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Abstract: Neurodegenerative diseases are fatal disorders of the central nervous system (CNS) which
currently lack effective treatments. The application of mesenchymal stem cells (MSCs) represents a
new promising approach for treating these incurable disorders. Growing evidence suggest that the
therapeutic effects of MSCs are due to the secretion of neurotrophic molecules through extracellular
vesicles. The extracellular vesicles produced by MSCs (MSC-EVs) have valuable innate properties
deriving from parental cells and could be exploited as cell-free treatments for many neurological
diseases. In particular, thanks to their small size, they are able to overcome biological barriers and
reach lesion sites inside the CNS. They have a considerable pharmacokinetic and safety profile,
avoiding the critical issues related to the fate of cells following transplantation. This review discusses
the therapeutic potential of MSC-EVs in the treatment of neurodegenerative diseases, focusing on
the strategies to further enhance their beneficial effects such as tracking methods, bioengineering
applications, with particular attention to intranasal delivery as a feasible strategy to deliver MSC-EVs
directly to the CNS in an effective and minimally invasive way. Current progresses and limiting
issues to the extent of the use of MSC-EVs treatment for human neurodegenerative diseases will be
also revised.

Keywords: mesenchymal stem cells; extracellular vesicles; exosomes; neurodegenerative disease;
intranasal administration

1. Introduction

The treatment of most neurological disorders currently represents a therapeutic chal-
lenge for the researchers committed to improving and/or extending the quality and lifespan
of affected people.

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS) are characterized by the accumulation of
specific proteins within the nervous system accompanied by a progressive loss of neurons
in the affected regions [1,2]. The pathogenic mechanisms are still unclear and the failure to
identify the precise causes of neuronal degeneration leads to the absence of treatments [3].

The use of stem cells was considered a potentially suitable strategy for the treatment
of neurodegenerative disorders. Stem cells are undifferentiated totipotent or multipotent
cells that can be obtained from a variety of adult tissues such as bone marrow, brain,
liver, skin, skeletal muscle, gastrointestinal tract, pancreas, eye, blood, fat, and dental
pulp [4]. The mesenchymal stem cells (MSCs) can differentiate to osteoblasts, adipocytes,
and chondrocytes in vitro [5]. Due to their capacity to transdifferentiate in vitro into
epithelial cells and lineages derived from the neuroectoderm, MSCs have been considered
to be able to repair injured, damaged, or diseased tissues [6]. Moreover, MSCs possess
the important ability to modulate the immune response of a broad range of immune cells,
both in vitro and in vivo [7–10]. The use of MSCs for tissue repair requires such cells to
be able to easily access the target organ. Several works have demonstrated their ability to
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home into the damaged brain, migrating from the blood toward inflamed tissues where
they exert a neuroprotective effect [11–13].

The efficacy of MSCs in neurological diseases was demonstrated in several preclinical
studies [14,15]. However, despite their therapeutic action, the engraftment of MSCs in cen-
tral nervous system (CNS) tissues, after their transplantation, results in a small percentage
of differentiated, detectable MSCs [16,17]. These considerations suggest that the ability of
MSCs to modify the tissue microenvironment via secretion of soluble factors may contribute
more significantly to tissue repair than their capacity of transdifferentiation [18–21].

Such action is achieved through a paracrine mechanism, the release of extracellular
vesicles (EVs), which is, indeed, common to almost all cells. EVs are membranous structures
derived from the endosomal system or shedding from the plasma membrane [22–25] whose
release and uptake provide a novel mechanism of transcellular communication [26,27].
MSCs are also able to release a large number of EVs with high therapeutic power which
constitute an effective alternative to cell-therapy in neurodegenerative diseases, due to their
content which can reproduce the effect of their parental cells [28–30] (Figure 1). Indeed, MSC-
EVs contain many neurotrophic factors (NTFs), immunomodulatory and anti-inflammatory
molecules including transforming growth factor-β (TGF-β), and interleukin-10 (IL-10),
which are involved in favoring the processes of neurogenesis and neuroprotection and
promote functional recovery [31–33]. Interestingly, proteins involved in neural develop-
ment and synaptogenesis, such as nestin, growth-associated protein 43 (GAP-43), and
synaptophysin are incorporated in MSC-EVs [34]. Moreover, in terms of miRNA content,
a specific signature of miRNAs was reported, which was implicated in promoting CNS
recovery by modulating neurogenesis and stimulating axonal growth [35].
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Figure 1. Extracellular vesicles from mesenchymal stem cells as an innovative therapy for
neurodegenerative disease. MSC-EVs derived from different cellular sources, due to their
small size, cross the blood–brain barrier and reach the affected cells of the diseased brain.
Here, EVs release neurotrophic factors (NTFs), miRNA, and anti-inflammatory molecules
that mediate neuroprotection, neurogenesis, synaptogenesis, and decrease the neuroinflam-
mation. EVs with their cargo contribute to a functional recovery and neurodegenera-
tion reduction. BBB = blood–brain barrier; NTFs = neurotrophic factors; TGF-β = trans-
forming growth factor-β; IL-10 = interleukin-10; GAP-43 = growth-associated protein-43;
SYP = synaptophysin; ROS = reactive oxygen species; iNOS = inducible nitric oxide synthase;
M1 = pro-inflammatory M1-polarized microglia; M2 = anti-inflammatory M2-polarized microglia.
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In 2018, the International Society for Extracellular vesicles (ISEV) updated the guide-
lines for the study of EVs. They are a heterogeneous population whose size may vary
typically between 50 nm and 500 nm, but they can be even larger, measuring 1–10 µm. The
ISEV recommends the use of appropriate nomenclature for EVs, classifying them by clear,
measurable characteristics (such as cell of origin, molecular markers, size, etc.) thus aban-
doning terms such as “exosomes” or “microvesicles” that were previously used [23,36,37].

EVs are present in many biological fluids, including blood, CSF, urine, saliva, and
amniotic fluid, as well as in the conditioned medium of cell culture [38,39]. Their role
was originally thought to be a source of cellular dumping; however, it has since been
found that EVs play important roles in participating in cell-to-cell communication via the
transfer of membrane receptors, proteins, lipids, and RNAs between cells and also in cell
maintenance and tumor progression [40,41]. The function of small EVs depends on their
ability to interact with recipient cells and to deliver their contents to such cells [42].

Thanks to their small size, which allows them to pass the blood–brain barrier (BBB)
and deliver their cargo (biological or pharmacological) to the brain, they become a powerful
therapeutic application tool in neurodegenerative diseases where the BBB represents the
main obstacle to reach the injured area of CNS.

In this review, we summarize encompassing information about the therapeutic prop-
erties of EVs from MSCs to treat debilitating and fatal neurodegenerative disorders.

2. EVs from MSCs

It has been shown that MSC secreted factors are able not only to improve the sur-
rounding environment of the target tissue, but also to exert beneficial effects even in the
distal sites, supporting the paracrine hypothesis rather than the local transdifferentiation
one [43,44]. The paracrine effects of MSCs were first described in 2006 and took into account
the entire secretome released by MSCs, which contains a soluble fraction (mostly growth
factors and cytokines) and a vesicular component, EVs, which transfer proteins, lipids, and
genetic material to recipient cells [45,46].

