ISSN 1473-2262

S
Cl:l.l.)&m ATERALS OPEN a ACCESS

THERAPEUTIC POTENTIAL OF MESENCHYMAL STEM CELL-
DERIVED EXTRACELLULAR VESICLES IN REGENERATIVE
ENDODONTICS

A. Ivica', M. Zehnder' and F.E. Weber?*

European Cells and Materials Vol. 41 2021 (pages 233-244) DOI: 10.22203/eCM.v041a17

! Preventive Dentistry, Periodontology and Cariology, Centre for Dental Medicine, University of Zurich,
Zurich, Switzerland
2 Oral Biotechnology and Bioengineering, Centre for Dental Medicine, University of Zurich, Zurich,
Switzerland

Abstract

Regenerative endodontic procedures are an alternative to conventional root-canal treatment and apexification.
There are two different tissue engineering approaches that are currently followed, both aiming at the
colonisation of the cleaned pulp space by pluripotent cells and subsequent pulp regeneration. Firstly, the
transplantation of mesenchymal stem cells (MSCs), and secondly a cell-free strategy that relies on bioactive
molecules to trigger the recruitment of the patient’s own cells. The first approach is hampered by costs and
regulatory issues. Despite great initial enthusiasm with a clinically used cell-free approach that relies on
induced bleeding into the pulp space, results have been revealed to be rather unpredictable, and mere repair
rather than regeneration of the pulp-dentin complex is what is typically achieved. Moreover, the extent of
further root development is variable, and the concept is limited to immature teeth. This article discusses
a third possible way of regenerative endodontics that involves the application of MSC-derived exosomes.
These are extracellular vesicles that contain proteins, lipids, and nucleic acids, reflecting the secretome of
MSCs. Based on the first in vitro and in vivo studies, exosomes appear to be a potent tool to improve pulp
regeneration. This narrative review aims to investigate the therapeutic use of human MSCs or dental pulp-
derived exosomes in regenerative endodontics. Furthermore, the focus of this review is on targeting important
questions that should be investigated in future in-vivo and clinical studies, such as the choice of scaffold
material for exosome delivery into the pulp space.
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Introduction the non-infected tissues. However, these procedures

fail to promote continued root development, leaving

Regenerative medicine is a fast-growing field. Its
concepts aim to replace or restore diseased cells,
tissues, or organs, and to restore their functionality.
Because oral diseases pose a significant public
health problem, there is a continued search for
better and more efficient treatments, including
attempts to implement regenerative approaches. It
was estimated that at least 3.58 billion people suffer
from oral diseases worldwide (Kassebaum et al.,
2017). The health of the tooth may be compromised
due to infection, trauma, or some developmental
abnormalities, which can lead to irreversible pulpitis
ornecrosis. Traditional endodontic treatments merely
seek to clean and then seal the canal space with
synthetic materials, and thus result in the repair of
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immature teeth susceptible to fractures and without
internal vitality (Diogenes et al., 2016). Because an
endodontically treated tooth does not contain a vital
pulp, it cannot fight against caries and other attacks.
Regenerative endodontics with the goal to regenerate
lost pulp tissue was thus proposed as an alternative
to conventional endodontic treatment for immature
teeth (Hargreaves et al., 2008; Mao et al., 2012).

As a common concept, tissue engineering
treatments utilise a combination of stem cells, growth
factors, and scaffolds to induce functional tissue
regeneration (Langer and Vacanti, 1993). One of
the best-studied stem cell types in this context are
mesenchymal stem cells (MSCs). They can be isolated
from dental tissues, are widely available throughout
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all life stages and represent an important tool, not
only for craniofacial regeneration, but also to treat a
growing number of other conditions (Sharpe, 2016).
Since dental tissues represent a particularly attractive
source for stem cells because of their availability,
dental MSCs have been extensively investigated.
Moreover, there are stem cell banks worldwide,
offering MSCs to be transplanted and used in
clinical and commercial applications (Codispoti ef
al., 2018). The formation of pulp-like tissue after the
transplantation of dental pulp cells into an empty
tooth was first shown in dogs and later in humans
(Iohara et al., 2011; Nakashima ef al., 2017). Despite
these positive results, however, there are many
technical problems with the direct application of
MSCs. At the current stage of the technology, the
cost of such a therapy would be forbiddingly high
to save one tooth and, even more importantly, there
may be a risk of contamination and immunorejection
(Mao et al., 2012). Therefore, clinical protocols for
regenerative endodontics are not and will probably
never be based on cell transplantation, but rely on
cell homing (Galler et al., 2016). The latter is defined
as the recruitment of a patient’s own stem cells to
a damaged part of a tissue induced by chemotaxis
(Kim et al., 2010). The main limitation of this strategy
is however the predictability of the number of the
recruited cells. Moreover, as discussed below, the
current concept does not yield predictable results
and can lead to blood- and material-induced tooth
discoloration (Chrepa et al., 2020; Kahler ef al., 2014).
The use of recombinant growth factors may induce
non-desirable side effects, because of their pleiotropic
effects on metabolism.

