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Neural stem cells (NSCs) possess pluripotent characteristics, proliferative

capacity, and the ability to self-renew. In the context of neurological diseases,

transplantation of NSCs has been shown to facilitate neurological repair through

paracrine mechanisms. NSC-derived small extracellular vesicles (NSC-sEVs), a

prominent component of the NSC secretome, play a crucial role in modulating

various physiological and pathological processes, such as regulating the NSC

microenvironment, promoting endogenous NSC differentiation, and facilitating

the maturation of neurons and glial cells. Moreover, NSC-sEVs exhibit reduced

immunogenicity, decreased tumorigenic potential, and enhanced ability to

traverse the blood-brain barrier. Consequently, NSC-sEVs present novel

therapeutic approaches as non-cellular treatments for neurological disorders

and are poised to serve as a viable alternative to stem cell therapies. Furthermore,

NSC-sEVs can be manipulated to enhance production efficiency, improve

biological activity, and optimize targeting specificity, thereby significantly

advancing the utilization of NSC-sEVs in clinical settings for neurological

conditions. This review provides a comprehensive overview of the biological

functions of NSC-sEVs, their therapeutic implications and underlying molecular

mechanisms in diverse neurological disorders, as well as the potential for

engineering NSC-sEVs as drug delivery platforms. Additionally, the limitations

and challenges faced by NSC-sEVs in practical applications were discussed in

depth, and targeted solutions were proposed.
KEYWORDS
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Background

Neurological disorders represent a significant burden on global

public health, being a prominent contributor to disability and

mortality (1). The prevalence of neurological disorders is expected

to rise annually due to the aging population (2). A primary

characteristic of neurological diseases is the gradual deterioration of

neurons (3, 4). There is currently no clinical cure for any of the

various neurological disorders, as the regeneration of neurons pose a

significant challenge; therefore, current interventions focus on

symptom management and disease progression mitigation (5). In

recent years, the transplantation of stem cells has been investigated as

a potential therapeutic approach for a range of neurological disorders.

Neural stem cells (NSCs) are of particular interest due to their

unique characteristics as self-renewing, multipotent progenitors

capable of differentiating into neurons and various types of glial

cells, such as astrocytes and oligodendrocytes. Certain marker

proteins, including Pax6, Sox2, Olig2, Blbp, and Nestin, serve as

distinguishing features of neural stem cells (NSCs) in comparison to

other cell types (6). Anatomical and molecular biological studies have

revealed that endogenous NSCs in adults are primarily situated in the

subgranular zone of the hippocampal dentate gyrus and the

subventricular zone of the forebrain (7). Endogenous NSCs

typically remain quiescent, yet can be induced to proliferate and

differentiate into neural cells that migrate to areas of tissue damage

for repair when stimulated by external factors (8). Extensive research

conducted in recent decades has demonstrated the significant

contribution of NSCs to neurogenesis and tissue repair within the

central nervous system, leading to the development of NSCs

transplantation as a promising therapeutic approach for various

neurological disorders (9). In terms of the efficacy of NSCs

transplantation, it has been demonstrated to ameliorate dyskinesia

in individuals with Parkinson’s disease (PD) (10), alleviate spasticity

and nerve damage in stroke patients (11), enhance cognitive function

in an Alzheimer’s disease (AD) model (12) and promote brain repair

following a stroke (13). The therapeutic mechanism of NSCs therapy

primarily involves proliferation, differentiation, and paracrine

signaling. For instance, transplanted NSCs have the capacity to

undergo differentiation into neurons for the purpose of replacing

damaged neurons, or alternatively, to secrete cytokines and

neurotrophic factors that facilitate neurogenesis and angiogenesis

through paracrine signaling. This process serves to mitigate

neuroinflammation and ultimately promote the restoration of the

nervous system (14–17). Despite the considerable potential of NSCs
Abbreviations: NSCs, Neural stem cells; NSC-sEVs, NSC-derived small

extracellular vesicles; PD, Parkinson's disease; AD, Alzheimer's disease; sEVs,

small extracellular vesicles; MVB, multivesicular body; ILVs, intraluminal

vesicles; MCAO, middle cerebral artery occlusion; Nrf2, NF-E2-related factor

2; SOD1, superoxide dismutase 1; TNF-a, tumor necrosis factor alpha; IL-1,

interleukin-1; A1-astrocytes, neurotoxic reactive astrocytes; SCI, Spinal Cord

Injury; VEGF-A, vascular endothelial growth factor-A; SCMECs, spinal cord

microvascular endothelial cells; MSC-sEVs, mesenchymal stem cell-derived small

extracellular vesicles; MSC, mesenchymal stem cell; OGD/R, oxygen glucose

deprivation/ reperfusion; MIAT, myocardial infarction association transcript.
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therapy in the treatment of neurological disorders, challenges such as

immunosuppressive rejection, tumorigenic risks, source availability,

and delivery efficacy remain significant limitations (18).

Consequently, stem cell replacement therapy has emerged as a

subject of heightened interest within the academic community.

Recent research has indicated that the therapeutic properties of

NSCs are primarily facilitated by their secretome, comprising

neurotrophic factors, microRNAs, proteins, and small extracellular

vesicles (sEVs) (19). These sEVs, a crucial constituent of the

secretome of NSCs, play essential roles in intercellular signaling

and material transfer mechanisms (20). Furthermore, as

membrane-bound vesicles released by NSCs, sEVs encapsulate

cytokines, growth factors, genetic material, and other bioactive

molecules from the originating cells, enabling the transfer of

biologically active constituents and overcoming biological barriers.

Therefore, sEVs originating from NSCs are deemed suitable for

application in stem cell replacement therapies (21, 22).
sEVs

In earlier scientific literature, sEVs were commonly referred to as

“exosomes,” a term originating from their initial discovery in

reticulocytes and their early characterization as cellular byproducts

(23). These nanoscale lipid bilayer vesicles, with diameters ranging

from 40 to 160 nm, are composed of proteins, nucleic acids, lipids, and

metabolites (24). Subsequent research has demonstrated that sEVs

contain a variety of bioactive molecules that play a crucial role in

mediating intercellular communication (25). However, in accordance

with the updated guidelines of MISEV2018, the term “sEVs” is now

preferred to describe these vesicles, as it avoids the historical

ambiguities and conflicting definitions associated with the term

“exosome,” as well as unrealistic expectations regarding their unique

biogenesis (26). Therefore, this review will consistently employ the

term “sEVs” to refer to these small extracellular vesicles. The secretion

of sEVs is a common phenomenon among most cells, with these

vesicles being found in a variety of bodily fluids such as blood, urine,

saliva, amniotic fluid, breast milk, and cerebrospinal fluid. However, it

is important to note that sEVs derived from different sources exhibit

variations in their composition and biological functions (27, 28).

