BIOCELL K Tech Science Press

2024 48(10): 1405-1418
REVIEW

Check for
updates

Neural stem cell-derived exosomes: a cell-free transplant for
potential cure of neurological diseases

Jiajun HUANG"; Wl WANG'""; WENTONG LIN?; HENGSEN CAI®; ZuiHaN ZHU'; Waas AHMED?;, QiankuNn ZHANGY;
Jiate LIUY; Yiran ZHANG!; RonG LIY; Zumwvo LIY; AusaN Aut KHAN®; DenG LU?; Yong HU®; Lukut CHEN™*

! Department of Neurosurgery, Southern Medical University Hospital of Integrated Traditional Chinese and Western Medicine, Southern Medical University,
Guangzhou, 510310, China

Department of Orthopaedics, Chaozhou Hospital of Traditional Chinese Medicine, Chaozhou, 521011, China
Department of Neurosurgery, The Second People’s Hospital of Pingnan, Pingnan, 537300, China
Department of Neurology, School of Medicine, Southeast University, Nanjing, 210009, China

Section of Neurosurgery, The Aga Khan University, Karachi, 74800, Pakistan

Department of Orthopaedics and Traumatology, The University of Hong Kong, Hong Kong, 999077, China

A U s W N

Key words: Stem cells, Exosomes, Nervous system diseases, Neural regeneration, Neural restoration, Cell-free therapy

Abstract: Degeneration and death of nerve cells are inevitable with the occurrence and progression of nervous system
disorders. Researchers transplanted neural stem cells into relevant areas, trying to solve the difficulty of neural cell
loss by differentiating neural stem cells into various nerve cells. In recent years, however, studies have shown that
transplanted neural stem cells help neural tissues regenerate and return to normal through paracrine action rather
than just replacing cells. Exosomes are essential paracrine mediators, which can participate in cell communication
through substance transmission. In this regard, this review mainly discusses the current research progress of neural
stem cell-derived exosomes. This paper mainly introduces the self-regulation of neural stem cells (NSCs)-derived
exosomes on neural stem cells to clarify the role of NSCs-derived exosomes in the nervous system; the therapeutic
effect of NSCs-derived exosomes on various neurological diseases; introduces different studies of NSCs-derived
exosomes, showing more in-depth research results of NSCs-derived exosomes. It presents some ideas to provide a

reference for subsequent research on neural stem cell-derived exosomes.
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NDNF Neuro-derived neurotrophic factor

NF-«xB Nuclear factor-kB

NRF1 Nuclear respiratory factor 1

NREF2 Nuclear factor erythroid 2-related factor 2

NSCs Neural stem cells

OGD Oxygen-glucose deprivation

PD Parkinson’s disease

PGCla Peroxisome proliferator-activated receptor-y
coactivator-la

RGD Arginine-glycine-aspartic acid

ROS Reactive oxygen species

SCI Spinal cord injury

SCMECs  Spinal cord microvascular endothelial cells,

SGZ Subgranular zone

SIRT1 Sirtuin 1

SVZ Subventricular zone

TBI Traumatic brain injury

VEGF-A Vascular Endothelial Growth Factor A

Introduction

Neural stem cells (NSCs) are a kind of cell with self-renewal
ability and multiple differentiation potential in the central
nervous system (CNS) [1,2]. Such cells can produce transit-
amplifying cells or intermediate progenitors through
asymmetric cell division [3,4] or two identical daughter cells
through symmetrical division [5]. NSCs can differentiate
into neurons, astrocytes, and oligodendrocytes. Therefore,
neural stem cells play an essential role in the growth and
development of the CNS. When the development of the
nervous system is complete (neurons, astrocytes, and
oligodendrocytes reach the required number), NSC in most
areas of the brain stops proliferation, enters terminal
differentiation, or acquires a resting state. There are still
active neural stem cells in a small number of areas, known
as neurogenic regions, including the subgranular zone (SGZ)
of the dentate gyrus (DG) in the hippocampus and the
subventricular zone (SVZ) in the forebrain [6-8].

Studies have shown that embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), both primitive
pluripotent stem cells, can also change into NSCs. NSCs can
proliferate and differentiate into nerve-related cells. Many
experimental results have demonstrated that transplanting
NSCs into the central nervous systems of individuals who are
suffering from nervous system illnesses has a therapeutic
impact [9-11]. This stem cell-based therapy works primarily
through cell replacement or paracrine effects to stop cells
from dying and help host cells get the necessary nutrients.
However, in further studies, the researchers found that the
survival rate of transplanted stem cells was not ideal (most of
the cells survived less than four weeks after transplantation)
[12,13]. Other studies have shown that a lot of transplanted
cells die off [14-16]. Because of this, it is thought that NSCs
protect neurons more through nutrient support than through
growth [17-19]. Data from radiation and Alzheimer’s disease
(AD) studies show that neural stem cells play a
neuroprotective and nutritional support mechanism through
exosomes to reduce inflammation and maintain the integrity
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of damaged brain structures. In the case of skull irradiation,
several studies backed up this claim. First, non-thymic nude
mice exposed to radiation [17,19] and immunoreactive mice
[18] were used to prove that Exo therapy worked. Other
studies have also shown that Exo transplantation derived
from mouse stem cells can provide neurocognitive benefits in
a transgenic mouse model of AD [20,21]. Rong et al. also
showed that neural stem cell-derived exosomes improved the
neuroinflammation and immune microenvironment of spinal
cord injury rats to some extent and reduced neuronal
apoptosis [22].

