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Mesenchymal stem cells in the treatment of osteonecrosis of the jaw
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Abstract (J Korean Assoc Oral Maxillofac Surg 2021;47:65-75)

Medication-related osteonecrosis of the jaw (MRONJ) has recently associated to the increase in antiresorptive and anti-angiogenic drugs prescriptions
in the treatment of oncologic and osteoporotic patients. The physiopathogenesis of MRONJ remains unclear and available treatments are unsatisfactory.
Newer pharmacological treatments have shown good results, but are not curative and could have major side effects. At the same time as pharmacologi-
cal treatments, mesenchymal stem cells (MSCs) have emerged as a promising therapeutic modality for tissue regeneration and repair. MSCs are multi-
potential non-hematopoietic progenitor cells capable to differentiating into multiple lineages of the mesenchyme. Bone marrow MSCs can differentiate
into osteogenic cells and display immunological properties and secrete paracrine anti-inflammatory factors in damaged tissues. The immunomodula-
tory, reparative, and anti-inflammatory properties of bone marrow MSCs have been tested in a variety of animal models of MRONJ and applied in
specific clinical settings. The aim of this review is to discuss critically the immunogenicity and immunomodulatory properties of MSCs, both in vitro
and in vivo, the possible underlying mechanisms of their effects, and their potential clinical use as modulators of immune responses in MRONJ, and to

identify clinical safety and recommendations for future research.
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I. Introduction

Medication-related osteonecrosis of the jaw (MRONJ),
originally described by Marx' in 2003, was defined in 2014
by the American Association of Oral and Maxillofacial Sur-
geons (AAOMS)’ as being indicated by the presence of three
criteria:

* Current or previous treatment with antiresorptive or anti-

angiogenic agents;

* Presence of exposed bone or probed bone through an in-
traoral or extra-oral fistula in the maxillofacial region for
at least eight weeks; and

* No history of radiotherapy or evident metastatic discase
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of the jaw.

The incidence ranges from 0.028% to 18.6%, depending on
the study population, sample size, and reasons for treatment’.
In osteoporosis patients treated with oral amino bisphospho-
nates (BPs) the risk of MRON]J is 0.1%, but in cancer patients
treated with nitrogen-BPs or denosumab it is 1%. The risk
factors are various: treatment with BPs, especially nitrogen-
BPs (zoledronate, pamidronate, and ibandronate) or deno-
sumab; drug dosage and time of treatment; glucocorticoids
or chemotherapy; tooth extractions; dental or periodontal
disease or dental trauma; smoking, anemia, diabetes mellitus,
and obesity.

MRON!J is a disease affecting quality of life for which
there is no standard treatment. Normally the treatment is
conservative. The protocol involves the use of chlorhexi-
dine mouthwashes and antibiotics (amoxicillin-clavulanate,
clindamycin, or levofloxacin), while re-evaluating the patient
every 15 days. If the condition does not improve or there is
significant necrosis, the treatment is surgical, ranging from
minimally invasive surgery to remove exposed bone areas to
resective mandibular surgery followed by plate fixation with
or without bone reconstruction. But only 35% of patients
are treated with this procedure, so MRONIJ is currently a
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complex disease with a pathogenesis that has not been fully
clarified and that remains incurable. Therefore, new treat-
ment strategies have been investigated in recent years. Cell
therapy and tissue engineering are potential therapeutic op-
tions. In a systematic review of the use of autologous platelet
concentrates (APC) for the treatment of MRONJ, no signifi-
cant differences between outcomes of surgical management
with or without APC in MRONIJ® were observed.

Mesenchymal stem cells (MSCs) were first identified 40
years ago and described as a population of non-phagocytic
medullary cells adhering to plastic, with fibroblast-like mor-
phology capable of differentiating in vitro into bone, carti-
lage, adipose tissue, tendon, and muscle’. They demonstrate
chemotactic and migration capacity at sites of inflammation
and cell damage, as well as secretion of paracrine factors
with anti-inflammatory and immuno-regulatory capacity’ that
make them ideal candidates for cell therapy programs, espe-
cially at bone level.

MSCs have been extensively studied for multiple clinical
applications. Cell therapy® and tools to identify new molecu-
lar targets that favor bone reconstruction in osteonecrosis”'’

are the subject of this review.

