable.
Finally, given the fact that jaw derived from neural crest cells (NCCs), it appeared that specific molecular
pathways might drive both the differentiation of such structures and the pathogenesis of the jaw [93].
Arapid overview of jaw and teeth development may contribute to the understanding of the pathogenesis
of the MRON]. Briefly, during embryonic development, bone formation occurs by two distinct
mechanisms: endochondral ossification and intramembranous ossification. Both mechanisms begin
with the formation of mesenchymal condensation. During endochondral ossification, mesenchymal
nodule forms a cartilage matrix and mesenchymal cells differentiate in chondroblasts; conversely,
during intramembranous ossification mesenchymal nodule differentiates directly in osteoblasts,
without chondrogenic phase. Craniofacial skeleton predominantly develops through intramembranous
ossification involving NCCs-derived progenitor cells [94]. NCCs give rise not only to bone but
also to cartilage and periodontium, via reciprocal interactions between the epithelium and the
mesenchyme [95].

After their formation, at the interface between the surface ectoderm and the roof plate of the
neural tube, NCCs undergo to epithelial-mesenchymal transition. Thereafter, they migrate to different
sites. In particular, NCC responsible for maxilla and mandible formation migrate from midbrain and
hindbrain (thombomeres 1 and 2) through the first pharyngeal arch; teeth morphogenesis arises from
the sixth week of development and go through four phases: thickening stage, bud stage, cap stage
and bell stage. Thereafter, the development of cementum, alveolar bone and periodontal ligament
(periodontium) completes tooth morphogenesis before the eruption. Moreover, the Hertwig epithelial



Pharmaceuticals 2020, 13, 423 8 of 24

root sheath (HERS) deteriorates and the residual cells form clusters termed as the epithelial rests of
Malassez. In the erupted teeth, neural crest cells give rise to different cell types: dental pulp stem
cells (DPSCs), dental follicle stem cells (DFSCs), stem cells from apical papilla (SCAPs), stem cells
from exfoliated deciduous teeth (SHEDs) and periodontal ligament stem cells (PDLSCs). These cells
maintain both self-renewal and differentiation properties [96]. Furthermore, several studies proved
that many factors can influence oral MSCs behavior, such as the source, donor age and cell culture
conditions [97]. Accordingly, we have previously described the influence of particular cell culture
conditions and differentiation factors on both proliferative and osteogenic potential of PDLSCs [98].

6. Exosomes

Although the endo-exocytosis intracellular pathways represent a bulky component of classic
cellular biology, in the last decades the attention has been directed to intracellular vesicles and
particularly to exosomes. The rapid evolution of knowledge in this field is proven by the challenging in
the nomenclature of the different types of cellular vesicles [4]. Great interest derived by the discovery
of this cellular activity that must not be considered part of a simple waste disposal, but somewhat
represents a specific cellular function whose comprehension is still underway. So, the different
functions of EVs could open to an evolving number of diagnostic and therapeutic applications. Initially,
the different EVs was classified on the basis of biogenesis, charge or size into exosomes, microvesicles
and apoptotic bodies. The exosomes, the more relevant EVs with regard to this review, so defined by
Johnstone in 1987, appear in cryo-electron microscopy as round structures made up by a double layer
membrane. Exosomes originate as intraluminal vesicles (ILVs) via inward budding of the limiting
membrane of maturing endosomes, which are usually referred to as multivesicular endosomes (MVEs)
or multivesicular bodies (MVBs) [99-101].

Depending on the cell of origin and specific physiological or pathological conditions, the exosomes
can contain nucleic acids (DNA, RNA, most frequently miRNAs but also other species long noncoding
RNA, circular RNA), lipids, proteins, and metabolites. Cells release exosomes in extracellular medium,
where they exert several biological effects on neighboring cells or cells that are significantly distant
from the place of production. Quantification and characterization of EVs and exosomes appear not
easy, and the results obtained in the different experimental settings may vary, depending on the variety
of separation and concentration methods, impacting also the functional studies. For these reasons,
the International Society for Extracellular Vesicles (ISEV) provides some guidelines for the analyses
of these vesicles useful to adopting the best practice [3]. Some databases are also available to the
researchers, such as VESICLEPEDIA (http://www.microvesicles.org) or the ExoCarta [102,103].