Extracellular  vesicles include apoptotic bodies,
microvesicles, and exosomes [23]. Exosomes are small
extracellular vesicles that range in size from 30 to 200 nm
and can be released by many different types of cells [24,25].
It includes proteins, lipids, and nucleic acids [26,27], and
can participate in cell-to-cell communication through
binding to receptor cells. Exosomes are, therefore, essential
regulators in physiological and pathological processes, as
well as in intercellular signal transduction and target cell
function maintenance. In COVID-19, exosomes have also
been shown to play a role [28]. Compared with stem cells,
the exosomes derived from stem cells have low
immunogenicity [29], high biological barrier penetration
[30], high circulatory stability (strong stability in blood
circulation) [31], low biotoxicity [32], high biocompatibility
[33] and no tumorigenicity [34-36]. Low immunogenicity
is of particular concern because immune rejection is
one of the main problems in nervous system diseases.
Immunosuppressants may cause neurotoxicity and speed up
the disease’s progression [37,38] (Fig. 1).

Numerous studies have confirmed the possible function
of exosomes produced from neural stem cells during the
past few years. This article will provide a summary and
discussion of the research findings, as well as some
suggestions for investigating exosomes produced by neural
stem cells.

Self-Regulation of Neural Stem Cells by Neural Stem Cell-
Derived Exosomes

The division of neural stem cells can be divided into
symmetrical and asymmetrical divisions, and the daughter
cells produced by these two division methods are very
different. However, how to balance the two ways of
division in the body and precisely control the two ways of
division has not been thoroughly researched. The
researchers studied the effects of exosomes derived from
neural stem cells on cell proliferation, differentiation, and
cell survival (Fig. 2).

Exosomes promote self-proliferation

Due to the limited number of endogenous neural stem cells in
adults, some researchers propose transplanting exogenous
neural stem cells as a promising strategy for treating
neurodegenerative diseases [39,40] and traumatic brain
injury [41,42]. Transplanted neural stem cells were initially
shown to replace damaged neurons and glial cells. On the
other hand, recent studies have shown that transplanted
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FIGURE 1. Compared with stem cells, the exosomes derived from stem cells have low immunogenicity, high biological barrier penetration,
high circulatory stability (strong stability in blood circulation), low biotoxicity, high biocompatibility, and no tumorigenicity (By Figdraw).
Abbreviations: BBB, Blood brain barrier.
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FIGURE 2. Exosomes can promote the self-proliferation of neural stem cells and their differentiation into various types of neural cells, delay
cellular senescence and inhibit apoptosis (By Figdraw). Abbreviations: NSC, Neural stem cell; BDNF, Brain-derived neurotrophic factor; ERK,
Extracellular signal-regulated kinase; Hes-1, Hairy and enhancer of split 1 protein.

neural stem cells may have a therapeutic effect by changing stem cell transplantation. These cells can secrete growth
the microenvironment where endogenous neural stem cells factor-rich exosomes and alter their surrounding
are located, which affects endogenous stem cells [43-45]. environment in ways that promote neural stem cell
Ma et al. found that exosomes are key components of neural  proliferation [46]. Exosomes promote the proliferation of
stem cells affecting the internal environment, which NSCs and increase the number of endogenous NSCs,
provides the possibility for the therapeutic effect of neural providing the basis for the treatment of neurological diseases.



1408

Exosomes promote self-differentiation

Under physiological conditions, neural stem cells differentiate
into neurons and glial cells. The researchers found that the
differentiation of such cells was not random. Whenever
there are changes in the microenvironment, neural stem
cells will change the amount of cell differentiation. In the
process of neural development, neural stem cells with the
characteristics of radial glial cells produce neurons and glial
cells in a Spatio-temporal manner. This complex process is
driven by external and internal signals, which ultimately
determine the type and number of adult nerve cells. Stronati
et al. found that exosomes derived from differentiated
neural stem cells can guide neural stem cells to differentiate
into glial lineages in a dose-dependent way. They still lack a
mechanism for further research, and the experiment was
only conducted in vitro, which failed to demonstrate that
this phenomenon occurred in vivo [47]. Yuan et al. found
rich expression of miRNA (miR-9) in the exosomes secreted
by neural stem cells and found that miR-9 promotes the
differentiation of neural stem cells and the maturation of
neurons and glia. At the same time, the team also found
that Hes-1 (Hairy and enhancer of split 1 protein) may be
the target of the exosomes, and the loss of Hesl function
can promote NSC differentiation [48]. Even though the
above experiments have some flaws, they give us an idea of
how to make exosome-based acellular therapy strategies.