The paradigm shift from cell-based approaches
to possibly the concepts discussed in this article was
spurred by growing evidence that, while current cell-
free tissue engineering approaches in endodontics
do not yield the expected results, there may be an
intermediate route in between cell-based and cell-free
concepts. This idea is based on the historic evidence
that conditioned medium of MSCs could have
therapeutic effects on ischemic heart disease (Gnecchi
et al., 2006). That phenomenon started the recent
research boom in exosomes that are found in the
conditioned medium together with other paracrine
mediators. Since then, there has been a tremendous
interest in use of exosomes instead of MSCs for the
purpose of regenerative medicine (Phinney and
Pittenger, 2017). In dentistry, however, where such
concepts may find earlier clinical application than in
other fields dealing with more systemically important
organs, research is still limited to laboratory and
animal investigations. This review therefore focuses
on the therapeutic potential of MSC-derived
exosomes in regenerative endodontics and aims at
giving an overview of the recent developments in
this field.
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MSCs and their therapeutical effects

Stem cells are defined as immature, primitive,
undifferentiated cells that have the ability to
differentiate into multiple lineages (Miyajima et al.,
2014). Eventually, they can give rise to a progenitor
cell that differs slightly from the initial cell and
that will differentiate into a more mature cell of the
respective tissue. This is a process important for tissue
homeostasis. The older cells are removed, and the
tissue is constantly being regenerated from stem cells
(Clevers et al., 2014). Likewise, a stem cell may also
divide into another stem cell or self-renew, which is
a tool to protect the stem cell pool from exhaustion.

The term MSCs refers to cells isolated from
stroma, the connective tissue that surrounds other
tissues and organs. Because these cells did not show
any teratogenic potential in animal models and can
easily be cultured from different human tissues, such
as bone marrow, dental pulp and fat, they have been
frequently used and investigated (Pittenger et al.,
1999). MSCs may support regeneration in several
ways. They release cytokines and growth factors to
orchestrate cell migration, proliferation, angiogenesis,
immune system recognition and the expansion of B
and T cells (Dexter et al., 1990). The first time the
allogeneic MSCs were used was to treat patients
with osteogenesis imperfecta. The improvements in
bone structure and function obtained were reported
(Horwitz et al., 1999). Since then, MSCs have been
used in a large number of different animal models
and randomised clinical trials, including treatment of
acute myocardial infarction, ischaemic stroke, acute
kidney failure and Crohn’s disease as well as steroid-
refractory acute graft-versus-host disease (acute
GvHD), which arises as a side effect of allogeneic
hematopoietic stem cell transplantation therapies
(Giebel et al., 2017).

In many aspects, MSC therapy showed numerous
advantages over conventional treatments. Adding
MSCs into bone tissue engineering seems to be a
key improvement, since they promote rapid tissue
remodelling and trigger vascular differentiation,
which is especially important in a tissue with a limited
vascular capacity (Khojasteh et al., 2017). Moreover,
MSC-based therapy significantly improves wound
healing and angiogenesis in skin defects (Pelizzo et al.,
2018). Because of their immunomodulatory capacity,
MSCs are also used for liver regeneration in acute
liver failure (Shi et al., 2017). However, this MSC-
based therapy may also have serious side effects.
Upon studying the distribution of intravenously
injected MSCs it was reported that, because of
their large size, MSCs are rapidly trapped within
the pulmonary capillaries, causing pulmonary and
haemodynamic problems (Schrepfer et al., 2007). In
the literature there are several studies suggesting that
the application of MSCs may lead to tumourigenesis,
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post transplantation infection, secondary injury,
and congenital abnormalities (Dlouhy et al., 2014;
Goldstein et al., 2010; Rebelatto et al., 2008; Hovatta,
2011).