Within the nervous system, NSC-sEVs play a crucial role in

modulating processes such as cell proliferation, neurogenesis,

synaptic plasticity, neuroinflammation, neuroprotection, vascular

endothelial cell generation, and the maintenance of central nervous

system homeostasis (29–31). Furthermore, NSC-sEVs exhibit low

immunogenicity, favorable biocompatibility, and efficient blood-brain

barrier traversal capacity. Given these characteristics, NSC-sEVs hold

great promise as therapeutic agents for neurological diseases.
Biogenesis and composition of sEVs

The precise mechanism of sEVs formation remains

incompletely understood, with current research focusing on the

endosomal sorting complex required for transport (ESCRT)
frontiersin.org
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dependent and ESCRT-independent pathways. The ESCRT-

dependent pathway, involving ESCRT-0 complex (containing

hepatocyte growth factor-regulated tyrosine kinase substrate

(HRS) and signal transducing adaptor molecule, which form a 1:1

complex in solution), ESCRT-I (a heterotetrameric complex with an

elongated shape, consisting of the core components tumor

susceptibility gene 101 protein, vacuolar protein sorting 28,

vacuolar protein sorting and multivesicular bodies 12 or

Ubiquitin Associated Protein 1), ESCRT-II complex (a

heterotetramer of three winged-helix domain containing proteins,

containing vacuolar protein sorting 36, vacuolar protein sorting 22,

vacuolar protein sorting 25, with the latter occurring in two copies),

ESCRT- III (a biochemically less defined complex, consists of

oligomers or polymers of small a-helical charged multivesicular

body protein), represents the classical pathway of sEVs formation

(32–35). The ESCRTmachinery functions in a sequential manner to

facilitate the recognition, aggregation, deformation, and separation

of ubiquitinated proteins on endosomal membranes. Specifically,

ESCRT-0 recognizes ubiquitinated proteins and aggregates them on

endosomal membranes through interactions with HRS lattice

proteins (36); while ESCRT-I and ESCRT-II work collaboratively

to deform and bend the endosomal membranes to form buds (37);

ESCRT-III then cleaves the membrane neck from the inside to drive

vesicle separation (38). Ultimately, the multivesicular body (MVB)

can undergo degradation by lysosomes or fusion with the plasma

membrane, leading to the release of intraluminal vesicles (ILVs)

outside the cell to form sEVs. Relatively little research has been
Frontiers in Immunology 03
carried out on the ESCRT-independent pathway. Candia et al.

showed that Rab31 is recruited into ceramide- and cholesterol-

containing membranes by interacting with flotillin to regulate small

extracellular vesicle biogenesis by stimulating ILV outgrowth and

EGFR packaging in an ESCRT-independent pathway (39). On the

other hand, Rab31 inhibits the fusion of MVB with lysosomes via

RAB7, thereby preventing EGFR lysosomal degradation and

allowing ILV to be secreted into small extracellular vesicles (40).

RAB31 promotes sEVs biogenesis through dual action in an

ESCRT-independent pathway, and the RAB31-FLOTs mechanism

plays an important role in the secretory synthesis of small

extracellular vesicles.

Studies conducted by Exocarta (http://www.exocarta.org)

revealed the presence of 9769 proteins, 3408 mRNAs, and

2838 miRNAs within sEVs from more than 286 sEVs studies

(Figure 1). In addition, various lipids, such as sphingomyelin,

phosphatidylserine, phosphatidylcholine, phosphatidylinositol,

ceramide, and cholesterol, are also present in sEVs. Notably, sEVs

from various sources exhibit common protein markers, such as

CD9, CD63, CD81, tumor susceptibility gene 101 protein, ALG-2

interacting protein X, and heat shock proteins (heat shock protein

70 and heat shock protein 90), which help differentiate them from

other types of extracellular vesicles (41). The composition of sEVs,

particularly in terms of proteins and miRNAs, can vary significantly

due to their diverse sources (42–45). Even the same protein in sEVs

from diverse sources exerted significantly different roles in vitro and

in vivo. For example, the upregulation of protein pentraxin 3
FIGURE 1

ESCRT dependent and ESCRT-independent pathways. The process of sEVs production mainly involves the invagination of the cell membrane to
form endosomes, the formation of intracellular multivesicular bodies (MVBs) by secondary invagination of endosomes, and finally the fusion of MVBs
with the cytoplasmic membrane to secrete intraluminal vesicles (ILVs) outside the cell to form sEVs. The primary constituents of sEVs include
proteins, nucleic acids, and lipids.
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(PTX3) within NSC-sEVs derived from human-induced

pluripotent stem cells attenuated the inflammatory response

induced by activated human microglia (46). In another study,

induction of PTX3 upregulation in induced vascular progenitor

cell (iVPC)-derived sEVs promoted angiogenesis and improved

microcirculation in a rat hindlimb ischemia model (47). Conversely,

PTX3 present in sEVs from breast cancer cells subjected to

chemotherapy facilitated pulmonary metastasis by priming the

premetastatic niche (48). In conclusion, the roles of identical

substances within small extracellular vesicles (sEVs) secreted by

different cell types seem to exhibit significant variability.

Furthermore, the functions of the abundant substances contained

within sEVs appear to be intricately linked to their cellular origin

of secretion.
NSC-sEVs and MSC-sEVs

sEVs are increasingly recognized for their potential therapeutic

applications in various neurological disorders. Notably, NSC-sEVs

and mesenchymal stem cell-derived small extracellular vesicles

(MSC-sEVs) have emerged as significant focal points in

contemporary research. NSCs are predominantly located in the

central nervous system, whereas mesenchymal stem cells (MSCs)

are broadly distributed across various tissues, including bone

marrow, umbilical cord, adipose tissue, and dental pulp (49).

Despite the similarities between NSCs and MSCs in terms of self-

renewal, multipotent differentiation, immunomodulation, and

tissue repair capabilities, MSCs are primarily characterized by

specific biomarkers such as CD29 and CD166 (50). However,

NSCs possess distinct advantages in the context of neurological

disease treatment. They have the capacity to directly differentiate

into various neural cell types, thereby replacing damaged neurons

and glial cells and facilitating the repair of neural tissue.

Additionally, NSCs can activate endogenous repair mechanisms

through the secretion of neurotrophic factors. In contrast, MSCs are

capable of differentiating into neural-like cells only under specific

conditions. MSCs have demonstrated significant efficacy in

alleviating neuroinflammation and promoting the recovery of

neural function (51, 52). Nevertheless, differences in the

transcriptional profiles between NSCs and MSCs have been

identified (53). These variations result in differences in the cargo

of sEVs, which may contribute to therapeutic failures in the context

of neurological disease treatment. Notably, the neuroprotective

effects of MSCs are largely mediated through their paracrine

release of small molecules and sEVs, a mechanism that aligns

with the pathway through which NSCs exert their protective effects.

Compared to MSC-sEVs, NSC-sEVs present several notable

advantages for neurological applications. Primarily, NSC-sEVs are

derived from neural stem cells, which possess the capacity to

differentiate into neurons, glial cells, and oligodendrocytes. This

characteristic potentially endows NSC-sEVs with a higher

concentration of bioactive molecules directly pertinent to

neuronal function, including brain-derived neurotrophic factor

(BDNF), glial-derived neurotrophic factor (GDNF), nerve growth
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factor (NGF), among others. These factors are instrumental in

promoting neuronal survival, differentiation, and axonal growth

(14, 16, 54). Furthermore, NSC-sEVs contain a variety of miRNAs

(miR-138-5p, hsa-miR-206, hsa-mir-182-5p, hsa-miR-133a-3p and

hsa-miR-3656) that regulate neurogenesis, synaptic plasticity, and

neuroprotective functions (55–57). These components collectively

form the foundation of their unique neural regulatory capabilities.