MSCs are considered prolific producers of EVs compared to other types of cells [47,48]
and the therapeutic use of their vesicular counterpart shows significant advantages over
using parental cells, thanks to a high safety profile, low immunogenicity, and tumorgenic-
ity [49]. The composition of MSC-derived EVs, like EVs from other sources, includes a
cargo of nucleic acids, proteins, and lipids reported in several studies and in databases such
as VESICLIPEDIA (http://microvesicles.org/) [50] or EXOCARTA (www.exocarta.org) [51]
both accessed on 25 January 2023, a curated compendium of molecular data. The pheno-
type, number, and function of MSC-EVs may vary depending on the source of MSCs [52,53].
Thanks to their small size, MSC-EVs are able to migrate efficiently to the target organ after
infusion, without getting trapped in pulmonary capillaries [54], crossing the BBB, and
reaching the injured area in the brain. These characteristics make MSC-EVs a promising
tool for a cell-free therapy in neurodegenerative diseases.

3. Therapeutic Potential of MSC-EVs in Neurodegenerative Disorders

Neurodegenerative diseases are a heterogeneous group of disorders that affect approx-
imately 30 million individuals worldwide with distinct morphological and pathophysio-
logical features. These diseases have a complex multifactorial etiology whose pathogenic
mechanisms are currently not fully understood [55,56]. The pathological conditions arise
from slow progressive and irreversible dysfunctions caused by loss of both neurons and
synapses in selected areas of the nervous system. A combination of genetic and environ-
mental factors may play a role in causing neurodegenerative diseases [57]. The incidence
of neurological disorders becomes more widespread with the aging of the population [58]
and results to be closely related to lifestyle factors. Likewise, environmental factors are
recognized among the causes of disease and progression, and include chronic exposure to
heavy metals, pesticides, and air pollutants [59,60].

http://microvesicles.org/
www.exocarta.org
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Although neurodegenerative diseases present distinct characteristics, common path-
ways have been identified, through which the neurodegeneration proceeds. Common
pathogenic mechanisms underlying many neurodegenerative diseases include abnormal
accumulation of insoluble protein aggregates and misfolding [61], oxidative stress and
formation of reactive oxygen species (ROS) [62], mitochondrial dysfunctions [63], and neu-
roinflammatory processes [64], suggesting that neurodegenerative diseases with distinct
etiologies may share common pathogenic pathways [65].

Currently, no neurodegenerative disease is curable, and the available treatments only
manage the symptoms or delay the progression of the disease [3].

A large number of neurodegenerative disorders are characterized neuropathologically
by intracellular and/or extracellular aggregates of proteinaceous fibrils which are impli-
cated in progressive brain degeneration [66]. For instance, the accumulation of amyloid
beta (Aβ) together with the presence of neurofibrillary tangles, synapses, and neuronal
loss, correlates with a progressive and gradual decline in cognitive functions, typical of
Alzheimer disease (AD) [67]. Several therapeutic approaches have attempted to reduce
the Aβ burden in AD patients and in transgenic mouse models: the presence of high
levels of Aβ-degrading enzymes in adipose MSC-derived EVs has been considered a
useful strategy to regulate the level of Aβ accumulation in the brain [68]. Indeed, EVs
isolated from human umbilical cord-derived MSCs significantly enhance the expression
of Aβ-degrading enzymes such as neprilysin (NEP) and insulin degrading enzyme (IEP),
reducing Aβ deposition of AD in transgenic APP/PS1 mice, with a subsequent reduction in
neuroinflammation and cognitive improvement [69]. Moreover, the content of antioxidant
enzymes, such as the catalase in MSC-EVs, protects hippocampal neurons from oxidative
stress and synaptic damage [70].

The use of MSC-EVs has been reported to act against neuronal damage and synaptic
dysfunction [71], pathological signs that generally appear in the initial phase of AD, which
are directly related to cognitive impairment. In this context, MSC-EVs have been shown to
promote neuroprotection [72] and stimulate neurogenesis [73].

A similar scenario is envisaged with Parkinson’s disease (PD), the second most com-
mon chronic neurodegenerative disease in the world [74], characterized by the degeneration
of dopaminergic neurons with the accumulation of protein aggregates of α-synuclein in the
intraneuronal structure, and a consequent deficiency of dopamine production in several
networks [75]. The use of MSC-EVs as a therapeutic strategy turns out to be promising,
although still at an early stage. The use of the secretome from MSCs showed, in PD rat
models, an improvement in motor performance outcomes [76,77]. MSC-EVs from different
sources were able to promote neuroprotection of 6-hydroxy-dopamine (6-OHDA) dopamin-
ergic neurons from oxidative stress [78], reducing substantia nigra dopaminergic neuron
loss, apoptosis, and upregulating the dopamine levels in the striatum [79].

The considerable capabilities of MSC-EVs have been observed in other settings: EVs
derived from adipose mesenchymal stem cells (ASCs) showed the ability to promote
remyelination after injury and neuroprotection of neurons and motor neuron-like cells, after
peroxide treatment in vitro [80,81], demonstrating their potential therapeutic application
in several neurodegenerative diseases. In particular, motoneurons (MNs) represent the
principal target of amyotrophic lateral sclerosis (ALS), due to the selective dysfunction and
damage of upper and lower MNs leading to progressive paralysis and death [82]. ASC-
EVs have demonstrated the ability to regulate the aggregation of the pathological SOD1
protein restoring the levels of mitochondrial proteins in neurons from G93A mutated ALS
mice [83] and in MN cultures, an effect that is due to their antiapoptotic ability [84]. MN and
neuromuscular junction protection, together with an improvement in motor performance
was observed in SOD1(G93A) mice after repeated administration of ASC-EVs [85].

As previously reported, the regulation of ROS production plays an important role
among the pathogenic mechanisms of neurodegenerative diseases. With regard to this,
recently, the role of MSC-EVs in reducing oxidative and nitrosative damage has drawn
much attention. Antioxidant effects have been observed in models of PD [86] and in
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alcohol-related brain damage [87], having effects on several cell types including neurons
and glial cells [86], as well as effects reported on brain ischemic injury [88]. This evidence
suggests a potential mechanism of action of MSC-EVs to counteract ROS-related damage
that causes neurodegeneration. The ability to act against mitochondrial dysfunction is also
reported to be a mechanism of action to counteract neurodegeneration [84,89], as well as
the capacity of MSC-EVs to counteract the accumulation of aberrant proteins as previously
described for Aβ accumulation in AD and α-synuclein aggregation in PD. Furthermore,
MSC-EVs are able to act as modulators of the inflammatory component, whose role in the
progression of neurodegenerative diseases is currently being re-evaluated.

Inflammation associated with chronic neurodegenerative diseases is not typically the
trigger itself of such diseases; however, it contributes and sustains their progress due to the
contribution of activated microglia and astrocytes in neuronal dysfunction and death [64].
MSC-EVs elicited a strong anti-inflammatory effect in an AD mouse model, improving
the amount of M2-polarized macrophages. A reduction in inducible nitric oxide synthase
(iNOS) was observed in ALS mice after MSC-EVs injection [71]. For a more extensive and
complete discussion of the mechanisms of action of MSC-EVs refer to Yari et al. [33].

In light of this promising evidence, the use of MSC-EVs in the treatment of neurode-
generative diseases currently appears to be a possible innovative strategy for the treatment
of incurable diseases.

4. Strategies to Improve the Therapeutic Effect of MSC-EVs

Delivering therapeutic agents efficiently within the CNS represents one of the crucial
issues of the therapies for neurodegenerative disorders. The passage through the BBB rep-
resents one of the limiting factors in conveying an efficient concentration of therapy in the
areas of lesion in the CNS. The latter concern, related to cellular therapies, is strictly linked
to the homing and biodistribution of transplanted cells and their vesicular counterpart, as
well as to the identification of an efficient method of administration (Table 1).