Extracellular vesicles

Cells secrete different types of membrane vesicles,
known as extracellular vesicles. Various names
have been used to refer to these vesicles (van Niel
et al., 2018). Depending on their origin, they can be
broadly divided into exosomes and microvesicles
or ectosomes. Exosomes are of endocytic origin and
secreted by fusion of these vesicles with the cell
membrane. Microvesicles form from the surface of
the plasma membrane by outward budding (Abels
and Breakefield, 2016). Despite the difference in their
origin, the mechanism responsible for biogenesis
of both types of vesicles is the same (van Niel et
al., 2018). Further, extracellular vesicles can be
subdivided according to their size into apoptotic
bodies, microparticles and exosomes. The latter
range from 40 nm to 150 nm in diameter. Some
scientists prefer the term exosome as a generic
alternative instead of extracellular vesicle. To solve
this nomenclature disagreement, the International
Society for Extracellular Vesicles suggested that
the term extracellular vesicles be used (Witwer and
Théry, 2019).

Extracellular vesicles are encapsulated small
portions of the parent cell, which are secreted into
extracellular fluid or culture media (Koritzinsky
et al., 2017). For a long time, it was believed that
these vesicles were just cellular waste and they
were considered insignificant. However, their lipid
bilayer contains a complex cargo of proteins, lipids,
and nucleic acids, which mirrors their cell source
and exert similar effects to the cells they derived
from (Gurunathan et al., 2019). Extensive research
has been carried out to characterise the cargo of
extracellular vesicles. The content of vesicles is highly
heterogenous and depends on the cell type and
the physiologic conditions (Abels and Breakefield,
2016). Proteomics, a large-scale study of proteins
and their functions (Kupcova Skalnikova, 2013) of
exosomes revealed common proteins in extracellular
vesicles like tetraspanins (CD9, CD63, CD81, and
CD82), Rab GTPases, flotillin, Alix, TSG101, heat
shock proteins (Hsc70, Hsp90), antigen-presentation
proteins (MHC-I and MCH-II) and receptors (tumour
necrosis factor receptor 1) (Qing et al., 2018; Deng
et al., 2018). Proteins that are associated with basic
cellular functions, such as membrane trafficking, cell
junction, the cytoskeleton, and structure in general,
are present in all extracellular vesicles. In addition,
the proteome of MSC-derived extracellular vesicles
often includes enzymes and signalling molecules
like cytokines, interleukins, chemokines, and growth
factors (Deng et al., 2018). Therapeutic efficacy could
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be mediated by exchanging cell signalling proteins
such as TNF-a, TGF-, Wnt5, 3-catenin and etc.
from the extracellular vesicles to their surroundings.
Thus, MSC-derived exosomes could potentially
help tissue regeneration by providing catalytically
active enzymes or growth factors (Anderson et al.,
2016). Extracellular vesicles are rich in miRNA, small
single-stranded non-coding RNA molecules. Transfer
of miRNA through exosomes has been widely
studied as a possible mechanism of intercellular
communication. The concept that miRNA from the
exosomes can be delivered to other cells, resulting
in direct modulation of their mRNA targets, has
become one of the most attractive hypotheses in the
field (Tkach and Théry, 2016). It was demonstrated in
vivo that exosomes from Epstein-Barr virus-infected
cells transferred the virus to noninfected cells (Pegtel
et al., 2010).

Extracellular vesicles act in both physiological
and pathological processes. They are important
for cell communication and the transmission of
information to further locations (He et al., 2018).
They may enter into a cell via more than one route.
All extracellular vesicles carry surface molecules to
be recognised by recipient cells (Tkach and Théry,
2016). They are usually taken up by endocytosis/
phagocytosis (Montecalvo et al., 2012). The recipient
cell may also fuse directly with the membrane of
a vesicle, or the uptake occurs by receptor-ligand
interactions (Mulcahy et al., 2014). Thus, extracellular
vesicles represent a key concept in mediating
changes in cellular behaviour by affecting cells in a
paracrine or an endocrine manner, which makes them
useful therapeutically (Zhang et al., 2019). Because
of their rapid uptake, it is more likely that their
primary function is to exchange information with
neighbouring cells and not to interfere with distant
cellular targets (Smyth et al., 2015). Unlike MSCs,
extracellular vesicles cannot renew themselves and
thus lack endogenous potential for tumourigenesis
(Giebel et al., 2017).

