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ABSTRACT: In the past few decades, nanomedicine research has advanced
dramatically. In spite of this, traditional nanomedicine faces major obstacles,
such as blood−brain barriers, low concentrations at target sites, and rapid
removal from the body. Exosomes as natural extracellular vesicles contain
special bioactive molecules for cell-to-cell communications and nervous tissue
function, which could overcome the challenges of nanoparticles. Most recently,
microRNAs, long noncoding RNA, and circulating RNA of exosomes have been
appealing because of their critical effect on the molecular pathway of target
cells. In this review, we have summarized the important role of exosomes of
noncoding RNAs in the occurrence of brain diseases.
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■ INTRODUCTION
Exosomes are types of extracellular vesicles (EVs) with
diameters in the range of 30−150 nm, and as they take part
in various biological processes and intercellular communica-
tion, several studies have appeared on this topic recently.1

Trams et al. defined the term “exosome” in 1981 for the first
time.2 Subsequently, the International Society for Extracellular
Vesicles (ISEV) has established a least evidence standard for
extracellular vesicles (MISEV, 2018), which offers thorough
guidelines for classifying and studying extracellular vesicles.3

Three main types of EVs can be distinguished based on size
and contents, biogenesis formation, and mechanisms:
exosomes, microvesicles/ectosomes, and apoptotic bodies.4

Dead cell fragments, with a size distribution from 500 to 800
nm, are known as apoptotic cells. Microvesicles originate
directly from the budding of plasma cellular membranes and
range in size from 200 to 1000 nm. The smallest EVs derived
from endosomes with 30−150 nm diameter are called
exosomes, in which different microenvironmental conditions
can affect different amounts of exosome production and also
various components at the cargo level.4,5 Extensive studies
have reported the critical role of exosomes in immune
regulation, differentiation, apoptosis, angiogenesis through
passing immunomodulatory cytokines, and noncoding RNAs
(ncRNAs) like miRNAs between immune cells and other cell
populations.6−8 Notably, several ncRNAs can be transferred by
exosomes including microRNA (miRNAs), long noncoding
RNA (lncRNAs), and circular RNA (circRNAs), which are the

most attractive because of their role in intercellular
communication.9

Exosomes for tissue repair engineering have many
advantages over stem cells, including stability for a long period
of time without affecting biological activity, the ability to target
and repair organs quickly, and preserving bioactive compo-
nents from digestion.10 EVs can decrease incidence of
iatrogenic tumor formation because of nonreplicable proper-
ties, reducing embolism formation accompanied by injection of
mesenchymal stem cells (MSCs) and EVs resistant to damage
by the hostile environment at the site of injury.11 Research has
been indicated that EVs derived from the epithelium,
endothelium, neutrophils, platelets, mononuclear cells, and
macrophages can improve treatment of neurodegenerative
diseases.11−13 A major problem in delivering exosomes is the
quick clearance of the target organ. Therefore, it is imperative
to develop formulation strategies that will enhance exosome
retention time in target tissues.14 In addition, there are various
methods of exosome isolation, and each method of exosome
isolation may affect the amount, type, and purity of
exosomes.15,16 Several studies have recommended that MSCs
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are suitable candidates for drug delivery through exosomes.17

This review addresses the potential application of exosomes in
neuronal tissue repair and how the choice of exosome donor
cells can affect neuronal regenerative medicine.

■ IN VITRO APPLICATIONS OF EXOSOMES IN
REGENERATIVE MEDICINE

Recent studies have suggested that the delivery of exosomal
cargo can cause remarkable functional alterations in recipient
cells.18 However, isolation of exosomes from body fluids is
possible, and the yield of exosomes is lower compared to that
in cell culture media.15 Hence, recognizing the origins of
exosomes and isolating them from the extracellular matrix may
also be a way to study them. Ferreira et al. found that the
thrombin receptor activator peptide (TRAP-6) could stimulate
higher production of exosomes from plate cells (8.6 × 109
exosomes versus 4.2 × 109) without altering the average size of
EVs. However, stimulation decreased the negatively charged
phospholipid externalization in platelet-derived extracellular
vesicles (PDEVs), which led to the decline in blood clotting
activity compared with those obtained without agonist
stimulation.19 Several investigations have confirmed that
exosomes facilitate the repair of myelin. MSCs derived from
the placenta (PMSCs) are considered suitable cell sources to
cure neurodegenerative diseases because they inhibit the killing
of natural killer (NK) cells by expression of human leukocyte
antigen-G (HLA-G) is a nonclassical MHC class I molecule on
their surface. For example, Clark et al. discovered that EVs
obtained from placenta-derived MSCs are effective at
promoting myelin regeneration by inducing differentiation of
endogenous oligodendrocyte precursor cells (OPCs) into
mature myelinating oligodendrocytes.20 Furthermore, Preußer
et al. showed circRNAs as a novel class of noncoding RNAs
present in all eukaryotic cells, especially in microvesicles and
exosomes derived from platelets. Their result revealed that
circRNAs, such as FAM13B, DYRK1A, AMD1, and TMEM30,
observed high levels of expression in exosomes. Circular RNAs
can transfer information from donor to recipient cells through
selective release mechanisms. As the main cell target of
platelets is reported to be endothelial cells, investigation on
them can be used as prognostic and diagnostic biomarkers for
inflammation and cancer metastasis.21

Treatment potential of exosomes has been demonstrated in
research on fracture healing at different stages, suggesting that
bone tissue repair can be facilitated using exosome delivery.
Previously, Bouchareychas et al. discovered that exosomes
produced by naive bone-marrow-derived macrophages
(BMDM) contain anti-inflammatory miRNA-99a/146b/378a
that is further enhanced by BMDM polarized by IL-4 (M2
macrophages).22 These miRNAs could target NF-κB and
TNF-α signaling so that BMDM exosomes stimulated with IL-
4 may reveal a valuable therapeutic approach for athero-
sclerosis and other inflammatory diseases.22 Furthermore, Wei
et al. treated M1 macrophages and human bone marrow
mesenchymal stem cells (hBMSCs) with exosomes isolated
from differentiating bone-marrow-derived mesenchymal stem/
stromal cells (BMSCs) at various stages of osteogenesis (day 0,
day 3, day 7, and day 14). Their result showed that the
expression of pro-inflammatory genes after treatment with 3
day exosomes and 7 day exosomes remarkably dwindled and
exosomes at 3 days, 7 days, and 14 days led to a significant
improvement in MSC migration as well as high expression of
early osteogenic markers, such as alkaline phosphatase (ALP)