Exosomes promote cell survival

In the progress of the disease, cell injury and apoptosis are
inevitable, and the decrease of normal cells inevitably leads
to the aggravation of the condition and corresponding
functional damage. Therefore, promoting cell survival is a
critical step in delaying the progress of disease or treatment.
Promoting cell survival is not only a way to protect the cells
in the diseased area, but it is also a way to ensure that
transplanted cells will live. The researchers found that
exosomes derived from neural stem cells can promote cell
survival [49]. In vitro experiments, Ma et al. found that
exosomes derived from neural stem cells promote the
survival of neural stem cells by regulating the kinase
pathway. In the experiment, the team confirmed that
exosomes derived from neural stem cells have anti-apoptotic
effects. The extracellular signal-regulated kinase (ERK)
signaling pathway is one of the most important intracellular
pathways in the regulation of cell death. The activation of
the ERK pathway significantly increases the viability of
neural progenitor cells in stroke. However, this pathway
may play a dual role in controlling the apoptosis of other
types of brain cells, such as neurons. Therefore, the role of
the ERK pathway in apoptosis is controversial, which
indicates that the anti-apoptotic effect of Exo derived from
induced neural stem/progenitor cell (iNPC) may not apply
to all brain cells [46].

In addition to protecting the survival of neural stem cells,
researchers are also trying to use exosomes to protect the
survival of other cells. Katsur et al. found that exosomes
derived from neural stem cells may delay the myocardial
mitochondrial permeability transition pore (MPTP) opening
through the gp130 signal pathway and downstream janus
kinase/signal transducer and activator of transcription
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(JAK/STAT) pathway. The opening of MPTP is the cause of
cardiomyocyte death after reperfusion [50]. Exosomes
promote cell survival, reduce cell death in the lesion area,
and delay disease progression.

Exosomes delaying senescence

Aging is an inevitable part of how cells stay alive, and the
nervous system is a vital part of that process [51,52].
Scientists try to delay the arrival of cell senescence under
inevitable aging. Some studies believe that the hypothalamus
plays a significant role in the occurrence of senescence
[53,54], but the mechanism is still unclear. Natale et al.
found that the exosomes of neural stem cells can balance
the recruitment of forkhead box O (FoxO) in related gene
promoters and resist insulin resistance-induced neurogenic
aging [55]. Zhang et al. have found that the hypothalamus
plays this procedural role. In response to this finding, the
team conducted further research. The pace of aging was
accelerated after neural stem cell ablation in the
hypothalamus. When NSCs were injected into the
hypothalamic region, aging was delayed, but no significant
effect was found in the group injected with astrocytes and
mesenchymal stem cells. The team then found that the anti-
aging effect of NSCs is due to the endocrine function of
cells rather than neurogenesis. NSCs-derived exosomes also
play an important role in controlling aging [56].

Application of Exosomes Derived from Neural Stem Cells

Stroke

Stroke has become a major health risk and a massive problem
for the world’s healthcare system. A systematic analysis of the
2019 global burden of disease study shows that from 1990 to
2019, the absolute number of strokes worldwide increased by
70.0%, and the number of stroke deaths increased by 43.0%
[57]. Ischemic strokes accounted for 62.4% of all strokes in
2019. It has always been the most significant proportion of
all stroke events. Tissue plasminogen activator is the only
effective drug for treating stroke and must be given within
45 h after stroke. Tissue-type plasminogen activator
therapy, however, can only help a small number of people
[58,59], because there is a short time window for treatment
[60]. The therapeutic effect of drugs is significantly
weakened for the treatment of peripheral blood
administration due to the existence of the blood-brain
barrier. Exosomes, on the other hand, can cross the blood-
brain barrier and reach the target area.