For many years, EVs release has been considered the mechanism by which cells maintain cellular
homeostasis, by the clearance of cellular undesirable and toxic material. Currently, a growing number
of evidence of their involvement in many physiological and pathological situations pointed to EVs
as mediators of intercellular communication. These pleiotropic functions involve all the principal
biological pathways: gene expression regulation, proliferation, apoptosis, differentiation, development,
immune response, signal transduction, migration and metabolism regulation. As a consequence,
EVs deregulation has been implicated in several disorders from cancer to neurodegenerative diseases.
This multifunctional property depends on the highly heterogeneity of the sources and the cargo
content [104]. Moreover, it was suggested that cells secrete distinct populations of exosomes with
unique size, protein and RNA composition, which display differential effects on the gene expression
programs in recipient cells [105].

Although the endosomal theory resulted to be the most prevalent hypothesis on exosomes
biogenesis, some evidence suggested a shared pathway from plasma membrane and endosomes
[106,107]. The endocytic pathway is organized in key sorting stations in the endosomal system,
which are represented by the early endosomes (EEs) and late endosomes (LEs). Transport from EEs to
LEs is also accompanied by major proteins and lipids remodeling [108]. During their path, EEs can
fuse each other or with vesicles containing acid hydrolases, thus forming intermediate structure,
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called MVB and containing ILVs which eventually fuse with the LEs. The MVBs could be view as a
crossroad containing one population of ILVs with different fates because the cargo can be packaged into
lysosomes for degradation, but can also be routed toward other destinations. In particular, ILVs can be
released extracellularly as exosomes. The cargo molecules could also be alternately recycled back to
the plasma membrane or to the trans Golgi network to retrograde transport. Moreover, the vesicles
trafficking inside these dynamic compartments is accompanied by membrane fusion in selected group
of heterotypic and homotypic organelles by fusion and fission, so that the exchange and redistribution
of the cargo are also possible [109]. In this context, it has been suggested that the specific targeting of
the organelles could be useful in the characterization of EVss [108].

The molecular mechanisms regulating the complex EVs trafficking are still incompletely
understood [108]. The biogenesis of MVBs is regulated from several processes, likely coexisting
and redundant, otherwise interconnected leading to the production of a different subpopulation of ILVs.
This has been comprehensively reviewed by [101] and [110]. As pointed out by Palmulli, four major
checkpoints can be identified in the process leading to EVs production [101]. The first checkpoint in
MYVBs production regards the expression of the specific protein cargo; so, the availability of specific
proteins in the cell of origin appears crucial for the production of EEs. Of course, the expression
of proteins cargo is both cells- and environment-dependent. The internalization of the protein
cargo take place via either clathrin-dependent or clathrin-independent endocytosis. The second
checkpoint regards the fate of EEs, which can be recycled to the plasma membrane or directed to
MVBs. This process is regulated by the postsynaptic density protein, disc-large, zonulin-1(PDZ) protein
syntenin, which together with the endosomal sorting complex required for transport (ESCRT) accessory
protein ALIX and thesyndecans account for exosomes release. At this point, MVBs also include
proteins derived from the Golgi apparatus. In order to reach the plasma membrane for exosomes
release, MVBs need to avoid the alternative fusion with lysosomes or autophagosomes. In particular,
the ubiquitination status of the proteins plays a key role in the determination of proteins fate [110].

Most of these processes require the participation of ESCRT machinery. In particular,
four biochemically distinct protein complexes (ESCRT-0, -I, -II, and -III) have been characterized
to play a key role in the maturation of EEs in LEs together with accessory proteins [19]. In addition
to ESCRT machinery-dependent pathway, other mechanisms seem to be involved in exosomal
release. In particular, a syndecan/sintenin- and a lipid rafts-dependent processes could act in parallel
or separately to recruit exosomal cargoes and generate ILVs [111]. The transport of ILVs on the
cytoskeleton to the plasma membrane can be considered as the last major checkpoint in the release of
exosomes. This process is mediated by molecular motors, such as dynein and kinesin, small GTPases
and specific SNARE complexes [110].

