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Abstract: Ischemic stroke, being a prominent contributor to global disability and mortality, lacks an efficacious therapeutic approach
in current clinical settings. Neural stem cells (NSCs) are a type of stem cell that are only found inside the nervous system. These cells
can differentiate into various kinds of cells, potentially regenerating or restoring neural networks within areas of the brain that have
been destroyed. This review begins by providing an introduction to the existing therapeutic approaches for ischemic stroke, followed
by an examination of the promise and limits associated with the utilization of NSCs for the treatment of ischemic stroke. Subsequently,
a comprehensive overview was conducted to synthesize the existing literature on the underlying processes of neural stem cell-derived
small extracellular vesicles (NSC-sEVs) transplantation therapy in the context of ischemic stroke. These mechanisms encompass
neuroprotection, inflammatory response suppression, and endogenous nerve and vascular regeneration facilitation. Nevertheless, the
clinical translation of NSC-sEVs is hindered by challenges such as inadequate targeting efficacy and insufficient content loading. In
light of these limitations, we have compiled an overview of the advancements in utilizing modified NSC-sEVs for treating ischemic
stroke based on current methods of extracellular vesicle modification. In conclusion, examining NSC-sEVs-based therapeutic
approaches is anticipated to be prominent in both fundamental and applied investigations about ischemic stroke.
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Introduction
Ischemic stroke refers to a clinical condition characterized by the sudden onset of neurological impairment resulting from
a significant decrease or complete cessation of blood flow to the brain.! The main pathological manifestations observed in
cases of ischemic stroke encompass substantial neuronal cell death, disruption of the axonal network, generation of
reactive oxygen species and free radicals, production of cerebral oedema, impairment of the blood-brain barrier (BBB),
and subsequent neuroinflammatory responses, ultimately resulting in the loss of local neural tissue and associated
functionality.” The primary objective of clinical intervention for stroke is to promptly reinstate regional cerebral blood
flow and minimize the occurrence and magnitude of impairment or dysfunction following stroke.> Nevertheless,
irreversible damage to neural tissue often occurs due to the limited time window for therapy and secondary brain
injury.* Furthermore, after reperfusion, the available neural cells remain inadequate for restoring and substituting necrotic
functional neural tissue.

NSCs have the multidirectional potential to differentiate into astrocytes, neurons, and oligodendrocytes. Over the past
decades, NSCs have served as a valuable therapeutic modality for treating neurological diseases, providing new
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therapeutic tools and approaches for many refractory neurological diseases,”® including ischemic stroke.” However, the
quick clinical translation of transplanted NSCs has been hindered by concerns over their potential oncogenicity and
immunological rejection.®’ Recent studies have revealed that paracrine effects (extracellular vesicles) are the predomi-
nant mode of action after stem cell transplantation, and extracting functional extracellular vesicles instead of NSC
transplantation is promising to become a significant therapeutic approach.'’

Small extracellular vesicles (SEVs) are a kind of vesicles released through exocytosis and have a variety of
biologically active components, including nucleic acids, proteins and lipids.'""'? Through membrane fusion with recipient
cells, SEVs facilitate intercellular communication by transferring their cargo to the recipient cells."* As a result, sSEVs
show tremendous promise as a rapidly developing medical tool for treating many disorders. Extensive research has been
conducted thus far on the therapeutic potential of NSC-sEVs in the context of ischemic stroke.'* The specific processes
encompass neuroprotection, inflammatory response suppression, endogenous nerve regeneration facilitation, and vascular
regeneration stimulation. Furthermore, the engineering of NSC-sEVs presents a potential solution to address the concerns
about the inadequate targeting capability and insufficient content loading of NSC-sEVs in isolation. NSC-sEVs can
precisely target cells or tissues through this engineering process, making achieving the desired therapeutic results easier.

This study aims to provide a comprehensive overview of the biological functions and therapeutic benefits of NSC-
sEVs in managing ischemic stroke. Additionally, it addresses the challenges encountered in applying NSC-sEVs and
suggests potential avenues for future advancements in this field.