Researchers found that exosomes derived from neural
stem cells are a great way to treat ischemic stroke [61-63].
In the stroke process, the cells around the ischemic focus
will die due to ischemia, hypoxia, inflammation, and other
factors, and the blood-brain barrier will be damaged to a
certain extent. At this time, the protection of surrounding
cells is essential. After adding neural stem cell-derived
exosomes to the model of neuronal apoptosis induced by
CoCl,, Li et al. found that the vitality of neurons increased
and the apoptosis rate decreased under hypoxia [64]. The
researchers found that NSCs-derived exosomes promoted
the proliferation and migration of brain microvascular
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endothelial cells (BMEC) through miR-9 and reduced cell
death under hypoxia. They also found that NSCs-derived
exosomes improved cerebrovascular alterations [65].
Injecting neural stem cell-derived exosomes into rats
resulted in a smaller lesion area and enhanced spontaneous
movement. Further investigations demonstrated that the
neuronal survival rate in the ischemic boundary zone was
boosted after the injection of neural stem cell exosomes
[66]. Through cell and animal experiments, Sun et al. found
that neural stem cell exosomes had a protective effect on
astrocytes after the oxygen-glucose deprivation (OGD)
model. In addition, exosomes produced by neural stem cells
were also discovered to greatly diminish the size of cerebral
infarction in animal studies [67]. Furthermore, to protect
cells, controlling the progression of inflammation is also an
essential treatment after stroke. Tian et al. inhibited the
progression of inflammation after ischemia by tail vein
injection of neural stem cell-derived exosomes into the
stroke area. On this basis, the researchers also found that
adding neural stem cells to other substances (arginine-
glycine-aspartic acid (RGD)-4C peptide) can improve the
therapeutic effect of the exosomes in the treatment of
ischemic stroke [68]. The researchers additionally
discovered that exosomes derived from NSCs promote the
expression of nuclear factor erythroid 2-related factor 2
(NRF2) and the M2 polarization of microglia via obesity-
associated gene (FTO) transfer, resulting in neuroprotective
effects [69]. Zhang et al. introduced the pro-inflammatory
factor interferon-y (IFN-y) into neural stem cell exosomes
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to generate IFN-y-hNSC-Exo. Without affecting the
secretion of exosomes, this exosome played a better
therapeutic role in both OGD model cells and stroke model
rats [70]. In the same way, Zhu et al. used exosomes made
from NSCs that carried brain-derived neurotrophic factor
(BDNF-hNSC-Exo0) to improve cell survival in models of
oxidative stress significantly. In rats with stroke, BDNF-
hNSC-Exo stopped microglia from becoming active and
helped endogenous neural stem cells turn into neurons [71].
Given that exosomes derived from neural stem cells (NSC-
derived Exos) are rapidly metabolized and cleared from the
body, Gu et al. employed biomaterials as a delivery system
to encapsulate these exosomes within a hyaluronic acid
(HAD) hydrogel. This hydrogel was then injected directly
into the lesion site, facilitating a sustained release of the
Exos. The study demonstrated that the HAD hydrogel could
reliably and continuously release the Exos, which, in a
stroke model using mice, promoted cerebral angiogenesis
and aided in the neurological recovery following an
ischemic stroke. This approach highlights the potential for
using biomaterials to enhance the therapeutic effects of
NSC-derived Exos in stroke treatment [72]. The researchers
also compared the exosomes derived from neural stem cells
with those derived from mesenchymal stem cells. The
results showed that exosomes derived from neural stem cells
improved middle-aged rodents’ cells, tissues, and functions.
However, exosomes generated from mesenchymal stem cells
had a weak effect [73]. There are few studies on nerve stem-
derived exosomes in the treatment of stroke. And the
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FIGURE 3. Exosomes secreted by stem cells act on target cells through paracellular effects to produce therapeutic effects on the nervous system,
such as promoting neural remodeling and neovascularization, repairing the damaged blood-brain barrier, and counteracting neuroinflammation,
etc. (By Figdraw). Abbreviations: ESCs, Embryonic stem cells; iPSCs, Induced pluripotent stem cells; MVE, Multivesicular endosome; ER,

Endoplasmic reticulum.
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mechanism of this kind of exosomes in the treatment of stroke
is still unclear. According to the current therapeutic effect, it is
worth further study by researchers (Fig. 3).

Neurodegenerative diseases

In pathophysiology, we know that neurodegenerative diseases
are caused by the loss of neurons or myelin sheath. Since
neurodegenerative diseases are caused by the loss of neurons
or myelin sheath, it makes sense to use neural stem cells to
turn into neurons that match the disease’s symptoms and
pathological processes. Because of this, researchers used
exosomes produced by NSCs to treat neurodegenerative
diseases, and their research showed that NSCs-derived
exosomes worked well.

In the Parkinson’s disease (PD) model, Lee et al. found
that NSC-derived exosomes have potential protective effects
in vivo and in vitro. It stops PD by lowering the number of
reactive oxygen species inside cells and the related apoptotic
pathways [74]. In addition, the exosomes induce the down-
regulation of inflammatory factors and reduce the loss of
dopamine neurons in vivo. In AD, the blood-brain barrier
will be damaged to a certain extent. Liu et al. used NSC-
derived exosomes to reverse the BBB defect caused by AD
[75]. In terms of symptom relief, Apodaca et al. used NSCs-
derived exosomes through retroorbital vein injection to
improve the symptoms of AD mice, such as fear resolution,
memory consolidation, and reduction of anxiety-related
behaviors. In addition to symptoms, the team also found
that exosomes treated AD mice with dense core amyloid
beta plaque accumulation and microglial activation. These
results are linked to the fact that proinflammatory cytokines
have partially returned to normal levels in the blood of AD
mice. Significantly, exosome treatment reduced synaptic loss
associated with cognitive improvement in the brain [76]. In
addition, Li et al. also found that NSCs-derived exosomes
can improve the cognitive ability of AD mice, enhance
mitochondrial function, sirtuin 1 (SIRT1) activation, and
synaptic activity, reduce the inflammatory response, and
improve the progression in AD mice [77]. Mitochondrial
dysfunction is indicative of Alzheimer’s disease. NSCs-
derived exosomes have been demonstrated to increase the
levels of SIRT1, enhance the production of factors related to
mitochondrial biogenesis, inhibit the activation of astrocytes,
and reduce the production of amyloid-f. These exosomes
activate the  SIRT1-peroxisome  proliferator-activated
receptor-y coactivator-la (PGCla) signaling pathway and
promote the synthesis of nuclear respiratory factor 1
(NRF1) and cytochrome C oxidase IV (COXIV), which in
turn facilitates mitochondrial biogenesis [77]. NSCs-derived
exosomes not only improve the cognitive and memory
functions of neurodegenerative diseases but also delay
pathological changes. When its mechanism of action is
further clarified, it will become one of the important
strategies for the treatment of neurodegenerative diseases.