and bone morphogenetic protein 2 (BMP-2). Consequently,
these results suggested that exosomes derived from differ-
entiated MSCs have a unique function in osteoimmunomo-
dulating bone dynamics.23 Hydrogel formulations are appeal-
ing because they can be used as scaffolds, drug delivery
vehicles, and cell encapsulation matrices. Compared to free
molecules or cells, those incorporated inside hydrogels were
found to be able to preserve their structures and functions for a
long time.24 Sun et al. loaded exosomes derived from
macrophages in bioink hydrogel 10% (w/v) alginate (ALG)
and 5% (w/v) hyaluronic with different concentrations of β-
TCP acid with a 3D printing method. Their result indicated
that the scaffold could release exosomes gradually during 3
days and enhance the osteogenic differentiation and
immunosuppression as well as improve the angiogenic activity
of cells in vitro.25 Moreover, Liu et al. showed that macrophage
M2-derived extracellular vesicles from THP-1 cells could
enhance Young’s modulus and improve osteogenic differ-
entiation of bone marrow MSCs by increasing the expression
of osteoblast differentiation markers (BMP2, BGLAP, COL1,
and OSX) and increasing calcium nodule formation using
biomimetic intrafibrillarly mineralized collagen scaffolds.26 Hu
et al. revealed that miR-23a-3p from hUC-MSCs-sEVs
improved cartilage regeneration by activating the PTEN/
AKT signaling pathway. They loaded exosomes in a Gelma/
nanoclay hydrogel, and their result indicated desirable
mechanical and biological performance accomplished by
sustained release of sEVs (10 × 108 particles/mL). In other
words, the Gelma/nanoclay/sEV hydrogel is a useful property
for the treatment of cartilage defects.27 In recent research, the
potential role of exosomes in cardiovascular homeostasis and
the cardiovascular system has been demonstrated. Zhu et al.
used exosomes from adipose-derived stem cells (ASCs) for
polarization of M1 to M2 to reduce inflammation and in
mouse hindlimb ischemia (HLI) models and to stimulate
endothelial cell proliferation, migration, and tube formation.
Their result indicated exosomes derived from ASCs contain
miR-21 as a positive marker for macrophage polarization.28

Wang et al. suggested miR-126 from exosomes derived from
endothelial progenitor cells (EPCs) could diminish acute
injury and promote neurological function recovery after a
stroke. Their result revealed that treatment of a diabetic mouse
with EPC-exosomes led to decreased infarct size and increased
cerebral blood flow (CBF) and cerebral microvascular density
(MVD) with down-regulation cleaved caspase-3 on day 2 and
vascular endothelial growth factor receptor 2 (VEGFR2) up-
regulation until day 14.29

■ APPLICATIONS OF EXOSOMES IN NEURONAL
TISSUES

Exosomes have been shown to have potential in treating
neurodegenerative diseases. The neuroprotective and neuro-
regenerative features of exosomes are dependent on the donor
cells and their activation state.11 Exosomes derived from MSCs
are useful candidates for cell-free therapies as they inherit the
functions of MSCs, which can induce angiogenesis, anti-
apoptosis, and anti-inflammatory effects. In addition, using
natural agents with antioxidant activity improves neurogenesis.
For instance, in animal models with multiple sclerosis,
intranasal injections of exosomes loaded with curcumin to
the microglia of the brain parenchyma gave rise to a functional
recovery.4 Furthermore, different cells including Schwann cells
(SCs), microglia, oligodendrocytes, and astrocytes can release
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exosomes for which their miRNA involves the nervous system
(Figure 1). Maintenance and regeneration of peripheral nerve

injury depends on the activities of SCs as the main peripheral
nervous system glial cells.30 Schwann-derived exosomes have
also been confirmed to play a critical role in the peripheral and
central nervous system.30,31

Applications of Exosomes in the Peripheral Nervous
System
Peripheral nerve injury (PNI) has been a major health concern
for decades, but current treatments are often ineffective,
leading to poor recovery.32 In terms of pathophysiology,
several important factors are involved in nerve regeneration,
such as macrophages and Schwann cells, inflammatory
reactions, and vascular regeneration. Recent studies have
shown that Schwann-derived exosomes enhance the regener-
ation process. Among the encapsulated myelin proteins found
in exosomes, myelin-associated glycoprotein (MAG) and
proteolipid protein (PLP) are involved in nerve remyelination.
Moreover, researchers have recently discovered that miRNA
encapsulated in exosomes including miR-132 contributes to
the neural regulation of the brain through regulating the
expression of vascular endothelial cadherin (VE-cadherin).32

Research confirmed that Schwann-derived exosomes could
enhance axonal growth in vitro.32 Simeoli et al. proposed that
miR-21-5p was expressed in exosomes of dorsal root ganglia
(DRG) sensory neurons following capsaicin treatment. Based
on their findings, miR-21-5p was up-regulated in DRG neurons
after peripheral axon injury and could reduce neuropathic
hypersensitivity as well as inflammatory macrophage recruit-
ment. Therefore, miR-21-5p from exosomes involves sensory
neuron−macrophage communication after peripheral nerve
damage.33 SCs are remarkably plastic, allowing them to react in
different situations to preserve the integrity of peripheral
nerves.34 Figure 2 demonstrates the delivery of exosomal
miRNA-21 from repair Schwann cells improved axonal growth
by down-regulation of the PTEN pathway and activation of
PI3K in neurons, whereas dysfunctional repair of SC-derived
exosomes prevents axonal growth and diminishes nerve
conduction velocity.34