Exosomes and their potential therapeutic effects

It was demonstrated that MSCs have immune-
modulating properties (Bartholomew et al., 2002).
Since this does not require cell-cell interaction, it has
been suggested that the anti-proliferation activity
of MSCs on T-cells could be due to the secretion of
modulating factors by these cells (Di Nicola et al.,
2002). This led to the hypothesis that tissue repair
may be orchestrated through paracrine factors
of MSCs and stimulation of host cells, and not
necessarily by cell replacement (Caplan and Dennis,
2006). Moreover, experiments on cardioprotective
effects of conditioned media suggested that
vesicular structures, identified as exosomes, have
cardioprotective properties (Lai et al., 2010). These
active components in the conditioned medium of
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human MSCs were within the 100 to 200 nm range
(Timmers et al., 2007). This gave a new perspective
into intercellular mediation of tissue repair.

A major advantage of exosomes is that they
represent a cell-free therapy. Moreover, unlike other
nanoparticles, exosomes show the rapid clearance
and the absence of unwanted accumulation in liver,
which could explain their favourable toxicity profile
(Fuetal., 2019; Smyth et al., 2015). Most importantly,
because they do not express HLA (human leukocyte
antigen) class II, exosomes are hypoimmunogenic
(Phinney and Pittenger, 2017). Most experimental
evidence suggests that exosomes harvested from
MSCs show a very similar biological activity to
the MSCs proper (Nakamura et al., 2015; Timmers
et al., 2007; Zhang et al., 2015). Due to their great
biocompatibility exosomes have attracted wide
attention in the medical community (Kalimuthu et
al., 2018).

There has been a fundamental change of focus
from using MSCs in a therapeutic manner to the
mere application of exposomes, which is reflected
in the number of more than 180 clinical trials using
exosomes as reported in www.clinicaltrials.gov in
August 2020 (Web ref. 1). Some clinical trials using
exosomes from human specimens are completed and
results showed that exosomes were well-tolerated.
Depending on the cell source, exosomes can promote
or suppress inflammatory activity or boost anti-
tumour response (Chen et al., 2019).

The harvesting of exosomes is usually performed
using centrifugation steps on a size-based isolation
strategy. This is the most widely adopted method,
but it is time consuming and works only with large
sample volumes (He et al., 2018). There are also other
methods for exosome isolation, such as ultrafiltration,
chromatography, polymer-based precipitation,
immunoaffinity capture or antibody-coupled
magnetic beads (Gurunathan et al., 2019). Exosomes
may be isolated from human plasma, saline, urine,
blood, semen or culture medium.

Extracellular vesicles are less complicated to
handle than cells. To attain routine clinical usage,
however, a crucial point is to identify optimal
isolation and storage conditions, as the use of fresh
extracellular vesicles is not practical. Recently,
Ibsen et al. established an alternating current electro
kinetic microarray chip device for rapid isolation and
recovery of exosomes from human plasma within
15 min (Ibsen et al., 2017). Interestingly, there is also
anovel approach named “NANOBIOME” that offers
the biobanking of exosomes (Codispoti et al., 2018).
MSCs have the capacity to mass produce exosomes.
Following this route, high-quality exosomes may
be collected, processed, and preserved for clinical
application. For their preservation and storage,
there are options like freezing or lyophilisation.
Interestingly, the freezing cycles do not negatively
affect the stability of exosomes, neither in terms of
structure nor composition (Codispoti et al., 2018).
Freezing at — 80 °C in trehalose with or without
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protease inhibitors seems to be a convenient way
of storage (Le Saux et al., 2020). Moreover, freeze-
drying allows satisfactory shipping conditions and
long-term storage, avoiding any risk of thawing
or degradation (Frank ef al., 2018; Le Saux et al.,
2020). Such techniques are gradually advancing the
routine manufacture of exosomes and their clinical
distribution. Because of their small size, extracellular
vesicles may be sterilised through filtration (Giebel
et al., 2017).

Extracellular vesicles derived from oral cavity
MSCs

Dental tissues represent a particularly attractive
source of MSCs, wherefrom exosomes may be
extracted. Because teeth are often discarded in the
clinic as medical waste, their examination does not
necessarily require ethical approval (Egusaet al., 2012).
These tissues consist of heterogeneous cells, as they,
beside MSCs, include progenitor cells, fibroblasts,
neural cells, endothelial cells and immune system
cells. Besides dental pulp stem cells (DPSC) and
stem cells from exfoliated deciduous tooth (SHED),
MSC:s are also present in the periodontal ligament,
apical papilla, gingiva, tooth germ and bone marrow.
Further work is required to effectively classify the
properties of exosomes derived from those specific
MSCs to better understand which source may be used
for regenerative purposes. Because exosomes could
be relatively easily harvested from a patient’s wisdom
teeth or from deciduous teeth, these cell sources have
a great potential to be tested in clinical trials.