Spinal cord injury

Spinal cord injury (SCI) is similar to traumatic brain injury
(TBI). SCI is a neurological disease with a poor prognosis
and a low degree of functional recovery. It seriously affects
the quality of life of patients and their families. However,
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the current treatment of spinal cord injury is limited. The
pathological changes after spinal cord injury can be divided
into primary and secondary. The initial stage is the initial
damage caused by the impact, followed by rapid and
gradual secondary damage. During this stage of spinal cord
injury, glial cells and nerve cells die because of many things,
such as edema, neuroinflammation, excitotoxicity, etc.
Therefore, stem cell transplantation is one of the most
promising treatment strategies for spinal cord injury. Many
studies have shown that stem cells and their derivatives can
change the pathological environment and promote the
regeneration of damaged neurons, regenerating axons,
nutritional support, or a combination of both [78,79].
NSCs-derived exosomes were used to treat SCI, and
researchers have made some achievements in this field.

Rong et al. found that NSCs-derived exosomes can
significantly improve the degree of spinal cord injury and
promote functional recovery in SCI rats. Those exosomes
can regulate early neuronal apoptosis and inhibit the
inflammatory processes in SCI model rats by inducing
autophagy. NSCs-derived exosomes were found to contain
14-3-3T protein, which was identified as a critical component
in the mechanism by which NSCs-derived exosomes repair
spinal cord injury via autophagy. The overexpression of 14-
3-3T protein enhanced the anti-apoptotic and anti-
inflammatory effects of NSC-derived exosomes and further
promoted the recovery of functional behavior after SCI
[22,80]. In addition, Zhong et al. found that NSCs-derived
exosomes can promote the migration, proliferation, and
tubular formation of spinal cord microvascular cells in vitro.
In vivo experiments, neural stem cell-derived exosomes
promoted the increase of local microvascular regeneration,
reduced syringomyelia, and improved the recovery of limb
function in SCI mice, which may be related to vascular
endothelial growth factor A (VEGF-A) carrying. However,
the specific mechanism has not been further studied [81].
For SCI therapy, NSCs-derived exosomes may be one of the
options for cell-free therapy.

Other diseases

Researchers use NSCs-derived exosomes for the investigation
of a wide variety of disorders, not just those affecting the
central nervous system. The current research results showed
that NSCs-derived exosomes also have a good effect on
other diseases. In the study of glioma, Adamus et al
injected NSC-derived exosomes encapsulated antisense
oligonucleotides into mice, which inhibited the growth of
subcutaneous tumors more effectively than the same
number of oligonucleotides alone. They enhanced the anti-
tumor effect on mouse glioma [82]. In the experiment of
cardiac infarction, Katsur et al. found that NSCs-derived
exosomes delayed the opening of myocardial mitochondrial
permeability transition pores in cell experiments and
reduced the infarct size in mice with myocardial infarction
in animal experiments [50]. We don’t know enough about
the molecular pathways that overnutrition and metabolic
diseases hurt cognitive functioning. Spinelli et al
intranasally injected NSCs-derived exosomes into high-fat
diet mice. They found that NSCs-derived exosomes reversed
memory impairment associated with a high-fat diet through
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the cAMP response element-binding protein (CREB)-BDNF
signaling pathway, providing evidence for the potential
therapeutic effect of NSCs-derived exosomes on cognitive
impairment associated with metabolic diseases [83]. Zhang
et al. found that NSCs in the hypothalamus control the rate
of aging through miRNAs of exosomes [56]. Li et al
demonstrated that NSC-Exo displays therapeutic efficacy in
promoting wound healing. Additionally, the study revealed
that NSC-Exo enhances the migration of human dermal
fibroblasts (HDF) cells and tube formation of human
umbilical vein endothelial cells (HUVECs). Furthermore, in
vivo studies on a mouse model of skin injury revealed that
NSC-Exo accelerates wound healing. The potential
underlying mechanism may involve the regulation of
inflammation and the function of neural growth factors,
such as neuro-derived neurotrophic factor (NDNF) [84].
NSCs-derived exosomes, possessing inherent advantages
such as low immunogenicity, favorable biocompatibility, and
targeted delivery capabilities, have emerged as promising
therapeutic candidates for a wide array of diseases (Table 1).

These include, but are not limited to, neurological disorders,
cardiovascular diseases, metabolic conditions, cognitive
impairments, and compromised tissue repair. The above
studies have elucidated that the therapeutic efficacy of NSC
exosomes stems from their multi-faceted mechanisms of
action. These encompass the secure delivery of therapeutic
agents across biological barriers, the preservation and
transport of bioactive molecules such as miRNAs, proteins,
and growth factors, and the intricate modulation of cellular
functions. Notably, NSC exosomes have demonstrated the
capacity to promote cell survival and regeneration, mitigate
inflammatory responses, and fine-tune cell signaling
pathways. While the majority of research on NSC exosomes
remains preclinical, their multifaceted therapeutic potential
underscores their promise as novel therapeutics or
adjunctive treatment modalities. Future investigations
focused on unraveling the intricacies of their mechanisms of
action and optimizing treatment strategies will be pivotal in
propelling their clinical translation and unlocking their full
therapeutic benefit for patients.

