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Central nervous system (CNS) diseases are the leading cause of death worldwide. By performing compensatory
functions and improving the inflammatory microenvironment, the transplantation of neural stem cells (NSCs)
can promote functional recovery from brain injury, aging, brain tumours, and other diseases. However, the
ability of NSCs to differentiate into neurons is limited, and they are associated with a risk of tumourigenicity.
NSC-derived extracellular vesicles (NSC-EVs) can modulate the local microenvironment of the nervous system as
well as distant neuronal functions. Thus, cell-free therapy may be a novel remedy for CNS disorders. This article
reviews the characteristics, contents, and mechanisms of action of NSC-EVs as well as their roles and application
prospects in various CNS diseases.

1. Introduction

Neural stem/progenitor cells (NSCs/PCs), which are the most prim-
itive undifferentiated cells in the central nervous system (CNS), can self-
renew and differentiate into neural cells (neurons, astrocytes, and oli-
godendrocytes) [1]. Mammalian endogenous NSCs (eNSCs), which are
important for neurogenesis, exist in the subventricular zone, sub-
granular zone of the hippocampal dentate gyrus (DG), and ependymal
zone of the spinal cord [2]. Normally, they are in a quiescent, undif-
ferentiated, and dormant state; thus, are referred to as quiescent NSCs
(gNSCs). However, they can be activated, after which they can prolif-
erate, differentiate into neural cells, migrate to repair damaged tissues in
response to external stimuli, such as brain injury or cerebral ischaemia
[3,4]. Their small number and limited proliferation and differentiation
potential prevent them from effectively replenishing damaged neural
tissues, and to some extent, this limits their functioning in restoring

severe neurological dysfunction [5,6]. Therefore, maximising the neuro
regenerative effects of eNSCs has been a major research topic in CNS
diseases.

Exogenous NSCs include neural stem cell lines isolated, cultured, and
established from human, murine, and other primate embryos. Pluripo-
tent stem cells can also be programmed to generate NSCs. Several pre-
clinical studies have shown that the transplantation of exogenous NSCs
can also have a therapeutic effect in neurological diseases [7,8], and
possibly, this effect is related to cytokines, such as brain-derived neu-
rotrophic factor (BDNF), vascular endothelial growth factor (VEGF), or
nerve growth factor (NGF). However, exogenous NSC transplantation is
controversial given that the engraftment efficiency is very low (less than
5%) and that transplantation often results in a severe inflammatory
immune microenvironment [9,10]. Recent studies have shown that the
paracrine effect of stem cells may be a safer and more effective thera-
peutic strategy for replacing cellular therapies [11]. Additionally,
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extracellular vesicles (EVs), with greater advantages and therapeutic
potential, are emerging as a new research topic [12].

EVs are membrane-bound organelles released by all cell and tissue
types and contain cargo, such as cytosolic proteins, mRNA, miRNA, and
even DNA [13,14]. They are also composed of exosomes (40-100 nm
diameter), microvesicles (100-1000 nm diameter), and apoptotic
bodies. The exosomes and microvesicles are derived from resting or
stimulated cells, whereas apoptotic bodies are derived from dying cells
[15]. EVs can cross the blood brain barrier (BBB), diffuse into the ce-
rebrospinal fluid (CSF), and fuse with the plasma membranes of target
cells [16]. They also have low immunogenicity; thus, are therapeutically
useful in their own right and show promise as carriers in the field of
small-molecule drug transport [17]. The bottom line is that EVs have
properties that reflect the composition of their cells of origin and they
can selectively target cells with similar phenotypes [18,19]. C17.2
neural stem cell-derived exosomes (NSC-Exos) can be loaded with cargo
and taken up by endothelial cells (ECs); this process is based on
dynamin-dependent endocytosis mediated by heparan sulphate pro-
teoglycans, which act as receptors [20] and suggests that neural stem
cell-derived extracellular vesicles (NSC-EVs) may have great potential
for use in treating CNS disorders.

Recent studies have also suggested that the use of engineered NSC-
EVs may be more advantageous in the future. It is challenging to pre-
dict and control the expression profiles of NSC-EVs, and direct regula-
tion of the contents or properties of NSC-EVs can help maximize their
therapeutic effects. In this review, we provide an overview of studies on
NSC-EVs and their current therapeutic role in CNS disorders, and discuss
the future of NSC-EV development.

2. NSC-EVs constituents with therapeutic effects
2.1. miRNA

miRNAs constitute a class of noncoding RNAs (ncRNAs) with length
approximately 22 nucleotides, and functionally, they target mRNAs by
binding to their 3’ untranslated regions (3’-UTRs) [21,22]. Among all
the constituents of EVs, miRNAs have been studied extensively and in
depth the most [23,24], even though the loading of miRNAs is not
random. First, Hsa-miR-1246, has-miR-4488, has-miR-4508, has--
miR-4492, and has-miR-4516 were identified as the five most abundant
exosomal miRNAs [25]. Second, it was reported that exosome samples
from glioma stem cells (GSCs) and NSCs show several differentially
expressed miRNAs. Studies have also suggested that this miRNA sorting
mechanism is based on the identification of distinct miRNA motifs that
are preferentially loaded into exosomes [26]. Further, exosomal miRNAs
from NSCs originating from different sources also differ. It has also been
reported that the expression of miRNAs is higher in the exosomes of
mouse hypothalamic NSCs than in hippocampal NSCs. These differences
in exosomal miRNA loading may be responsible for the different roles of
different NSC sites. The study of adult neurogenesis has been primarily
focused on the hippocampus and subventricular zone of the brain’s
lateral ventricles. It has also been shown that hypothalamic NSCs are
critical for the neuroendocrine regulation of systemic physiological
homeostasis. Moreover, hypothalamic NSCs play an important role in
controlling the rate of aging in part by releasing exosomal miRNAs [27].