Il. Methodology

We conducted an electronic search of scientific articles and
textbooks using PubMed, Cochrane Library, Medscape, and

Table 1. Animal studies

Google Scholar from 1990 to the present, applying the “Full
Text” filter.

The key words used were: osteonecrosis of the jaw, MSCs,
cellular therapy, regenerative medicine.

Inclusion criteria:

* Articles published from the year 1990

* Articles in English

* Clinical trials

* Original articles

* Letters to the editor

Exclusion criteria:

* Articles published before 1990

* Articles in languages other than English

* Studies on injuries not due to drugs

Ill. Results

1. Animal studies

The results of animal studies are summarized in Table 1.

A murine osteonecrosis of the jaw (ONJ) model can be ob-
tained using intravenous infusions of zoledronate (Zol) 125
ng/kg and/or dexamethasone (Dex) 5 mg/kg 2 times a week
followed by extraction of the first molars. Thirty percent to
33% of animals treated with Zol/Dex and 10% treated with
Zol only did not heal, resulting in exposed necrotic bone as-
sociated with histological changes typical of ONJ lesions:

Method Result

Restored immunologic abnormalities and
reduced inflammatory cytokines

Restored immunologic abnormalities and
reduced inflammatory cytokines

Reduction bone necrosis and increase of the
bone remodeling

Study Animal

Kikuiri et al."' (2010) Mouse Intravenous MSCs administration

Lietal.” (2013) Mini-pig Intravenous allogenic BM-MSCs
administration

Barba-Recreo et al."” (2015) Mouse Local applications of allogenic ASCs

Kaibuchi et al."” (2016) Mouse MSCs transplantation

Ogata et al.'® (2017) Rat Intravenous injection of a mixture of
MCP-1, IGF-1 and VEGF

Kuroshima et al.” (2018) Rat Transplantation of SVF of adipose tissue

Zang et al.”” (2019) Rabbit Transplantation of ASCs

Watanabe et al.”* (2020) Mouse EVs-MSCs

Gao et al.” (2021) Rat Local administration of recombinant

PDGF-BB

Wound healing and bone neoformation
Wound healing and bone regeneration

Reduction of bone necrosis and inflammatory
cytokines, increase anti-inflammatory
cytokines, angiogenesis and the M2/M1 ratio

Wound healing, increase expression of TGF-f1
and fibronectin

Wound healing, bone remodeling and
angiogenesis

Angiogenesis and osteogenesis

(MSCs: mesenchymal stem cells, BM-MSC: bone marrow MSCs, MCP-1: monocyte chemoattractant protein-1, IGF-1: insulin-like growth factor
1, VEGF: vascular endothelial growth factor, ASCs: adipose stem cells, SVF: stromal vascular fraction, TGF-f1: transforming growth factor-1,

PDGF-BB: platelet derived growth factor BB)
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inflammatory infiltrates, areas of bone necrosis with empty
gaps, fibrosis, and missing epithelial lining. Two weeks
after extraction, ONJ-mice showed reductions in Tregs lym-
phocytes (CD4, CD25, Foxp3) in the peripheral blood, an
increase in Th17 lymphocytes and a decrease in the Tregs/
ratio Th17. Similarly, reduced interleukin (IL)-10 and in-
creased IL-6 and IL-17 concentrations were observed. The
role of immune dysfunction has been implied by the results
of treatment with anti-CD25 antibodies (CD25ADb) twice per
week after tooth extraction that aggravated injuries, while
the infusion of thymic lymphocytes two days after extraction
prevented injuries and allowed appropriate bone regeneration
with complete wound healing. Due to their immunosuppres-
sive and immunomodulatory properties, intravenous MSCs
was administered twice per week after extraction. Treatment
with Tregs and MSCs made it possible to restore lymphocyte
abnormalities, increase the Tregs/Th17 ratio, reduce inflam-
matory cytokines, and increase IL-10 levels''.

BPs induce apoptosis of MSCs and reduce their prolifera-
tive and differentiating abilities. Infusion of allogeneic bone
marrow MSCs (BM-MSCs) resulted in wound healing and
bone remodeling after 12 weeks with increases in peripheral
levels of Tregs, while IL-17 and Tyd lymphocytes decreased.
After 12 months alkaline phosphatase and tartrate-resistant
acid phosphatase (TRAP) expression increased, while the
levels of interferon (IFN)-y and IL-6 decreased, indicating
bone remodeling and immunoregulation'”.