Table 1. Strategies to improve the therapeutic potential of MSC-EVs.

Methods Strategies References

Target identification Tracking methods

Fluorescent dyes:
-NIR labeling
-CD63-EGFP
-PKH-26

[90]
[91]
[92]

-USPIO [93–96]

-GNP [97,98]

Delivery route Intranasal
administration

Enzymatic breakdown of
mucus [99]

Chemical methods to alter
mucus structure
(mucolytics, expectorants,
and mucokinetic agents)

[100]

Addition of absorption
enhancers:
-Sodiumtauro-24,25-
dihydrofusidate (STDHF)
-Soybean-derived sterol
(SS)

[101,102]

[103]

Protease and peptidase
inhibitors [104]
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Table 1. Cont.

Methods Strategies References

Bioengineering
modifications

Surface modifications -SIRPα-expressing EVs
-CD47-expressing EVs

[105]
[106]

Chemical approaches

-Click chemistry: conjugate
functional ligands onto EVs
surfaces
-PEGylation

[107]

[108]

Content enrichment

-miR-21
overexpression(AD mouse
model)
-miR-133b overexpression
(Stroke rat model)
-miR-133 overexpression
(PD mouse model)

[71]

[109]

[110]

NIR = near infrared; USPIO = ultrasmall superparamagnetic iron oxide nanoparticles; GNP = glucose-coated gold
nanoparticles; PEG = polyethylene glycol; AD = Alzheimer’s disease; PD = Parkinson’s disease.

4.1. MSC-EVs Labeling and Tracking Methods

MSC-EVs have recently been shown to have intrinsic homing capabilities similar to
their parental cells [111] and, due to their very small size, they are able to bypass the
BBB [112,113].

Scientists devoted considerable efforts to identify methods for the labeling and detec-
tion of EVs when injected systemically: the use of fluorescent dyes [90,91,114], as well as
the use of magnetic imaging techniques and tomography [93,96–98] represent appealing
methods to detect EVs in vivo. In particular, MRI, widely used for clinic purposes, does
not require the use of ionizing radiation while maintaining a good soft tissue contrast. In
order to be visualized with molecular imaging methods such as MRI, EVs must be loaded
with contrast agents to produce a detectable change in signal intensity [115]. An innovative
approach used for labeling MSC-EVs involves the use of ultra-small superparamagnetic
iron oxide nanoparticles (USPIOs). This approach preserves their morphology and physio-
logical characteristics [94]. It has been shown that EVs derived from ASCs, conjugated with
USPIOs, reached the CNS and accumulated in the typical lesioned brainstem motor nuclei
when injected in SOD1(G93A) mice [85]. Recently, Han and co-workers have improved the
sensitivity of detection of EVs conjugated with USPIOs, using a platform technology to
prepare highly purified magnetically labelled EVs (magneto-EVs). Magneto-EVs can be
visualized by MRI following their systemic administration [95].

The identification of EVs is fundamental to evaluate their biodistribution in the target
organs, which can be predictive of therapeutic responses. Perets and co-workers recently
developed a system to track the migration and homing of intranasally administered small
EVs derived from bone marrow MSCs in vivo in different brain diseases. The approach
combines classical X-ray computed tomography, with gold nanoparticles as labeling agents.
They found that MSC-EVs specifically accumulated in pathologically relevant brain regions
of murine models (including stroke, autism, PD, and AD), while in healthy controls, they
showed a diffuse migration pattern with rapid clearance. Moreover, the accumulation of
MSC-EVs correlates with inflammatory signals in pathological brains [98]. The homing
capability of MSC-EVs towards inflammatory signals is strictly related to the markers
expressed on their surface, such as integrins. Integrins expressed on EV surfaces have
been able to drive vesicles toward specific tissues, as was originally observed in cancer
vesicles [116]. In this regard, the use of EV labeling systems which do not perturb the
membrane’s integrity, protecting proteins and receptors that are useful for inflammatory
chemotaxis, is therefore of main importance. Indeed, it has been shown that treatment with
proteinase K on EVs from MSCs impairs the membrane proteins, causing a reduction in
the homing of MSC-EVs toward inflamed sites of injury [92]. Similarly, the use of pertussis
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toxin induces a block of chemokine receptors with subsequent impaired capacity of MSC-
EVs to migrate [117]. Using innovative tracking methods and increasing the knowledge of
the biological mechanisms underlying the homing of MSC-EVs, it is possible to enhance
their therapeutic action through their passage across the BBB, using different delivery
routes and applying bioengineering modifications.

4.2. Passage through Blood–Brain Barrier

The BBB is a selectively permeable membrane regulating the passage of substances
between the peripheral vascular circulation and the CNS, thus serving to protect the CNS
from harmful substances or overzealous immune responses [118].

The BBB consists of a monolayer of endothelial cells surrounded by capillaries. En-
dothelial cells interact with and are bound to the basement membrane, in association with
astrocytes and pericytes [119,120]. Endothelial cells and their tight junctions are relatively
impermeable, blocking the diffusion of a proportion of large molecules to the CNS.

However, this cerebral compartmentalization represents the major obstacle in the
administration of drugs or other therapeutic substances directed towards injured sites in the
CNS. Several strategies are being developed to enhance the quantity and concentration of
therapeutic agents delivered to the CNS. Gabathuler describes the “physiological approach”
as the most efficient one for obtaining a regular distribution of molecules in the brain
through the endothelial cells of the BBB. This approach exploits transcytosis due to the
presence of specific receptors expressed on the BBB [121]. EVs from different sources, due
to their small dimensions, are able to pass the BBB as demonstrated by their capacity to
deliver anticancer drugs in neurons [122], and specifically target neural players such as
microglia and oligodendrocytes [123].

A recent study showed the therapeutic effect of EVs derived from human neural stem
cells in an in vitro model of BBB breakdown. Indeed, 5XFAD AD mice present leakage
of the BBB, and EVs were shown to be able to initiate and repair the leakage of the BBB,
reversing the deficiency of BBB induced by AD [124].

Nevertheless, relatively few researches identify the precise mechanism of the passage
of EVs through the BBB. Some evidence has reported that EVs can cross the BBB using
a mechanism of endocytosis via brain microvascular endothelial cells (BMECs). An ex-
perimental in vitro model showed that small EVs under stroke-like conditions are able
to bypass the BBB through BMECs, mainly via the transcellular pathway, rather than
via tight junctions involved in the paracellular route, to provide their load to the brain
parenchyma [112].

Understanding the mechanisms of the passage of MSC-EVs through the BBB represents
a prerequisite for the development of EV-based strategy for the treatment of neurodegener-
ative diseases using, in particular, the intranasal delivery pathway.

4.3. Intranasal Route of Delivery

Intranasal (i.n.) administration represents an attractive strategy to deliver pharma-
cological or cellular substances directly into the brain in a non-invasive way. Several
advantages of i.n. delivery are reported [125]: the i.n. route skips the gastrointestinal tract
and the hepatic metabolism, increasing absorption and reducing the dose to achieve the
beneficial effect [126]. Furthermore, the therapeutic action is rapid and good tolerability
is reported.

Neurodegenerative diseases are, for the most part, progressive or recurrent and their
treatments often require repeated dosages to achieve long-term beneficial effects [127,128].
The possibility to adopt therapeutic regimens of repeated administrations matches with the
use of i.n. delivery. Indeed, in terms of patient compliance, repeated i.n. administrations
result in improving patient tolerance without extra harm as reported instead for more
invasive approaches, which cause embolism, trauma, or infections (Figure 2). The multi-
dose therapeutic regimen, with the assistance of devices for auto-administration or simple
procedures (drops, aerosol, spray), becomes even more instrumental for patients with
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neurodegenerative diseases who usually have cognitive and functional issues. Daily i.n.
administration of insulin is already reported in AD trials [129]. In addition, other Phase III
or IV clinical trials are reported for CNS diseases.
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patients compliance compared to other direct routes of administration (C).