Finally, it has been noted that NSC-Exos are also affected by different
conditions and environmental stimuli. For example, the expression of
miR-98-3p in exosomes produced by hypoxia-preconditioned NSCs is
significantly reduced; thus, their therapeutic effect on stroke is
enhanced [28]. Hypoxia also induces and enhances the expression of
miR-210-3p in exosomes and this is followed by neural progenitor cell
(NPC) uptake and enhanced cell viability [29]. Compared with normal
NSC-Exos, pro-inflammatory factor interferon-gamma (IFN-y) enriched
hippocampal NSCs exosomes show higher levels of has-miR-206, has--
miR-133a-3p, and has-miR-3656, which play a more important role in
cell survival following ischaemic stroke [30]. Additionally, insulin-like
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growth factor regulates mi-219a-2-3p loading in exosomes from rat
NSCs to suppress YY1 expression. This partially suppresses neuro-
inflammation and promotes neuroprotective effects after spinal cord
injury (SCI) [31]. In summary, using NSC-Exos as carriers in cell-to-cell
communication by carrying and transferring miRNAs has become a hot
research topic.

2.2. piRNA

Murine hypothalamic neural stem/progenitor cells (htNSCs) contain
multiple P-element-induced wimpy testis (PIWI)-interacting RNAs
(piRNAs) [32], which typically consist of 24-32 nucleotides and are
predominantly found in the reproductive and neural tissues in mammals
[33-36]. Unlike miRNAs, piRNAs depend on PIWI-like proteins
(including PIWIL1 and PIWIL2) to target many other types of RNA/DNA
[37]. A study by Ikhlas suggested that murine htNSC exosomes provide
innate immunity against SARS-CoV-2 by attacking and degrading the
virus. The study also suggested that exosomes derived from induced
htNSCs achieve enhanced antiviral effects via exposure to the
SARS-CoV-2 virus or several RNA fragments of the viral genome.
Moreover, this previous study revealed that the piRNA-PIWI mechanism
is implicated in this process. Although miRNAs are present in NSC-Exos,
they cannot exert antiviral effects owing to their ability to target only
mRNA. Therefore, this study focused on piRNAs and used PIWI1/2
protein as a biomarker to analyse whether the piRNA mechanism is
involved in the antiviral effect of NSC Ex/Mv. The strong fluorescent
expression of PIWI2 observed in the cytoplasm and exosomes of NSCs
corroborated this idea, suggesting that NSC Ex/Mv exerts antiviral ef-
fects via a piRNA-PIWI mechanism and that the antiviral properties of
htNSC exosomes with PIWI2 knockdown were attenuated. This previous
study also identified mouse species with piRNAs targeting the
SARS-CoV-2 genome in both sense and antisense sequences. Notably,
large antiviral piRNA libraries enhanced and enriched for these specific
antiviral piRNAs owing to exposure to specific viruses or RNA fragments
have been established for murine NSC-Exos [32,38]. In summary, the
antiviral effects of NSC-Exos may provide initial clues for developing
RNA-dependent vaccines.

2.3. LncRNA

LncRNAs are involved in various CNS diseases [39,40], mainly via
the competitive adsorption of miRNAs, to further regulate mRNAs,
affecting various physiological and pathological processes [41,42].
Recent research shows that rat hippocampal NSC exosomes contain
IncRNA myocardial infarction-associated transcript (MIAT) and that
hippocampal NSC-Exos ameliorate inflammation and injury in the
brains of vascular dementia (VD) rats. In vitro experiments have also
demonstrated that damage to hippocampal neurons can be reduced via
the MIAT/miR-34b-5p/CALB1 pathway. Moreover, it has also been
observed that NSC-Exos significantly improve the learning and memory
abilities of VD rats [43].

2.4. CircRNA

circRNAs are more abundant in exosomes than in their correspond-
ing cells. Specifically, exo-circRNAs, which may be regulated by the
expression of related genes, can transfer biological activity to recipient
cells [44]. Peroneal fornix transection (FF) reportedly blocks major
cholinergic input to the hippocampus, resulting in the removal of most
cholinergic activity from the hippocampus [45]. However, unlike
normal hippocampal exosomes, 14 circRNAs in denervated hippocam-
pal exosomes are upregulated, with circAcbdé6 acting as an endogenous
miR-320-5p sponge. This inhibited miR-320-5p activity increases the
expression of oxysterol-binding protein-related protein 2, and subse-
quently promotes NSC differentiation [46], suggesting that circRNAs in
NSC exosomes play important regulatory roles in the survival and
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differentiation of NSCs.
2.5. Proteins

NSC-Exos have a high protein content and these proteins play an
important role in the treatment of various systemic diseases (45). Pen-
traxin 3 (PTX3) is the most abundantly expressed protein in human
neural stem cells-derived exosomes (hNSC-Exos), and NSC-Exos with
knockdown of PTX3 inhibit anti-inflammatory activity produced by
microglia in response to LPS stimulation, suggesting that PTX3 is one of
the important cargoes involved in the anti-inflammatory activity of
hNSC-Exos [47]. Netrinl is a functional protein associated with
neuronal differentiation that is highly expressed in exosomes derived
from NSCs, and it increases the levels of transcription factors, Hand2 and
Phox2b in NSCs and BMSCs and promotes the differentiation of BMSCs
and NSCs into neurons in vitro. Thus, Netrinl in NSC-Exos is partially
involved in neuronal repair and plays a role in the treatment of spina
bifida aperta [48]. Additionally, microvesicles released from human
embryonic stem cell-derived NSCs inhibit apoptosis in HL-1 car-
diomyocytes by promoting autophagy and regulating AKT and mTOR
via the translocation of heat shock protein 70 [49]. All these findings
suggest that protein cargo in NSC-Exos plays an important regulatory
role in various systems.