Studies suggested that electrical stimulation (ES) therapy
may delay muscle atrophy in patients with hemiplegia and
promote neurological function recovery and may benefit
patients with diseases causing damage to the peripheral

nervous system; however, the molecular mechanism is still
unknown. Hu et al. used ES to stimulate nerve cells at 100 or
200 mV/mm for 0, 0.5, 1, and 2 h. Their result showed that
coculturing nerve cells with Schwann cells could change
neuronal activity by increasing glutamate levels and glutamate
stimulating exosome secretion from Schwann cells, and they
increased dorsal root axonal regeneration neurons in vitro and
in vivo after nerve injury.35 Despite being less studied,
exosomes play an important role in SC-related diseases.
Charcot−Marie−Tooth (CMT) disease is known as a typical
hereditary neurological disorder of the PNS, in which its
molecular mechanism that is associated with a mutation in an
exosome biogenesis-related protein in SCs eradicated proper
MVB formation and leads to a diminished number of
exosomes and secretion of exosomal proteins and remyelina-
tion.34 Guillain-Barre ́ syndrome (GBS) is a disorder of the
PNS that originates from this current notion of immunological
attack, and M1-macrophage-derived exosomes have been
connected with increased Th1 and Th17 immune responses.34

Despite the fact that exosomes derived from SCs promote
axonal regeneration, neuronal viability, and prevent apoptosis,
many kinds of cancer are propagated by SCs, such as
pancreatic cancer and melanoma.34

Furthermore, the PNS plays a crucial role in osteogenesis,
bone metabolism, and bone remodeling. Wu et al. utilized SC-
derived exosomes in a 3D-printed porous titanium alloy to
enhance the efficacy of titanium alloy scaffolds in bone repair.
Their result indicated that a combination of SC-derived
exosomes with titanium alloy scaffolds could improve the
proliferation, migration, and differentiation of BMSCs in vitro
and in vivo during 12 weeks and could overcome biological
limitations of titanium.36

■ NEUROBLASTOMA TREATMENT
Neuroblastoma (NB) is the most common extracranial tumor
in children, and it is derived from neural crest stem cells during
embryonic development.37 Due to its highly heterogeneous
molecular characteristics and consequent clinical outcome, NB
treatment is, in most cases, difficult and diverse.37 In this

Figure 1. Applications of exosomes as nanomaterials for neuronal
regenerative medicine.

Figure 2. Schematic representation of various phenotypic Schwann
cells (mature myelinating, repair, and hypothetical dysfunctional
repair SCs) releasing exosomes with different functions. Adapted with
permission from ref 34. Copyright 2022 Wiley.
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context, regenerative medicine offers a higher therapeutic
potential than currently used methods for NB treatment.
NB patients exhibit low miR-186 expression in NK cells

which, together with NKG2D and DNAM-1 markers, can be
considered a prognostic factor. Neviani et al. were able to
inhibit tumor growth and spread by targeted delivery of NK-
cell-derived exosomes carrying miR-186.38 This treatment also
acted in preventing the inhibition of NK cytotoxicity by
targeting TGFβ.
NK-derived exosomes were also employed by Wang et al. in

what they defined as a “cocktail therapy”, based on coating a
nanoparticle with NK exosomes for tumor targeting.39 This
system showed high efficiency in targeting NB cells and
delivering endogenous and exogenous miRNAs, such as let-7a,
inside a dendrimer nanoparticle, leading to tumor growth
suppression.39 Moreover, miR-124 delivered by human
adipose-derived mesenchymal stem cells (hADMSCs) to NB
cell line was proven to have the potential to induce neuronal
differentiation by repressing ELF4, transcription factor driving
NB proliferation, and therefore decrease proliferation of cancer
cells.40

In addition, PMSC-derived exosomes were tested on human
NB cell line SH-SY5Y for their neuroprotective effect.41

Medium conditioned with PMSC exosomes could reduce
caspase activity in apoptotic cells and increase the number of
neuronal projections. Kumar et al. were able to connect this
result with the high expression of galactine-1 on the surface of
PMSC exosomes (galactine-1 regulates neurites, cell adhesion,
and cell proliferation in neurons).41 These findings suggest a
possible exosome-based treatment for neural tube defects
during development, such as spina bifida.41

Furthermore, the transfer of molecular cargo in exosomes is
important for cell−cell communication in a variety of cell
types, including cancer cells. For several other tumor types,
NB-derived exosomes promote growth and spread of the
tumor. They transfer tumor-specific molecules to surrounding
recipient cells by transporting their mRNA. Fonseka et al.
found that the well-established oncogene N-Myc mRNA
conferring chemoresistance could be carried by plasma
exosomes in aggressive NB.42 They also carry miRNAs such
as miR199a-3p and miR375 that promote tumor proliferation
and migration via regulating NEDD4 and PTED expression,
respectively. PTEN activates the PI3K/Akt signaling cascade
and induces cell migration and proliferation, whereas NEDD4
is a onco-suppressor gene, pivotal in NB progression.43,44 For
these reasons, researchers suggested that tumor-derived
exosomes become the target of new pharmaceutical studies
for the inhibition of tumor spread.43,44

Lastly, exosomes can be utilized in NB diagnosis. Exosomes
are optimal as noninvasive biomarkers for therapy monitoring
and follow-ups. Villasante et al. found EZH2 and GLI1
mRNAs are carried in NB-derived exosomes.45 The presence
of those mRNAs could be used as pathological biomarkers for
early prediction. Furthermore, exosome miRNAs were tested
by Morini et al. in patients’ plasma before and after
chemotherapy, and three miRNAs (miR-342-3p, -29c, let-7b)
were identified for the difference in expression between good
and poor responders to treatment.46

■ CORNEAL-RELATED DISEASE TREATMENT
The corneal tissue develops from neural crest stem cells
(NCSCs) and still remains in adults a niche of postmigratory
NCSCs. This tissue is interesting in several pathologies which

often leads to visual loss (through scars, haze, and opacities)
that currently affects over 10 million people worldwide.47

Corneal transplantation is the most common treatment for
damaged cornea, but optical surgery is expensive and
dangerous.47 For this reason, regenerative medicine has
developed strategies for less invasive actions through the use
of mesenchymal stem cells and derived exosomes.
An important feature of corneal treatment is the correct and

rapid tissue reparation. The wound healing process was
ameliorated by incubation of MSC-derived exosomes on the
wounded cornea, resulting in healing acceleration of
approximately +41.6%.48 In 2020, a study by Wang et al.
compared the efficacy in wound healing and regeneration of
exosomes from MSCs and induced pluripotent stem cells.49