Exosomes derived from gingival MSCs
combined with poly(lactide) scaffold promoted
bone regeneration in an animal model for the study
of calvarial bone repair (Diomede ef al., 2018b).
Moreover, an extensive vascular network was
observed, suggesting an osseointegration process
(Trubiani ef al., 2019). Extracellular vesicles released
from periodontal ligament stem cells showed similar
results (Diomede et al., 2018a). It may be assumed that
exosomes boost the osteoinductive activity through
the activation of endogenous bone marrow MSCs in
the bone defect.

Regenerative endodontics now

Regenerative endodontics has its roots in the work
of Nygaard-Ustby in the 1960s (Nygaard-Ostby,
1961). In 2001, Iwaya and Ikawa reopened the field
by showing a case report on the continued root
growth of an immature permanent tooth with apical
periodontitis and a sinus tract (Iwaya et al., 2001).
The tooth, however, had a dens evaginatus, and its
endodontic condition was hardly that of a tooth
affected by caries or trauma. Despite a great deal of
enthusiasm at the beginning, which was partly based
on mis-interpretation of such individual case reports
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and the disregard of pulp tissue possible conditions
in necrotic teeth with caries versus trauma, there are
many challenges that must be overcome in order to
achieve better clinical results. At the core of these
problems is the fact that in the absence of a vital pulp
stump, there is little pulpal regeneration (Edanami et
al., 2020), and the pulp space repairs with periodontal
tissues (Lui et al., 2020; Nygaard-Ostby and Hjortdal,
1971).

One clinical pilot study and several animal
studies supported the potential applicability of
cell transplantation for pulp regeneration therapy
(Iohara et al., 2011; Nakashima et al., 2017; Xuan
et al., 2018). However, there are many regulatory
barriers, such as a risk of contamination and
immunorejection (Mao et al., 2012). It is noteworthy
that cell transplantation requires sophisticated
materials and techniques. To circumvent all these
negative aspects, other possibilities should be further
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explored and optimised. Mao and his group were
the first to demonstrate that, in an animal model
with human teeth, the regeneration of dental pulp
was achievable by the attraction of host endogenous
cells and without cell transplantation, i.e. cell
homing (Kim et al., 2010). However, they used a mix
of morphogens that was applied into the cleaned
pulp space to investigate their research question.
Clinically, the cell-free concept that has been accepted
both by the American Association of Endodontists
(AAE) and the European Society of Endodontology
(ESE) for the treatment of immature teeth with pulp
necrosis (Galler et al., 2016), however, merely relies
on controlled bleeding into the formerly cleaned pulp
space and blot clot formation (Nygaard Ostby, 1961;
Trope, 2010). It may be surmised that application of
tissue factors has not been followed by any dental
company because of regulatory impasses. The
ESE suggested the protocol shown in Fig. 1 that
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Fig. 1. Current protocol recommended by ESE based on cell homing strategy. (a) The first step is to open a
pulp chamber. (b) This is followed by pulp extirpation and (c) disinfection. (d) Calcium hydroxide dressing
is used as intracanal medicament between two appointments. (e) Next step is dentine conditioning to release
growth factors that are (f) embedded in dentine to recruit stem cells. Afterwards bleeding is induced so that
blood clot may serve as a scaffold. MTA plug ensuring a thickness of 2-3 mm should be placed on the top
of the blood clot underneath cemento-enamel junction. A flowable, light-curable glass-ionomer is applied
on top of it. (g) The tooth is sealed with adhesive restoration. (h) Pulp regeneration with re-continued root

development.
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includes access cavity preparation and removal
of necrotic pulp tissue followed by disinfection.
Sodium hypochlorite (NaOCI) is the first choice for
disinfection (Martin ef al., 2014). Although there isno
consensus on the application of calcium hydroxide
as a medicament in-between two appointments,
several studies have shown a positive effect of this
medicament on stem cell survival (Ruparel et al.,
2012). Dentin conditioning with some chelating
agent such as ethylenediaminetetraacetic acid (EDTA)
or citric acid liberates growth factors from dentin
(Galler et al., 2015). This helps to recruit stem cells
and to differentiate them into cells that resemble
those found in normal pulps (Ivica et al., 2019).
Bleeding induced by over-instrumenting is used to
form a blood clot. However, blood clot formation
is not always achievable and it may lead to tooth
discoloration by the diffusion of haemoglobin into
dentinal tubules (Saoud et al., 2014). A hydraulic
calcium silicate cement (e.g. MTA or tricalcium silicate
cement) is placed coronally to this clot, which is then
followed by the final restoration. Parameters that
define success of such a treatment are the healing
of a pre-existing periapical lesion, increase of root
thickness and length, apical closure, and positive
response to sensitivity testing (Kahler et al., 2017).