Notably, protein encapsulation during NSC exocytosis is not invari-
able as is the case with miRNAs. According to the results of a proteomics
study, there are significant differences in exosomal protein content and
enrichment pathways between quiescent and proliferating-stage NSCs.
However, exosome inhibitors can delay the transition of proliferating
NSCs into quiescence and activate the translation of proteins in quies-
cent NSCs, such as cell proliferation markers, MCM2, Ki-67, and CycD1,
to cause the quiescent NSCs to exit the GO phase. This suggests that
quiescent NSC-Exos discard some proteins, such as ribosomal proteins,
to maintain the quiescent state. However, the discard of these proteins
does not exclude the possibility of exosomal cargo delivering signals to
recipient cells or altering the microenvironment [50]. This implies that
the protein cargo of NSC-Exos hides a great deal of information that is
worth mining and greatly reflects the altered biological state of parent
cells.

Finally, it is noteworthy that NSC-EVs or NSC-Exos carry proteins
that mediate the transmission of immune responses between donor and
recipient cells. The IFN-y pathway is highly specifically induced in NPCs
exposed to pro-inflammatory cytokines and this effect is mirrored in
EVs. Further, the activation of Statl-dependent signalling in target cells,
such as NIH 3T3 cells, results from the intercellular transfer of IFN-y
bound to IFN-y receptor 1 (Ifngrl) on the surface of EVs, and Ifngrl on
target cell membranes receives IFN-y delivered by the EV-associated
IFN-y/Ifngl complex, which activates the Statl signalling pathway.
This form of EV-mediated communication confirms the ability of NSCs
to function as grafts to sense signals and communicate with host immune
system. Unmodified or functionalized EVs and exosomes are emerging
as promising cell-free anti-inflammatory agents [51].

2.6. Mitochondria

Mitochondrial dysfunction is an established feature of several in-
flammatory and degenerative CNS diseases. NSC-EVs are enriched in
mitochondria with intact activity and conserve mitochondrial mem-
brane potential and respiration. NSC-EVs also favour the release mito-
chondria that still possess functional properties for transfer to target
cells. In vitro assays have also demonstrated that functional mitochon-
drial transfer from NSCs to L929RhoO cells successfully restores
congenital mitochondrial dysfunction and dystrophy. Further, EV-
associated mitochondrial targeting of pro-inflammatory macrophages
(M) results in significant gene expression and metabolism changes in
the Me. It has also been observed that EV treatment with the mito-
chondrial uncoupling agent, FCCP, or its depletion does not alter Mg

Biomedicine & Pharmacotherapy 165 (2023) 115092

gene expression profile and metabolism. Notably, the immunomodula-
tory effect of transferred mitochondria on immune cells reflects the
activation status of their parent cells. It has also been observed that
mitochondria derived from apoptotic cells are potent activators of
innate immune response, while mitochondria derived from healthy cells
are significantly less inflammatory [52]. In vivo tests have also
demonstrated that the intracerebroventricular injection of NSCs
consistently releases, and transfers mitochondria via EVs in a mouse
model of neuroinflammation and ameliorated clinical deficits [53]. All
these findings indicate that NSCs EVs open a new avenue for cell-free
therapy to correct mitochondrial dysfunction in the CNS.

3. CNS diseases with NSC-EV implication
3.1. Glioma

Gliomas are common primary tumours of the nervous system [54].
Particularly, high-grade glioma (HGG) shows a poor therapeutic
response and has a poor clinical prognosis, with a median survival
period of only 15 months, regardless of interventions, including surgery,
radiotherapy, and chemotherapy [55]. NSCs can cross the BBB and bring
about intrinsic tumour tropism. They can also migrate to hypoxic re-
gions of tumours [56-58]; thus, they have long been expected to func-
tion as carriers of anti-tumour drugs. Recent studies have suggested that
the ability of NSCs to target drug delivery may be related to the exo-
somes they produce. STAT3 is an important transcription factor involved
in the progression of malignant gliomas [59], and STAT3 antisense ol-
igonucleotides (STAT3ASO) for rapid internalisation by hNSCs upon
binding to CpGs, have also been established. Internalised
CpG-STAT3ASO fractions have also been co-labelled with CD63-positive
intracellular vesicles in the cytoplasm via confocal microscopy, indi-
cating that CPG-STAT3ASO is present in exosome-producing compart-
ments and CpG-STAT3ASO-encapsulated exosomes can effectively
knock down STAT3 in target cells and enhance the immunostimulatory
properties of CpG-STAT3ASO. This study also showed that
glioma-associated myeloid cells (e.g., microglia and macrophages) are
activated by CpG-STAT3ASO delivered by NSC-EVs.

Further, the growth of mouse GL262 subcutaneous gliomas is
significantly inhibited by NSCs containing CpG-STAT3ASO [60].
NSC-Exos can also load therapeutic miRNAs (antimiRNA-21 and
miRNA-100) and deliver them to brain cancer cells. Specifically, the
intranasal administration of miRNA-loaded CXCR4-engineered exo-
somes in an orthotopic glioblastoma (GBM) mouse model showed that
the delivered miRNA sensitized GBM cells to temozolomide, resulting in
dramatic tumour regression and improved overall survival in mice [61].

The migration of NSCs is affected by the chemokines and growth
factors produced by glioma cells. However, studies have shown that this
chemotaxis may be attributed to glioma stem cells (GSCs), which
constitute a small subset of cells with stem-like characteristics in ma-
lignant gliomas. They originate from mutated NSCs, which are primarily
responsible for chemoradio therapy resistance in brain tumours.
Further, the exosome-sorted miRNAs produced by glioma cells are very
different from those produced by NSCs.