6.1. Exosomes in Oral Mesenchymal Cells

MSCs can be readily isolated from human oral tissues like dental pulp, apical papilla,
periodontal ligament, gingiva, dental follicle, and others [96]. Among them, neural crest-derived
MSCs, such as periodontal ligament and dental pulp, achieved greater attention due to specific and
important properties associated to their easily harvesting and propagation, multipotential capabilities,
and the absence of ethical concerns. Therefore, MSCs have been recognized as a therapeutic tool in
the regenerative medicine field, according to their high ability to regenerate tissues from different
origin [7]. In addition, MSCs transplantation results in low engraftment rate, so their therapeutic effects
might be related to the secretion of soluble mediators acting in a paracrine fashion. In this scenario,
the application of oral MSCs-derived exosomes might assume a crucial role as therapeutic approach
in the future also for patients with MRON]. The major literature available regarding the isolation
and characterization of exosomes from different sources of oral MSCs is reported in Table 1. In the
following sections, authors describe the most recent discoveries on oral MSCs-derived exosomes.



Pharmaceuticals 2020, 13, 423 10 of 24

6.2. Exosomes Derived from Human Dental Pulp Stem Cells (DPSCs)

To date, a limited number of papers have described the isolation, composition and function of
DPSCs exosomes [112-120]. Recently, a proangiogenic action for DPSCs-derived exosomes has been
demonstrated. DPSCs-derived exosomes are efficiently taken up by HUVECs and are able to induce
cell proliferation and tubule formation via the up-regulation of angiogenesis-related molecules and
the involvement of p38 MAPK pathway [116]. Regarding the mechanism by which pro-angiogenic
action occurs, Gonzalez-King et al., in 2017 showed the recruitment of Jagged-1, the only Notch ligand
present in the exosomes derived from human dental pulp MSCs [114]. It’s known that Notch signaling
plays a key role in angiogenesis through its regulation of the balance between tip cells and stalk
cell formation during sprouting process, in which D114 and Jagged1 ligands display opposing roles.
They showed that HIF-1x-overexpressing MSCs secrete higher level of exosomes than MSCs, with an
higher concentration of Jagged-1 able to induce angiogenesis both in vivo and in vitro (Figure 3A) [114].

exosomes
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Figure 3.  Schematic representation of the paracrine effects of exosomes derived from
DPSCs in angiogenesis, osteogenic differentiation and CD4+ cells alternative differentiation.
Jagged1 overexpression in hypoxic DPSCs-derived exosomes antagonizes DIll4 in Notch binding,
promoting angiogenesis and increasing the number of tip cells (A). Exosomes derived from DPSCs
induce osteogenic differentiation of DPSCs and BMSCs (B) and induce Treg differentiation of CD4+
cells (C). 4. overexpression; X: inhibition of Th17 differentiation; all the other arrows indicate
the direction of the flow. BMSCs: bone marrow stem cells; CD4+: positive for CD4 expression;
DPSCs: dental pulp stem cells; IL-17: interleukin-17; IL-10: interleukin-10; TGF-f: transforming growth
factor 3; Th17: T helper 17 cells; TNF-«, tumor necrosis factor «; Treg: regulatory T cells. See text for

explanation [113,114].

DPSCs-derived exosomes were tested for their capability to induce lineage specific differentiation
of naive MSCs [113]. It appeared that DPSCs-derived exosomes triggered odontogenic differentiation
of both DPSCs and BMSCs. Moreover, the exosomes derived from cells cultured in the presence
of odontogenic differentiation media were more potent in inducing odontogenic differentiation,
most probably as consequence of altered genetic and protein exosomal cargo (Figure 3B) [113].
DPSCs-derived exosomes also induced BMSCs migration and proliferation [120]. Similar results were
confirmed by Hu et al., 2019. They characterized the microRNA expression profiles of exosomes derived
from DPSCs under odontogenic conditions and observed a set of differentially expressed miRNA
involved in the regulation of Transforming Growth Factor 31 (TGFf31)/SMADS signaling pathway [119].
It’s noteworthy the fact that dental tissue-derived exosomes can potentially direct their action to all cell
populations present in the microenvironment. As a matter of the fact, immunosuppressive properties
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of MSCs are also mediated by exosomes [118]. Ji et al. showed that DPSC-derived exosomes displayed
stronger immunomodulatory capability than bone marrow MSCs (BMMSC)-derived exosomes when
co-cultured with peripheral blood mononuclear cells [117]. Indeed, DPSCs-derived exosomes inhibited
the differentiation of naive CD4+ T cells into T helper 17 cells (Th17), with the consequent reduction
of IL-17 and TNF-« production. At the same time, Treg cell differentiation appeared to be promoted,
followed by an increased release of the anti-inflammatory factors IL-10 and TGF-{3 (Figure 3C). However,
also in this case, the specific proteins, miRNAs, mRNAs or lipids involved in this process remain to be
elucidated, by the application of both standards methodologies as well as new proteomic methods or
bioinformatic platforms [121].