The histological assessment of human teeth,
treated by the regenerative approaches that are
currently allowed, mostly showed tissue repair or
a combination of repair and regeneration. In some
cases, replacement of the dentin-pulp complex by
periodontal supporting tissues, including bone and
cementum, was observed (Digka et al., 2020; Lui et
al., 2020). Between researchers, there is no consensus
on the types of tissues that are generated in the pulp
space following regenerative therapy. However, for
clinicians it seems to be unimportant if there is repair
or regeneration as long as the patient is asymptomatic,
a tooth responds positively to vitality testing, and
there is lengthening and thickening of the dentine
walls of immature teeth (Galler et al., 2016). From a
research perspective, however, the final goal of the
regeneration treatment is to re-establish the original
form and function of the damaged structures, in our
case, the pulp-dentin complex. This would result
in a deposition of tissues that are at the histological
level similar to non-damaged dentine and with well-
known architecture of the pulp. In addition, there
are some patient-related outcomes that need to be
added into the equation, such as crown discoloration,
tooth functionality, pain, the number of dental
appointments and patient satisfaction (Diogenes et
al., 2016). As an example, a meta-analysis showed that
tooth discoloration was reported in 40 % of the cases
treated by current regenerative techniques, whichis a
severe problem since front teeth are the most common
teeth in need of such treatment (Torabinejad et al.,
2017).

In summary, it may be stated that while there is
a will to use tissue engineering concepts in clinical
endodontics, the results obtained with what is
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currently available to practitioners must be improved
upon. The predictability of these treatment outcomes
and other unwanted consequences are due to a
shortage of recruited autologous stem cells in necrotic
root canals and the lack of a suitable scaffold to
replace the blood clot (Song et al., 2017).

Potential therapeutic effects of MSC-derived
extracellular vesicles in regenerative endodontics
and beyond

Thanks to its accessibility, the dental pulp is of
particular interest and displays great advantages
compared to other sources of MSCs. Therefore,
exosomes derived from dental pulp cells have also
been studied extensively in the past few years. It
would appear that they can promote healing in
neurological and vascular diseases, osteoarthritic
disorders, liver and lung regeneration and many
other conditions (Kichenbrand et al., 2019). The use of
dental pulp-derived exosomes for applications other
than regenerative endodontics was not the focus of
the current review and should be discussed in future
communications. In terms of pulp regeneration, most
of the studies investigating the role of exosomes on
regenerative properties used DPSC as a source of
exosomes (Table 1). Since fibroblasts and endothelial
cells contribute to dentine repair and pulp healing, it
may be useful to harvest exosomes from the whole
dental pulp, e.g. the mixture of cells and not only
DPSC (Ivica et al., 2020; Xian et al., 2018). Odontoblasts
secrete exosomes with anti-apoptotic features, which
may be particularly important during inflammation
(Wang et al., 2019). However, whether exosomes
from different cell types contribute to the better
microenvironment for triggering pulp regeneration
or not awaits further clarification. It may be so that
since exosomes carry the functions of their maternal
cells, different exosomes may be necessary for specific
applications within dentistry. A further question is
whether there are differences between the exosomes
secreted from young and adult patients (lezzi et al.,
2019).

Huang et al. demonstrated the beneficial effect of
exosomes isolated from dental pulp stem DPSC on
odontoblastic differentiation of naive cells (Huang et
al., 2016). It was suggested that exosomes promoted
the odontogenic differentiation by the transfer of
microRNAs. Moreover, when the cells were cultured
with odontogenic medium and afterwards the
exosomes were extracted, the effect was even stronger
compared to the normal culturing conditions.

To clarify the underlying mechanism, micro-
RNA sequencing was conducted (Hu et al., 2019).
The analysis showed that microRNA levels in
exosomes extracted from the cells cultured in
odontogenic medium were significantly changed
when compared to those in regular medium.
Furthermore, these authors demonstrated that
exosomes promote odontogenic differentiation by
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Table 1. Dental pulp derived exosomes in pulp regeneration and repair.