In contrast, although MSC-sEVs also contain certain active factors

that promote tissue repair and neural regeneration, the tissue

specificity of MSCs, which primarily differentiate into bone,

cartilage, and fat cells, limits the direct role of MSC - sEVs to

some extent in the restoration of neuronal function (58). The

primary role of MSC-sEVs lies in offering a conducive

microenvironment for neural regeneration, demonstrating

broader regenerative properties. However, they may not be as

specifically tailored to the unique requirements of the nervous

system as NSC-sEVs (59–61). Therefore, in the context of treating

and repairing neurological disorders, NSC-sEVs may demonstrate

superior therapeutic potential and efficacy due to their enhanced

neuronal relevance and specificity.

Additionally, NSC-sEVs exhibit significant advantages in

targeting neuronal cells and uptake efficiency when compared to

MSC-sEVs. Proteins such as L1 cell adhesion molecule (L1CAM)

and polysialylated neuronal cell adhesion molecule present on the

surface of NSC-sEVs facilitate their binding to and endocytosis by

neurons and glial cells more effectively (62–64). The optimized

tropism for targeting the central nervous system significantly

augments their capacity to serve as therapeutic carriers,

facilitating the precise delivery of therapeutic agents to specific

neuronal cells, which is crucial for improving therapeutic efficacy.

Conversely, while MSC-sEVs are widely available and capable of

functioning across various tissues, their targeting efficiency towards

neuronal cells is relatively limited, resulting in a more diffuse

distribution (65). Although this property presents a broad

spectrum of potential applications for MSC-sEVs in the treatment

of various diseases, NSC-sEVs exhibit superior efficacy in

therapeutic contexts that necessitate a heightened focus on the

nervous system.

Research has demonstrated that NSC-sEVs exhibit superior

efficacy in animal models of neurological disorders when

compared to MSC-sEVs. Specifically, study compared the physical

characteristics and biological functions of NSC-sEVs and MSC-

sEVs. Although NSC-sEVs and MSC-sEVs are no significant

difference on the physical characteristics and biodistribution,

NSC-sEVs significantly outperformed MSC-sEVs in the murine

model of stroke (66). This superiority was evidenced by a more

substantial reduction in injury volume, enhanced functional

recovery, and a more precise modulation of the inflammatory

response in the mice. Subsequent research has demonstrated that

NSC-sEVs significantly enhance neuronal survival, axonal

regeneration, and synaptic plasticity. These mechanisms

synergistically contribute to the repair and reconstruction of the

nervous system, thereby establishing a robust foundation for the

extensive application of NSC-sEVs in the treatment of

neurodegenerative diseases (66). The augmented therapeutic
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efficacy of NSC-sEVs is likely due to their superior capacity to

emulate the natural paracrine signaling of neural stem cells. NSC-

sEVs have demonstrated superior efficacy in stimulating

endogenous repair mechanisms and enhancing neuroplasticity in

injured brain tissue. This includes promoting the proliferation and

differentiation of resident neural progenitor cells and modulating

inflammatory responses, thereby fostering an environment more

conducive to neural repair. Existing research indicates that NSC-

sEVs possess distinct advantages over MSC-sEVs in the treatment

of neurological disorders. The unique molecular cargo and

optimized targeting capabilities of NSC-sEVs render them a

promising therapeutic strategy. Consequently, this study will

concentrate on NSC-sEVs in the subsequent sections.
Biological functions of NSC-sEVs

An increasing amount of research indicates that NSC-sEVs play

a neuroprotective role in the neurodegeneration. For example,

analysis of NSC-sEVs using small RNA sequencing, proteomics,

and pathway analysis has shown that NSC-sEVs are enriched in

miRNAs and proteins associated with neuroprotective, anti-

apoptotic, inflammation-suppressing, anti-oxidative stress, and

Ab (amyloid-b protein)-reducing activities (44). Notably, highly

expressed miRNAs, such as miR-1246, miR-4488, miR-4508, miR-

4492, miR-4516, miR-320a, miR-320b, miR-103a-3p, miR-21-5p,

miR-26a-5p, miR-30a-3p, miR-181a-5p, miR-191-5p have been

identified in NSC-sEVs (44, 67). These miRNAs play crucial roles

in diverse cellular signaling pathways. For instance, the highly

expressed miR-21-5p in NSC-sEVs can downregulate the mRNA

and protein expression levels of TNF-a, promoting the

transformation of pro-inflammatory microglia into a non-

inflammatory phenotype, thereby playing a crucial anti-

inflammatory regulatory role in the nervous system (46).

Additionally, Sun Q et al. reported that miR-181a-5p in mouse

hippocampal NSCs contributes to neuronal differentiation, thereby

alleviating age-related memory impairment and enhancing

cognitive abilities (68). Similarly, another study found that

direct targeting of MiR-191-5p to DAPK1 reduced Ab secretion

and increased neurite outgrowth in AD, helping to alleviate

neuronal cell death (69). A pioneering study by Qi et al. has

demonstrated that hippocampal NSC-sEVs are enriched with the

long non-coding RNA myocardial infarction associated transcript

(MIAT), a gene located at chromosome 22:27,042,392-27,072,441

(GRCh37/hg19). The findings indicate that these sEVs exhibit

significant anti-inflammatory and neuroprotective properties in a

rat model of vascular dementia. In a subsequent investigation,

the administration of sEVs derived from gene-edited NSCs in a

rat model of vascular dementia demonstrated that MIAT-

containing NSC-sEVs significantly reduced the secretion of

inflammatory factors and alleviated oxidative damage. Further

investigations revealed that this therapeutic effect was mediated

through the modulation of the miR-34b-5p/CALB1 axis by lncRNA
Frontiers in Immunology 05
MIAT, thereby elucidating the molecular mechanism by which

NSC-sEVs attenuate brain inflammation and injury (70). Moreover,

Li et al.’s study focused on NSC-sEVs under denervation

conditions, in which they found that the expression of 14 circular

RNAs was significantly upregulated. Among them, circAcbd6,

which acts as an endogenous sponge for miR-320-5p, effectively

inhibited the activity of miR-320-5p, which in turn promoted the

increased expression of oxysterol-binding protein-related protein 2.

This process ultimately promoted NSC differentiation, providing

new insights into the potential of NSC-sEVs in the treatment of

neurological diseases (71). In summary, the diversity of inclusions

in NSC-sEVs may be a key factor for them to show unique efficacy

in the treatment of neurological diseases. These findings not only

enrich our understanding of the functional complexity of NSC-

sEVs, but also open new avenues for the development of novel

neuroprotective therapies based on sEVs. In this review, we outline

the current biological functions of NSC-sEVs in this context

(Figure 2). Meanwhile, NSC-sEVs also exerted a regulatory role in

neurogenic ecological niches which are consist of the vascular

endothelial cell, endogenous NSC, neuronal cells, astrocyte

and microglia.
NSC-sEVs and vascular endothelial
cell

Vascular endothelial cells, a type of non-neuronal cell population

located within the blood vessels, are integral to the regulation of

various physiological processes as a crucial element of the blood-brain

barrier and are essential for proper nervous system function (72).