Studies in cardiology have shown that intravenously in-
jected allogeneic MSCs are unstable, can have procoagulant
capacity, and may lead to pulmonary embolization", heart
attacks, and death'!. Therefore, researchers began to in-
vestigate direct transplantation of MSCs into bone lesions.
Kaibuchi et al."” showed that MSCs proliferative capacity,
vascular endothelial growth factor (VEGF) levels, RANKL
and osteo-protegerin (OPG) mRNA expression are reduced
by BPs treatment in a complex mouse model. Histologically,
BPs showed a lack of epithelial coating, an increase in empty
osteocyte gaps, and significantly reduced average number of
osteoclasts/mm’. Two weeks after MSCs transplantation, the
treated mice showed wound healing (exposed bone: 12%)
compared to control groups (exposed bone: 80%).

The transfer of mitochondria of allogeneic MSCs to dam-
aged MSCs is concurrent with observations in vivo, indicat-
ing a high number of CD90" GFP" cells with red mitochon-
dria located in the upper portions of the sockets'’.

The paracrine secretion of human MSCs grown on serum-

free culture media was demonstrated for the first time by

Mesenchymal stem cells in the treatment of osteonecrosis of the jaw

Ogata et al."”, who isolated 25 proteins in the cell “secretoma”
with at least twice the concentration of controls and with
at least 10 proteins involved in tissue regeneration, osteo-
genesis, angiogenesis, and cell proliferation. By inhibiting
osteoclastogenesis with anti-RANKL antibodies, they dem-
onstrated that the addition of MSCs recovered this capacity,
as demonstrated by the increase in TRAP+cells and mRNA
levels of the Nfatc1 and c-Fos genes whose proteins were up-
regulated. The most representative cytokines of the secretoma
were the chemoattractant proteins of monocytes (MCP-1),
insulin-like growth factor (IGF-1), and VEGF. A mixture of
these three cytokines injected intravenously allowed wound
healing and bone regeneration in 67% of animals'®,

In recent years, the attention of researchers has shifted to
stem cells derived from adipose stem cells (ASCs). Barba-
Recreo et al."” first used local applications of 1 million al-
logeneic ASCs in a mouse model, with or without previous
stimulation with bone morphogenetic protein-2 (BMP-2) and/
or platelet rich plasma (PRP). Alveolar bone necrosis was
present in 50% of untreated animals and only in 14% of those
treated (P=0.007). There were also significant differences in
the number of osteoclasts observed (P=0.0045) and in bone
remodeling (P=0.024).

The use of stromal vascular fraction (SVF) obtained from
adipose tissue to cure of ONJ lesions induced by an as-
sociation of zoledronate (0.05 mg/kg subcutaneously) and
cyclophosphamide (150 mg/kg intraperitoneally) resulted
in fewer mucosal lesions, bone necroses, and empty bone
gaps, and greater numbers of osteoclasts, vital bone ar-
eas, and osteocytes™. In connective tissue, the number of
TRAP+mononuclear cells and detached osteoclasts was re-
duced, tumor necrosis factor o (TNF-a) levels were reduced,
and IL-1pB levels were increased. Similarly, the number of
blood vessels, total vascular surface, and number of wide
vessels increased. Finally, the number of F4/80+macrophages
and the M2/M1 ratio were both greater.

These results were confirmed more recently in a mouse
model, demonstrating higher bone neoformation (P=0.044)
and greater vascularization (not statistically significant) in
animals treated with ASCs. Instead, no differences were ob-
served in the number of osteoclasts, inflammatory infiltrates,
or bone remodeling’'.

Down-regulation of transforming growth factor (TGF-$1)
and fibronectin has been demonstrated in induced ONJ le-
sions, and transplanted ASCs have been observed to increase
their expression, preventing and accelerating wound healing™.

The reduced osteogenic and angiogenic function of man-
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dibular medullary MSCs can be countered by the local ad-
ministration of recombinant platelet derived growth factor
BB (PDGF-BB), which was able to improve lesions through
increases of angiogenesis and osteogenesis™ .