The Ischemic Stroke and Its Treatment Modalities
Stroke is a prevalent ailment characterized by significant rates of impairment, recurrence, and mortality.'> It stands as one
of the three primary diseases that have a substantial impact on human health, alongside coronary heart disease and
cancer. The findings of a comprehensive examination conducted on the Global Burden of Disease Study 2019 revealed
notable trends in the occurrence and impact of stroke from 1990 to 2019.'° Specifically, there was a substantial 70.0%
rise in the absolute quantity of stroke incidents, an 85.0% increase in the prevalence of such events, a 43.0% surge in the
number of fatalities, and a 32.0% elevation in disability resulting from a stroke on a global scale. In the year 2019, the
majority of stroke episodes, precisely 62.4%, were classified as ischemic strokes. Additionally, 27.9% of the stroke cases
were identified as cerebral hemorrhages. Cerebral hemorrhages accounted for 27.9% of the cases, whereas subarachnoid
hemorrhages constituted 9.7% of the total.'® Ischemic stroke remains the most prevalent type of stroke, comprising the
majority of newly occurring strokes. Ischemic stroke is associated with significant disability and mortality rates, resulting
in substantial physical and psychological suffering for patients.

Ischemic stroke is a condition in which the blood supply to the brain tissue is drastically reduced or interrupted within
a short period due to the blockage of the cerebral blood vessels, thus causing ischemic and hypoxic damage to the brain
tissue and, ultimately, the patient suffers from severe neurological deficits.'” Brain tissue damage following a stroke can
be directly linked to the lack of blood supply. After an episode of ischemia, neuronal cells undergo an energy reduction,
resulting in the stoppage of action in the ion pump, which is highly dependent on energy.'® The process of membrane
depolarization induces the release of neurotransmitters and presynaptic excitatory transmitters by neuronal cells, hence
establishing a positive feedback loop characterized by persistent depolarization and neurotransmitter release.'®
Extramembrane calcium ions are transported into the cell through N-methyl-D-aspartate receptor-gated channels. Due
to the accumulation of intracellular lactate and the lack of adenosine triphosphate, multiple downstream signaling
pathways are over-activated, resulting in calcium in-flow and intracellular calcium overload, which leads to the
catabolism of membrane phospholipids and the disruption of the cytoskeleton, and the generation of a large number of
free radicals.”® Simultaneously, concurrent inflammatory reactions occurring inside the brain parenchyma, such as the
activation of glial cells and endothelial cells, along with the secretion of pro-inflammatory mediators,?' contribute to
subsequent neuronal cell damage (Figure 1).>* The progressive evolution of these interrelated reactions results in an
enhanced incidence of ischemia, leading to the damage and death of neuronal cells in the surrounding regions, especially
in the area known as the ischemic penumbra, even with blood supply restored to the ischemic zone, irreversible brain
tissue damage persists, eventually leading to permanent necrosis and loss of function. The prevailing therapeutic
approach for ischemic stroke is promptly restoring local cerebrovascular blood flow using pharmacological or
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Figure | Schematic view of ischemic stroke pathophysiology. Blocking cerebral blood flow reduces neurons. Neurotransmitters and presynaptic excitatory substances are
released when the cell membrane depolarizes. Calcium ions from outside enter the cell via N-methyl-D-aspartate receptor-gated channels. Calcium ions enter and
accumulate in the cell, breaking down cell membrane phospholipids and disturbing the cytoskeleton. Pro-inflammatory mediators from glial and endothelial cell activation
cause secondary neuronal cell damage. By Figdraw.

mechanical thrombolysis to save the affected tissues to the greatest extent possible, minimizing post-stroke neurological
impairments.*® Tissue-type plasminogen activator (tPA) was the first pharmacological drug approved by the US Food and
Drug Administration for treating ischemic stroke,>* and it serves as a standard medication for clinical revascularization.
tPA catalysis converts plasminogen into the active serine protease known as plasmin via an enzymatic process. This
reaction facilitates crosslinked fibrin degradation, promoting the dissolution of blood clots, a process referred to as
thrombolysis. However, only a tiny proportion of patients, between 3% and 5%, benefit from this medication because of
the 4.5-hour usage window and possible side effects related to tPA administration. In contrast to intravenous thrombo-
lysis, endovascular therapies, such as mechanical and arterial thrombolysis, offer several benefits, including reduced drug
dosage, increased local drug concentration, minimized systemic adverse effects, and increased recovery rates. In the
context of individuals diagnosed with cerebral ischemia accompanied by significant arterial blockage, endovascular
intervention has emerged as a potential therapeutic option instead of tPA. However, stroke centers usually perform
endovascular intervention with the necessary neuro-interventional capabilities. This method has several drawbacks, such
as an increased risk of cerebral bleeding, a narrow application range, the complexity of the process, and a lengthy
recovery period. Furthermore, both techniques are limited by the therapeutic window and only apply to a subset of the
patient group. There is a compelling need to develop a new therapeutic technique for cerebral infarction that can expand
the temporal window, reduce side effects, and improve overall prognosis.