Research indicates that NSC-sEVs have the capability to traverse a

blood-brain barrier model composed of cerebrovascular endothelial

cells, with the internalization of NSC-sEVs by cerebrovascular

endothelial cells occurring through heparan sulfate proteoglycans

(HSPGs) -dependent endocytosis (30). Meanwhile, NSC-sEVs play a

crucial role in preserving the integrity of the blood-brain barrier across

various disease models. For instance, Chen et al. demonstrated that

NSC-sEVs effectively uphold blood-brain barrier integrity in hypoxic

conditions by modulating PTEN expression, enhancing p-Akt

expression in cerebrovascular endothelial cells to mitigate apoptosis,

and increasing ZO-1 expression, a tight junction-associated protein

(73). Similarly, in their study, Zhang and colleagues found that NSC-

sEVs attenuated the upregulation of ABCB1 and matrix

metalloproteinase 9 expression, as well as inhibited the activation of

the NF-kB pathway in vitro blood-brain barrier co-culture model. This

resulted in a significant enhancement of blood-brain barrier integrity

following a stroke event (74). Furthermore, NSC-sEVs notably

enhanced the proliferation and migratory capabilities of vascular

endothelial cells, thereby facilitating the angiogenesis process (75,

76). Although studies on the mechanisms of how NSC-sEVs

maintain the integrity of BBB by regulating vascular endothelial cells

are limited, there is little doubt that NSC-sEVs are pivotal in

modulating the permeability of the blood-brain barrier in both
frontiersin.org
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normal and pathological states. Consequently, targeting NSC-sEVs for

drug delivery presents a promising therapeutic approach for

addressing blood-brain barrier injury and dysfunction. This strategy

holds significant potential and is anticipated to pave the way for novel

treatments of neurological disorders.
NSC-sEVs and endogenous NSC

The NSCs, a population of endogenous stem cells within the

central nervous system, is crucial in processes such as neurogenesis,

development, and repair (27). NSC-sEVs facilitate intercellular

communication, enabling the exchange of genetic information to

modulate stemness, self-renewal, and differentiation of stem cells

and their subpopulations (77). Emerging research indicates that

NSC-sEVs can impact endogenous NSCs proliferation and

homeostasis in vivo through the transfer of contents such as

miRNAs and proteins. For instance, Ma et al. found that the

promotion of NSC proliferation by NSC-sEVs is attributed to the

activation of the downstream MEK/ERK signaling pathway by

growth factor-related proteins (IGF2BP2/3, IGF1/2r, and FGF2)

that are abundantly expressed within NSC-sEVs (78). Additionally,

it has been demonstrated that NSC-sEVs play a significant role in

the differentiation of neural stem cells, as well as in the maturation
Frontiers in Immunology 06
of neurons and glial cells. Subsequent investigations have identified

a high expression of miR-9 within these NSC-sEVs (79). miR-9

demonstrated the ability to specifically target the transcriptional

repressor Hes1 and effectively suppress its expression upon

internalization by NSCs (79). Nonetheless, prior research has

indicated that Hes1, serving as a crucial transcriptional repressor,

is essential for the regulation of neural stem cell equilibrium and

gliogenesis (80). These studies demonstrate that NSC-sEVs play a

crucial role in modulating the differentiation of neural stem cells

and the maturation of neurons and glial cells by miR-9-Hes1 axis,

offering a novel insight into neurodevelopmental mechanisms.

Additionally, Ma et al. also discovered that NPCs (Neural stem/

progenitor cells)-derived sEVs exhibit high levels of miR-21a, which

enhance NPCs proliferation and neuronal generation (81).

NSC-sEVs not only influence the proliferation and

differentiation of NSC but also contribute significantly to the

maintenance of NSC homeostasis. For instance, Zhang et al.

showed that NSC- sEVs play a role in maintaining the quiescent

state of NSC and in the transition between proliferation and

quiescence (82). A proteomic analysis comparing proliferating,

quiescent, and reactivated NSC-sEVs identified significant

differences in protein content and enrichment pathways between

quiescent and proliferating sEVs. The findings indicate that NSC-

sEVs play a role in regulating NSC quiescence through the
FIGURE 2

The biological functions of NSC-sEVs within the nervous system include:① NSC-sEVs maintain cellular homeostasis or modulate the extracellular
milieu for intercellular communication. ② NSC-sEVs promote the proliferation and differentiation of endogenous NSC and maintain endogenous
NSC quiescence. ③ NSC-sEVs inhibit neuronal apoptosis and have a protective effect on neurons. ④NSC-sEVs have a significant protective effect on
astrocytes suffering from ischemic injury. ⑤ NSC-sEVs regulate the cellular morphology of microglia and inhibit the hyperactivation of microglia.
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modulation of protein synthesis (82). Furthermore, Zhang and

colleagues further illustrated that hypothalamic NSC-sEVs harbor

distinct microRNAs, including miR-106-5p, miR-20a-5p, and miR-

30a-5p, which modulate the aging trajectory by retarding the aging

process and prolonging the lifespan of middle-aged mice (83).

These investigations highlight the potential of NSC-sEVs to

enhance neurogenesis by transferring crucial miRNA and protein

cargoes, ultimately contributing to the regeneration of damaged

neurons in neurological disorders.
NSC-sEVs and neuronal cells

Neurons serve as the fundamental units of the nervous system,

facilitating the reception, integration, and transmission of

information necessary for the regulation of physiological

processes and behavioral responses. The presence of dysfunctional

neurons is a common feature across a wide range of neurological

disorders (84). Therefore, it is imperative to uphold the homeostasis

of neuronal function in order to ensure the overall health and

functionality of the nervous system. Emerging evidence indicates

that NSC-sEVs may exert a neuroprotective effect by modulating

various signaling pathways, including anti-oxidative stress, anti-

inflammation, and regulation of autophagy flux in dysfunctional or

impaired neurons associated with neurodegenerative disorders. For

instance, Luo et al. demonstrated that NSC-sEVs reduced the

infarction area in a middle cerebral artery occlusion (MCAO)

model. Additionally, their research illustrated the significant

involvement of miR-150-3p within NSC-sEVs in neuroprotective

mechanisms, confirming its role in inhibiting apoptosis of damaged

neurons by targeting CASP2 (85).Liu et al. also discovered that

NSC-sEVs suppressed oxidative stress and apoptosis by modulating

the nuclear translocation of NF-E2-related factor 2 (Nrf2), leading

to increased expression of antioxidant enzymes such as superoxide

dismutase 1 (SOD1), catalase, and GPx-1 in neurons subjected to

hypoxia-reperfusion conditions (86). Qi et al. further illustrated that

hippocampal NSC-sEVs mitigated oxidative stress through the

upregulation of SOD1 expression, while concurrently

downregulating pro-inflammatory factors such as tumor necrosis

factor alpha (TNF-a) and interleukin-1 (IL-1) in neurons (70).