In the context of cellular therapies, beneficial effects of injecting MSCs and their
vesicular counterpart via the i.n. route have been reported [130,131]: Losurdo and co-
workers used i.n. administration of EVs derived from cytokine-preconditioned MSCs to
induce neuroprotection and immunomodulation in 3xTg AD mice, thereby damping the
activation of microglial cells, increasing the density of dendritic spines, and modulating
the inflammatory status of treated mice [132].

An immunomodulatory response was also observed in EAE mice treated i.n. with
EVs from MSCs with an increase in the frequency of Foxp3+ CD25+ regulatory T cells,
accompanied by an amelioration of pathological and clinical changes until the end of
treatment [133]. Interesting results were also reported on a unilateral 6-OHDA medial
forebrain bundle rat model of PD using EVs from human exfoliated deciduous teeth
stem cells with a consequent improvement in motor function, which correlated with
normalization of tyrosine hydroxylase expression in the striatum and substantia nigra of
treated animals [134].

In a recent study, we compared the effect of small EVs isolated from ASCs (ASC-
EVs) using two different routes of administration: intravenous (i.v.) and intranasal, in
SOD1(G93A) mice, a mouse model of ALS. We demonstrated that repeated i.v. or i.n.
administrations of ASC-EVs improved the motor performance in SOD1 mice compared to
controls. In addition, the treatment demonstrated a neuroprotective effect on motoneurons
in the lumbar section of the spinal cord of treated mice. Therefore, with the same therapeutic
effects, the intranasal route turns out to be a minimally invasive, effective, and direct way
to convey EVs inside the CNS, bypassing the obstacle of the BBB [85].
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The concentration, dose, and volume of administration are important factors that can
affect nasal drug delivery to the brain. However, some restrictions or limitations should
be taken into consideration, such as the complex anatomy and physiology of the nasal
epithelium [135].

The nasal epithelium proves to be permeable to lipidic small nanoparticles, which can
cross the epithelium via transcytosis. Furthermore, stem cells and their EVs also cross the
barrier in a similar way [133] and the process could be mediated by inflammatory signals
that promote trans-epithelial migration [136]. The majority of i.n. delivery studies are
conducted on animal models, rodents in particular, and their anatomical structures together
with the area of olfactory regions are very different from human ones [137]. Moreover,
mucociliary clearance represents a limiting factor in the pharmacokinetics of intranasal drug
delivery. The presence of mucociliary clearance may limit the absorption of i.n. injected
substances; indeed, one of the important functions of the nasal cavity is the removal of dust,
allergens, and bacteria as part of its normal physiological function [138]. In particular, the
presence of degrading enzymes such as cytochrome P450, peptidases, and proteases can
have an impact on the metabolism of drugs and cellular components [137,139,140]. Several
efforts have been made in the field of biotechnology to prolong the residence time of drugs
within the nasal cavity by the addition of absorption enhancers, mucoadhesive polymers,
in situ gelling agents, enzyme inhibiting agents, and bioactive scaffolds, which result in
higher bioavailability [141,142].

Furthermore, the engineering of nanoparticles in general can improve the penetration
through the elastic mucin fiber by means of electrostatic changes. Studies by Carlson and
co-workers [143] demonstrated that the engineering of the surface of nanoparticles, with a
hydrophilic coating of polyethylene glycol (PEG), achieves a significant improvement in
their penetration and diffusion across the mucosal barrier.

The possibility to translate the bioengineering applications mentioned above to cellular
nanoparticles, and in particular to MSC-EVs, could improve their bioavailability through
the i.n. route, resulting in a privileged strategy to treat neurodegenerative diseases.

4.4. Functional Modification of MSC-EVs

Advanced studies have attempted to manipulate and modify the surface or the con-
tent of stem cell-derived EVs in order to improve their homing capacity and therapeutic
potential for specific purposes. The modifications previously described to improve the effi-
ciency of intranasal administration of MSC-EVs represent only partially the bioengineering
applications used to improve the therapeutic action of EVs [108,144].

Although intranasal delivery appears to be an advantageous route for the application
of MSC-EVs, most preclinical and clinical studies currently report the use of systemic
administrations. However, systemic delivery causes high dispersion of EVs throughout the
body and a very short residence time in the blood. Improving EV stability in the systemic
circulation and protecting their content from enzymatic/proteolytic tissue clearance could
be a strategy to increase EV concentration, and enhance the number of vesicles that are able
to reach target sites before the clearing action of macrophages [145]. As demonstrated in
the tumor model, the binding between the transmembrane protein CD47 and the signal
regulatory protein alpha (SIRPα) prevents phagocytosis of EVs by macrophages, thus
increasing their blood concentration and improving their delivery to target sites [105,106].

The improvement in the therapeutic action of EVs could be possible through exploiting
the targets that are naturally present on EVs (proteins, lipids, or glycans) or through their
functionalization with engineered approaches.
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In order to prolong the circulation time of EVs, several chemical modifications have
been tested, such as PEGylation: the use of a hydrophilic polymer was shown to improve
cell specificity of PEGylated EVs and to prolong their circulation times [108,146].

These approaches were also used to target neural cells, avoiding accumulation in no
specific sites [123,147]. “Click chemistry” approaches were used to target peptides linked
to the EV surface, as shown in a murine model of cerebral ischemia, in order to deliver EVs
towards injured areas [107].

An improvement in the therapeutic action of EVs is obtained also by modifying/functionalizing
their content: the overexpression of miRNA-21 in EVs from hypoxia-preconditioned MSCs
was able to reduce the cognitive deficit and amyloid deposition in AD mice as well as to
decrease inflammatory markers [71]. The overexpression of specific miRNA, such as miR-
133b, was observed to promote neural plasticity and functional recovery in stroke [109].

Synergistic approaches can potentiate the therapeutic effect of EVs: Peng and cowork-
ers have developed a self-oriented system for intranasal administration of MSC-EVs in a
PD mouse model. They exploited MSC-EVs as a nanocarrier cargo overexpressing miR-133
to promote nerve axons growth and recovering neuronal function. Moreover, EVs were
also loaded with superparamagnetic iron oxide nanoparticles (SPIONs), in order to orient
them across the membrane barriers and release drugs into the cytoplasm of target cells,
together with hydrophobic curcumin to alleviate neuroinflammation and clear α-synuclein
aggregates [110].

Combining the intrinsic properties of stem cell-derived EVs with a targeted functional
modification could prove to be an effective strategy to treat neurodegenerative disorders.