Tizesi explored the miRNA expression profiles of paediatric
glioblastoma-derived GSCs and their exosomes. First, the results ob-
tained indicated that there are very few differentially expressed cellular
miRNAs between GSCs and NSCs; however, the more differentially
expressed cellular miRNAs were detected in the exosome samples. These
miRNAs have been validated or predicted to be involved in cancer-
related signalling pathways, suggesting that they may play a role in
tumourigenesis. Therefore, it was inferred that the exosomal miRNA
burden of GSCs is similar to that of NSCs, and both cell types are affected
by well-defined mechanisms. Notably, glioma cells are regulated by
NSC-Exos, and NSCs are also affected by glioma stem cell exosomes
(GSC-exos). In particular, GSC-exo miRNAs alter gene expression in
NSCs that are enriched in nervous system development, neurogenesis, or
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neuronal differentiation [62]. This evidence is sufficient to confirm that
the relationship between the occurrence and development of gliomas
and NSCs is intricate. Thus, it is necessary to pay more attention to
exosomes that play an important role in the communication between
NSCs and GBMs.

3.2. Stroke

Stroke is one of the leading causes of death and disability worldwide,
and the role of NSC-Exos in enhancing neural repair after stroke has
been extensively studied. First, NSC-Exos tail vein injection reduces the
area of cerebral infarction in a thromboembolic mouse model. This
therapeutic effect was found to be superior to that of mesenchymal stem
cell (MSC)-derived exosomes [63]. Next, the therapeutic effect of
NSC-Exos in a porcine middle cerebral artery occlusion (MCAO) model
has also been confirmed. The porcine ischaemic stroke model was found
to be more predictive of outcomes between preclinical rodent models
and human clinical trials [64]. Additionally, the intravenous adminis-
tration of NSC-Exos exerted a dose-dependent therapeutic effect in a
mouse MCAO model, stimulating neural regeneration and synaptic
plasticity [65]. This previous study also showed that NSC-Exos reverse
immunosuppression in the periphery 7 days after ischemia, while
bringing about significant increases in B and T lymphocyte levels, with
central immunity unaffected. Another study showed that femoral vein
injection of NSC-Exos enhances brain tissue B lymphocyte and T
lymphocyte levels 24 h after ischaemia given that the NSC-Exos treat-
ment reduced the activation of the pro-inflammatory signalling pathway
NF-kB/P65 after ischaemia. In vitro experiments have also demon-
strated the reversal of ABCB1 overexpression in brain endothelial cells
after oxygen-glucose deprivation (ODG), and this appeared to enhance
the stability of the BBB and reduced the recruitment of inflammatory
cells in the early (24-h) ischaemic brain [66].

However, NSC-Exos do not only affect BBB permeability, but also
seem to play a complex communication role between various neuro-
cytes. First, NSC-Exos significantly reduce neuronal apoptosis after OGD
and promote neuronal proliferation via the miR-150-3p/CASP2
pathway [67]. Additionally, hNSC-EVs play a protective role by pro-
moting Nrf2 nuclear translocation to upregulate antioxidant expression
and reduce ROS levels to protect neurons from oxidative stress damage
[68]. NSC-Exos also strongly and significantly affect inflammatory sig-
nalling in microglia. It has also been observed that the intra-
cerebroventricular injection of NSC-Exos can co-label microglia [69]
and reduce microgliosis after stroke [70]. Neonatal subventricular
NSC-Exos transplantation also targets and modifies microglia and affects
the release of inflammatory factors from microglia. Additionally, the
Let-7 miRNA family activates endosomal TLR-7 receptors, and synthetic
EV containing Let-7 strongly stimulate inflammatory factor release from
microglia. Notably, cultures of EV-treated microglia appear to act back
on NSCs to inhibit their division [71].

Additionally, NSC-Exos are phagocytosed by astrocytes and exert a
protective effect on astrocytes after OGD [72,73]. Astrocytes are
important neurocytes that constitute the BBB in addition to brain
endothelial cells. Astrocyte activation and release of MMP9 contribute
to the degradation of basal membranes, thereby promoting BBB break-
down [74-76]. Therefore, the role of NSC-Exos and astrocytes in stroke
requires further investigation. Finally, NSC-Exos can act on NSCs
themselves and promote neurogenesis after stroke. miR-9 is abundantly
expressed in mouse NSC-Exos, and targeting Hes1 transcripts promotes
the differentiation of NSCs and the maturation of neurons and glial cells
[77]. A recent study showed that NSC-Exos loaded with BDNF are more
beneficial for the differentiation of NSCs into neurons in vitro as well as
in vivo relative to normal NSC-Exos. Moreover, these engineered exo-
somes reduce microglia expression and greatly attenuate neuro-
inflammatory response after ischemic stroke in rats [78]. In summary,
NSC-Exos play a complex role in ischaemic stroke by significantly
reducing brain infarct volume and improving neurological function, and
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may be an important repair strategy in stroke.
3.3. Alzheimer’s disease

Alzheimer’s disease (AD) is a devastating neurodegenerative disor-
der characterised by BBB damage, mitochondrial dysfunction, and the
accumulation of misfolded proteins in the brain, including age-related
plaques (AB) and neurogenic fibre tangles [79,80]. The pathogenesis
of AD is complex, and there is no effective therapy to block or reverse its
progression; NSC-Exos are a potentially effective treatment for AD. First,
as discussed above, NSC-Exos reduces brain injury after stroke by
enhancing the stability of the BBB, thereby reducing inflammatory
infiltration into brain tissue. Similarly, AD induces BBB dysfunction and
disrupts the BBB in the 5 xFAD mouse model aged 4 months. Mean-
while, exosomes from hNSCs can reverse leakage in the in vitro BBB
model from primary EC of 5 xFAD mice [81]. Notwithstanding, the
specific mechanism by which NSC-Exos exert a protective effect on the
BBB requires further investigation. It has also been demonstrated that
intracerebroventricular injection of EVs derived from mouse embryonic
hippocampal NSCs for 5 weeks can rescue cognitive deficits in 9-month--
old AD mice. Compared with the vehicle group, the NSCs-EV group
showed improved mitochondrial function, accelerated SIRT1 activation,
enhanced synaptic activity and integrity, reduced inflammatory re-
sponses, and rescued cognitive deficits; however, this treatment did not
alter the number of Ap plaques. In summary, the therapeutic role and
potential molecular mechanisms of NSC-Exos in AD are worthy of
further in-depth study [82].