The study of neuroprotective drugs and their effectiveness in treating ischemic stroke has been a significant topic of
academic research. The foundation of prospective neuroprotective therapy is inhibiting or blocking the sequence of
events that lead to neuronal cell injury.®® In the context of acute ischemic stroke, neuroprotection refers to the idea of
minimizing damage to neurons by promptly administering medication either when symptoms appear or during the time
the patient is waiting for blood reperfusion.”® In the past few years, a variety of pharmaceutical agents have been
employed for neuroprotection following ischemic stroke. These agents include anti-inflammatory factors, antioxidants,
glutamate antagonists, neurotrophic factors, y-aminobutyric acid receptor agonists, calcium antagonists, and free radical
scavengers.”’*® These neuroprotective medicines have shown promise in improving the prognosis of ischemic stroke in
several preclinical and clinical trials; nevertheless, these results must be further validated and standardized. This
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necessity arises due to various factors, such as the heterogeneity of stroke in human subjects, the evaluation metrics
employed in animal studies, the optimal time window for drug administration, and the influence of brain aging on
treatment outcomes.”

Following cerebral ischemia, the neuronal regeneration and remodeling process is essential in treating ischemic
stroke. Studies have shown that using stem cells, such as transplanting cells or promoting the natural regeneration of
neural tissue, has the potential to be an effective method for repairing damaged tissues. These therapies have the potential
to provide an extended therapeutic time frame for treating ischemic stroke.”

How Effective is Neural Stem Cell Therapy for Ischemic Stroke

Stem cells are a unique set of cells that can differentiate into multiple types of cells and regenerate themselves effectively.
Under specific circumstances, it can undergo differentiation into a multitude of distinct tissue cells. Based on this
property, transplanting stem cells and their related derivatives into patients can cure diseases by replacing damaged cells
or promoting regeneration in the body.>' The advancement of stem cell technology has led to the extensive utilization of
stem cells in various vital tissues and organs within the human body, as well as in numerous medical conditions
encountered by individuals. This utilization offers a promising avenue for the efficacious treatment of allergic rhinitis,*

36:37 and other related ailments.

spinal cord injury,33 diabe‘[es,34 cardiovascular diseases, bone defects,35 tumors,

According to a meta-analysis, the transplantation of stem cells is efficacious in improving neurological impairments
following cerebral ischemia. Additionally, it has been observed to enhance motor function and voluntary movements in
the limbs of patients.*® Mesenchymal stem cells (MSCs) and NSCs are the focal points of research in the domain of
ischemic stroke. Following transplantation into the body via stereotactic orientation or blood circulation, these stem cells
possess specific homing characteristics that facilitate migration towards the injury site. Once positioned, they exhibit
survival, growth, and differentiation into glial and neuronal cells.*

MSCs can generate a range of cytokines, including brain-derived neurotrophic factor (BDNF), basic fibroblast growth
factor, and vascular endothelial growth factor (VEGF).***! One of the factors that plays a significant role in various
physiological processes is BDNF, which promotes the survival of nerve cells and enhances synaptic plasticity and
neurogenesis.*> Additionally, VEGF is known to trigger the development of blood vessels in the vicinity of cerebral
ischemia. Several studies have demonstrated that transferring mitochondria from MSCs to cells damaged by stroke can
have a neuroprotective impact.*> Furthermore, neural stem cell transplantation has been found to decrease the size of
cerebral infarction and improve neurological function.** Consequently, stem cell transplantation has emerged as a potent
therapeutic intervention, saving patients from life-threatening conditions and enhancing their overall prognosis.