5. Translational Applications of MSC-EVs in Patients with Neurodegenerative Diseases
5.1. Current Clinical Applications of MSC-EVs in Neurodegenerative Diseases

Preclinical data on EVs-based therapies, as previously discussed, are very encour-
aging. MSC-EV therapies proved to be much safer and more versatile than cell therapy,
despite few clinical results being unavailable still [148,149]. Several studies involving
the use of EVs/exosomes are registered on https://beta.clinicaltrials.gov (accessed on
25 January 2023). The majority of those are observational studies focusing on EVs from
patient body fluids for diagnostic and prognostic purposes. Promising results have been
confirmed in other diseases [150]. Worthy of mention is the clinical trial NCT03384433,
which evaluated the stereotaxic injection of MSC-EVs overexpressing miR-124 for the
treatment of ischemic stroke and its recurrence. Currently, only two trials including MSC-
EVs, and chronic neurodegenerative diseases are registered: depression, anxiety, and
dementias (NCT04202770) and Alzheimer’s disease (NCT04388982). In NCT04202770,
focused ultrasound was used to enhance the intravenous delivery of EVs from MSCs to
the subgenual target for patients with refractory depression, the amygdala for patients
with anxiety, and the hippocampus for patients with cognitive impairment. The registered
study NCT04388982 evaluates the safety and efficacy of MSC-EVs in patients with mild to
moderate dementia, by repeated intranasal administration of MSC-EVs (at low, medium,
and high doses) twice a week, respectively, for 12 weeks.

Although there are still few clinical studies currently registered, the interest in these
therapies appears to be growing and corroborated by the promising results obtained from
preclinical studies (Table 2).

https://beta.clinicaltrials.gov
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Table 2. Relevant preclinical studies on MSC-EVs in neurodegenerative experimental models.

Disease Source of EVs Route of
Administration Outcomes References

AD

UMC i.v.
Reduction in Aβ levels and
improvement in cognitive

functions
[69]

BM (hypoxia-
preconditioned) i.v.

Reduction in Aβ levels,
anti-inflammatory impact

and improvements in
learning and memory

functions

[71]

Not reported i.c.
Promotion of neurogenesis

and improvement in
cognitive function

[73]

BM (cytokine-
preconditioned) i.n.

Stimulation of
neuroprotection and

inhibition of
neuroinflammation

[132]

BM i.c.
Reduction in Aβ burden

and cognitive
improvements

[151]

PD

BM i.v.

Neuroprotection of DA
neuron in substantia nigra

and upregulation of
dopamine levels in striatum

[79]

DP i.n.

Improvement in motor
functions and

normalization of tyrosine
hydroxylase expression in
the substantia nigra and

striatum

[134]

BM i.n.
Reduction in α-syn

aggregates and functional
recovery

[110]

ALS AT i.v./i.n.

Neuroprotection of motor
neurons, and

neuromuscular junctions
and improvement in motor

performances

[85]

HD
AM

(conditioned
medium)

i.p. Amelioration of motor
functions [152]

MS

AT i.n.

Improvement in motor
function, and attenuation of

inflammation and
demyelination

[133]

placenta s.c.
Improvement in motor

function and induction of
myelin regeneration

[153]

AT i.v.
Reduction of demyelination

in the spinal cord and
immunomodulation

[154]

AD = Alzheimer’s disease; PD = Parkinson’s disease; HD = Huntington’s disease; ALS = amyotrophic lateral
sclerosis; MS = multiple sclerosis; UMC = umbilical cord; BM = bone marrow; DP = dental pulp; AT = adipose
tissue; AM = amniotic membrane; i.v. = intravenous injection; i.n. = intranasal injection; i.c. = intracerebral injection;
i.p. = intraperitoneal injection; s.c. = subcutaneous injection; Aβ = amyloid beta; α-syn = alpha-synuclein.
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5.2. Issues in Clinical Translation of MSC-EVs-Based Therapy

The transition from basic or preclinical research to the clinic still has to overcome
several gaps at various levels (Figure 3).
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development of MSC-EV-based therapies. The use of MSC-EVs in clinical applications requires several
key steps: the downstream biological aspects followed by administration and safety studies until the
GMP production and regulatory aspects reflect the linear progression from bench to clinic. MoA = mode
of action; PK = pharmacokinetic; PD = pharmacodynamic; GMP = good manufacturing practices.

The complex biological nature of MSC-EVs makes it difficult to identify their mode of
action, and we can likely expect that the neuroprotective and immunomodulatory effects
will not be limited to a single, unique active molecule. The partial identification of the
active components of MSC-EVs complicates the definition of the precise mechanism of
action of MSC-EVs [155].

On the other hand, many inconsistencies are largely due to the technical difficulties
that impact manufacturing processes (identification of the best cellular source, culture and
storage conditions, cell type variability, phenotypic instability after cell passaging) [156]
as well as non-univocal and standardized methods of extraction and characterization of
vesicles. EV detection, isolation, and analysis have been hampered by the limitations of
available technologies, and results reported in the last ten years are mostly contaminated
by artifacts. To cope with the various problems relating to the standardization of processes,
ISEV proposed and updated the Minimal Information for Studies of Extracellular Vesicles
(MISEV) guidelines in 2018 to ensure and improve the quality of research on EVs [36].

The transition towards therapeutic application also requires the identification of
an effective therapeutic dose to produce a response in humans. However, results are
controversial and remain highly variable from study to study. Several parameters, including
the previously discussed route of administration, the homing and biodistribution, as well
as dosing and timing of the MSC-derived EVs have to be carefully investigated [157].
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The majority of preclinical data are obtained in vitro or from rodents such as mice
or rats, representing the starting point to identify the minimal effective dose of MSC-EVs
for a specific therapeutic application that could be extrapolated for humans. Comparative
studies examining the preclinical literature are reported to identify a possible conversion of
the dose of EVs from animal treatment to humans [158,159]. However, such comparisons
are not sufficient to predict the therapeutic outcome due to their limited translatability to
human physiology [160].

Clinical translation would require the use of large animals that could help in pharma-
cokinetics and formulation studies due to their great similarity to humans. Nevertheless,
the use of large experimental models has unaffordable costs, although they would be very
suitable, especially for the study of intranasal delivery [161,162].

In addition, the regulatory requirements, associated with good manufacturing prac-
tices (GMP) production and scaling for large distribution, should also be clarified and
implemented for several aspects such as quality controls or production variability [163].

6. Conclusions

In summary, the reported studies represent the proof of concept of the potential of
MSC-EVs as a therapeutic opportunity to treat neurodegenerative diseases. The possibility
of combining the intrinsic properties of their parental cells with bioengineering modifi-
cations could represent a potential improvement for their clinical use. The development
of a formulation of EVs that improves their biodistribution and retention in the lesion
sites through an appropriate route of administration holds great promise for a facilitated
delivery, mainly for CNS diseases. In this regard, the intranasal administration of MSC-
EVs represents a flexible treatment, which simplifies the delivery procedure in a direct,
efficient way.

Although there are still many challenges to be addressed, the clinical translation of
MSC-EVs towards a real therapy represents an interesting frontier for the treatment of
neurodegenerative diseases. In recent years, the number of ongoing clinical trials that are
actively recruiting patients has been constantly expanding, and the successful translation of
EV-based therapeutics in the clinic seems to be more realistic and not so distant, thanks to
the rapid advances of nanotechnologies and the support of coordinated studies worldwide.

Author Contributions: Conceptualization, E.T. and R.M.; writing—original draft preparation, E.T.,
I.S. and F.V.; writing—review and editing, E.T., I.S. and F.V.; supervision, B.B. and R.M.; funding
acquisition, R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Cariverona project grant 2019 (project number B34I19002690003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The figures were created with BioRender.com, accessed date 19 December 2022,
a licensed version by E.T. We are grateful to Silvia Carotenuto for the English grammatical revision.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peng, C.; Trojanowski, J.Q.; Lee, V.M. Protein transmission in neurodegenerative disease. Nat. Rev. Neurol. 2020, 16, 199–212.

[CrossRef] [PubMed]
2. Jucker, M.; Walker, L.C. Propagation and spread of pathogenic protein assemblies in neurodegenerative diseases. Nat. Neurosci.