TABLE 1

Summary of neural stem cell-derived exosomes applied in neurological and other diseases

Disease

Keys

Injection way

Results

Ref.

Stroke

Trkb-PI3K/AKT-
BDNF

Not reported

Not reported
(in vitro)

Internal jugular
vein injection

Not reported Tail vein
injection

hsamiR-206 Stereotactic

hsa-miR-133a-3p  injection

hsa-miR-3656

Not reported

Not reported

Not reported
(in vitro)
Stereotactic
injection and
in vitro

NSCs-derived exosomes confer a neuroprotective effect
on OGD rat primary cortical neurons.

NSCs-derive exosome-mediated neuroprotection may
be primarily mediated by astrocytes in a species and/or
organ-dependent manner.

NSCs-derive exosomes improved the neurological
outcomes and profoundly reduced the infarction
volume but also downregulated the systemic
inflammatory response in the blood.

IFN-y-hNSC-Exo was functionally superior to hNSC-
Exo and showed increased cell proliferation and cell
survival and decreased cell apoptosis in vitro. And it has
a better therapeutic effect on stroke than NSCs-derive
exosome.

NSCs-derived exosomes promote the viability and
inhibit the apoptosis of rat neurons under hypoxia.

Compared with NSC, BDNF-hNSC-Exo markedly
enhanced cell survival in vitro. In vivo, BDNF-hNSC-
Exo not only inhibited the activation of microglia but
also promoted the differentiation of endogenous NSCs
into neurons.

NSCs-derived exosomal miRNAs including hypoxic
preconditioning exosomal miRNAs provided a new
strategy for the diagnosis and treatment of stroke

NSCs-derived exosomes enhance post-stroke BBB
integrity via ABCB1 and MMP-9 regulation,
attenuating inflammatory cell recruitment by inhibition
of the NF-«B pathway.

NSCs-derived exosomes anti-inflammation after
cerebral ischemia.

miR-98-3p Not reported

(in vitro)

patients.

ABCB1 Femoral vein
MMP-9 injections
NE-«B pathway
A set of 7 miRNAs Tail vein
inhibited the injection
MAPK pathway

Li et al. [85]

Sun et al. [67]

Webb et al. [73]

Zhang et al. [70]

Li et al. [64]

Zhu et al. [71]

Zhang et al. [61]

Zhang et al. [86]

Tian et al. [68]

(Continued)
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Table 1 (continued)

Disease Keys Injection way Results Ref.
Not reported Stereotactic HAD Exo maintains the biological activity of Exos, Gu et al. [72]
injection enhances cell proliferation, angiogenesis, and anti-
inflammatory effects in ischemic regions, and improves
stroke and neurological function.
Neurodegenerative Not reported Not reported NSCs-derive exosomes have the potential to reverse ~ Liu et al. [75]
diseases (in vitro) BBB defects caused by AD.
Not reported Retro-orbital NSCs-derived exosomes have neuroprotective effects ~ Apodaca et al.
sinus and that improve behavior and repair molecular AD [76]
injection and neuropathology.
in vitro
SIRT1 Stereotactic NSC-derived exosomes have efficacy in the rescue of  Li et al. [20]
injection and deficits in APP/PS1 mice. Exosomes treatment can
in vitro successfully improve mitochondrial function, SIRT1
Levels, and synaptic activity, and reduce inflammatory
responses.
Not reported Stereotactic NSC-derived exosomes show an effective Lee et al. [74]
injection and neuroprotective property in an in vitro transwell system
in vitro and in a PD model. The Exos clearly decreased ROS and
pro-inflammatory cytokines.
SCI LC3B Tail vein NSC-derived exosome treatment has the potential to  Rong et al. [22]
Beclin-1 injection reduce neuronal apoptosis, inhibit neuroinflammation,
and promote functional recovery in SCI model rats at
an early stage by promoting autophagy.
14-3-3t protein Tail vein The overexpression of 14-3-3t in NSC-sExos promotes Rong et al. [80]
Beclin-1 injection and autophagy, which in turn enhances the anti-apoptotic
in vitro and anti-inflammatory effects of NSC-Exos in vitro and
in vivo.
VEGF-A Tail vein NSC-derived exosomes transferred VEGF-A into Zhong et al. [81]
injection and SCMECs and promoted the angiogenic activities of
in vitro SCMECs, and treatment with NSCs-derived exosomes
could facilitate neurological function recovery after SCI.
Others Exosomes as drug  Peritumoral NSC-derived exosomes may create an opportunity for Adamus etal. [82]
delivery systems injections safer and more effective oligonucleotide-based

gp130 pathway

Jugular vein

JAK/STAT injection and
pathway in vitro
CREB-BDNF Nasal injection
signalling

immunotherapy of glioma.

NSC-derived exosomes can reduce the size of
myocardial infarction in mice. In vitro, these exosomes
delayed cardiomyocyte mitochondrial permeability
transition pore opening.

NSC-derived exosomes may treat metabolic disease-
related cognitive impairment via CREB-BDNF
signaling.