While both exosomes exhibited an in vivo capacity for
promoting regeneration and decreasing inflammation, iPSC
exosomes had stronger effects.49 In another study focused on
diabetic limbal epithelial cells, limbal stromal cell (LSC)-
derived exosomes promoted wound healing and up-regulation
of LSC markers, keratin 15, and Frizzled-7.50 Therefore, it can
be suggested that exosomes from MSCs, iPSCs, and LSCs have
been found to be suitable for treatment of ocular surface
injuries to various degrees.
Scar tissue can represent a problem in cornea healing, as it

impairs vision.51 Shen et al. investigated the role of hADSC
exosomes on corneal fibrosis.51 Their findings suggested
exosomal miRNA-19a suppressed keratinocyte differentiation
in myofibroblasts by directly targeting kinase HIPK2,
responsible for inducing pro-fibrotic protein production
through the Smad3 pathway.51 Exosomes from corneal stromal
stem cells also seem to stimulate regeneration and prevent
fibrotic scarring by decreasing fibrotic genes Col3a1 and Acta2
and blocking of neutrophil infiltration by miRNA transport.52

■ NEURAL CREST STEM CELLS: ORAL CAVITY
Neural crest stem cells are a group of stem, multipotent,
embryonic cells forming transient structures during develop-
ment. They result in the formation of the central nervous
system (CNS), the peripheral nervous system (PNS), and
craniofacial tissues by differentiating in several neuronal and
non-neuronal cell types.53 Nevertheless, postmigratory NCSC
subgroups can still be found in NCSC-derived tissues in both
children and adults, conserving the ability of self-renewal and
differentiation potential.53

Postmigratory NCSCs are commonly found in the oral
cavity. Dental pulp stem cells (DPSCs) are among the greatest
hubs of NCSCs in the adult body.53 Their exosome has been
characterized by Hu et al., revealing high expression of
superficial MSCs markers (CD73, CD90, CD166) and low
levels of hematopoietic cell marker CD45.53 Content analysis
revealed a long list of miRNAs, among which miR-193a-5p
involves immunomodulation. In the same work, the
researchers focused on the different content of undifferentiated
DPSCs and DPSCs which underwent odontogenic differ-
entiation.53 In differentiated DPSCs, exosomal miR-27a-5p
promotes the up-regulation of the TGFβ1 pathway by
targeting the differentiation inhibitory molecule LTBP1, thus
promoting the up-regulation of odontogenic genes (Runx2,
ALP, DSP, DMP-1).53 DPSC exosomes were also studied for
their biological effect on various cell lines.54 First, they
exhibited a neuroprotective effect on degenerating hippo-
campal neurons by up-regulation of growth factor expression
and activation of the endogenous apoptosis control pathway
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through Bcl-2 expression control.54 DPSC exosomes also
induce apoptosis attenuation on neighboring cells in caries by
promotion of Survivin and CL-Casp3 production.55 Apoptosis
was also reduced in an in vivo rat model of osteoarthritis
through miR-140-5p-enriched DPSC exosomes by reduction of
IL-1β-induced apoptosis.56 A less recent study by Jarmalavi-
cĭu̅te ̇ et al. also investigated the neuroprotective potential of
DPSC exosomes by focusing on dopaminergic neurons during
oxidative stress.57

Moreover, DPSC exosomes showed a role in immunomo-
dulation.58 They effectively suppressed inflammation in
periodontitis through miR-1246 transport58 and against
ischemia reperfusion injury by down-regulation of TLR4,
MyD88, and NF-κB inflammatory pathways.59 Ji et al.
investigated a comperhensive study on the main differences
between bone marrow mesenchymal stem cells (BMMSCs)
and DPSC-derived exosome immunomodulatory effects.60

DPSC exosomes more effectively reduced the secretion of
pro-inflammatory cytokines (IL-17), increased anti-inflamma-
tory factor production (IL-10 and TGFβ), and induced
apoptosis of CD4+ T cells.60

Furthermore, DPSC exosomes promote orofacial bone
regeneration.61 They can influence migration and differ-
entiation of SCs toward odontoblasts during tooth develop-
ment and regeneration.61 They also have been explored as a
MSC alternative in dental root filling in fibrine-based
substrates.62 A previous study of periodontitis showed that
DPSC exosomes suppressed alveolar bone resorption by
attenuating bone loss in vivo.63 Swanson et al. engineered a
biodegradable polymer delivery platform for sustained release
of exosomes in craniofacial bone regeneration. In all of these
works, exosomes have led to tissue mineralization and bone
healing.64

Another lesser explored source of postmigratory NCSCs in
the oral cavity is the periodontal ligament.65 Periodontal
ligament stem cells (PLSCs) produce exosomes carrying
several miRNAs (miR-24-2, miR-142, miR-335, miR-490,
and miR-296) which might be involved in oncogene
silencing.65 They also exhibit biological effects in inducing
deinflammation of tissues.66 Through NF-κB reporter assays
Čebatariu̅niene ̇ et al. demonstrated that PLSC exosomes
suppress inflammation and NF-κB activity through the PI3K/
Akt signaling pathway and could be used to tackle chronic
inflammation in periodontitis.67 In addition, they promote
osteogenesis and osteogenic differentiation on BMSCs through
regulation of MAPK and AMPK signaling pathways.66 Bone
regeneration is strongly associated with angiogenesis.68 A study
on rat calvaria defects confirmed that PLSC-derived exosomes
strongly promote vascularization, together with osteogenesis,
through vascular endothelial growth factor (VEGF) expres-
sion.69

Lastly, periapical cyst-MSCs also express NCSC markers and
can differentiate in functional neurons. In the future, periapical
cyst stem-cell-derived exosomes may be of interest for
neuroprotection and neuroregeneration, even though they
are not well studied yet.68

■ NEURAL CREST STEM CELLS: BONE MARROW
Bone marrow stromal cells contain, among them, stem cells
presenting NCSC markers.70 This subpopulation’s exosomes
have important applications in the neuro field.70 First, BMSC
characteristics and content have been thoroughly investigated.
El-Derany et al. found several exosome miRNAs (miR-21-5p,

miR-125b-5p, miR-199a-3p, miR-24−3p, let-7a-5p) with a
neuropathy feature.71 According to Xiao et al. found BMSC
exosomes also carry miRNA-134, which targets caspase-8, an
initiator caspase, in oligodendrocytes, therefore inhibiting
endogenous induced apoptosis.72 MiRNA-544 was also
found to have therapeutic, anti-inflammatory properties on
spinal cord injuries.73 This immunomodulatory effect was later
confirmed by in vivo studies on spinal cord rat models.74,75 Jia
et al. indicated intravenous injections of exosomes secreted by
BMSCs in the rats suffering from spinal cord injuries played a
vital role in the healing process by increasing expression of the
repair protein sonic hedgehog (Sh).74 Moreover, Zhou et al.
showed that, in rats that received the 200 μL of exosomes via
the tail vein, there was a reduction in neuronal cell death, an
improvement in myelin arrangement, and a reduction in
myelin loss, as well as an increase in pericyte/endothelial cell
coverage of vascular walls.75