In a study that appeared earlier in the year (2020), Wata-
nabe et al.”* reported that extracellular vesicles (EVs) released
by MSCs are also capable of inducing wound healing, bone
remodeling, and angiogenesis in a mouse model of MRONJ.
The addition of EVs to a culture of bone marrow stem cells
(BMSCs) in vitro treated with Zol reduced the number of
beta-galactosidase+cells and the expressions of p21 and
pRB typical of cell senescence, while in vivo it increased the
gene expressions of Bmil and Hmga?2 typical of stem cells.
The path of cell-free regenerative therapy in the treatment of
MRON!J is therefore mapped out.

2. Clinical applications in humans

The results of studies in humans are summarized in Table
2. The first use of MSCs to treat MRONJ dates back to Elad

1.” in 2005, in which a suspension of 2.7x10° alloge-

eta
neic MSCc was applied to the margins of exposed bone in
a 55-year-old patient with multiple myeloma who had been
treated with nitro-BPs for 6 years. The authors reported a
marked reduction in the size of the exposed alveolar bone and
complete healing in five months, which was maintained up to
seven years after treatment™.

Previously, Matsubara et al.”® studied the alveolar spinal
stem cells (BMSCs) of patients undergoing oral surgery, and

reported that these cells had good ability to expand in culture

Table 2. Clinical applications

independent of sex, but that this ability decreases with age
and shows impairment after 50 years. They have excellent
osteogenic ability, but worse chondrogenic and adipogenic
abilities, when compared with iliac crest derived MSCs™.

Cella et al.”” reported a 75-year-old woman with stage
IIT MRONJ who was treated with a stem cell suspension
that was obtained by taking 75 mL of bone marrow from
the postero-superior iliac crest. The progenitor cells were
isolated and enriched by centrifugation in Ficoll-Hypaque
and suspended in phosphate-buffered saline buffered with
EDTA with 5% human albumin. The stem cell fraction was
concentrated in a final volume of 6 mL, of which 4 mL was
associated with 1 mL of PRP and transplanted intralesionally
using a fibrin sponge as a carrier. After 2 weeks the patient’s
symptoms resolved and the mucosal lining progressively
improved. After 15 months computed tomography showed
concentric bone neoformation, and finally after 30 months,
complete resolution of the ONJ lesions was observed.

BM-MSCs of the central and peripheral areas of MRONJ
patients show lower proliferative capacity and self-renewal
ability, especially in the center and less so in peripheral
wound areas. Osteogenic and adipogenic capacity are com-
promised in the central area compared to the peripheral area.
Finally, the ability to induce osteoclastic differentiation ex-
pressed by the RANKL entity is greatly impaired in the cen-
tral areas™.

Six osteoporotic patients with an average age of 65.2 years
(range, 57-77 years) with stage I (one case) and II (five pa-
tients) MRONJ were treated using autologous concentrates

of BM-MSCs transplanted after necrotic bone removal in the

Study Case

Method Result

Elad et al.” (2005) MRONJ in multiple myeloma

Cellaet al.”’ (2011) Stage ITI MRONJ

Voss et al.”” (2017) Stage | MRONIJ (one case) and
II (five cases)
De Santis et al.** (2020)  MRONJ in multiple myeloma

and metastatic breast cancer

Bouland et al.*! (2020) Two cases of MRONIJ by

Zoledronic acid

Application of allogeneic MSCs on the
margins of the exposed bone

Intralesional transplanted allo-MSCs
with fibrin sponge

Autologous BM-MSCs concentrates in
the BMAC system

Bone implant (Geistlich Bio-Oss) and
MSC:s transplanted to the peripheral
areas; injection of MSCs directly into
the bone cavity

Application of the leukocyte-
platelet-rich fibrin (L-PRF) scaffold
containing SVF

Complete healing in five months
maintained up to seven years after
treatment

Complete resolution in 30 months

Complete wound healing confirmed by
radiological examination at a follow-up
of 12-54 months

Improvement and complete radiological
bone regeneration 14 months and 12
months respectively

Mucosal healing two weeks after the
procedure; bone formation; no signs of
clinical recurrence during the 18-month
follow-up.

(MRONIJ: medication-related osteonecrosis of the jaw, MSCs: mesenchymal stem cells, BM-MSCs: bone marrow MSCs, BMAC: bone marrow

aspirated concentrate, SVF: stromal vascular fraction)
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bone marrow aspirated concentrate (BMAC) system, with the
addition of autologous thrombin and a collagen membrane.
In all patients, complete wound healing was achieved without
exposed bone or fistulae, and confirmed by radiological ex-
amination at a follow-up of 12 to 54 months™.