2018, 21, 1341–1349. [CrossRef] [PubMed]
3. Durães, F.; Pinto, M.; Sousa, E. Old Drugs as New Treatments for Neurodegenerative Diseases. Pharmaceuticals 2018, 11, 44.

[CrossRef] [PubMed]
4. Hipp, J.; Atala, A. Sources of stem cells for regenerative medicine. Stem Cell Rev 2008, 4, 3–11. [CrossRef]

http://doi.org/10.1038/s41582-020-0333-7
http://www.ncbi.nlm.nih.gov/pubmed/32203399
http://doi.org/10.1038/s41593-018-0238-6
http://www.ncbi.nlm.nih.gov/pubmed/30258241
http://doi.org/10.3390/ph11020044
http://www.ncbi.nlm.nih.gov/pubmed/29751602
http://doi.org/10.1007/s12015-008-9010-8


Int. J. Mol. Sci. 2023, 24, 2917 14 of 20

5. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E.
Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

6. Caplan, A.I.; Hariri, R. Body Management: Mesenchymal Stem Cells Control the Internal Regenerator. Stem Cells Transl. Med.
2015, 4, 695–701. [CrossRef]

7. Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726–736. [CrossRef]
8. Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.; Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.;

Pistoia, V.; et al. Human mesenchymal stem cells modulate B-cell functions. Blood 2006, 107, 367–372. [CrossRef]
9. Krampera, M.; Pizzolo, G.; Aprili, G.; Franchini, M. Mesenchymal stem cells for bone, cartilage, tendon and skeletal muscle repair.

Bone 2006, 39, 678–683. [CrossRef]
10. Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural killer cell interactions:

Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood
2006, 107, 1484–1490. [CrossRef]

11. Phinney, D.G.; Isakova, I. Plasticity and therapeutic potential of mesenchymal stem cells in the nervous system. Curr. Pharm. Des.
2005, 11, 1255–1265. [CrossRef]

12. Rüster, B.; Göttig, S.; Ludwig, R.J.; Bistrian, R.; Müller, S.; Seifried, E.; Gille, J.; Henschler, R. Mesenchymal stem cells display
coordinated rolling and adhesion behavior on endothelial cells. Blood 2006, 108, 3938–3944. [CrossRef]

13. Vallières, L.; Sawchenko, P.E. Bone marrow-derived cells that populate the adult mouse brain preserve their hematopoietic
identity. J Neurosci. 2003, 23, 5197–5207. [CrossRef]

14. Joyce, N.; Annett, G.; Wirthlin, L.; Olson, S.; Bauer, G.; Nolta, J.A. Mesenchymal stem cells for the treatment of neurodegenerative
disease. Regen Med. 2010, 5, 933–946. [CrossRef]

15. Volkman, R.; Offen, D. Concise Review: Mesenchymal Stem Cells in Neurodegenerative Diseases. Stem Cells 2017, 35, 1867–1880.
[CrossRef]

16. Devine, S.M.; Cobbs, C.; Jennings, M.; Bartholomew, A.; Hoffman, R. Mesenchymal stem cells distribute to a wide range of tissues
following systemic infusion into nonhuman primates. Blood 2003, 101, 2999–3001. [CrossRef]

17. Marconi, S.; Bonaconsa, M.; Scambi, I.; Squintani, G.M.; Rui, W.; Turano, E.; Ungaro, D.; D’Agostino, S.; Barbieri, F.;
Angiari, S.; et al. Systemic treatment with adipose-derived mesenchymal stem cells ameliorates clinical and pathological features
in the amyotrophic lateral sclerosis murine model. Neuroscience 2013, 248, 333–343. [CrossRef]

18. Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.; El Oakley, R.M.; et al.
Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res. 2010, 4, 214–222. [CrossRef]

19. Phinney, D.G.; Prockop, D.J. Concise review: Mesenchymal stem/multipotent stromal cells: The state of transdifferentiation and
modes of tissue repair—current views. Stem Cells 2007, 25, 2896–2902. [CrossRef]

20. Yagi, H.; Soto-Gutierrez, A.; Parekkadan, B.; Kitagawa, Y.; Tompkins, R.G.; Kobayashi, N.; Yarmush, M.L. Mesenchymal stem
cells: Mechanisms of immunomodulation and homing. Cell Transplant. 2010, 19, 667–679. [CrossRef]

21. Hsieh, J.Y.; Wang, H.W.; Chang, S.J.; Liao, K.H.; Lee, I.H.; Lin, W.S.; Wu, C.H.; Lin, W.Y.; Cheng, S.M. Mesenchymal stem cells
from human umbilical cord express preferentially secreted factors related to neuroprotection, neurogenesis, and angiogenesis.
PLoS ONE 2013, 8, e72604. [CrossRef] [PubMed]

22. Deatherage, B.L.; Cookson, B.T. Membrane vesicle release in bacteria, eukaryotes, and archaea: A conserved yet underappreciated
aspect of microbial life. Infect. Immun. 2012, 80, 1948–1957. [CrossRef] [PubMed]

23. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol.
2018, 19, 213–228. [CrossRef] [PubMed]

24. Gho, Y.S.; Lee, C. Emergent properties of extracellular vesicles: A holistic approach to decode the complexity of intercellular
communication networks. Mol. Biosyst. 2017, 13, 1291–1296. [CrossRef]

25. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

26. Budnik, V.; Ruiz-Cañada, C.; Wendler, F. Extracellular vesicles round off communication in the nervous system. Nat. Rev. Neurosci.
2016, 17, 160–172. [CrossRef]

27. Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]

28. Bruno, S.; Kholia, S.; Deregibus, M.C.; Camussi, G. The Role of Extracellular Vesicles as Paracrine Effectors in Stem Cell-Based
Therapies. Adv. Exp. Med. Biol. 2019, 1201, 175–193. [CrossRef]

29. Kalani, A.; Tyagi, A.; Tyagi, N. Exosomes: Mediators of neurodegeneration, neuroprotection and therapeutics. Mol. Neurobiol.
2014, 49, 590–600. [CrossRef]

30. Shao, L.; Zhang, Y.; Lan, B.; Wang, J.; Zhang, Z.; Zhang, L.; Xiao, P.; Meng, Q.; Geng, Y.J.; Yu, X.Y.; et al. MiRNA-Sequence
Indicates That Mesenchymal Stem Cells and Exosomes Have Similar Mechanism to Enhance Cardiac Repair. BioMed Res. Int.
2017, 2017, 4150705. [CrossRef]

31. Harrell, C.R.; Fellabaum, C.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Molecular Mechanisms Responsible for
Therapeutic Potential of Mesenchymal Stem Cell-Derived Secretome. Cells 2019, 8, 467. [CrossRef]

http://doi.org/10.1080/14653240600855905
http://doi.org/10.5966/sctm.2014-0291
http://doi.org/10.1038/nri2395
http://doi.org/10.1182/blood-2005-07-2657
http://doi.org/10.1016/j.bone.2006.04.020
http://doi.org/10.1182/blood-2005-07-2775
http://doi.org/10.2174/1381612053507495
http://doi.org/10.1182/blood-2006-05-025098
http://doi.org/10.1523/JNEUROSCI.23-12-05197.2003
http://doi.org/10.2217/rme.10.72
http://doi.org/10.1002/stem.2651
http://doi.org/10.1182/blood-2002-06-1830
http://doi.org/10.1016/j.neuroscience.2013.05.034
http://doi.org/10.1016/j.scr.2009.12.003
http://doi.org/10.1634/stemcells.2007-0637
http://doi.org/10.3727/096368910X508762
http://doi.org/10.1371/journal.pone.0072604
http://www.ncbi.nlm.nih.gov/pubmed/23991127
http://doi.org/10.1128/IAI.06014-11
http://www.ncbi.nlm.nih.gov/pubmed/22409932
http://doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
http://doi.org/10.1039/C7MB00146K
http://doi.org/10.1038/ncb1596
http://doi.org/10.1038/nrn.2015.29
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.1007/978-3-030-31206-0_9
http://doi.org/10.1007/s12035-013-8544-1
http://doi.org/10.1155/2017/4150705
http://doi.org/10.3390/cells8050467