It has also been observed that a special group of patients with AD
who are non-demented but have the similar pathological changes can
resist cognitive impairment [83]. Additionally, the hippocampal DG of
non-cognitively impaired patients exhibits an increased number of NSCs
[84]. Thus, Micci et al. showed that local signalling generated by exo-
somes released from endogenous NSCs can modulate the ability of
synapses to bind Afo. Further, intracerebroventricular injection of
NSC-Exos also renders neuronal synapses less susceptible to toxic Afo
binding, protects synapses from the APo-induced inhibition of LTP
expression, and prevents APo-driven memory deficits. The study of
pathological mechanisms in patients who are non-demented can facili-
tate the further exploration of issues related to cognitive dysfunction in
patients with AD [85]. A very recent study showed that NSC-Exos pre-
treated with herbal Catalpol encapsulated more miR-138-5p, and this
inhibited apoptosis in AD model cells. Additionally, the intragastric
administration of Catalpol has also shown the ability to alleviate AD
progression and improve cognitive ability in mouse [86]. All these
findings highlight the great potential of NSC-Exos in the treatment of
AD.

3.4. Parkinson’s disease

Parkinson’s disease (PD) is another degenerative disease of the CNS,
characterised by progressive loss of dopaminergic neurons in the sub-
stantia nigra (SN) due to mitochondrial dysfunction, neuro-
inflammation, defective protein clearance, and the accumulation of
alpha-synuclein [87-89]. The pathogenesis of PD is unknown, and
current therapeutic options do not completely reverse its progression. A
recent study has shown that NSC-EVs show high potential for applica-
tion in the development of PD therapies. Further, in a previous study,
6-OHDA toxin was used to induce ROS accumulation and thus PD-like
effects in both in vitro and in vivo models. F3 cells are immortalised
human neural stem cell lines obtained from the foetal telencephalon.
Their derived EVs reduce the levels of 6-OHDA-mediated intra-neuronal
oxidative stress and 6-OHDA-induced release of inflammatory factors
from microglial cell sites.

Furthermore, intracerebral injection of F3-EVs in the SN region of PD
model mice significantly reduced neuroinflammation at this site, and
this was accompanied by significant decreases in the release of reactive
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Fig. 1. NSC-EVs constituents with therapeutic effects.

astrocytes, activated microglia, and pro-inflammatory factors in the
striatum and SN region. Most importantly, F3-EVs ultimately increased
the activity of dopamine neurons in the SN region, which is important
for PD treatment. The isolation of F3-EVs revealed several specific
miRNAs associated with cell survival or neurogenesis, such as has-mir-
182-5p, has-mir-183-5p, has-mir-9, and has-let-7, which are potentially
active components for their role in PD models [90]. In conclusion,
NSC-EVs are a promising direction for PD treatment. However, the
associated mechanisms involved need to be further explored.

3.5. Spinal cord injury

Spinal cord injury (SCI) is a common and harmful injury to the spinal
cord resulting from spinal surgery that causes sensory and motor
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dysfunction [91]. Primary injury in SCIs includes the mechanical
destruction of spinal microvascular endothelial cells and neurons, while
secondary injuries include inflammation, hypoxia, ischaemia, and
neuronal apoptosis [92-94]. The recovery of neurological function after
SCI remains very challenging. Recent studies have shown that NSC-Exos
preconditioning can exert anti-inflammatory and anti-apoptotic effects
by promoting autophagy [95]. NSC-EVs can also reduce the apoptosis of
spinal neurons, microglial activation, and the expression levels of
pro-inflammatory factors in vitro and in vivo. Importantly, it has been
observed that the intrathecal injection of NSC-EVs mediates the acti-
vation of autophagy and increases the expression of autophagy markers,
LC3B and Beclinl, which are essential for its anti-inflammatory and
anti-apoptotic effects after SCI to prevent tissue damage [96]. Moreover,
14-3-3 is induced and regulates autophagy under oxidative stress con-
ditions, possibly as a cell survival mechanism in CNS diseases. Rong
et al. demonstrated that 14-3-3 t within NSC-EVs increases the induc-
tion of autophagy by increasing the expression of Beclin-1 and facili-
tating its recruitment to autophagosomal precursors. NSC-EVs
overexpressing 14-3-3 t show further enhanced anti-apoptotic and
anti-inflammatory effects in vitro and in vivo, unlike 14-3-3 t knock-
down in NSC-EVs in vitro, which attenuate this protection [97]. The
positive role of NSC-Exos in the subventricular zone of the brain in rat
SCI has also been discussed by Mohammed et al. Notably, the intrathecal
injection of NSC-EVs inhibits the formation of NLRP3 inflammatory
vesicle complexes, and significantly restores spinal cord tissue neuronal
cell survival and motor function in rats within 14 days [98]. Finally,
NSC-Exos also exert potential therapeutic effects on SCI by enhancing
the angiogenic capacity of SCMECs, and this can be partly attributed to
the presence of the angiogenesis-related protein, VEGF-A. In vivo
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experiments in SCI mice have also shown that treatment with NSC-Exos
results in increased local microvascular density, spinal cord lumen at-
rophy, and recovery of motor function. In addition, VEGF-A inhibition in
NSC-Exos suppresses therapeutic effects, suggesting that exosomal
VEGF-A promotes microvascular regeneration and functional recovery
after SCI [99].