Origin of exosomes Type of study Observation Reference
DPSC oo — 1nc.1uce.3d ac.ute Exosomes show strong anti-inflammatory effects Pivoraite
inflammation in mice et al., 2015
in vivo — the root slices . .
. . Exosomes promote differentiation of stem cells; exosomes Huang
brsc 1mplanteoc; glfgethe back isolated under odontogenic conditions have stronger effect et al., 2016
Epithelium and Exosomes travel between epithelium and mesenchyme during Jian
mesenchyme cells in vivo in rats tooth development leading to reciprocal cell differentiation and et al 2%17
of developing tooth matrix synthesis i
Dental pul in vitro Exosomes promoted endothelial cell proliferation, paracrine Xian
puip angiogenic factor expression and tube formation et al., 2018
MicroRNAs significantly changed in odontogenic exosomes Hu
DPSC in vitro compared to normal conditions; exosomes trigger odontogenic et al. 2019
differentiation via TGFf1/Smads signalling pathway i
%3212?128551?1?5 in vitro Exosomes reduce apoptosis in neighbouring cells; increased Wang
cells levels of CD63 (exosome marker) in the region affected by caries et al., 2019
Dental pul in vitro Exosomes trigger migration and proliferation of BMMSC:s; fibrin Ivica
PP gel and exosomes have synergistic effect on stem cell attraction et al., 2020
in vive — rat Exosomes loaded into biodegradable polymeric scaffold and Swanson
DPSC used as pulp capping material enhance tertiary dentineogenesis
pulpotomy model . . . et al., 2020
and dentine bridge formation
in vivo — the root
SCAP fragments implanted Exosomes are endocytosed by BMMSCs and orchestrate their Zhang
subcutaneously into specific dentineogenesis et al., 2020
immunodeficient mice
Fibrin gel loaded with exosomes supports neovascularisation Zhan
DPSC in vitro and collagen I, I1I, IV deposition; fibrin preserved the activity of et al 26520
exosomes for at least 7 d M

the transforming growth factor-g (TGF-p) signalling
pathway by downregulating the inhibitory molecule
LTBP1. TGEF-p signalling is well known to play
important roles in odontogenic differentiation and
tooth morphogenesis (He et al., 2014). Moreover,
exosomes derived from human DPSC have strong
anti-inflammatory effects (Pivoraité et al., 2015).

It is well known that tooth development requires
interaction of cells in different tissues. In mice it was
shown that during tooth formation, exosomes are
secreted by both the epithelium and mesenchyme
(Jiang et al., 2017). Those exosomes reciprocally
trigger cell differentiation and matrix secretion.
Epithelium exosomes are taken in by mesenchymal
cells that afterwards produce dentine sialoprotein and
start mineralisation. At the same time, mesenchymal
exosomes induced epithelium cells to produce
ameloblastin and amelogenenin.

Wang et al. established an in vitro model to study
the possible role of exosomes in dental caries (Wang
etal., 2019). In caries progression, odontoblasts show
different levels of inflammation. The odontoblasts
that are closer to the site of injury exhibited more
severe signs of inflammation. At the same time,
those odontoblasts secreted an increased number
of exosomes, comparing to the mildly injured
counterparts along the periphery of the caries lesion.
Interestingly, exosomes helped to block apoptosis.

As discussed above, in regenerative endodontic
procedures that are based on a cell homing strategy,
the main problem is to recruit the patient’s endogenous
mesenchymal stem cells (Kling et al., 1986). Human
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bone marrow-derived mesenchymal stem cells are
mobilised into the circulation and represent an
important source of stem cells for pulp regeneration.
It was shown that exosomes from human pulp
attract bone marrow-derived mesenchymal stem
cells in vitro (Ivica et al., 2020). Moreover, in the same
study, it was reported that stem cell proliferation
was strongly affected by exosomes. Differentiation
towards odontoblasts was also detected in BMMSCs
after they were endocytosed (Zhuang et al., 2020).