Recently, De Santis et al.” presented two clinical cases in
a letter to the editor. The first was a 68-year-old man with
multiple myeloma and MRONIJ treated with a bone implant
(Geistlich Bio-Oss) inside which 0.6x10° MSCs were in-
jected, while later 30x10° MSCs were transplanted to the
peripheral areas. The second was a 66-year-old woman with
metastatic breast cancer and MRONJ treated with an injec-
tion of 110x10° MSCs directly into the bone cavity. In both
cases, clinical improvement and complete radiological bone
regeneration were obtained in 14 months and 12 months, re-
spectively.

Finally, Bouland et al.’' reported two cases of MRONJ
caused by zoledronic acid that were treated with applications
of a leukocyte-platelet-rich fibrin (L-PRF) scaffold containing
uncultured SVF and site closure with a mucoperiosteal flap.
In the first case, a 77-year-old woman with multiple myeloma
in remission and stage IIl MRONTJ, a total of 48.1x10° viable
cells were injected in the L-PRF scaffold. In the second case,
a 76-year-old woman with osteoporosis and stage Il MRONJ
that began after removal of one tooth, a total of 20.8x10° vi-
able cells were injected in the L-PRF scaffold. In both cases,
mucosal healing was achieved two weeks after the procedure,
bone formation with osteocondensation was documented by
three consecutive cone beam computed tomography studies,
bony bridges were observed 18 months after intervention, and
no signs of clinical recurrence were seen during 18 months of

follow-up.

IV. Discussion

1. Characteristics of MSCs

MSCs were originally isolated from bone marrow (BM-
MSCs), where they represent a multipotent non-hematopoi-
etic cell line of the medullary stroma (0.001%-0.01% of total
nucleated cells) that is ten times less abundant than hemato-
poietic stem cells”. They were later identified in many other
tissues including adipose tissue™, connective tissue, dental
pulp and periodontal ligament, skin, placenta, amniotic fluid,
fetal tissues, and umbilical cord blood™. Recently, they have
also been isolated from the peripheral blood (PB-MSCs) of

many animals, at low concentrations and with some pheno-
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typic (high expression of CD146) and probably kinetic (low
proliferative capacity) differences®. The International Society
for Cellular Therapy (ISCT) has defined minimum criteria to
define MSCs™:

a) adherence to plastic under standard culture conditions;

b) typical immunophenotype: >95% positivity to CD105,
CD73, and CD90 and negativity to CD34, CD45, CD14 or
CD11b, CD79a or CD19, HLA-DR; and

c) ability to differentiate in vitro towards osteoblasts, chon-
droblasts and adipocytes.

MSCs express phenotypic markers’ that are used to iden-
tify them: CD106 (VCAM1), CD 105 (SH2 or endoglin), CD
73 (SH3 or SH4), CD90 (Thy-1), CD166 (leukocyte adhesion
molecule), CD44 (hyaluronic acid receptor), CD29 (subunit
of the integrin f1), and CDI13 (aminopeptidase N). Some
adipose tissue-derived MSCs (ASCs) expresses CD34” and
these CD34+ASCs pericytes-like interact with endothelial
cells”.

Numbers of BM-MSCs decrease with age, as do their os-
teogenic proliferative and differentiating capacity, probably
due to lost superoxide dismutase that makes them more sensi-
tive to oxidative stress*’. These cells can be expanded widely
in culture in the presence of autologous serum or human
platelet lysate.

The first ability of MSCs is self-renewal*. The second is
responsiveness to biological signals of inflammation, necro-
sis, and cell damage, which induce them to migrate to dam-
aged tissues and facilitate tissue repair. This ability is due to
their great differentiation plasticity. Classically, they have
been described as cells capable of differentiating into mesen-
chymal cell lines, in particular bone, cartilage, and adipose
tissues. Differentiation into osteocytes is possible by growing
MSCs in the presence of dexamethasone, ascorbic acid, and
beta-glycerophosphate.

MSCs have immunoregulatory properties that have been
demonstrated both in vitro and in vivo, in animal models*
and in humans®. They have always been considered immune
privilege cells due to the low levels of expression of MHC-
I antigens and the lack of expression of MHC-II and co-
stimulatory molecules. Eliopoulos et al.** have shown that al-
logeneic MSCs are rejected by immunocompetent recipients,
especially when they are induced to differentiate into cells of
the osteocyte line.