4. Limitations and breakthroughs of NSC-EVs

Ongoing advances in the field of NSC-EVs have increasingly shown
that NSC-EVs have multiple functions and utility, from serving as
diagnostic and prognostic markers to explaining disease progression to
functioning as therapeutic targets for reversing disease. Thus, they hold
great promise in the treatment of neurological disorders. However, there
are still many limitations and problems in the application of NSC-EVs.

4.1. Increase NSC-EV number

4.1.1. Sources of NSC-Exos

NSCs are found in the deep brain; therefore, their acquisition re-
quires high-risk invasive procedures. Thus, scientists have focused on
the use of exogenous NSCs derived from somatic cell reprogramming. A
Japanese research group generated induced pluripotent stem (iPS) cells
from primitive skin cells by overexpressing Oct4, Sox2, Kif4, and c-Myc
[100]. These iPS cells were then be used to generate tissues, including
NSCs. Further, EVs secreted by iPSC-derived NSCs are rich in the miR-
NAs and proteins involved in neuroprotection, anti-apoptosis, antioxi-
dant, anti-inflammatory, and BBB repair. Thus, they can promote
synaptogenesis, synaptic plasticity, and also enhance cognitive function.
The intranasal administration of EVs adulterates neurons, microglia, and
astrocytes in almost all adult rat and mouse brain regions and enhances

hippocampal neurogenesis [101]. This suggests that iPSC-derived
NSC-EVs have great potential for use in the treatment of CNS disor-
ders. Using iPSC-derived NSCs from normal and idiopathic autism
spectrum disorder (ASD), Moore et al. found that miR-1290 is the main
cause of the differentiation defect in ASD-NSCs and that introducing
EV-like particles into miR-1290 can significantly promote ASD-NSC
neuronal differentiation [102]. Recent studies have also demonstrated
the possibility of generating iPSC-derived NPC neurospheres, allowing
retroviral (e.g., HIV-1 and HTLV-1) replication and subsequently high-
lighting the potential of stem cell EVs in rescuing cellular damage
induced by HIV-1 infection [103].

Recently, researchers have also attempted to bypass the pluripotent
state and avoid the risks associated with iPS cells by directly trans-
forming somatic cells into induced NSC-like cells (iNSCs); this greatly
circumvents the risk of viral transfection and tumourigenesis involved in
cell programming. It also reduces the lengthy steps and time required to
obtain NSCs. Further, MSCs are the most promising reprogramming
materials in this regard because they are pluripotent and self-renewing,
and are abundantly expressed in several tissues; thus, are readily
available. Combining NSC-Exos, TGF-f inhibitors, and decitabine is the
most effective strategy for transdifferentiating MSCs into iNSCs. The
resulting iNSCs can be expanded in suspension cultures via multiple
passages and under such conditions, they can differentiate into cells
expressing neural markers [104]. However, whether iNSC can secrete
extracellular vesicles and exert therapeutic effects in this way remains
unknown and needs further exploration.

4.1.2. Promotion of exosome secretion from NSCs

The secretion of exosomes is related to their biogenesis mechanism,
and the endosomal sorting complex required for transport (ESCRT) plays
a prominent role in this process. The tumour susceptibility gene 101
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Table 1
Contents carried by neural stem cell extracellular vesicles.

Vesicle Treatment  Contents Reference

types

Species Sources

CTXOEO03 cell Exosome / miR-1246, [23]
line miR-4488,
miR-4508,
miR-4492,

and miR-

4516

miR-106a- [25]
5p, miR-20a-

5p, miR-30e-

5p, miR-9-5p
miR-98-3p [26]
miR-210 [27]
miR-206, [28]
miR-133a-

3p, miR-

4677-5p,
miR-205-5p,
miR-3656,
miR-34c¢-3p,
miR-3151-5p
miR-219-2a- [29]
3p

PiRNA [30,36]
LncMIAT [41]
CircAcbd6 [44]
miRs-320a , [45,46]
320b , 103a-

3p, 21-5p,

26a-5p ,

30a-3p ,

181a-5p ,

191-5p;

Agrin, PTX3,
Hemopexin,

Gal-3BP and
Nidogen-1

Netrinl [47]
HSP70 [48]
IFN-y [501]

Human

Mouse Hypothalamus  Exosome /

Exosome
Exosome
Exosome

Human /
Rat Mesencephalic
Human  Fetal brain

Hypoxia
Hypoxia
IFN-y

Rat Cortex Exosome IGF-1
Mouse Hypothalamus
Human Hippocampal Exosome
rat Hippocampal Exosome

Human iPSC-NSC EV

Ex/Mv

NN N N

Rat hippocampal exosome /

Human  hESC-NSC Mv /

Mouse SvVz EV Th-1 like
cytokines

Mouse svz EV /

Mitochondria [51,52]

IFN-y, inflammatory factor interferon gamma, IGF-1, insulin growth factor-1;
Ex/Mv, exosomes/microvesicles; iPSC, induced pluripotent stem cells; EV,
extracellular vesicles; NSC, neural stem cell; hESC, human embryonic stem cell;
SVZ, subventricular zone

Biomedicine & Pharmacotherapy 165 (2023) 115092

(TSG101) is an integral part of the ESCRT machinery and plays an
important role in identifying and sorting ESCRT cargo [105,106].
Eun-Jung et al. showed that NSCs overexpressing TSG101 upregulate
the cellular components associated with exosome biogenesis. This
greatly enhances exosome secretion, which prevents ischaemia-induced
exosome secretion via anti-inflammatory effects and growth/trophic
factor production to prevent ischaemia-induced brain injury [107]. In
addition to the transfection of NSCs, Christa et al. isolated EVs secreted
by rat NSCs in response to heat shock (HS) stimulation. Nanoparticle
tracking analysis has also confirmed that HS-derived EVs are more
abundant and have larger diameters than non-HS (NHS)-derived EVs.
GO enrichment analysis has shown that the proteins in HS-derived EVs
are primarily involved in the negative regulation of the apoptotic pro-
cess and in the positive regulation of DNA repair. Importantly, compared
to NHS-derived EVs, HS-derived EVs exhibit greater neuroprotection
against oxidative stress and Af-induced neurotoxicity in a cell culture
model of AD. They can also significantly attenuate Ap-induced apoptosis
and oxidative stress. These results suggest that NSCs respond to HS by
increasing EV production and altering EV morphology and cargo to
provide better neuroprotection [108]. In addition, stem cells can stim-
ulate exosome secretion when cultured in three-dimensional spheroids.
They can also enhance exosome production via hypoxia-inducible fac-
tors during hypoxia [109,110]. Hence, understanding the mechanism of
exosome secretion and promoting exosome secretion can be another
direction for NSC-Exos therapy.