Recently, DPSC-derived exosomes have also been characterized for their capability to regulate
migration and differentiation of Schwann cell, recognized as neural-crest-derived stem cells able
to regenerate odontoblasts [122]. Exosomes derived from LPS-treated DPSCs accelerated Schwann
cell proliferation and migration, via the strengthening of directional cell movement, as well as
odontogenic differentiation, suggesting a role for Schwann cells in the regenerative processes [117,122].
DPSC-derived exosomes also displayed neuroprotective efficacy in an in vitro excitotoxicity model of
neurodegeneration. In their comprehensive study, Venugopal et al. compared the neuroprotective
effects using three strategies: hippocampal neuron-MSC co-culture, neuron-MSC condition medium
treatment and neuron-MSC exosomes treatment in an in vitro model of kainic acid-induced
excitotoxicity. They showed that neuroprotective action of DPSCs-derived exosomes was similar to
that of co-culture strategy and conditioned medium treatment strategy [115].

6.3. Exosomes Derived from Human Periodontal Ligament Stem Cells (PDLSCs)

An even lower number of papers have investigated the cargo of exosomes of PDLSCs. Rajan et al.
first isolated exosomes from PDLSCs. Subsequent papers showed that PDLSCs-derived exosomes
played a key role in events occurring during inflammation in periodontitis [123]. Exosomes derived
from PDLSCs are involved in the altered balance of Th17/Treg reported in periodontal tissues of patients
with periodontitis. Indeed, although PDLSCs in normal environment accounted for the maintenance
of Th17/Treg balance, LPS-treatment of PDLSCs in vitro was responsible for a decreased expression
of miR-155-5p in exosomes and a consequent up-regulation of SIRT-1 when transferred in CD4+ T
cells culture. The increased expression of SIRT-1 accounted for the increase of Th17 differentiation
and the downregulation of Treg phenotype (Figure 4A) [124]. Moreover, exosomes derived from PDL
fibroblasts exposed to LPS accounted for the inhibition of osteogenic activity and osteoprotegerin
expression in osteoblasts (Figure 4B). From these observations appear clear that PDLSCs-derived
exosomes play a key role in bone remodeling that occurred during periodontal inflammation [125].

Periodontal ligament

TI’EQ
A) = 2
( ) ZE—ZEZ_.‘\’i miﬁ?{, . sm.T N 0 Th17

PDLSCSs
CD4+ T cells K

Figure 4. Cont.
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Figure 4. Schematic representation of the paracrine effects of exosomes derived from PDLSCs in
CD4+ cells alternative differentiation, osteogenic differentiation, IL-1p production and angiogenesis.
Exosomes derived from LPS-treated PDLSCs account for the upregulation of Th17 and the
downregulation of Treg phenotype when transferred in CD4+ T cells culture (A). Exosomes derived
from LPS-treated PDLSCs also accounted for the inhibition of osteogenic activity and osteoprotegerin
expression in osteoblasts (B). PDLSCs under cyclic stretch release exosomes able to inhibit macrophage
release of IL-1p (C). Inflamed PDLSCs release exosomes enriched in VEGFA, leading to increased
angiogenesis (D). A. increase; “' decrease; X: inhibition of the process; all the other arrows
indicate the direction of the flow; +/—: plus or minus; CD4+: positive for CD4 expression;
IL-1B: interleukin-1f3; LPS: lipopolysaccharide; OPG: osteoprotegerin; PDLSCs: periodontal ligament
stem cells; SIRT-1: NAD-dependent deacetylase sirtuin-1; Th17: T helper 17 cells; Treg: regulatory T
cells; VEGFA: Vascular endothelial growth factor A. See text for explanation [113,114]. See text for
explanation [124,126-128].