Moreover, NSC-sEVs safeguard neurons by modulating autophagy

flux, thereby eliminating cytoplasmic toxic components and

offering protection against neurological diseases (87, 88). For

instance, Zhang et al. found that miR-374-5p in NSC-sEVs

suppresses neuronal apoptosis by targeting STK-4, thereby

promoting autophagic flux and reducing the expression of Bax

and caspase-3 in a spinal cord injury model (89). While there is

existing literature on the neuroprotective effects and mechanisms of

NSC-sEVs on impaired neurons, there is a lack of research on the

potential role of NSC-sEVs in the proliferation and maturation of

newly generated neurons. Overall, NSC-sEVs have been shown to

effectively mitigate neuronal dysfunction through their antioxidant

properties, inhibition of apoptosis, and activation of autophagy

mechanisms, underscoring their significant contribution

to neuroprotection.
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NSC-sEVs and astrocytes

Astrocytes, as one of the glial cell populations, play a key role in

the central nervous system (90, 91). The role of neurotoxic reactive

astrocytes (A1-astrocytes) in contributing to the progression of

neuronal disorders through mechanisms such as glial scarring and

chronic neuroinflammation has been well-documented. For

instance, A1-astrocytes have been shown to induce cell death in

transplanted neural stem cells through the release of complement

components and toxic factors, as well as inhibit axon regeneration

by promoting the formation of glial scars (92, 93). While some

research has explored the effects and underlying mechanisms of

modulating astrocyte function using drugs or alternative stem cell

types, there is a limited body of literature on the impact of NSC-

sEVs on regulating the maturation and function of astrocytes. For

example, Zhang and colleagues discovered that NSC-sEVs

enhanced the rehabilitation of stroke patients treated with NSCs

transplantation by promoting the survival and differentiation of

NSCs, as well as the formation of glial scars, through the inhibition

of astrocyte activation in a MCAO model (94). Additionally, Sun

et al. found that NSC-sEVs exhibited a protective effect on

astrocytes against apoptosis, proving to be more effective than

induced pluripotent stem cell derived sEVs in the MCAO model

(95). However, there is a lack of research on the effector and

molecular mechanisms involved in glial cell modulation by NSC-

sEVs. It is suggested that the protective abilities of NSC-sEVs or the

heterogeneity of astrocytes may play a role in this phenomenon.
NSC-sEVs and microglia

Microglia, as resident macrophages of the central nervous

system, play crucial roles in various processes essential for brain

development and maintenance under both physiological and

pathological conditions (96). In a state of homeostasis, microglia

exhibit longevity and are sustained through local proliferation

independent of external sources, whereas in instances of disease,

they can undergo rapid proliferation and alter their gene expression

profile and morphology. The activation of microglia is influenced by

various stimulators or molecules, such as NSC-sEVs. For instance,

Morton et al. found that the presence of NSC-sEVs within the

subventricular zone prompted neighboring microglia to undergo a

phenotypic shift towards a CD11b-positive round morphology

upon internalization. Furthermore, the uptake of NSC-sEVs by

microglia led to a pronounced activation of their transcriptional

network, establishing a feedback loop that ultimately suppressed the

proliferation of neural stem cells. Consequently, NSC-sEVs, acting

as morphogen-associated molecular patterns, exert a crucial

influence on the regulation of microglial morphology and

function (97). Moreover, the authors’ research revealed that NSC-

sEVs exhibit high expression levels of miR-9, Let-7, miR-26, and

miR-181. Prior investigations have shown that these specific

microRNAs play a role in regulating microglial morphology and

physiological functions (98–101). Recent research has shown that

NSC-sEVs have a significant inhibitory effect on inflammatory
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factors and can alleviate inflammation by suppressing microglial

activation in neurodegenerative diseases (102). For instance, Smith

et al. observed a notable reduction in the number of activated

microglia induced by radiation following treatment with NSC-sEVs,

leading to a decrease in neuroinflammation and a pronounced

neuroprotective outcome (103). Similarly, Peng et al. demonstrated

that treatment with NSC-sEVs resulted in a decrease in the

expression of pro-inflammatory cytokines TNF-a, IL-1b, and IL-

6, mitigated the inflammatory response induced by OGD/R (oxygen

glucose deprivation/reperfusion) in microglia, and improved the

survival of microglia in the OGD/R model (104). These findings

indicate that NSC-sEVs are significant in the modulation of

neuroinflammation driven by microglia.
NSC-sEVs in neurological diseases

Based on their physicochemical properties and biological

functions, NSC-sEVs have important applications in neurological

diseases (Table 1) (25, 67). The use of NSC-sEVs for the treatment

of neurological disorders has several advantages over transplanted

NSC treatments: (1) sEVs can target different areas of the brain

through intranasal administration (114); (2) sEVs are not nucleated

cells that do not replicate, and there is little risk of tumor or

malignant transformation after treatment with sEVs (28); (3) sEVs

have better biocompatibility, low immunogenicity, and cross the

blood-brain barrier as natural vesicles (115); (4) sEVs can be

preserved for a certain period while maintaining relative stability

in their structure and function under the conditions of rapid

freezing at -80°C and prevention of repeated freeze-thaw cycles.

Notably, the incorporation of cryoprotectants such as dimethyl

sulfoxide (DMSO), glycerol, and trehalose markedly enhances the

stability of sEVs (116). Additionally, their exceptional stability

during transport significantly enhances their convenience and

practicality for therapeutic applications (117). Therefore, NSC-

sEVs provide a non-cellular therapy for the treatment of

neurological disorders without significant side effects.
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Stroke

Stroke is a prominent contributor to mortality and disability on a

global scale (118). Presently, tissue-type fibrinogen activator stands as

the sole pharmacological intervention approved for stroke

management. Nevertheless, its applicability is limited to a specific

cohort of patients who receive timely hospitalization (119). The

majority of stroke survivors necessitate prolonged rehabilitation

and ongoing pharmacotherapy. Consequently, there exists a

pressing demand for an alternative therapeutic modality capable of

ameliorating cerebral injury in individuals afflicted by stroke. NSC

grafts exhibit distinctive neuroprotective properties in central nervous

system disorders, and they are capable of produce anti-inflammatory

and neurotrophic effects through the secretion of sEVs (120). The

administration of NSC-sEVs represents a highly promising

therapeutic approach, particularly in the context of neurorepair

following stroke, an area that has been extensively researched. For

example, in their study, Webb et al. observed that in a mouse

thromboembolic stroke model, NSC-sEVs facilitated an

augmentation of M2-type macrophages and regulatory T cells

while diminishing pro-inflammatory Th17 cells, thereby mitigating

the progression of detrimental responses following stroke.

Furthermore, NSC-sEVs bolstered the reparative systemic immune

response and mitigated neurological damage, exhibiting greater

therapeutic effectiveness in comparison to mesenchymal stem cell-

derived sEVs (66). Subsequently, the therapeutic efficacy of NSC-

sEVs was further evidenced in a porcine model of MCAO, resulting

in reductions in brain lesion volume, brain swelling, and cerebral

edema, along with enhancements in locomotor activity and expedited

recovery of spatiotemporal gait parameters (105). Despite the lack of

precise understanding of the underlying molecular pathways, NSC-

sEVs exhibit beneficial and neuroprotective properties in

experimental stroke scenarios (105). In a separate investigation,

scientists administered NSC-sEVs intravenously to MCAO mouse

models and observed a decrease in the expression of pro-

inflammatory cytokines such as TNF-a, IL-1b, and IL-6 within

ischemic regions, as well as a reduction in microglial activation,
TABLE 1 NSC-sEVs in neurological diseases.