Katsur et al. [50]

Spinelli et al. [83]

Note: Abbreviations: BDNF, Brain-derived neurotrophic factor; OGD, Oxygen-glucose deprivation; NSCs, Neural stem cells; IFN-y, Inter-
feron-y; hNSC, Human neural stem cells; ABCB1, ATP-binding cassette transporter B1; NF-kB, Nuclear factor-kB; BBB, Blood brain barrier;
MMP-9, Matrix metalloproteinase 9; MAPK, Mitogen-activated protein kinase; AD, Alzheimer’s disease; HAD, Hyaluronic acid; SIRT1,
Sirtuin-1; APP-Amyloid precursor protein; ROS, Reactive oxygen species; SCI, Spinal cord injury; PD, Parkinson’s disease; VEGF-A, Vascular
endothelial growth factor A; CREB, cAMP response element-binding protein; SCMECs, Spinal cord microvascular endothelial cells; JAK/

STAT, Janus kinase/Signal transducer and activator of transcription.

Study Other Directions of Exosomes Derived from Neural
Stem Cells

As research gets more in-depth, the problems with using
NSCs-derived exosomes to treat diseases are slowly coming
to light [87,88]. First, the targeting ability of the NSCs-
derived exosomes is poor. After exosomes are injected into

the body fluid circulation, most of the transplanted
exosomes are intercepted by organs such as the liver and
lung, thus reducing the number of exosomes reaching the
diseased area and reducing the therapeutic effect. Second,
the loaded content of exosomes cannot reach an effective
therapeutic concentration. The exosomes are processed and
assembled in donor cells and contain most of the bioactive
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substances of donor cells, but the load content of functional
molecules used by exosomes for therapeutic purposes is
relatively low.

Various transformation mechanisms have been devised
to increase the targeting, stability, and loading capacity of
exosomes, as a result of the mentioned shortcomings of
natural exosomes. Exosomes that have been edited by these
procedures are referred to as “engineering exosomes”. The
modification involves preparing engineered exosomes
carrying target miRNA, drugs, siRNA, and proteins via
electroporation, incubation, chemical conjugation, and other
techniques. In addition, specially engineered exosomes can
also be obtained by changing donor cells growth
environment and genetic material.

The development of innovative biomaterials, such as
hydrogels and nanoparticles, has created new opportunities
for precise exosome delivery. Sun et al. reported the
development of a novel method utilizing silk fibroin
cryosponges for the sustained and regulated release of
exosomes within engineered tissues. These cryosponges
function by employing an enzymatic response mechanism to
regulate the release kinetics of exosomes. Notably, in vivo
experiments showed that exosomes remained active within
the undigested sponge matrix for two full months, outlasting
the retention capabilities of commonly utilized fibrin glue in
clinical settings. The utilization of exosome-laden sponges
demonstrated effective angiogenesis and tissue ingrowth,
thereby validating the efficacy of this method in achieving
sustained release while preserving the bioactivity of the
exosomes [89]. In yet another investigation, Gu et al
integrated neural stem cell-derived exosomes into an
injectable hyaluronic acid hydrogel. Direct stereotactic
injection of hydrogels into the ischemic core enables the
achievement of sustained exosome release at the site of
injury [72]. Zhou et al. created modular satellite
nanoparticles that employed electrostatic interactions to
immobilize negatively charged macrophage membranes and
exosomes onto positively charged nanoparticles. These
nanoparticles were designed to take advantage of the natural
targeting ability of macrophage membranes and the blood-
brain barrier permeability of the nanoparticles, facilitating
targeted delivery of exosomes to cerebral ischemic regions
and enhancing their therapeutic effectiveness [90]. The
following examples demonstrate the significant potential of
biomaterials in the precise and directed delivery of
exosomes. As materials science continues to advance and
our understanding of disease development deepens, it is
anticipated that even more advanced biomaterials will be
developed, leading to improved and safer exosome delivery
methods and expediting the translation of exosome-based
therapies into clinical applications.

Discussion

Challenges and prospects

Using exosomes made from NSCs to treat neurological and
other human diseases has sparked much hope, but it also
comes with a few problems.

1413

There are still many problems in the preparation of
exosomes. First, the current preparation method for
exosomes mainly uses techniques such as ultra-high-speed
centrifugation to separate and clean exosomes [91]. The
disadvantage of this method is that it takes a long time to
purify exosomes and the number of exosomes obtained is
very limited. Although there are some advanced methods
that may have the potential for large-scale extraction of
exosomes, such as tangential flow filtration (The direction of
liquid flow is perpendicular to the direction of filtration) or
size exclusion chromatography (Particle separated only
according to the volume of molecules), these methods are
still in the research stage. The clinical application of
exosomes will inevitably use a large number of exosomes,
and the large-scale preparation of exosomes will be a major
clinical technical problem. Second, Identification of exocrine
bodies. In cell culture, it is unavoidable to use medium
supplements, such as fetal bovine serum. Exosomes are also
contained in fetal bovine serum, so standard
characterization of desired exosomes is necessary. Third,
when exosomes are applied clinically, the problem that must
be solved is the dosage and specific mechanism of exosomes.
Determining the optimal dose of NSC-derived exosomes
starts with understanding how they work. This may help to
deepen our understanding of the heterogeneity of NSC-
derived exosomes and improve purification protocols. After
the above problems are solved, we may be able to obtain
more exosomes with better functional activity. As for
whether NSCs-derived exosomes can have a good
therapeutic effect on different types of neurological diseases,
giving specific biological activity to NSCs-derived exosomes
as a marker of therapeutic efficacy is a possible way to solve
this problem.