Recent evidence characterized the anti-inflammatory role of PDLSCs-derived exosomes in
PDLSCs-macrophages cross-talk during both physiological and pathological conditions [127].
Exosomes released from PDLSCs under cyclic stretch, that resembles occlusal stimuli, were responsible
for the suppression of IL-13 production via the inhibition of the NF-«B signaling pathway. Moreover,
PDLSCs-derived exosomes were also able to inhibit NLRP3 inflammasome signaling in human
macrophages primed with LPS by inhibiting the NF-kB signaling pathway (Figure 4C) [127].
Also in this case, PDLSCs-derived exosomes play a key role in the maintenance of periodontal
immune/inflammatory homeostasis.

As pointed out by Wang et al., the fact that PDLSCs are the only ones among oral mesenchymal
cells showing cyclic stretch-induced exosome secretion is noteworthy [127].

Aberrant angiogenesis resulted as pathognomonic sign of periodontitis. Interestingly, PDLSCs played
a crucial role in similar event, according to the up-regulation of VEGFA, recognized as the most potent
agent participating in modulation of vascular endothelium. According to Zhang et al., inflammation was
responsible for miR-17-5p down-regulation in PDLSCs which, in turn, accounted for increased expression
of VEGFA in exosomes derived from inflamed PDLSCs. The exosomes-mediated transfer of VEGFA to
endothelial cells finally contributed to the increased vascularization of periodontal ligaments in periodontitis
(Figure 4D) [128].
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Immunomodulatory action of PDLSCs-derived exosomes was also supported by the in vivo
research of [129]. They isolated exosomes/microvesicles from PDLSCs of patients showing
relapsing-remitting multiple sclerosis, the most common form of multiple sclerosis with 85% of
occurrence [130], and showed the capability of exosomes/microvesicles to inhibit NLRP3 inflammasome
activation, exerting a protective role in experimental autoimmune encephalomyelitis mice model of
multiple sclerosis. Similar effects were reported for conditioned media of PDLSCs of patients showing
relapsing-remitting multiple sclerosis.

6.4. Exosomes Derived from Human Exfoliated Deciduous Teeth Stem Cells (SHEDs)

Stem cells from exfoliated deciduous teeth are considered as advantageous stem cells source
due to the fact that they represent a more immature populations of postnatal stem cells with high
proliferation rate and osteoinductive capacity [131]. Exosomes have been successfully isolated by
SHED and characterized for their capability of enhancing PDLSCs osteogenic differentiation via the
Wnt/p-catenin and BMP/Smad signaling pathways [132].

Moreover, exosomes derived from osteogenic conditioned-SHED displayed higher osteogenic
function in PDLSCs when compared to SHED without conditioning. Concerning the molecular
mechanisms activated by SHED exosome, it was reported that Wnt3a and BMP2 up-regulation in
exosomes accounted for the activation of Wnt/{3-catenin and BMP/Smad signaling pathways in PDLSCs

(Figure 5) [132].
exosomes i

osteogenic differentiation

periosteum

bone marrow
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Whnt3a ‘l‘
%
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L
-

Figure 5. Schematic representation of the paracrine effects of exosomes derived from SHED.
Exosomes derived from osteogenic-conditioned SHED induce PDLSCs osteogenic differentiation via
the activation of Wnt/B-catenin and BMP/Smad signaling pathways. 4 increase; all the other arrows
indicate the direction of the flow; BMP2: Bone morphogenetic protein 2; PDLSCs: periodontal ligament
stem cells; SHED: stem cells from exfoliated deciduous teeth; SMAD: small mother against
decapentaplegic; Wnt3a: Wingless-related integration site family member 3A. See text for
explanation [132].

Pivoraité et al. first investigated immunomodulatory and anti-inflammatory function of exosomes
derived from exfoliated deciduous teeth in an experimental animal model of paw inflammation
(obtained by subcutaneous injection of 1% A-carrageenan) [133]. Exosomes administration exerted
strong anti-inflammatory effects, comparable with those of glucocorticoids. One potential mechanism
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by which exosomes achieved such result may involve the COX2, PLA2, and iNOS signaling pathways,
however, to date, the supporting data appear poor.