Disease
Animal/

cell model
Cargos Targets Function References

Stroke MCAO model
let-7g-5p/miR-99a-5p/
let-7i-5p/miR-139-5p/
miR-21-5p/let-7b-5p

Enhanced systemic immune responses; inhibit microglia
expression and reduce inflammation; promote endogenous NSC
differentiation and reduce NSC apoptosis.

(66, 105–108)

AD
5×FAD mice model/B6;
C3-Tg mice model/SH-
SY5Y/PSAPP-Tg

miR-138-5p
SIRT1/
BACE1/
PESN1/Tau

Reduces Ab plaques; decreases microglia activation and attenuates
inflammatory response; enhances mitochondrial function.

(56, 109–111)

PD
SH‐SY5Y cells,
6‐OHDA induced
PD mice model

hsa-mir-17/hsa-mir-
183/hsa-mir-20a/hsa-
182/hsa-mir-155

Attenuates the production of reactive oxygen species, reduces the
levels of pro-inflammatory cytokines and chemokines, decreases
oxidative stress, and alleviates neuronal death

(57)

SCI
SCI rat model/PC12
cells/SCMEC

14-3-3p/miR-219a-2-3p

Beclin-1/
YY1/
VEGF-
A/FTY720

Inhibits neuroinflammation, promotes autophagy, and inhibits
neuronal apoptosis; promotes angiogenic activity of SCMECs.

(112, 113)
(73, 75)
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thereby suppressing inflammatory responses (106). Analysis of

biological data revealed that NSC-sEVs exhibited high expression

levels of let-7g-5p, miR-99a-5p, let-7i-5p, miR-139-5p, miR-21-5p,

and let-7b-5p. It has been previously demonstrated that NPC-sEVs

play a significant biological role through their contents, which may

include protective RNA such as let-7 that can exert therapeutic effects

by reducing microglia activation and inhibiting inflammatory

responses (97). Furthermore, NSC-sEVs have been shown to have

a dose-dependent therapeutic effect in a mouse MCAO model,

leading to reductions in dyskinesia, promotion of nerve

regeneration, and enhancement of axonal plasticity (107).

Additionally, NPC-sEVs have been found to reverse post-ischemic

peripheral immunosuppression and elevate the expression levels of B

and T lymphocytes in the bloodstream (107). The administration of

NSC-sEVs post-stroke demonstrates notable neuroprotective effects,

motor function preservation, and recovery (66, 105–107). These non-

cellular therapies exhibit promising potential for stroke treatment due

to their high biocompatibility and ability to traverse biological

barriers (115, 117, 121). Recent research by Zhu et al. involved

encapsulating brain-derived neurotrophic factor (BDNF) within

human NSC-sEVs to create engineered sEVs, highlighting the

emerging role of sEVs as drug delivery systems (108). In both the

rat MCAO model and the in vitro hydrogen peroxide-induced NSCs

oxidative stress model, engineered sEVs demonstrated the ability to

suppress microglial expression and decrease inflammation, thereby

promoting a conducive microenvironment for the differentiation of

endogenous NSCs into neurons (108). These studies are well

documented that the administration of NSC-sEVs post-stroke

yielded notable neuroprotective effects and modest enhancements

in stroke outcomes.
Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative

disease characterized clinically by memory loss and cognitive

decline and pathologically by neuronal fiber tangles formed by

pathological accumulation of Ab and phosphorylation of tau

protein (122, 123). AD is also associated with neuronal death, loss

of synapses, and brain damage (124, 125). Currently, there is a lack

of effective treatment options for the prevention and cure of AD.

Recent research has highlighted the potential therapeutic role of

NSC-sEVs in AD. For instance, Apodaca et al. demonstrated that

NSC-sEVs can mitigate Ab accumulation by modulating microglia

activation and suppressing inflammatory responses, thus

ameliorating the pathological progression of AD. Additionally,

NSC-sEVs were found to enhance synaptophysin levels in the

brains of AD mice. This mechanism of action contributed to the

restoration of memory consolidation and effectively reduced

anxiety-related behavioral manifestations (109). The therapeutic

efficacy of NSC-sEVs in AD was also confirmed in a study

conducted by Li et al. The administration of NSC-sEVs via

bilateral ventricular injection in APP/PS1(B6; C3-Tg) mice

attenuated AD-related spatial learning and memory deficits, as
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well as increased expression levels of mitochondrial function-

related factors (PGC1a, NRF1, NRF2, and Fis1) and synapse-

associated proteins (synaptophysin, PSD95, MAP2). This led to

neuroprotective and reparative effects. Furthermore, NSC-sEVs

activated SIRT1, which in turn reduced inflammatory responses

and improved AD pathology (110, 126). In a separate investigation,

it was determined that NSC-sEVs have the ability to promote

amyloid precursor protein (APP) processing via the non-

amyloidogenic pathway. This process effectively hinders the

enzymatic activity of b-secretase (BACE1) and g-secretase
(PSEN1), consequently leading to a notable reduction in Ab
production in AD (111). Interestingly, the protective effects of

NSC-sEVs against AD can be augmented by the use of Chinese

traditional medicine. For example, Catalpol, a water-soluble

bioactive compound extracted from Rehmannia root, exhibits

neuroprotective properties including antioxidative and anti-

apoptotic effects, thereby playing a critical protective role in AD

(127). Recent research has demonstrated that NSC-sEVs treated

with Catalpol exhibit increased expression of miR-138-5p, which

targets Tau and inhibits its accumulation, thereby impeding the

progression of AD (56). These results underscore the significant

potential of NSC-sEVs in the therapeutic management of AD.
Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurological disorder

marked by the degenerative loss of nigrostriatal dopaminergic

neurons and the accumulation of alpha-synuclein leading to the

formation of Lewy bodies (128, 129). The etiology of PD remains

unclear, however, mitochondrial dysfunction, oxidative stress,

impaired axonal transport, neuroinflammation, and dysregulation

of a-synuclein are implicated in the pathogenesis of the disease

(128, 130, 131). Similar to AD, there is currently no definitive cure

for PD, with stem cell therapy and gene therapy representing the

primary treatment modalities (129). sEVs, a crucial element of

the stem cell secretome, exhibit significant potential for the

treatment of PD. For example, Lee et al. conducted a study on the

impact of human NSC-sEVs in a PD model (57). In the in vitro PD

model constructed using 6-OHDA-treated SH-SY5Y cells, these

sEVs demonstrated significant neuroprotective effects by reducing

the generation of reactive oxygen species (ROS) and lowering the

levels of pro-inflammatory cytokines and chemokines, thereby

effectively mitigating neuronal loss. Furthermore, small RNA

sequencing of these sEVs revealed high expression levels of five

specific miRNAs (hsa-mir-17, hsa-mir-183, hsa-mir-20a, hsa-182,

hsa-mir-155). Previous studies suggested that these miRNAs are

involved in various biological processes such as neurogenesis, cell

differentiation, and immune response (57). For instance, hsa-miR-

183-5p and hsa-miR-182-5p have been shown to mimic the effects

of glial cell-derived neurotrophic factor, leading to a reduction in

apoptosis of dopaminergic neurons in PD (132). Moreover, NSC-

sEVs have been found to protect degenerating neurons by exerting

anti-apoptotic, anti-oxidative stress, and anti-inflammatory effects
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through the miRNA cargo they contain. For instance, it has been