NSCs are a specific group of stem cells found in the nervous system.** They can differentiate into multiple cell types
and renew themselves. Initially, it was commonly believed that NSCs were only found during the early stages of
development and in neonates. It was also thought that the adult brain and spinal cord could not repair damaged nerves. In
1992, Reynolds et al successfully extracted a population of cells from the striatum of adult mice that exhibited the ability
to self-renew and differentiate into many lineages.*® Consequently, the concept of NSCs was categorically introduced,
challenging the conventional belief that nerve cells are incapable of regeneration. In 1997, McKay introduced the idea of
NSCs in the Journal of Science. NSCs are characterized as a population of cells that can differentiate into astrocytes,
neurons, and oligodendrocytes while exhibiting self-renew ability.*” This unique property of NSCs enables them to
generate a substantial quantity of nerve cells within the brain.

During the stage of adulthood, NSCs can be observed in two specific regions of the brain: the sub-granular zone of the
dentate gyrus in the hippocampus region and the subventricular zone (SVZ) surrounding the lateral ventricles
(Figure 2).** NSCs undergo development and differentiation in response to the local microenvironment following
migration along specific pathways towards their functional locations. Stem cells in the subgranular zone (SGZ) and
dentate gyrus (DG) region exhibit migration towards the granule cell layer. Conversely, stem cells residing in the SVZ
demonstrate migration towards the olfactory bulb, following a predetermined pathway within the anterior horn of the
lateral ventricle. During migration, these cells align to form a contiguous band resembling a chain enveloped by
astrocytes.*” Notably, the migration process occurs within the astrocyte-formed sheath.

4282 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhu et al

Subgranular zone of

Subventricular zone Early embryo
dentate gyrus
ependymal
layer - o >
@ Qg 2 @ . Microglia Radial stem cell
] o @
. Neuroepithelium 7 )
Astrocytic > . 4 .
':‘n 'y‘IIL colonization )J » Nonradial stem cell
em ce ’
Transient
amplifying cell Neuroblast 3
™ ™
@ P Neuroblast
9 Blood
A A D oS
»
o
L
’ ) L d
Primitive Neuron Mature astrocyte
macrophages
Astrocyte  Oligodendrocyte Immature olfactory
interneuron

Figure 2 Adult neurogenesis/gliogenesis. In adults, neural stem cells are found in the subgranular zone of the dentate gyrus (SGZ/DG) in the hippocampus and the subventricular
zone (SVZ) around the lateral ventricles. In the SVZ, astrocytic stem cells differentiate into early neurons and glial cells, allowing them to enter the olfactory bulb via the rostral
migratory stream. Radial glial cells, or radial stem or progenitor cells, are the primary source of early neurons and glial cells in the SGZ/DG area. By Figdraw.

The primary components of neural stem cell therapy for ischemic stroke encompass two fundamental features.>
Firstly, cell replacement involves the activation of endogenous NSCs within the body, typically found in a quiescent
condition. In brain tissue damage cases, endogenous NSCs’ activation occurs, leading to their migration and localization
at the injury site. Subsequently, these NSCs differentiate into neurons and glial cells, facilitating neural regeneration and
repair. This reparative mechanism involves restoring damaged tissue and containing future expansion of the lesion.”’
Nevertheless, the quantity of activated endogenous NSCs within the organism is constrained. Furthermore, many of these
endogenous NSCs tend to develop into glial cells due to adverse microenvironmental conditions. This phenomenon
contributes to the diminished capacity of the body to undergo self-repair following a stroke. Transplanting exogenous
stem cells into the brain can fill the shortage of endogenous NSCs and stimulate nerve regeneration, rebuilding or
repairing the brain-damaged area’s neural network.>? Secondly, the paracrine effect can be observed in the context of
stem cell transplantation in the brain.

Since nerve fibers and blood vessels in the brain often travel concomitantly, transplanted stem cells can migrate along
the blood vessels to the ischemia-associated areas and stimulate endogenous repair by secreting cytokines. Monocyte
chemotactic protein 1 and chemokine stromal cell-derived factor 1 were found to be essential molecules for the homing
of stem cells to ischemic regions.’>>* Transplanted stem cells can induce angiogenesis by releasing vascular endothelial
growth factor, eliciting anti-inflammatory responses and other benefits.”> The comprehensive array of ways NSCs operate
in managing ischemic stroke indicates that the restoration and healing of neural networks in the brain following such an
event are facilitated through various means. Because of the low survival rate of transplanted stem cells, stem cell therapy
acts primarily through time-limited paracrine mechanisms. Interestingly, Khan found that stem cell-derived sEVs provide
beneficial therapeutic effects similar to those of stem cells and overcome the limitations of stem cell therapy.>®
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Figure 3 Biogenesis and biological characteristics of sEVs. sEVs secretes and form a lipid bilayer that contains a range of transmembrane proteins like CD9, CDé63, and
CD8l, as well as heat shock proteins like HSP90 and HSP70, all of which can perform various immunological activities. By Figdraw.