Due to their embryological derivation by cranial neural crest cells, which are precursors of
both neural and skeletal tissues, SHEDs is considered particularly suitable for the induction of
neural differentiation as well as for neuroprotective action. The first evidence for neuroprotective
action of SHED-derived exosomes was provided by [134], which tested the effects of exosomes and
micro-vesicles derived from SHEDs on human dopaminergic neurons during oxidative stress induced
by 6-OHDA. From the results it appeared that exosomes, but not micro-vesicles derived from SHEDs,
suppressed 6-OHDA-induced apoptosis in dopaminergic neurons [134]. SHED-derived exosomes
have been also tested for potential neuroprotective action after TBL. TBI is defined as damage to the
brain caused by external mechanical force; at the beginning, TBI is characterized by pro-inflammatory
events involving the release of inflammatory factors by microglia. Then, there is a transition of
microglia from M1 to M2 with anti-inflammatory action, followed by tissue reparation. In some
cases, pro-inflammatory events are not inhibited, so that tissue repair did not occur. It has been
showed that stem cell therapy, by using neural stem cells could ameliorate traumatic brain injury (TBI)
sequel, also via a direct shift of microglia from M1 to M2. Authors showed that administration of
SHED-derived exosomes could promote functional motor recovery in rats after TBI, via a direct shift of
microglia polarization from M1 to M2 [135].

6.5. Exosomes Derived from Gingival Mesenchymal Stem Cells (GMSC)

More recently, gingival mesenchymal stem cells (GMSC)-derived exosomes have also been tested
for their regenerative potentials. In particular, the study of Zhang et al. tested the regenerative potential
of small intestinal submucosa—extracellular matrix (SISECM) constructs both with gingival MSCs or
their derivative exosomes in taste bud regeneration during tongue reconstruction [136]. From their
results it appeared that SIS-ECM construct, in association with GMSCs, exerted an overall better
beneficial effect on the reconstruction of lingual papillae structure and taste bud regeneration with
respect to exosome/SIS-ECM constructs. These observations suggest that some non exosomal factors
secreted by GMSCs may also play a role in facilitating taste bud regeneration, so in this case exosomes
appeared to exert a lower action respect to the cell of origin [136].

6.6. Exosomes Derived from Other Oral Sources

Very recently, Zhang et al. tried to characterize exosomes in cells derived from Hertwig’s
epithelial root sheath [137]. It's clear that HERS is a transient structure assembled in the early
period of the elongation of the root, so appeared difficult the use of the sample as experimental
in vitro model. However, authors established an immortalized HERS cell line which resulted to be
similar in morphology and characteristics to primary HERS cells, and could also induce odontogenic
differentiation of dental papilla cells. HERS-derived exosomes are involved in this process.

Similarly, rat maxillary sinus mucosa-derived cells and mandibular periosteum-derived cells
have been successfully used to isolate exosomes [138]. In both cases, exosomes exposure was able to
enhance the proliferation, migration, and osteogenic differentiation of rat BMMSCs in vitro. In addition,
exosomes-scaffold materials construct accelerated bone formation in rat femoral defects, confirming the
in vivo action.

A detailed description of exosomes derived from stem cells from the apical papilla (SCAP) has
been provided by [139]. They analyzed and compared PIWI-interacting RNAs (piRNAs) expression
profiles in the exosomes of SCAP and the exosomes of BMMSCs, showing that they differ significantly.
In particular, piRNAs are a new class of small ncRNAs forming RNA-induced silencing complexes
by binding to PIWI-family subproteins [139]. According to the authors, the differentially expressed
piRNAs could exert a specific role during the teeth morphogenesis and the formation of bone tissue,
respectively. Functionally, exosomes derived from SCAP were able to promote BMMSC-based
dentine-pulp complex regeneration when implanted subcutaneously into immunodeficient mice
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together with tooth fragments, BMMSCs, and scaffold. Moreover, exosomes derived from SCAP
promoted the specific dentinogenesis of BMMSCs [140]. Exosomes also displayed anti-apoptotic
activity in odontoblasts. Indeed, exosomes derived from odontoblasts exposed to high concentration of
LPS exerted an anti-apoptotic action on odontoblast exposed to low concentration of LPS, suggesting a
protective role during inflammation caused by caries [141].