Making NSCs-derived exosomes into drug-loading
systems or engineered exosomes is part of the current
research direction of NSC-derived exosomes. In the above
research directions, exogenous substances will be loaded
into exosomes. Whether these loaded exogenous substances
will interfere with endogenous substances, thereby causing
off-target effects (ie., drug side effects). This question
deserves deep consideration by researchers. The clinical use
of exosomes is hindered when the effects of off-target effects
outweigh the therapeutic benefits of exosomes. There are
many substances in exosomes. When exosomes are loaded
with drugs or engineered, whether the components in
exosomes have changed, and whether these changed
substances will have adverse effects on the human body,
which deserves further clarification.

Exosomes are secreted by cells. When cells contain toxic
components, exosomes may contain some toxic components,
so it is very important to choose a safe cell source. In order to
solve these problems, it is necessary to select suitable test
objects and prepare the most suitable exocrine agents in
clinical trials. A thorough understanding of the mechanism
of exosomes can better guide the selection of exosomes.

To better target the exosomes to the desired area,
improve the efficacy of exosomes in treating diseases, and
reduce the targeting effect, researchers have come up with
different solutions to these problems. Currently, many
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FIGURE 4. Various injection methods of exosomes and some of their disadvantages, such as intravenous injection, aerosol inhalation (organ
interception), arterial injection (cannot be injected in the same site multiple times), stereotactic injection (brain injury, skull injury) (By

Figdraw).

researchers use stereotactic, intravenous injection, aerosol
inhalation-intranasal administration, and other methods.
However, different ways of transplantation have their
advantages and disadvantages. For example, the stereotactic
injection can accurately inject the exosomes to a specific
site, which will inevitably damage the skull and brain tissue.
Intravenous injection, aerosol inhalation, and other methods
are non-invasive, but before the exosomes enter the lesion
area, there has been much loss (Much of the exosomes are
intercepted by the liver and lungs). Only a tiny part of the
exosomes entered the focus. A better way might be to inject
exosomes via arteries, which are less likely to be intercepted
by organs. However, for multiple exosome injections, the
arterial injection may need further improvement. Similar to
the limitations of stem cell therapy, the limited
accumulation of exosomes in the damaged brain poses a
challenge to its clinical application. In order to overcome
this obstacle, intranasal administration has become a non-
invasive and effective way to deliver drugs to the central
nervous system. By using smell and trigeminal axons, this
method can bypass the blood-brain barrier and deliver
therapeutic drugs directly to the brain. It is worth noting
that the exosome can easily enter the neural pathway using
this method because of its small size [92] (Fig. 4). At this
time, researchers need to find a better mode of drug
administration that requires targeting exosomes to focus on
areas with sufficient quantities. This is more beneficial for
improving the therapeutic effect of exosomes because it also
reduces the off-targeted effect.

Future perspectives
Numerous recent advances have been made in researching
exosomes generated from NSCs, even though many

obstacles remain. There is currently preclinical use of
exosomes produced from NSCs. According to an increasing
number of preclinical investigations, NSCs-derived exosome
therapy has also been shown to hold promise in treating a
wide range of illnesses, according to an increasing number
of preclinical investigations. Compared to other types of
stem cell-derived exocrine bodies, NSC-derived exosomes
exhibit a greater affinity for the nervous system.
Furthermore, as previously stated, NSCs-derived exosomes
possess the ability to regulate neural stem cells, more
effectively activate dormant neural stem cells in the brain,
and encourage neural stem cells to participate in the repair
of the nervous system.

Conclusion

Exosomes derived from neural stem cells unveil immense
therapeutic potential, particularly in the realm of
neurological disorders. This comprehensive review delves
deeply into the therapeutic advantages and potential
mechanisms of action of neural stem cell exosomes,
summarizing their research progress in neurological and
other diseases. Nevertheless, the review exhibits some
shortcomings, such as a lack of comparative analysis of
different administration routes. Furthermore, despite
exosomes demonstrating vast potential in the treatment of
neurological disorders, their current clinical application
remains restricted. Standardization of the production,
purification, and storage processes of exosomes is imperative
to ensure treatment consistency and efficacy. Further
exploration of the distribution, metabolism, and excretion
mechanisms of exosomes in vivo will aid in optimizing their
clinical application. The significance of this study lies in
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emphasizing the potential of exosomes in the treatment of
neurological disorders, providing a clear direction for future
research aimed at enhancing treatment outcomes through
the improvement of exosome production and
administration methods, as well as the development of
targeted strategies. However, the clinical translation and
application of neural stem cell exosome therapy still face
challenges. Future research should focus on refining
production and administration methods, delving deeper into
mechanisms, and advancing clinical trials to promote a
broader application of exosomes in clinical settings. It is
believed that through thorough investigation of the
aforementioned key issues, neural stem cell exosomes are
poised to be applied in clinical practice soon, bringing new
hope to patients.
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