Int. J. Mol. Sci. 2023, 24, 2917 15 of 20

32. Ahn, S.Y.; Sung, D.K.; Kim, Y.E.; Sung, S.; Chang, Y.S.; Park, W.S. Brain-derived neurotropic factor mediates neuroprotection of
mesenchymal stem cell-derived extracellular vesicles against severe intraventricular hemorrhage in newborn rats. Stem Cells
Transl. Med. 2021, 10, 374–384. [CrossRef]

33. Yari, H.; Mikhailova, M.V.; Mardasi, M.; Jafarzadehgharehziaaddin, M.; Shahrokh, S.; Thangavelu, L.; Ahmadi, H.; Shomali, N.;
Yaghoubi, Y.; Zamani, M.; et al. Emerging role of mesenchymal stromal cells (MSCs)-derived exosome in neurodegeneration-
associated conditions: A groundbreaking cell-free approach. Stem Cell Res. Ther. 2022, 13, 423. [CrossRef]

34. Chopp, M.; Li, Y. Treatment of neural injury with marrow stromal cells. Lancet Neurol. 2002, 1, 92–100. [CrossRef]
35. Vilaca-Faria, H.; Salgado, A.J.; Teixeira, F.G. Mesenchymal Stem Cells-derived Exosomes: A New Possible Therapeutic Strategy

for Parkinson’s Disease? Cells 2019, 8, 118. [CrossRef]
36. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;

Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

37. Witwer, K.W.; Théry, C. Extracellular vesicles or exosomes? On primacy, precision, and popularity influencing a choice of
nomenclature. J. Extracell. Vesicles 2019, 8, 1648167. [CrossRef]

38. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef]

39. Kourembanas, S. Exosomes: Vehicles of intercellular signaling, biomarkers, and vectors of cell therapy. Annu. Rev. Physiol.
2015, 77, 13–27. [CrossRef]

40. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef]

41. Zhang, X.; Liu, D.; Gao, Y.; Lin, C.; An, Q.; Feng, Y.; Liu, Y.; Liu, D.; Luo, H.; Wang, D. The Biology and Function of Extracellular
Vesicles in Cancer Development. Front. Cell Dev. Biol. 2021, 9, 777441. [CrossRef] [PubMed]

42. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373–383. [CrossRef]
[PubMed]

43. Caplan, A.I.; Dennis, J.E. Mesenchymal stem cells as trophic mediators. J. Cell Biochem. 2006, 98, 1076–1084. [CrossRef] [PubMed]
44. Tögel, F.; Hu, Z.; Weiss, K.; Isaac, J.; Lange, C.; Westenfelder, C. Administered mesenchymal stem cells protect against ischemic

acute renal failure through differentiation-independent mechanisms. Am. J. Physiol. Renal. Physiol. 2005, 289, F31–F42. [CrossRef]
[PubMed]

45. Maacha, S.; Sidahmed, H.; Jacob, S.; Gentilcore, G.; Calzone, R.; Grivel, J.C.; Cugno, C. Paracrine Mechanisms of Mesenchymal
Stromal Cells in Angiogenesis. Stem Cells Int. 2020, 2020, 4356359. [CrossRef]

46. Teixeira, F.G.; Salgado, A.J. Mesenchymal stem cells secretome: Current trends and future challenges. Neural Regen. Res. 2020, 15, 75–77.
[CrossRef]

47. Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, P.A.; Beelen, D.W.; Giebel, B.
MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host disease. Leukemia 2014, 28, 970–973. [CrossRef]

48. Cai, J.; Wu, J.; Wang, J.; Li, Y.; Hu, X.; Luo, S.; Xiang, D. Extracellular vesicles derived from different sources of mesenchymal stem
cells: Therapeutic effects and translational potential. Cell Biosci. 2020, 10, 69. [CrossRef]

49. Bagno, L.; Hatzistergos, K.E.; Balkan, W.; Hare, J.M. Mesenchymal Stem Cell-Based Therapy for Cardiovascular Disease: Progress
and Challenges. Mol. Ther. 2018, 26, 1610–1623. [CrossRef]

50. Pathan, M.; Fonseka, P.; Chitti, S.V.; Kang, T.; Sanwlani, R.; Van Deun, J.; Hendrix, A.; Mathivanan, S. Vesiclepedia 2019: A
compendium of RNA, proteins, lipids and metabolites in extracellular vesicles. Nucleic Acids Res. 2019, 47, D516–D519. [CrossRef]

51. Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.; Jois, M.;
Chilamkurti, N.; et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. J. Mol. Biol. 2016, 428, 688–692. [CrossRef]

52. Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Pérez Lanzón, M.; Zini, N.; Naaijkens, B.; Perut, F.; Niessen, H.W.;
Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA
and tRNA species. Stem Cell Res. Ther. 2015, 6, 127. [CrossRef]

53. Lee, R.H.; Pulin, A.A.; Seo, M.J.; Kota, D.J.; Ylostalo, J.; Larson, B.L.; Semprun-Prieto, L.; Delafontaine, P.; Prockop, D.J. Intravenous
hMSCs improve myocardial infarction in mice because cells embolized in lung are activated to secrete the anti-inflammatory
protein TSG-6. Cell Stem Cell 2009, 5, 54–63. [CrossRef]

54. Fischer, U.M.; Harting, M.T.; Jimenez, F.; Monzon-Posadas, W.O.; Xue, H.; Savitz, S.I.; Laine, G.A.; Cox, C.S., Jr. Pulmonary
passage is a major obstacle for intravenous stem cell delivery: The pulmonary first-pass effect. Stem Cells Dev. 2009, 18, 683–692.
[CrossRef]

55. Jellinger, K.A. Basic mechanisms of neurodegeneration: A critical update. J. Cell Mol. Med. 2010, 14, 457–487. [CrossRef]
56. Sheikh, S.; Safia; Haque, E.; Mir, S.S. Neurodegenerative Diseases: Multifactorial Conformational Diseases and Their Therapeutic

Interventions. J. Neurodegener. Dis. 2013, 2013, 563481. [CrossRef]
57. Erkkinen, M.G.; Kim, M.O.; Geschwind, M.D. Clinical Neurology and Epidemiology of the Major Neurodegenerative Diseases.