previously mentioned that miR-26a-5p is a highly expressed

miRNA in NSC-sEVs. Research conducted by Chen M et al. has

demonstrated that miR-26a-5p within sEVs can promote the

proliferation of LPS-treated rat pheochromocytoma cell line

PC12-derived cells and inhibit their apoptosis, thereby

contributing to the survival of PC12 cells (133). This suggests that

NSC-sEVs could offer promising therapeutic options for PD (57).

Nevertheless, further research is necessary to elucidate the

underlying mechanisms involved in the treatment with NSC-sEVs.
Spinal Cord Injury

Spinal Cord Injury (SCI) is a neurological disorder with a high

disability rate, for which there is no effective treatment, and which

places a heavy burden on families and society (134, 135). SCI produces

a range of pathological responses, including apoptosis, inflammation,

oxidative stress, vascular rupture, and glial scar formation, which pose a

significant clinical treatment challenge (136, 137). Multiple studies have

examined the potential therapeutic effects of NSC-sEVs in the context

of SCI. The observed effects of NSC-sEVs include anti-inflammatory

and anti-oxidative properties, inhibition of neuroinflammation,

suppression of neuronal apoptosis, and promotion of endogenous

NSCs differentiation through the delivery of miRNAs and proteins.

For instance, Rong et al. demonstrated that NSC-sEVs can mitigate

neuronal apoptosis, suppress neuroinflammation, and enhance

functional recovery by inducing autophagy in the rat SCI model

(136). Furthermore, Rong and colleagues elucidated that the

underlying mechanism of NSC-sEVs action involves upregulating

autophagy through targeted delivery of Beclin-1 to 14-3-3t, thereby

attenuating SCI-induced apoptosis and neuroinflammation (112). In a

separate investigation, NSC-sEVs treated with insulin-like growth

factors were observed to suppress neuroinflammation and apoptosis

while enhancing neuroprotection by upregulating miR-219a-2-3p,

which in turn downregulated YY1 expression and mitigated

inflammatory NF-kB pathway activation (113). The neuroprotective

effects of NSC-sEVs on SCI are believed to be due to their facilitation of

angiogenesis in addition to their capacity to reduce apoptosis and

inhibit neuroinflammation. For instance, Dong et al. demonstrated that

NSC-sEVs exhibit elevated levels of vascular endothelial growth factor-

A (VEGF-A), thereby enhancing the angiogenic capabilities of spinal

cord microvascular endothelial cells (SCMECs) and facilitating the

regeneration of microvasculature and functional recovery following

SCI (75). FTY720, a functional antagonist of the sphingosine-1-

phosphate receptor, has been shown to promote microvascular

remodeling (138). Chen et al. discovered that FTY720-loaded NSC-

sEVs can stimulate microvascular remodeling and suppress neuronal

cell apoptosis by modulating the PTEN/AKT signaling pathway (73).

These findings offer novel therapeutic approaches for the management

of SCI. In conclusion, the results of this study indicate that NSC-sEVs

hold potential as a non-cellular therapeutic approach for neurological

disorders. It is important to note, however, that while NSC-sEVs have

demonstrated efficacy in multiple disease models, further research is

needed to fully elucidate their therapeutic mechanisms.
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Optimization strategies for NSC-sEVs
treatment

To date, the specific mechanism of action of NSC-sEVs has not

been fully elucidated and their biological effects in neurological

physiopathological models remain controversial. For example,

some experiments have shown that NSC-sEVs inhibit microglial

activation, but other studies have reported that they can induce the

transition of microglia to a CD11b/Iba1-activated morphology (97).

In addition, techniques to identify, isolate and purify sEVs from

heterogeneous neural stem cell sources are lacking. Significant

differences in miRNAs, protein profiles and functional activities

in sEVs secreted by NSCs from different donors (age, gender,

genetic background) and differentiation states (quiescent,

proliferative or differentiated) lead to unpredictable therapeutic

outcomes (82). In particular, NSCs cultured in vitro for long

periods can develop genetic drift, leading to an increased risk of

clinical application of their secreted sEVs (139). Meanwhile, some

studies have reported that NSC-sEVs may carry abnormal signaling

molecules that may pose potential safety hazards during treatment.

For example, studies have reported that the anionic phospholipids

of NSC-sEVs may interact with some viruses, allowing receptor-

independent entry of the virus into the cell (140). Other studies have

similarly uncovered that during the application of NSC-sEVs in

neurogenesis/neurorepair processes, these vesicles may induce

aberrant proliferation of non-target cells through the conveyance

of pro-proliferative signals—such as factors linked to the Wnt/b-
catenin pathway (141). In the future, it is necessary to break the

bottleneck of contradiction and reproducibility in current research

by standardizing the source of NSC-sEVs and refining the analysis

of the molecular mechanism, so as to lay the foundation for the

treatment of NSC-sEVs in the nervous system.

Despite these challenges, NSC-sEVs still hold great potential in

the treatment of neurological diseases, and current research is

exploring ways to overcome these limitations. NSC-sEVs are

currently under development as drug delivery systems for the

treatment of neurological diseases, yet they are hindered by

inherent limitations such as low bioactivity, weak targeting ability,

and short half-life in vivo (142, 143). To enhance the therapeutic

potential of NSC-sEVs, the utilization of engineering techniques for

their modification has emerged as a promising strategy. Currently,

there exist two primary approaches for the engineering of NSC-

sEVs: one involves direct modification of NSCs parental cells to

induce the secretion of NSC-sEVs with specific compositions, while

the other method entails the isolation of NSC-sEVs followed by

subsequent modifications (Figure 3). These methodologies address

the shortcomings related to yield, bioactivity, targeting capabilities,

and circulating half-life of natural NSC-sEVs. On the one hand, the

biological activity of NSC-sEVs derived from parental NSCs can be

modulated through the administration of exogenous factors such as

hypoxia, inflammation, cytokines (55, 113, 144). For instance,

Zhang et al. demonstrated that NSC-sEVs produced following

IFN-g stimulation exhibited increased efficacy in mitigating

apoptosis and inflammation in ischemic stroke models compared

to unstimulated NSCs (55). Chen et al. have also demonstrated the
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role of NSC-sEVs, produced after IFN-g stimulation, in the

attenuation of neuroinflammation as well as neuronal damage

(145). Ma et al. further illustrated that the therapeutic potential of

NSC-sEVs could be augmented through treatment with insulin-like

growth factor (113). On the other hand, in addition to modulating

parental NSCs to enhance biological activity, the loading of

exogenous cargoes directly into NSC-sEVs represents a promising

strategy for further enhancing their therapeutic effects. Various

cargo loading methods, including co-incubation, electroporation,

ultrasonication, freeze-thaw cycles, extrusion, saponification, and

chemical transfection, have been utilized in research (146). Notably,

direct loading of cargo has shown promising results in enhancing

bioactivity. For instance, Zhu et al. demonstrated enhanced anti-

apoptotic and pro-differentiation effects by co-incubating BDNF

with hNSC-sEVs in an ischemic stroke model (108). Similarly, Qian

et al. successfully loaded miR-124-3p into NSC-sEVs via

electroporation, leading to inhibition of glioma growth by

targeting Flotillin2 in a glioma model (147). These findings

indicate that augmenting the bioactivity of NSC-sEVs may

amplify their therapeutic efficacy.