BMSC exosomes also have a role in the anti-inflammatory
response, as demonstrated by Yuan et al.76 BMSC exosomes
induce autophagy in microglial cells through miR-32 regulation
of DAB2IP.76 Other studies linked BMSC exosomes to M2
polarization of microglia, confirming their immunomodulation
effect.77

Consequently, BMSC exosomes exhibit a neuroprotective
effect.78 For instance, BMSC-derived exosomes containing
ubiquitin proteasome and histones could increase the level of
in vitro and in vivo neuronal differentiation and promote
neuron recovery in a Parkinson’s disease (PD) rat model.78

Another feature of BMSC exosome cargo is the promotion of
synoviocyte activation through the miR-143-3p targeting NF-
κB pathway, important for arthritis treatment.79 BMSC
exosomes also may play a role in angiogenesis stimulation
during bone regeneration.80 Guo et al. revealed A miR-206-3p
expression in orofacial mesenchymal stem cell (OMSC)-
derived exosomes targeting bone morphogenetic protein-3
(Bmp3) and nuclear factor of activated T-cells, the cytoplasmic
one (NFATc1), that may regulate orofacial bone development
and establish the balance between osteoblasts and osteoclasts
that is essential for orofacial bone formation.81 In addition to
application of natural BMSC exosomes, exosomes enriched
with Zeb2/Axin2 proteins are also used to achieve improve-
ment in poststroke neuroplasticity and functional recovery in
rat models.82

■ CHARACTERISTICS OF EXOSOMES USED IN
NEURAL FIELDS

In the past few years, several studies have reported the
potential application and role of exosomes in central neural
development and regeneration. EVs are released by neurons
and glia cells in the central nervous system and mesenchymal
stem/stromal cells under physiological and pathological
conditions.83

In recent years, attention has focused on the numerous
advantages and potential of exosomes, as much so that the
term “nanotreatments” has been introduced, particularly in the
neurological field.83

Among the advantages mentioned above, there is the smaller
size of exosomes, longer shelf life, and fewer side effects.
Scientists have been able to establish the beneficial role of
exosomes in several neurodegenerative disorders including
Parkinson’s disease, neuritis, encephalomyelitis (EAE), Alz-
heimer’s disease, cerebral ischemia, etc.83,84
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Several studies have recommended that MSCs are suitable
candidates for drug delivery through exosomes, and exosomes
made from MSCs may provide considerable advantages.83,85

For these reasons, Riazifar et al. have proposed to use MSC-
derived exosomes as cell-free therapies to treat autoimmune
and central nervous system disorders.83 Exosomes produced by
MSCs, which were stimulated by IFNγ, were found to lower
the mean clinical score of EAE mice, decrease demyelination,
and lower neuroinflammation when they were given intra-
venously.83 Shiue et al. have investigated in rats the effect of
mesenchymal stem cell exosomes as a cell-free therapy for
nerve injury.85 They found exosome infusion demonstrated
excellent prevention and reversal of nerve ligation-induced
pain.85 This could be a novel therapeutic approach for this type
of nerve disease.85 Therefore, it has been demonstrated that
cell-derived exosomes can act as biological nanoparticles with
positive effects in different pathological conditions, including
Parkinson’s disease.84 Vilaça-Faria et al. have shown that
exosomes act as modulators in the neuroregeneration process,
which is fundamental for the blockage of progression of PD.84

Therefore, many neurodegenerative diseases, including Par-
kinson’s disease, could be treated with MSC secretomes.
Adipose-derived exosomes (ADSCs) have been observed to

have therapeutic potential for treatment of neurodegenerative
disorders.86 In 2016, Lee et al. found a role of ADSC-derived
exosomes in the treatment of Huntington’s disease (HD),
which is a form of neurodegenerative disease caused by the
accumulation of mutant Huntingtin (mHtt).86 They discov-
ered ADSC secretion of various neurotrophic factors and
microvesicles, which affects the disease’s unfolding proteins
through paracrine mechanisms.86 The therapeutic role of
exosomes from ADSCs is given by their ability to significantly
decrease mHtt aggregates in R6/2 mice-derived neuronal
cells.86 Later, in 2018, Lee et al. proposed a correlation
between the quantity of exosomes from adipose-derived stem
cells and the level of β-amyloid (Aβ) in the brain.87

Extracellular vesicles secreted from ADSCs can reduce cellular
apoptosis and Aβ pathology by carrying some beneficial
components to the cells.87

The effects of adipose-derived stem cell exosomes have been
evaluated also in amyotrophic lateral sclerosis (ALS), an
inherited condition characterized by the death of motor
neurons in the cortex, brain stem, and spinal cord.88 The
capability of modulation and modification of an adverse
microenvironment is due to the paracrine effect of extracellular
vesicles.88 A study from 2016 demonstrated that ADSC-exos
modulate cellular phenotypes of ALS, alleviating aggregation of
superoxide dismutase 1 (SOD1) and therefore can be
considered as a potential therapeutic candidate for ALS.88

The exosome markers isolated from ADSC are the same as the
most common ones of MSC, such as CD9, CD63, and
HSP70.31,89

In addition to ADSCs, several other exosome types have
been exploited for therapeutic purposes in the neural field from
glial cell lines, particularly Schwann cells.89 In 2020, Wang et
al. demonstrated for the first time that the systemic
administration of exosomes derived from healthy Schwann
cells (SC-Exos) to diabetic mice with diabetic peripheral
neuropathy (DPN) significantly ameliorated this disease.89 It is
due to the interaction between Schwann cell exosomes,
containing different miRNAs (miR-21, -27a, and -146a) and
their target proteins in sciatic nerve tissues.89 This reduces
axonal and myelin damage of the sciatic nerve in the treatment

of DPN.89 Another investigation over SC-derived exosomes
reported them as a novel therapeutic strategy for nervous
system injury.31 SC-derived exosomes can modulate the
damaged PNS microenvironment and enhance axonal
regeneration by inhibiting the activity of the GTPase
RhoA.31 Another research group investigated the role of
exosomes released by endogenous Schwann cells on neurite
outgrowth and axon regeneration.90 SC-derived exosome
markers have been expressed in common markers including
Alix, CD9, CD63, and HSP70.90