Delivery and matrix systems for pulpal
regeneration in conjunction with exosomes

In order to use exosomes as a therapeutic tool,
an appropriate delivery system which allows the
direct application to the injury site is required. Drug
delivery strategies are a tremendous challenge in
tissue engineering (Jain ef al., 1998). To investigate
how the exosomes may be applied clinically in
regenerative endodontics, they were combined with
a collagen membrane and used to fill the roots of
human teeth before being subcutaneously implanted
in rats (Huang et al., 2016). Results showed that
exosomes could enhance the regeneration of pulp-like
tissue. An increase in the expression levels of growth
factors TGF-p1, BMP-2, RUNX2 and PDGF, markers
for odontogenic differentiations, was observed in
newly formed tissue in the groups where exosomes
were used. Moreover, the results suggest that
exosomes from dental pulp cells trigger angiogenesis,
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which is a critical step for the regeneration of the
dentine-pulp complex (Xian et al., 2018). The level of
vascular endothelial cell growth factor A (VEGE-A),
the key growth factor that regulates angiogenesis,
were increased when exosomes were used. Moreover,
p38 MAPK signalling inhibition driven by exosomes
enhance tube formation and stimulate endothelial
cell angiogenesis. Similar results were seen when
conditioned medium from human dental pulp stem
cell was applied (Bronckaers et al., 2013). Fibrin-based
scaffolds showed some advantage over other scaffolds
used in the field of regenerative endodontics (Galler
et al., 2018). When tested for use as delivery system
for exosomes, results showed a synergistic effect of
fibrin and the dental pulp-derived exosomes on stem
cell attraction (Ivica et al., 2020). In another study,
fibrin gel loaded with exosomes provoked vascular-
like structure formation in less than 7 d (Zhang et
al., 2020). Importantly, fibrin gels are commercially
available clinically approved biomaterials and appear
to be suitable delivery vehicles for exosomes in
pulp regenerative procedures. However, additional
preclinical and clinical studies are needed, especially
related to their thrombin/fibrinogen composition
and other physicochemical features relating to a
controllable application in the root canal system
(Hertig et al., 2017).

A recent study showed that controlled release of
human DPSC exosomes from poly lactic-co-glycolic
acid (PLGA)-based biodegradable scaffolds may
be useful in pulp capping therapy (Swanson et al.,
2020). Exosomes stimulated tertiary dentineogenesis
and dentin bridge formation by promoting stem
cell migration, odontogenic differentiation and
mineralisation.

Exosomes

Conclusions and future perspectives

Because there are currently many challenges in
regenerative endodontic treatment, a search for
alternative clinically applicable strategies is indicated.
MSCs have been used in different studies. Evidence
has been provided that their therapeutic activities
is mediated by their extracellular vesicles. In this
context, exosomes are considered as potential
therapeutic tools to avoid problems that are inherent
to the use or application of whole stem cells.
Moreover, along with tissue-engineering techniques,
exosomal modification strategies are promising for
the development of improved clinical therapies.
Exosomes could be used as biomimetic tools to
induce migration, proliferation and odontoblast-
specific differentiation of stem cells in regenerative
endodontic treatments (Table 1). Most of the current
evidence for the use of exosomes in pulp regeneration
come from in vitro or animal in vivo studies. Based on
these studies, itis possible that the exosomes may have
a positive effect on differentiation of naive cells, their
migration, proliferation and angiogenesis (Fig. 2). It
seems like the exosomes derived from DPSC may be
as good, if not better than using MSCs to regenerate
a pulp. It was shown that transplantation of MSCs
into injured tooth could regenerate dental pulp with
odontoblasts at the periphery, histologically very
similar to normal pulp tissue of a human tooth (Xuan
et al., 2018). Because exosomes mimic the effects of
MSCs, it is to be expected that they will trigger the
regeneration and new tissue formation in the same
way that MSCs do and, at the same time, by using
exosomes technical problems that MSCs bring can be

Reported effects of exosomes:

Differentiation 1

Migration 1

Proliferation 1

Anti-apoptosis 1

Angiogenesis 1

Modulation of immune activity 1
Matrix synthesis 1

Stem cells

Fig. 2. Schematic representation of using exosomes in pulp tissue regeneration. Firstly, a tooth is prepared
as was explained in Fig. 1a-e. (a) Once a pulp chamber is cleaned and conditioned, MSC-derived exosomes
are injected. (b) Exosomes could be used to promote the recruitment of patient’s cells, differentiation and
proliferation of naive cells as well as anti-apoptosis and angiogenesis.
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avoided. Further clinical studies are needed to make
a step forward in the application of this modifications
inregenerative endodontics. To approach clinical use,
this promising therapeutic strategy for regenerative
endodontics has to prove its efficacy in clinical trials,
and its effectiveness in everyday clinical use (Haynes,
1999). Moreover, an ideal vehicle for exosome
delivery and scaffold formation in the pulp space
needs to be identified. In that context, fibrin gels hold
the greatest promise.
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