Despite the ability of sEVs to traverse the blood-brain barrier,

studies have demonstrated that following injection of sEVs derived

from various cell types into mice, these vesicles primarily

accumulate in the liver, spleen, gastrointestinal tract, and lungs,

with only a minimal fraction reaching the brain (148). In order to

optimize the therapeutic potential of NSC-sEVs for neurological

disorders, strategies for enhancing the brain-specific targeting of

these vesicles have been developed through various engineering
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techniques. The utilization of Lamp2b-RVG in the modification of

brain targeting of sEVs is prevalent in current research. Lamp2b, a

lysosome-associated membrane glycoprotein, is a prominent

membrane-localized protein found on sEVs, while RVG, a rabies

virus glycoprotein, is a specific neuronal peptide that binds to

acetylcholine receptors (143, 149, 150). Various studies have

demonstrated that Lamp2b-RVG targeted sEVs have the ability to

reach various cell types within the brain, including neurons,

astrocytes, microglia, and oligodendrocytes, and can elicit

therapeutic effects through the delivery of encapsulated cargo

(151, 152). In addition to modifying parental cells to enhance

targeting ability, sEVs can also be directly targeted. Tian et al.

developed a recombinant fusion protein incorporating an arginine-

glycine-aspartate (RGD)-4C peptide (ACDCRGDCFC) fused with

the phosphatidylserine binding domain of lactadherin (C1C2),

which effectively binds to the membrane of sEVs. This engineered

protein attaches to the surface of sEVs and targets avb3 to suppress
post-stroke inflammation, exhibiting therapeutic benefits in stroke

treatment (106). Through engineering techniques, the brain

targeting of sEVs can be enhanced to improve their therapeutic

efficacy. In summary, the engineering of NSC-sEVs has the

potential to address the limitations of natural sEVs, leading to

improved therapeutic efficacy. Furthermore, the utilization of NSC-

sEVs in drug delivery systems for the treatment of neurological

disorders represents a promising avenue for non-cellular therapy.

Although the aforementioned engineering modifications have

shown great promise in advancing the clinical application process of

NSC-sEVs, it is important to recognize that significant technical
FIGURE 3

NSC-sEVs’ engineering: Two key engineering techniques for optimization of the therapeutic potential of NSC-sEVs for neurological diseases. One
involves the administration of exogenous factors (hypoxia, inflammation, cytokines) to directly modify NSCs parental cells to induce them to secrete
NSC-sEVs with specific components. Another approach requires the isolation of NSC-sEVs, followed by the loading of various cargoes (proteins,
RNA, DNA, and drugs) into NSC-sEVs using co-incubation, electroporation, sonication, freeze-thaw cycling, extrusion, saponification, and chemical
transfection techniques.
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bottlenecks still remain in key areas such as establishing standards

for large-scale production, pharmacodynamics, and safety

assessment. Currently, the technologies for separating sEVs have

diversified (including ultracentrifugation based on physical

parameters, biomolecule-dependent chemical affinity, and

microfluidic microarrays), yet there is still a lack of unified

quality control standards and standardized procedures for large-

scale separation, production, and storage of sEVs (153). In addition,

there is still a large gap in the area of efficacy assessment and safety

studies of sEVs-based therapeutic regimens: On the one hand, a

standardized protocol for quantifying the dose-response

relationship (including key parameters such as effective dose,

route and frequency of administration, and stability of clinical

application) has not yet been established (154); On the other

hand, the potential off-target effects and immunogenicity risks

that may be caused by the biologically active molecules, such as

nucleic acids and proteins, carried in the vesicle need to be

systematically evaluated (155). Future research should aim to

establish a standardized system for the clinical treatment of NSC-

sEVs, focusing on the development of a standardized preparation

process as well as precise and quantitative therapeutic methods, in

order to give NSC-sEVs a broader development perspective.
Discussion

The advancement of regenerative medicine has led to the

recognition of NSC-sEVs as promising candidates for the next wave of

non-cellular therapies in the field of neurological diseases. Currently, the

clinical translation of NSC-sEVs remains in the exploratory phase,

with evidence limited to basic research and preclinical studies, and has

not yet advanced to large-scale clinical trials. However, in the future,

with deeper research and technological advances, NSC-sEVs are

expected to play an important role in the treatment of neurological

diseases. NSC-sEVs demonstrate significant potential as drug delivery

vehicles for the treatment of such conditions, owing to their

biocompatibility, low immunogenicity, and ability to traverse the

blood-brain barrier. Our review suggests that, in normal physiological

circumstances, NSC-sEVs play a crucial regulatory role in the growth

and functional upkeep of the central nervous system. In the context

of neurological disorders, NSC-sEVs have demonstrated the capacity to

mitigate neuronal apoptosis, dampen neuroinflammation, mitigate

oxidative stress, enhance synaptic function, and stimulate endogenous

NSC differentiation via their cargo contents, thereby impeding

disease advancement. Additionally, we examine various engineering

methodologies aimed at harnessing NSC-sEVs as vehicles for drug

delivery in the management of neurological disorders. These

approaches serve to enhance the therapeutic efficacy and targeting

precision of NSC-sEVs, thereby facilitating their clinical translation

for disease intervention. In summary, NSC-sEVs represent a

promising non-cellular therapeutic modality for the treatment of

neurological disorders, offering potential advantages over NSCs

transplantation by mitigating associated challenges.
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Despite the considerable promise of NSC-sEVs in the management

of neurological disorders, notable obstacles persist. These include an

incomplete understanding of the therapeutic mechanisms of NSC-sEVs

in neurological disorders, necessitating further investigation.

Additionally, the absence of reliable and efficient techniques for

isolating and purifying sEVs hinders their clinical application in

treating neurological diseases. Furthermore, the optimization of target

modification strategies is imperative to mitigate off-target effects and

augment the therapeutic efficacy of NSC-sEVs. Finally, standardizing the

source of NSC-sEVs is essential for assessing the immunogenicity and

toxicity of these vesicles from various origins, which may exhibit specific

side effects. It is indisputable that NSC-sEVs exhibit significant promise

as non-cellular therapeutic agents for addressing neurological disorders.

Enhanced understanding of the molecular pathways underlying the

efficacy of NSC-sEVs in neurological disease treatment is crucial for

facilitating the translation of these findings into clinical practice.
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