NSC-sEVs for Ischemic Stroke
sEVs range in size from 30-200 nm and are exocytotic vesicles secreted by most cells.”’ Initially, they were believed to
be waste particles released during the stripping of the plasma membrane.’® Both SEVs and microvesicles are vesicles
surrounded by a lipid bilayer but do not have the same membrane composition due to their different origins.’® SEVs,
crucial mediators in storing and transmitting cellular signals (Figure 3),°° can transfer their cargo to target cells through
fusion with the recipient cell membrane. This process, therefore, bestows novel characteristics upon the recipient cells.
Multiple studies have confirmed that SEVs significantly modulate cell connections within the neurovascular unit following
an ischemic stroke.®’ The neurovascular unit comprises several components, such as the BBB, glial cells, neurons, and
extracellular matrix. The involvement of SEVs generated from neurovascular unit cells during ischemic events is of considerable
importance in the modulation of neurological function impairment and subsequent repair processes. Stem cell-derived SEVs can
also mediate communication by delivering nucleic acids, lipids and proteins between cells and tissues and influence neurovas-
cular regeneration,®” inflammatory responses,®® and neuronal remodeling after cerebral ischemia by controlling gene expression
and signaling pathways in recipient cells.** Many studies have also confirmed the potential functions of NSC-sEVs.5>%® As
illustrated in Figure 4,°”  the administration of NSC-sEVs has been shown to facilitate the process of angiogenesis,
neurogenesis, and axonal development while simultaneously suppressing inflammatory reactions. Consequently, this interven-
tion has the potential to effectively reduce the restoration of standard functionality following an ischemic stroke. Extracting
NSC-sEVs from cell cultures can pose considerable difficulties as neuroscience researchers navigate complex neural pathways.
Common challenges encountered when extracting NSC-sEVs from cell culture include contamination (caused by the medium
used for cell cultivation containing lipids, proteins, and other substances which may also interact with NSC-sEVs).”® Also,
without standardized procedures for NSC-sEVs extraction from cell culture, discrepancies may arise between studies and

compromise consistency.’' Further investigation is required to tackle the challenges associated with isolating the NSC-sEVs.

Neuroprotective Effects of NSC-sEVs
Neurons play a crucial role in the brain’s functioning, and it has been shown that adults possess a restricted capacity for
neuronal replacement.72 Numerous studies have shown that the severity of ischemic stroke depends mainly on the

4284 https: International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhu et al

After NSC-sEV transplatation Ischemic Stroke

BBB breakdown

Angiogenesis

Neurogenesis and
Neuroprotection
(Y

Neuromodulation

® ¥ % I

Redcell  Neuron  Astrocytes Oligodendrocytes Damaged . ieath Damaged Activated
erythrocyte h neuron astrocytes

Figure 4 NSC-sEVs for treating ischemic stroke. The specific processes encompass neuroprotection, inflammatory response suppression, endogenous nerve regeneration
facilitation, and vascular regeneration stimulation. By Figdraw.

number of neurons dying in the region of brain injury.”**’* Furthermore, the demise of neurons within the ischemic core
results in the release of pro-inflammatory and pro-apoptotic substances into the adjacent brain parenchyma, inducing
neuronal death in the ischemic penumbra region. The point of view emphasizes the importance of cells’ functional and
structural integrity in the penumbra region, as it is vital in limiting the size and extent of infarction. Therefore, it is
essential for restoring damaged neurons.

Studies have shown that the lengths of dendrites and axons in neurons were reduced after experiencing oxygen-
glucose deprivation/reperfusion. Additionally, there was a considerable reduction in the density of dendritic spines.
However, it was observed that sEVs effectively counteracted these effects, reversing the trends mentioned above.”>’®
The study conducted by Wang et al demonstrated that the administration of NSC-sEVs resulted in a considerable
reduction in the presence of TUNEL-positive neurons subjected to oxidative stress.”” The Western blot analysis revealed
a significant upregulation of Bcl-2 expression in the sSEVs group, while the expression of Bax was observed to be
downregulated in the same group. The findings suggest NSC-sEVs can impede neuronal death induced by oxidative

stress damage and facilitate neuronal remodeling.