Another type of glial cell involved in preservation and
maintenance of neural axons are oligodendrocytes via
producing extracellular vesicles with contribution to overall
neural homeostasis.91 This effect is due to delivery of
biomolecules including nucleic acids or energy substrates to
target cells, which are able to exert a modulation of the tissue
microenvironment and sustain axonal projections.91

Properties and characteristics of key proteins transported
from extracellular vesicles have been studied also in
Parkinson’s disease as one of the most common neuro-
degenerative disorders.92 Yu et al. in 2020 found a correlation
between the level of exosomes secreted by oligodendrocyte
and the progression of disease.92 They observed that EVs
derived from that cell contain higher levels of α-synuclein (α-
syn), and α-syn aggregation is directly related to progression of
Parkinson’s disease.92 Therefore, oligodendrocyte-derived
enriched microvesicles (OEMVs) could be a potential
biomarker for multiple system atrophy (MSA).
Accumulation of α-syn was also investigated in microglial

exosomes. Extracellular vesicles released by microglia cause
protein aggregation in nearby neurons, contributing to the
progression of pathology.93

A greater number of markers were identified for oligoden-
drocyte-derived exosomes as compared to Schwann or
microglial cells. In fact, in addition to those already mentioned
above, CD81, oligodendroglial proteolipid protein (PLP),
2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP), and
Sirtuin-2 (Sirt-2) as well as common markers Tsg101 and
Flotillin-1 (Flot-1) were also identified.91,92

Macrophages/microglia divide two different groups based
on their phenotypes, the pro-inflammatory classically activated
(M1) and the anti-inflammatory alternatively activated (M2)
phenotype.93 In some cases, the nature of the vesicles and their
material transport capacity has been exploited as drug carriers.
Recently, Gao et al. used M2-type primary peritoneal
macrophage exosomes for transport of berberine (Ber), as an
anti-inflammatory and neuroprotective pharmaceutical com-
pound, with a loading efficiency 17% and sustained release of
71% during 48 h through the blood−brain barrier (BBB) for
spinal cord injury therapy.94 Because of the natural benefits of
exosomes, it was possible to administer medicine and bypass
the BBB barrier; it could be a possible safety protocol for
administering drugs to patients.93,94

Recent studies have suggested macrophages contribute to
the development of neuroinflammation in the peripheral
nervous system or central nervous system by secretion of
cytokines. It is known that M1 phenotype macrophages are the
key factor in inflammation, so in some situations, the
extracellular vesicles secreted by cells, in this case macro-
phages, could have a negative effect. In fact, scientists have
demonstrated that exosomes released by M1 macrophages
cause experimental autoimmune neuritis.95
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In contrast, macrophages that are appropriately stimulated
and induced into M2 phenotypes have anti-inflammatory
effects. This has been demonstrated through the use of
exosomes produced from lipopolysaccharide (LPS)-stimulated
macrophages that are able to stimulate microglial polarization
from the M1 phenotype to the M2 phenotype, inhibiting the
inflammation response, with protective and beneficial effects in
neuronal diseases.96

The protective role of exosomes derived from cells have
been investigated also in endothelial cells; for example, in the
central nervous system, microvascular vessels are mainly
composed of endothelial cells (ECs), and after damage such
as ischemic stroke, the ECs could stimulate angiogenesis and
migration of neural progenitor cells (NPCs), thus contributing
to neurovascular unit repair and tissue remodeling. This
process is mediated by exosomes produced by endothelial
cells; in fact, Zhou et al. demonstrated that EC-exo treatment
increased NPC survival and improved neurological out-
comes.96 As a result, EC-derived exosome therapy was
shown to have beneficial effects during ischemic stroke
because of their brain-protective properties.96

In another study of 2017, the authors proposed that EC-
derived exosomes contribute to protective effects from
neurological damage during ischemia/reperfusion injury (I/
R) in femoral arteries. The cells under study were human
umbilical vein endothelial cells (HUVECs) and the exosomes
secreted by them. Furthermore, the protective role of cell-
derived exosomes was confirmed toward nerve cells against I/R
injury by promoting migration, invasion, and cell growth.97

■ EXOSOMES FOR TREATMENT OF BRAIN STROKE
There are over 13.7 million new strokes each year, and with
these numbers, stroke is still the third cause of death
worldwide.98 Stroke events are caused by a partial disruption
of cerebral blood flow to the brain, and the related injuries are
associated with high morbidity and mortality.98 For this disease
as for many others, exosomes can play an important role to
induce a regenerative process after a stroke.98 They can
transport miRNA and other mediators among several types of
brain cells, leading to injury healing.98 Currently, very few
therapeutic drugs are capable of crossing the BBB, and there is
no effective strategy for treating stroke, but exosomes are able
to cross the BBB and are a promising therapy for stroke.98

Many research groups performed different treatments with
exosomes. Jiang et al. found that exosomes enriched with an
anti-inflammatory miRNA (miR-30d-5p), as treatment for
patients with acute ischemic stroke (AIS) have a protective
effect.98 They conducted both in vitro and in vivo studies,
demonstrating that exosomes thus functionalized could induce
macrophages to take on an M2 phenotype with anti-
inflammatory properties in an area of cerebral injury98

Ling et al. observed that intravenous injection of exosomes
from urine stem cells (USCs) enhanced neurogenesis and
alleviated neurological deficits in postischemic stroke rats.99

William et al. evaluated the effect of MSC-derived exosomes on
swine models after traumatic brain injury (TBI) and
hemorrhagic shock.100 RNA seqeuncing analysis was per-
formed on the brain tissue after death. The results showed an
increase in the expression of all genes related to neurogenesis,
neuronal development, and synaptogenesis and clear reduction
in the expression of genes related to stroke, neuroinflamma-
tion, neuroepithelial cell proliferation, and non-neuronal cell
proliferation contributing to reactive gliosis.100 Moreover,