The involvement of oral MSCs-derived exosomes in malignant transformation has also been
showed [142]. Oral squamous cell carcinoma is one of the most common malignancy types globally,
and in the majority of cases evolve from oral premalignant lesions, such as erythroplakia and oral
leukoplakia. The role of MSCs and above all cancer cells-MSCs cross-talk in malignant transformation
has not been elucidated, however many evidence suggested a key role for oral MSCs. Similar to
physiological conditions, also in this case indirect cell-to-cell interactions mediated by the release of
EVs have been suggested [143]. Li et al. showed that exosomes derived from erythroplakia and oral
leukoplakia patients exerted a key role in promoting proliferation, migration and invasion in vitro
of two cancer cell line. i.e., the DOK cell line (oral hyperplasia cell line) and the SCC15 cell line
(oral carcinoma cell line), an action mediated by the up-regulation of exosomal miR-8485 [142].

Table 1. Recent key studies with methodology for oral MSCs-derived exosomes isolation.

Cell Type Cell Source Isolation Method References
DPSCs, PDLSCs, h It trif t [112,114,116-118,124,
SHED, SCAP uman uitracentritugation 125,128,132-134,141]
SMCs (maxilla), PCs rat ultracentrifugation [138]
Total exosome isolation
reagent (Cat#4478359,
DPSCs human Invitrogen, Carlsbad, [115,120]
CA,USA)
Hertwig’s epithelial root Total Exosqme Isolation .TM
sheath-derived cells rat reagent (Life Technologies, [137]
Carlsbad, CA, USA)
DPSCs, PDLSCs, i Egﬁ)?g;igfﬁjfﬁgf{iivm [113,123,126,129,135,
SHED, SCAP CA, USA) 139,140]
Exo-spin exosome isolation
DPSCs human reagent (Cell Guidance, [119]
Cambridge, UK)
PureExo® exosome isolation
PDLSCs human kit (101Bio, Mountain View, [127]
CA, USA)
GMSC human N.A. [136]
Oral mucosa MSCs human density gradient [142]

differential centrifugation

DPSCs: dental pulp stem cells; PDLSCs: periodontal ligament stem cells; SHEDs: stem cells from
exfoliated deciduous teeth; GMSC: gingival mesenchymal stem cells; SMC: sinus mucosa-derived cells;
PCs: mandibular periosteum-derived cells; SCAP: stem cells from apical papilla; N.A.: not available.

6.7. Exosomes as Promising Tool for MRON] Management

Emerging role of exosomes as a tool for disease progression monitoring in humans and animals has
been widely discussed in literature [144-146]. In the last decade, exosomes have been largely studied
for their therapeutic potential, as well. In particular, biological properties of exosomes allow them to
easily access to central nervous system, passing the blood brain barrier, so providing a vehicle for the
delivery of drugs. The nanoscale size allows them to be rapidly uptake by cells, too. Exosomes can be
engineered to target specific cell types or to carry specific cargo, via the stimulation or genetic alteration
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of parental cells. Moreover, the advantages of using exosomes in craniofacial tissue engineering and
regeneration have been recently reviewed [147-149]. Regarding osteonecrosis of the jaw, we find
just one paper investigating the effects of EVs administration to prevent MRON] both in vivo and
in vitro. Watanabe et al. showed that MSCs-derived exosomes are able to prevent zoledronate-induced
senescence in cells populating alveolar socket microenvironment, so reducing the alterations reported
in the MRON]J [150]. It's noteworthy the role of oral MSCs-derived exosomes in immunomodulation,
which might have a crucial role in managing the MRON].

7. Conclusions

Of course, the application of exosomes instead of MSCs may contribute to resolve risks of side
effects associated to cell-based regenerative medicine, however many aspects attend to be resolved,
among which the definition of standardized isolation and characterization protocol, the biological
functions and molecular mechanisms of exosomes in MRON]J and their clinical translation.
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