ASCs have higher immunomodulatory activity, greater pro-
liferation capacity, and exhibit less senescence when expand-
ed ex vivo®. Osteogenic differentiation would be lower, while
they would have greater angiogenic activity through the pro-
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duction of VEGF, hepatocyte growth factor (HGF), and beta-
beta-fibroblast growth factor (FGF). Finally, the production
of macrophage colony-stimulating factor (M-CSF), RANKL,
BMP-2 and 4, and HGF explain their intervention in bone re-
modeling®. Recently, pre-conditioning in culture with desfer-
roxamine, simulating a hypoxic condition, has been shown to
increase hypoxia-inducible factor (HIF1a) production, which
acts on intracellular pathways to increase the production of
angiogenic, anti-inflammatory, neuro-protective, and antioxi-
dant factors involved in wound healing, neo-vascularization,
and restoration of normal epithelial thickness®. A key role is
expected to be played by the production of TGF-B1, which
is reduced by BPs treatment, because it increases the expres-
sion of fibronectin, the synthesis of which depends on the c-
Jun pathway"’. Fibronectin can induce epithelial regeneration
by activating precursor cells through the recognition of the
tripeptide Arg-Gly-Asp (RGD) sequence of the a5B1 integrin
receptor”. Furthermore, TGF-B1 stimulates migration and
proliferation of fibroblasts, synthesis of extra-cellular matrix,
and production of fibronectin®. In this way, ASCs would pro-
mote early healing of gingival lesions, which would reduce
the infiltration of inflammatory cells into the sub-gingival
connective tissue, avoiding exposure of the exposed bone to
bacteria in the oral cavity and creating an optimal microenvi-
ronment for bone neoformation™.

The SVF, which can be easily obtained from adipose tis-
sue by liposuction and isolated by enzymatic treatment and
centrifugation, contains a heterogeneous population of hema-
topoietic (CD45+), endothelial (CD31+), and stromal cells
(CD34+). The healing of soft tissue injuries would be favored
by increases in cell proliferation and angiogenesis, reduction
of inflammation, and increase of fibroblastic activity™. Fi-
nally, bone remodeling would be favored through the reduc-
tion of TRAP+mononuclear cells and detached osteoclasts,
which are increased in bone lesions induced by combined
chemotherapy/BP. Bone neo-formation is significantly great-
er in MSC and endothelial precursor cell (EPC) co-culture
compared to MSC-only culture’’. EPC would not have a role
in osteogenic differentiation, but rather influence osteoblas-
togenesis through angiogenesis, and plays a dynamic role in
maintaining MSC stemness and pluripotency capacities™.
SVF strongly facilitates blood vessel formation™ and vascu-
larization, which play key roles in bone regeneration.

MSCs have demonstrated key therapeutic roles in various
diseases by producing a wide spectrum of autocrine and para-
crine factors (secretome). Several studies have demonstrated

the predominance of short-lived paracrine mechanisms
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among the therapeutic actions of MSCs™. Characterization of
the secretome can help explain their mechanisms of action.
In particular, the metabolomic analysis of EVs derived from
MSCs would explain their ability to mediate tissue repair and
cell regeneration. It is interesting to consider the possibility
that exogenously administered MSCs can communicate with
endogenous MSCs and other cells by transferring information
and regulatory genes mediated, to some extent, by released
EVs. Therefore, EVs derived from MSCs cultures have the
potential to constitute safe and effective therapy without
cells”. The International Society for Extracellular Vesicles
has suggested using the term EVs preferentially to describe
preparations of vesicles from body fluids and cell cultures.
Three types of EVs are distinguished based on their diam-
eters: exosomes (30-100 nm), micro-vesicles (50-1,000 nm),
and apoptotic bodies (1,000-5,000 nm)™. It has been known
for some time that MSCs release different EVs depending
on external stimulation, suggesting that this process is regu-
lated by the cross-talk between MSCs and the surrounding
microenvironment’ . Therefore, EV's represent the means of
intercellular communication through the transfer of important
biomolecules, proteins, mRNA, and miRNA*. They have
been shown to induce anti-inflammatory cytokines and trig-
ger apoptosis in activated T cells and to carry mRNA-encod-
ing immunoregulatory mediators, such as cytokine receptor-
like factor 1, IL-1 receptor, and metallothionein 1X*°.The
mitochondria transfer with mi-RNA from transplanted MSCs
to endogenous MSCs represents another potential mechanism
by which these cells can reconvert damaged endogenous cells
and stimulate them to initiate self-renewal and cell differen-