Zhang et al. examined the effect of derived transplanted stem
cell exosomes as a therapy for ischemic stroke. In both in vivo
and in vitro experiments, they found that these types of
exosomes were able to reach the site of ischemic damage and
induce microglia-mediated inflammation that was attenuated
after oxygen glucose deprivation in vitro and significantly
reduced the infarct volume in vivo, improving behavioral
deficits in mice.101 Exosomes are able to attenuate different
damage after stroke, as demonstrated by Nalamolu et al.’s
group.102 They found that exosomes isolated from coculture of
regular and oxygen-glucose-deprived MSCs attenuated the
poststroke brain damage and improved the neurological
outcome in rat models.102 In addition to MSC-derived
exosomes, Jiang et al. understood that also plasma exosomes
(Pla-Exo) provide protection against I/R injury by a HSP70
moleculer pathway.103 Furthermore, Zhang et al. worked on
exosomes from adipose mesenchimal stem cells (AMSCs).
This group found that miR-22-3p contained in exosomes
isolated from AMSCs could reduce cerebral I/R injury, one of
the most common types of stroke, through modulation of the
KDM6B/BMP2/BMF molecular pathway.104

Another way to use the exosomes as a treatment for stroke is
to use them as a carrier for drug delivery. Guo et al., for
example, loaded plasma exosomes (EXO) with Edaravone, a
known drug with neuroprotective effects, to improve the
outcomes for stroke treatment.105 Other groups focused on
functionalizing the oxosomal surface, for example, to improve
the capability of stroke drugs to penetrate the BBB.105

■ EXOSOME FOR TREATMENT OF MULTIPLE
SCLEROSIS

Currently, 2.5 million people worldwide suffer from multiple
sclerosis (MS).106 Symptoms include neuroaxonal degener-
ation in the central nervous system, resulting from an
autoimmune attack on the brain and spinal cord.106 Today it
is known that exosomes have a therapeutic potential in MS,
and with this knowledge, many groups set up a lot of
studies.106 Baharlooi et al. evaluated the suppressive efficacy of
umbilical cord mesenchimal stem cells (UC-MSCs) and their
exosomes on the proliferation of peripheral mononuclear
blood cells (PMBCs) in relapsing−remitting multiple sclerosis
(RRMS) patients and healthy subjects.106 It is obvious that
MSCs inhibit proliferation of autoreactive lymphocytes
involving in MS pathogenesis. They established that human
UC-MSC-derived exosomes could mimic therapeutic efficiency
of their parental cells and effectively suppress proliferation of
the PMBCs in both RRMS patients and healthy controls.106

MS is a autoimmune disease and pathogenic T lymphocytes
play an important role in disease development. Azimi et al.
studied the effects of T regulatory exosomes on the
proliferation or survival of T lymphocytes from RRMS patients
and healthy controls.107 This study was motivated by a
validated concept that impaired function of regulatory T cells
(Tregs) is a pathogenic mechanism for MS. Regulatory T cells
derived from MS patients and healthy controls were cultured
for 3 days. Exosomes were isolated from supernatants, and
Treg-derived exosomes were cocultured with conventional T
cells (Tconv).107 Treg-derived exosomes suppressed Tconv
proliferation in MS patients compared to that in healthy
controls. Their research found that the expression of particular
pathogenic miRNA (miR-326) in T-cell-derived exosomes of
RRMS patients resulted in down-regulation compared to the
healthy control. Also T-cell-derived exosome miRNAs can be
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considered potential targets for the treatment of MS.107 A
similar study was performed by Kimura et al.108 They found
that miRNA let-7i contained in circulating exosomes regulates
MS pathogenesis by blocking the IGF1R/TGFBR1 path-
way.108 This event occurs through reduction of the frequency
of the functional Treg cells via inhibition of their differ-
entiation from naive CD4+ T cells108

Additionally to T lymphocytes, B lymphocytes play a crucial
role in the pathogenesis of MS. Recently, Benjamins et al.
focused on B cell exosome-enriched (Ex-En) fractions.109 They
tested conditioned medium (Sup) from cultures of B cells from
blood of MS patients without treatment to see if it harmed
neurons and oligodendrocytes. Their result showed that
exosomes are responsible for much of the in vitro toxicity on
oligodendrocytes from MS patients’ B cells compared to the
control group.109 The effect of BMSC exosomes on microglial
polarization has been studied in relation to MS progression.110

Li et al. demonstrated that BMSC exosome-treated auto-
immune encephalomyelitis (EAE) rats showed an increase in
M2 polarization, production of anti-inflammatory cytokines
(IL-10, TGFβ), and a decrease in pro-inflammatory cytokines
(TNF-α and IL-12).110 Another recent study discussed the
effect of BMSC exosomes in the EAE model and compared to
the cuprizone diet model as a toxic demyelination model.70

Their result indicated MSC-Exo can cross the BBB and reach
neural cells and could reduce neuroinflammation through the
NF-κB pathway inhibition and reduce amyloid-β precursor
protein density.70 This led to oligodendrocyte proliferation,
maturation, and remyelination70

■ EXOSOMES FOR TREATMENT OF PARKINSON’S
DISEASE

More than 10 million people worldwide are suffering from
Parkinson’s disease. Parkinson’s disease is a neurodegenerative
disorder that affects predominately dopamine-producing
(“dopaminergic”) neurons in a specific area of the brain called
substantia nigra.111 As a result, this pathology leads to motor
and cognitive dysfunction. Exosomes show a therapeutic
potential in this neurodegenerative disease, and for this reason
much research has emerged in recent years.111