Cold Spring Harb. Perspect. Biol. 2018, 10, a033118. [CrossRef]

http://doi.org/10.1002/sctm.20-0301
http://doi.org/10.1186/s13287-022-03122-5
http://doi.org/10.1016/S1474-4422(02)00040-6
http://doi.org/10.3390/cells8020118
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1080/20013078.2019.1648167
http://doi.org/10.1146/annurev-cellbio-101512-122326
http://doi.org/10.1146/annurev-physiol-021014-071641
http://doi.org/10.3390/cells8070727
http://doi.org/10.3389/fcell.2021.777441
http://www.ncbi.nlm.nih.gov/pubmed/34805181
http://doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://doi.org/10.1002/jcb.20886
http://www.ncbi.nlm.nih.gov/pubmed/16619257
http://doi.org/10.1152/ajprenal.00007.2005
http://www.ncbi.nlm.nih.gov/pubmed/15713913
http://doi.org/10.1155/2020/4356359
http://doi.org/10.4103/1673-5374.264455
http://doi.org/10.1038/leu.2014.41
http://doi.org/10.1186/s13578-020-00427-x
http://doi.org/10.1016/j.ymthe.2018.05.009
http://doi.org/10.1093/nar/gky1029
http://doi.org/10.1016/j.jmb.2015.09.019
http://doi.org/10.1186/s13287-015-0116-z
http://doi.org/10.1016/j.stem.2009.05.003
http://doi.org/10.1089/scd.2008.0253
http://doi.org/10.1111/j.1582-4934.2010.01010.x
http://doi.org/10.1155/2013/563481
http://doi.org/10.1101/cshperspect.a033118


Int. J. Mol. Sci. 2023, 24, 2917 16 of 20

58. Wittchen, H.U.; Jacobi, F.; Rehm, J.; Gustavsson, A.; Svensson, M.; Jonsson, B.; Olesen, J.; Allgulander, C.; Alonso, J.;
Faravelli, C.; et al. The size and burden of mental disorders and other disorders of the brain in Europe 2010. Eur. Neuropsychophar-
macol. 2011, 21, 655–679. [CrossRef]

59. Nabi, M.; Tabassum, N. Role of Environmental Toxicants on Neurodegenerative Disorders. Front. Toxicol. 2022, 4, 837579.
[CrossRef]

60. Ross, C.A.; Poirier, M.A. Protein aggregation and neurodegenerative disease. Nat. Med. 2004, 10, S10–S17. [CrossRef]
61. Brown, R.C.; Lockwood, A.H.; Sonawane, B.R. Neurodegenerative diseases: An overview of environmental risk factors. Environ.

Health Perspect. 2005, 113, 1250–1256. [CrossRef]
62. Gandhi, S.; Abramov, A.Y. Mechanism of oxidative stress in neurodegeneration. Oxidative Med. Cell. Longev. 2012, 2012, 428010.

[CrossRef]
63. Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 2006, 443, 787–795.

[CrossRef] [PubMed]
64. Chen, W.W.; Zhang, X.; Huang, W.J. Role of neuroinflammation in neurodegenerative diseases (Review). Mol. Med. Rep. 2016, 13, 3391–3396.

[CrossRef] [PubMed]
65. Agrawal, M. Molecular basis of chronic neurodegeneration. In Clinical Molecular Medicine: Principles and Practice; Academic Press:

Cambridge, MA, USA, 2020; pp. 447–460. [CrossRef]
66. Skovronsky, D.M.; Lee, V.M.; Trojanowski, J.Q. Neurodegenerative diseases: New concepts of pathogenesis and their therapeutic

implications. Annu. Rev. Pathol. 2006, 1, 151–170. [CrossRef] [PubMed]
67. Murphy, M.P.; LeVine, H., 3rd. Alzheimer’s disease and the amyloid-beta peptide. J. Alzheimers Dis. 2010, 19, 311–323. [CrossRef]
68. Katsuda, T.; Tsuchiya, R.; Kosaka, N.; Yoshioka, Y.; Takagaki, K.; Oki, K.; Takeshita, F.; Sakai, Y.; Kuroda, M.; Ochiya, T. Human

adipose tissue-derived mesenchymal stem cells secrete functional neprilysin-bound exosomes. Sci. Rep. 2013, 3, 1197. [CrossRef]
69. Ding, M.; Shen, Y.; Wang, P.; Xie, Z.; Xu, S.; Zhu, Z.; Wang, Y.; Lyu, Y.; Wang, D.; Xu, L.; et al. Exosomes Isolated From Human

Umbilical Cord Mesenchymal Stem Cells Alleviate Neuroinflammation and Reduce Amyloid-Beta Deposition by Modulating
Microglial Activation in Alzheimer’s Disease. Neurochem. Res. 2018, 43, 2165–2177. [CrossRef]

70. de Godoy, M.A.; Saraiva, L.M.; de Carvalho, L.R.P.; Vasconcelos-Dos-Santos, A.; Beiral, H.J.V.; Ramos, A.B.; Silva, L.R.P.; Leal, R.B.;
Monteiro, V.H.S.; Braga, C.V.; et al. Mesenchymal stem cells and cell-derived extracellular vesicles protect hippocampal neurons
from oxidative stress and synapse damage induced by amyloid-β oligomers. J. Biol. Chem. 2018, 293, 1957–1975. [CrossRef]

71. Cui, G.H.; Wu, J.; Mou, F.F.; Xie, W.H.; Wang, F.B.; Wang, Q.L.; Fang, J.; Xu, Y.W.; Dong, Y.R.; Liu, J.R.; et al. Exosomes derived
from hypoxia-preconditioned mesenchymal stromal cells ameliorate cognitive decline by rescuing synaptic dysfunction and
regulating inflammatory responses in APP/PS1 mice. FASEB J. 2018, 32, 654–668. [CrossRef]

72. Bodart-Santos, V.; de Carvalho, L.R.P.; de Godoy, M.A.; Batista, A.F.; Saraiva, L.M.; Lima, L.G.; Abreu, C.A.; De Felice, F.G.; Galina, A.;
Mendez-Otero, R.; et al. Extracellular vesicles derived from human Wharton’s jelly mesenchymal stem cells protect hippocampal
neurons from oxidative stress and synapse damage induced by amyloid-β oligomers. Stem Cell Res. Ther. 2019, 10, 332. [CrossRef]

73. Reza-Zaldivar, E.E.; Hernández-Sapiéns, M.A.; Gutiérrez-Mercado, Y.K.; Sandoval-Ávila, S.; Gomez-Pinedo, U.; Márquez-Aguirre, A.L.;
Vázquez-Méndez, E.; Padilla-Camberos, E.; Canales-Aguirre, A.A. Mesenchymal stem cell-derived exosomes promote neu-
rogenesis and cognitive function recovery in a mouse model of Alzheimer’s disease. Neural Regen. Res. 2019, 14, 1626–1634.
[CrossRef]

74. Pringsheim, T.; Jette, N.; Frolkis, A.; Steeves, T.D. The prevalence of Parkinson’s disease: A systematic review and meta-analysis.
Mov. Disord. 2014, 29, 1583–1590. [CrossRef]

75. Gómez-Benito, M.; Granado, N.; García-Sanz, P.; Michel, A.; Dumoulin, M.; Moratalla, R. Modeling Parkinson’s Disease With the
Alpha-Synuclein Protein. Front. Pharmacol. 2020, 11, 356. [CrossRef]

76. Mendes-Pinheiro, B.; Anjo, S.I.; Manadas, B.; Da Silva, J.D.; Marote, A.; Behie, L.A.; Teixeira, F.G.; Salgado, A.J. Bone Marrow
Mesenchymal Stem Cells’ Secretome Exerts Neuroprotective Effects in a Parkinson’s Disease Rat Model. Front. Bioeng. Biotechnol.
2019, 7, 294. [CrossRef]

77. Teixeira, F.G.; Carvalho, M.M.; Panchalingam, K.M.; Rodrigues, A.J.; Mendes-Pinheiro, B.; Anjo, S.; Manadas, B.; Behie, L.A.;
Sousa, N.; Salgado, A.J. Impact of the Secretome of Human Mesenchymal Stem Cells on Brain Structure and Animal Behavior in
a Rat Model of Parkinson’s Disease. Stem Cells Transl. Med. 2017, 6, 634–646. [CrossRef]
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