tiation™.
2. Use of MSCs in MRONJ

Some preclinical studies and clinical trials have confirmed
the potential of MSCs for treating several diseases, with the
aim of repairing or replacing cells, tissues, or organs dam-
aged by age, disease, or trauma, as well as to address congen-
ital defects. In multiple MRONIs, the classical treatment is
sometimes insufficient and cell therapy and tissue engineer-
ing are a potential therapeutic option. The osteogenic plastic-
ity of MSCs is interesting in this setting. The therapeutic role
of MSCs in MRONJ would be facilitated by:

« immunomodulatory and anti-inflammatory capacity,
through the downregulation of TH17 and 8T cells, con-
sequently reducing IL-17, IL-1, IL-6, C-reactive protein,
TNF-a, and IFN-y levels, and the upregulation of Tregs



with increases of IL-10 and TGF-f levels”’;

« stimulation of angiogenesis through the production of
growth factors (VEGF* and HIF1-0”), chemokines, and
exosomes, direct differentiation into endothelial cells,
and new vessel stabilization through localization in peri-
vascular positions as pericytes CD146+%;

* antibacterial activity through increase of bacterial killing
by immune cells” and production of anti-bacterial pep-
tides, such as LL-37¢¢®;

« stimulation of gingival wound healing through paracrine
factors (TGF-B1) secretion and increase in cellular sur-
vival, proliferation, migration, and differentiation®’; and

« differentiation of precursors to osteoclasts through
RANKL production, thus accelerating bone turnover®.

In pre-clinical studies, MSCs have been administered intra-
venously, intra-arterially, and intra-peritoneally. In humans,
intravenous infusion has also been used in many contexts,
such as the control of refractory acute grafts versus host dis-
ease (GVHD) to the acceleration of hematological recovery
after hematopoietic stem cell transplantation®, autoimmune

. . . 9.
diseases such as inflammatory bowel disease™”’

, osteogenesis
imperfecta’', metabolic diseases, and autism”. In the context
of MRONUJ, and more generally in the context of cell therapy
in regenerative medicine, autologous MSCs are administered
as intralesional, percutaneous, or surgical transplants, i.e.,
through the direct injection of a cell suspension as such or ex-
panded ex vivo, isolated, or complexed with a three-dimen-
sional scaffold in the area of bone lesions. For small bone
lesions, the use of collagen or fibrin sponges or autologous
thrombin is also feasible”. Moreover, fibrin matrix appears to
be a relevant scaffold to support osteoblastic growth and dif-
ferentiation. PRF is a second-generation platelet concentrate
and can be distinguished as pure PRF (P-PRF) or L-PRF".
L-PRF is an autologous three-dimensional fibrin scaffold
obtained by whole blood centrifugation without the addition
of any other component. Factors freed by platelets contained
in L-PRF induce and control the proliferation and migration
of other cell types involved in tissue repair, like MSCs”. In
particular, platelet-derived growth factors (VEGF, epidermal
growth factor [EGF], BMP-2, TGF-B1, and PDGF), when re-
leased for at least seven days, stimulate the regenerative and
healing potential of soft and hard tissues locally and can play
a role in antibacterial activity through antimicrobial protein
release’’. Among the most used three-dimensional scaffolds
in the dental field is ceramic, usually hydroxyapatite and
tricalcium phosphate, which is well suited to bone neoforma-

tion. The main problem associated with such treatment is bad
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resorption, for which other inert biodegradable biomaterials
have been developed including polymers such as poly (lactic-
co-glycolic acid) and poly (e-caprolactone)’”’. These bioma-
terials promote the adhesion, proliferation, and osteoblastic
differentiation of MSCs, as well as the production and subse-
quent mineralization of the extracellular matrix’*. It remains
to be clarified which materials are most suitable to support
bone-medullary differentiation action and to guide the neo-