Kojima et al. developed EXOtic devices enabling efficient
customizable production of designer exosomes. These EXOtic
acts as a treatment of Parkinson’s disease by the delivery of
catalase mRNA into the brain.111 They found that therapeutic-
specific catalase mRNA delivery by designer exosomes
attenuated neurotoxicity and neuroinflammation in the in
vitro and in vivo models of Parkinson’s disease.111 Cheng et al.
analyzed the effect of exosomes derived from human umbilical
cord mesenchymal stem cells (hucMSCs) in PD.112 They
observed that a pretreatment with exosome-promoted 6-
OHDA-stimulated SH-SY5Y cells proliferated and inhibited
apoptosis by inducing autophagy.112 Moreover, they detected
in vivo on the rat model that exosomes reached the substantia
nigra through the BBB, relieved apomorphine-induced
asymmetric rotation, reduced substantia nigra dopaminergic
neuron loss and apoptosis, and up-regulated the level of
dopamine in the striatum.112 Similar to other neurodegener-
ative diseases, PD is challenging to treat, largely because the
BBB blocks passage of most drugs.113 With this awarness, Qu
et al. observed the brain-targeting ability of blood exosomes
and that these exosomes can be used as a promising drug
delivery platform for targeted therapy against PD.113 PD is a
disease characterized by a lack of dopamine. For this reason,

they tested dopamine-loaded exosomes to observe a better
therapeutic efficacy in a PD mouse model.113 Furthermore, Liu
et al. showed that functionalization of the exosome surface and
its content was used as a nanoscavenger for clearing α-
synuclein aggregates and reducing their cytotoxicity in
Parkinson’s disease neurons.114 In addition, the potential use
of exosomes as carriers is well-known today. Exploiting the
exosome’s ability, Ren et al. demostrated the therapeutic
potential of functionalized exosomes with a neuron-specific
rabies viral glycoprotein to deliver a DNA aptamer capable of
targeting α-synuclein aggregates that are the main component
of Lewy bodies in Parkinson’s disease brain.115 Blood
exosomes already mentioned can be used as direct treatment,
as confirmed by Sun et al.116 They found that blood-derived
exosomes from healthy volunteers alleviated impaired motor
coordination in a mouse model of PD. Results from
immunohistochemistry and Western blotting indicated that
the loss of dopaminergic neurons in substantia nigra and
striatum of PD model mice was rescued by the exosome
treatment.116 This treatment also restored the homeostasis of
oxidative stress, neuroinflammation, and cell apoptosis in the
model mice of PD.116 Li et al. found that miR-188-3p plays a
key role in modulating PD. Their data suggested that miR-188-
3p-overexpressed exosomes had therapeutic effects on PD by
suppressing the expression of autophagy and inflammasomes
via targeting NALP3 and CDK5, both in the cell model and in
the mice model.117

■ EXOSOMES FOR TREATMENT OF ALZHEIMER’S
DISEASE

Alzheimer’s disease (AD) is a neurodegenerative disease, and it
is the most common cause of dementia. AD is characterize by
abnormal amounts of amyloid-beta (Aβ), accumulating
extracellularly as amyloid plaques, and tau proteins, accumulat-
ing intracellularly as neurofibrillary tangles. This condition in
the brain that affects neuronal functioning and connectivity
leads to a progressive loss of brain function. Moreover, this
complex neurodegenerative disorder has no definite treat-
ment.118

Also for AD, exosomes are studied as possible carriers to
deliver specific drugs or therapeutic molecules. Wang et al., for
example, used exosomes to carry curcumin beyond the BBB.
They demonstrated that curcumin inhibited tau phosphor-
ylation, a characteristic event of AD, improving the outcome of
the disease.118 Huo et al. considered using exosomes like cargo
for defined drugs for AD to improve their delivery beyond the
BBB. In this work, they enhance the delivery of silibinin using
macrophage-derived exosomes. The dual action of silibinin,
reducing Aβ aggregation and deactivating astrocytes, to
improve behavior and cognitive performance in subjects with
AD was increased.118 Morover, Qi et al. used exosomes like
carriers delivering quercetin-loaded exosomes to the brain in
the AD mice model.119 The treatment of exosomes containing
quercitin improved cognitive function by inhibiting phosphory-
lated tau-mediated neurofibrillary tangles.119

MSC-derived exosomes have been demonstrated to prevent
memory deficits in the animal model of AD. Chen et al. wanted
to evaluate MSC-derived exosomes on both in vitro and in vivo
models of AD. Their results showed that MSC exosomes
reduced Aβ expression and restored the expression of neuronal
memory/synaptic plasticity-related genes in both the cell
model and the mice model.120 These data were also confirmed
by the work of Wang et al., who saw that exosomes are able to
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improve cognitive function recovery in AD mice by activating
the sphingosine kinase/sphingosine-1-phosphate signaling
pathway.121 Another group showed that intracerebroventricu-
larly injected BM-MSCs through their exosome improved
cognitive impairment in AD model mice by ameliorating
astrocytic inflammation as well as synaptogenesis. They
especially observed that an increasing expression of miR-146
in the hippocampus facilitates improved cognitive functions.122

It is now known that exosomes contain miRNA, which can
act at multiple levels in AD. Related to this topic, Jahangard et
al. found that mir-29b is significantly reduced in AD,
suggesting a role in the pathogenesis of the disease. With
this observation, they decided to make an injection of
exosomes packed with miR-29b in a mice model, and they
demonstrated that this treatment has protective effects against
amyloid pathogenesis123 A similar study was done by Zhai et
al. They used ADMSCs that were transfected into the miRNA-
22 mimic to obtain miRNA-22-loaded exosomes (Exo-
miRNA-22), which were further used for the treatment and
nerve repair in the AD mice model. As a result, the survival
level of nerve cells in mice was higher in the Exo-miRNA-22
group, and the expression of inflammatory factors was lower
than that in the control group, indicating Exo-miRNA-22 could
significantly suppress neuroinflammation.124 As already men-
tioned, a way to improve the treatment with the exosomes is to
functionalize their surface. Cui et al., for example, used a CNS-
specific rabies viral glycoprotein peptide to target intravenously
infused exosomes derived from MSCs (MSC-Exo) to the brain
of transgenic APP/PS1 mice. As a result, they obtained a
significant improvement in learning and memory capabilities
with reduced plaque deposition and Aβ levels and normalized
levels of inflammatory cytokines.125 AD is a complex disease
that results from the interaction of many components. One of
these components is P-glycoprotein (P-gp), a member of the
ABC transporter family situated in the BBB that plays a role on
cleaning the Aβ accumulation. P-gp in a pathological BBB was
lower than that in a normal BBB, thus impeding the clearance
of Aβ, and so it can be important in AD development. With
this knowledge, Pan et al. used human brain microvascular
endothelial cell-derived exosomes containing P-gp up-regulated
as an extracorporeal Aβ cleaning system to remove Aβ peptides
from the brain to obtain potently ameliorated cognitive
dysfunction in AD mice.126
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