4.2. Application of engineered NSC-EVs in CNS diseases

4.2.1. Use of NSC-EVs as carriers of specific cargoes

The content of NSC-Exos is considerably heterogeneous. The
encapsulation of exosomal content is influenced by parent cell charac-
teristics, and as mentioned above, it is possible to modify parent cells by
changing their microenvironment [111] or transfecting them with
shRNA. Thus, the exosomal content is modified and the exosomes are
functionally altered. However, the differences in the release of cargo
contained in NSC-Exos induced by environmental changes are complex
and difficult to accurately control. A more straightforward approach is
to directly modify exosomal cargo so that NSC-Exos become direct
carriers of some small-molecule compounds. FTY720 is a functional
antagonist of sphingosine 1-phosphate receptor-1 (S1P1), which has a
long half-life in vivo and can exert immunomodulatory functions [112].
FTY720-labeled exosomes were obtained by co-incubating purified
NSC-Exos with an FTY720 solution after ultrasonication. Thereafter, it
was observed that FTY720-NSC-Exos treatment after SCI promotes

Table 2
Role of NSC-derived extracellular vesicles in CNS diseases.
Species  Sources Administration Mechanism Disease Model Reference
Human  F3 cell line Intratumorally CpG-STAT3ASO Mouse Glioblastoma [59]
/ / Intranasal AntimiR-21, miR-100 Mouse Glioblastoma [60]
Human PSC-NSC Tail vein / Mouse TE [62]
Human  H9-NPC Peripheral ear vein / Porcine MCAO [63]
Mouse SVZ Femoral vein& Retroorbital injection / Mouse MCAO [64]
Mouse SVzZ Femoral vein ABCB1, MMP9, NF-kB Mouse MCAO [65]
Rat Cortex Tail vein miR-150-3p/CASP2 Rat MCAO [66]
Rat / Icv / Rat MCAO [69]
Mouse Brain Intravenous / Mouse MCAO [72]
Mouse Hippocampal  ICV Mitochondrial function-related factors, SIRT1, Synaptic proteins ~ Mouse AD [80]
Rat Hippocampal Icv miR-485, miR-17, miR-322 Mouse AD [83]
Human F3 cell line Intracerebral miR-9, Let-7 Mouse 6-OHDA induced PD [871
Mouse Forebrain Intrathecal miR-374-5p/STK4 Mouse SCI [92]
Rat Spinal cord Tail vein Autophagy: Beclinl, LC3B Rat SCI [93]
Rat Spinal cord Tail vein 14-3-3 t/Beclinl Rat SCI [94]
Rat SVZ Intrathecal NLRP3, ASC and Caspase-1 Rat SCI [95]
Mouse Cortex Tail vein VEGF-A Mouse SCI [96]

ASO, antisense oligonucleotides; STAT3, signal transducer and activator of transcription 3; PSC, pluripotent stem cell; TE, thromboembolic; MCAO, middle cerebral
artery occlusion; NPC, Neural progenitor cell; NSC, Neural stem cell; SVZ, subventricular zone; ICV, intracerebroventricular; AD, Alzheimer’s disease; SCI, spinal cord

injury; ASC, apoptosis-associated speck-like protein.
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neuronal morphology and thus improves hindlimb motor behaviour
compared with NSC-Exo- or FTY720-only treatments.

Meanwhile, FTY720-NSC-Exos treatment improves endothelial
function and alleviated apoptosis as well as spinal cord oedema, thereby
improving function and behaviour after SCI by modulating the PTEN/
AKT signalling pathway [113]. BDNF is the most abundant and widely
distributed neurotrophic factor in the nervous system. It exhibits several
neuroprotective properties after ischaemic and traumatic brain injury
[114]. In a previous study, BDNF protein was co-incubated with
hNSC-Exos for 24 h. Thereafter, the BDNF was loaded into exosomes
using Exo-Fect reagent to obtain BDNF-hNSC-Exos, which exhibited
stronger anti-apoptotic and pro-differentiation abilities than hNSC-Exos.
In a rat ischaemic stroke model, BDNF-hNSC-Exos effectively inhibited
microglial expression and promoted endogenous NSC differentiation
into neurons, resulting in reduced infarct volume and improved neuro-
logical function [78]. These findings demonstrate that changes in exo-
some quality can significantly enhance their efficacy in the treatment of
CNS diseases.

4.2.2. Engineered NSC-EVs show higher targeting in vivo

NSC-EVs have emerged as novel therapeutic agents for the treatment
of CNS diseases. However, the intravenous delivery of EVs into the
ischaemic brain remains challenging owing to the poor targeting of
unmodified EVs and dilution after systemic administration. Intravenous
NSC-Exos can cross the BBB and effectively exert some therapeutic ef-
fects. However, a relatively large number of exosomes remain in the
peripheral organs, such as the liver and lungs, and may be effectively
eliminated by the liver [65,115,116]. Thus, enhancing targeting capa-
bility has become an inevitable trend to maximise the potential of
NSC-Exos in the future.