vascularization of lesions.
3. Advantages

Autologous BM-MSCs administration are an option for
conventional treatment-refractory MRONJ. Their osteogenic
potential has long been demonstrated. Their high immuno-
modulatory properties play roles in bone formation in sites
under reconstruction by reducing inflammation and other lo-
cal factors that may oppose endogenous bone regeneration.
PB-MSCs have been identified that make bone in vivo, but
they are extremely scarce””. The induced pluripotent stem
cells (iPSCs) arise from adult somatic cells that are genetical-
ly reprogrammed to an embryonic stem cell-like state. They
have extensive proliferation capacity and can be coerced
into osteoblastic differentiation to produce large numbers of
cells®. Adipose tissue represents a privileged source of MSCs
due to its accessibility and the high MSC content in these
cells. ASCs are characterized by faster cell proliferation, sta-
ble population doubling, and lower levels of senescence than
BM-MSCs. They have less osteogenic capacity, but greater
angiogenic and anti-inflammatory activity"', and are capable
of secreting a great variety of growth factors with significant
impacts on tissue regeneration®. Their combination with
platelet-rich plasma (PRP) is synergic'’. The SVF of adipose
tissue can be obtained through simple and safe procedures
and treatment times (1 hour) are reduced without the need for
cell cultures. SVF showed greater bone formation, probably
due to synergy between the different cell populations, partic-
ularly EPCs, and higher neo-vascularization that drives bone
formation. EVs-MSCs isolation is sustainable and reproduc-
ible. Due to their lipidic structure they are easily stored for
long periods at —80°C and can cross the blood brain barrier®’.
They can be immobilized on a variety of polymer-based scaf-
folds, such as fibronectin®, poly lactic-co-glycolic acid®, and
hydrogel sponge®. In some cases, the protective effects of
EVs are significantly better than those of MSCs"’. In addi-
tion, they offer specific benefits for patient safety, such as low

propensity to trigger innate and adaptive immune responses
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and the inability to directly give rise to tumors™.
4. Disadvantages

Genetic instability of iPSCs could lead to tumor formation
in the host tissue, a possibility that should be evaluated*”.
The number of BM-MSCs that can be obtained by a single
procedure is limited, and bone marrow biopsy is an invasive
procedure that requires general anesthesia. Moreover, the
number of iPSCs decreases with age. Intravenous injection
of MSCs determines the capture of the majority of cells into
capillary beds, especially in the lungs, but also in spleen,
liver, and kidney. This systemic clearance means that only a
small number of MSCs reach the target site. Moreover, such
treatment poses the risk of pulmonary thromboembolism

1,92
9% and can

due to aggregation in the pulmonary circulation
trigger disseminated intravascular coagulation due to proco-
agulant activity”. As a result of immunosuppression, there
is greater risk of the onset of tumors or the progression of
existing malignancies” and genetic instability of expanded
cells in vitro®*. The bone marrow, a potential source for cell
therapy, is invaded by medullary clonal plasma cells in mul-
tiple myeloma. The interactions between malignant cells and
the BM microenvironment contributes to abnormalities in
BM-MSC, such as IL-6 and DKK1 overexpression and early
senescence”. For this reason, autologous BM-MSCs cannot
be used for MRONIJ treatment in multiple myeloma patients.
Conversely, ASC and SVF present no abnormalities and
can be used as an alternative source for this setting. Another
important safety aspect is the possibility of ectopic calcifica-
tions, as observed at the coronary level in animals subjected
to local infusion'*.

The immunogenicity of these cells is low. If they can take
root in immunocompromised hosts or in immune privileged
sites, they can elicit immune responses in hosts with an intact
immune systems, being able to act as APCs under certain
conditions, for example when stimulated by IFN-y”. Finally,
the use of EVs also poses problems, as their half-life is not
clear (affecting effect duration) and the long culture times

necessary to obtain sufficient material for clinical use.

5. Future research

Further studies are needed to clarify the most appropriate
cellular sources and ideal number of cells to be transplanted,

as well as the times and the best method of administration,
for treatment of MRONIJs by EVs. Certainly, the osteogenic
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plasticity and immunomodulatory properties of these cells
is interesting, and in the not too distant future they will offer
new therapeutic opportunities in the field of oral, maxillo-
facial, and implantology surgery, thanks to totally cellular-
free cell therapy. EVs are excellent potential candidates for
therapeutic targets to treat MRONJ. We recommend the use
of randomized controlled trials to evaluate the efficacy and
safety of these new treatments.
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