Tada et al. generated a recombinant fusion protein containing an
arginine-glycine-aspartate (RGD)— 4 C peptide (ACDCRGDCEFC) fused to
the phosphatidylserine (PS)-binding structural domain of lactic acid
mucin (C1C2). RGD peptides are well-known ligands, and RGD-based
nanomaterials have been shown to successfully deliver therapeutic or
contrast agents to the ischaemic brain [117], and the C1C2 structural
domain enhances the affinity to PS on EV membranes [118]. Subse-
quently, RGD-C1C2-bound EV (RGD-EVs) were injected intravenously
through the tail vein in a MCAO. Thus, it was observed that the RGD-EVs
targeted diseased regions of the ischaemic brain after intravenous
administration, resulting in a strong suppression of inflammatory
response [119].

Xing et al. recently developed engineered NSC-Exos that could
effectively target oligodendrocytes in demyelinating CNS diseases, such
as multiple sclerosis. PDGFRa expression was enhanced in the brain and
spinal cord of the experimental autoimmune encephalomyelitis (EAE)
mice, suggesting that this receptor could be a potential target for drug
delivery. Further, the group fused the C1C2 structural domain with
PDGFA (a ligand for PDGFRa), a polypeptide anchored to the surface of
EV, to form an engineered EV called EVP. Thereafter, the EAE mice were
injected intravenously with the obtained EVPs, and it was observed that
they showed low distribution in the spleen and liver, but were more
abundant in the brain and spinal cord, and targeted oligodendrocyte
lineages to a greater extent than EV. These results suggest that EVPs can
significantly improve the efficient delivery of drugs to spinal cord le-
sions. Further, these engineered EVPs were then used as carriers for drug
delivery. For example, the engineered EVPs loaded with triiodothyro-
nine (T3) exerted a significant myelin regenerative effect, relative to
treatment with EVPs or T3 alone, EVPs + T3 treatment exerted a more
significant therapeutic effect and inhibited disease progression [120].
Bryostatin-1 (Bryo-1) is a natural compound with significant
anti-inflammatory capacity, and the use of EVPs as a targeting carrier for
its encapsulation results in it showing greater stability and concentration
than is the case with natural Bryo-1 in the CNS. Specifically, compared
with EVP or Bryo-1-only administration, EVPs + Bryo-1 significantly
improved clinical disease progression, reduced pro-inflammatory cell
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infiltration and astrogliosis, protected BBB integrity, altered the
pro-inflammatory phenotype of microglia in the CNS of EAE mice, and
significantly improved myelin protection and promoted myelin regen-
eration [121,122]. In conclusion, the enormous translational potential
of NSC-Exos is clear, and the future of CNS disease treatment may be
partially dominated by engineered exosomes.

4.3. Emerging biomarkers of CNS diseases

The analysis of changes in RNA or protein levels within EVs of a
specific population is a non-invasive strategy of forecasting and making
novel diagnostic and prognostic markers for various diseases [123]. As
mentioned earlier, the sorting process of NSC-EV cargo is induced by
specific conditions. For example, the expression of exosomal miRNAs is
altered by environmental factors, and the loading of protein cargo is
indicative of quiescent or activated NSCs. Thus, NSC-EVs are likely to be
sensitive and can function as specific indicators of CNS disease. In a
recent study, Candelario et al. highlighted the possibility of using EMV
release from iPSC-derived NPCs as a new biomarker of PD [124].
Furthermore, 90% of PD cases are idiopathic (non-genetic), with the
remainder involving known LRRK2 genetic mutations associated with
the PD phenotype and behaviour. The gene expression of EMV cargoes
from iPSC-derived NPCs from patients with LRRK2 mutations is altered
compared to gene expression in EMVs released from adult NPCs with
idiopathic PD. In contrast, iPSC-derived NPCs from patients with LRRK2
mutation correction reverses this alteration. The above findings have
significant implications for the early diagnosis of PD and the monitoring
of response to treatment. These findings also suggest that to some extent
NSC-EVs are very promising as emerging biomarkers for reflecting
neurological disease status and monitoring their prognosis.

However, at present, much is still required for the clinical application
of NSC-EVs in this regard. First, CSF collection and NSC acquisition from
the deep brain are extremely invasive compared to the traditional use of
CSF-EVs as biomarkers for CNS disease prediction [125]. In the above
studies, NPCs induced and differentiated from skin fibroblast from pa-
tients were utilized, and this reduced the complexity of clinical sample
collection to a certain extent. However, iPSC-NPCs are not influenced by
the microenvironment under pathological conditions and appear infe-
rior to CSF-EVs. Second, both CSF-EVs and EVs from various body fluids
originate from numerous sources, including almost all the cells through
which the fluid passes [126]. Therefore, the advantage of NSC-EVs is
that they may be more specific for predicting pathological diseases. In
conclusion, the future of NSC-EVs is promising and at the same time
challenging. Combining the two previously mentioned aspects, identi-
fying cells based on origin via the specific phenotypic characteristics of
the EVs, sorting EVs in CSF or blood, and extracting EVs produced by
NSCs are most suitable for better interpreting the information carried by
EVs.

5. Conclusion

As the origin of various nervous system cell types, NSCs have unique
advantages in CNS diseases. In particular, NSC-EVs play a pivotal role as
messengers, therapeutic agents, cargo carriers, and biomarkers in
various physiological and pathological settings in CNS diseases. How-
ever, studies on the principles of their dynamic regulation during brain
development are limited, and this may have significant implications in
guiding the diagnosis and treatment of CNS diseases. Additionally,
engineered EVs have been extensively studied for application in the
management of other systemic diseases, particularly cancer, and
combining these technologies with NSC-EVs may enhance their appli-
cation. In conclusion, NSCs-EVs could be developed as a new therapeutic
strategy that sheds light on the diagnosis and treatment of CNS diseases.
Figs. 1-3 and Tables 1-2.
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