NSC-sEVs Inhibits the Activation of Glial Cells

Astrocytes represent the predominant glial cell population within the CNS. They fulfil various essential functions,
including regulating extracellular ion concentrations, mitigating excitotoxicity, clearing amino acid neurotransmitters,
releasing neurotransmitters, and facilitating synaptic development. These roles are critical for maintaining the integrity of
the BBB and supporting neural activity.””*® When the CNS is stimulated by injury, astrocytes will be in an activated
state. Their number, morphology and biological function may change from resting astrocytes to reactive astrocytes. The
activation of astrocytes into A l-responsive astrocytes, characterized by their capacity to generate significant quantities of
inflammatory factors and neurotoxins, can be triggered by several stimuli, including inflammation and other factors. This
transformation renders these astrocytes detrimental to surrounding nerve cells, leading to their demise. Promoting
neuronal survival is facilitated by inhibiting Al-responsive astrocyte activation and suppressing inflammatory factor
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release.®’ The study revealed that mouse NSC-sEVs exhibited a notable decrease in lactate dehydrogenase release from
astrocytes when exposed to hypoxic settings. Additionally, NSC-sEVs reduced neuronal apoptosis and cerebral infarct
volume.

Microglia, a type of macrophage in the CNS, is crucial in maintaining the balance between cell growth and cell death
by engulfing and eliminating dying neurons. This process is essential for the correct development of the CNS.®
Microglia activation is promptly initiated upon brain tissue injury, releasing substantial quantities of pro-inflammatory
chemicals and cytotoxic substances. Consequently, microglia assume a significant role in the progression of secondary
injury after neurotrauma and neuroinflammation. In their study, Gao et al found that NSC-sEVs can selectively
accumulate in cerebral ischemia regions following intravenous treatment. Furthermore, they observed a significant
reduction in the inflammatory response of microglia with exposure to NSC-sEVs, leading to decreased production of pro-
inflammatory cytokines such as TNF-a, IL-1p, and IL-6.%* Through high-throughput sequencing, it was discovered that
seven microRNAs (miRNAs) present in NSC-sEVs can impede microglia activation. This inhibition is achieved by
effectively regulating the mitogen-activated protein kinase (MAPK) pathway.

NSC-sEVs Facilitate NSC Differentiation

Neuronal death and lack of regeneration capacity are leading causes of limited recovery after cerebral ischemia. The
critical determinant for influencing the restoration of nerve function after ischemic events is the proportion of neurons
present within the differentiated cells derived from endogenous NSCs.*>*¢ Nevertheless, oxidative stress, hypoxia, and
inflammation induce programmed cell death in endogenous NSCs and influence the transformation of NSCs into
astrocytes.®’ Consequently, this impacts the reorganization of the neural network following an episode of ischemia.®
The study conducted by Chen et al revealed that SEVs derived from NSCs subjected to modification by IFN-y (IFN-y-
NSC-sEVs) exhibited the ability to enhance the differentiation of endogenous NSCs into neurons in rats with cerebral
ischemia. Furthermore, these sEVs demonstrated the capacity to improve the survival of NSCs in the presence of
oxidative stress while mitigating the inflammatory response.®® However, a comprehensive investigation of the mechan-

ism of action of IFN-y-NSC-sEVs has not been conducted.

NSC-sEVs Promotes Angiogenesis

The treatment of ischemic stroke requires both the regeneration of brain tissue and the activation of angiogenesis.”® The
stress-induced damage of vascular endothelial cells has been observed to cause a decrease in blood supply, the cessation
of local angiogenesis, and the disruption of nutrition supply, ultimately resulting in an unfavorable prognosis. The
organism employs angiogenesis as a means to alleviate ischemic hemidiaphragm injury. Research has indicated a positive
association between the quantity of neovascularization and patient survival. The blood vessel development and recon-
struction process necessitates the involvement of endothelial cells, perivascular cells, and signaling factors produced by
smooth muscle cells.”’ The study determined that NSC-sEVs had a pro-angiogenic effect during cerebral ischemia, but
the underlying mechanism remained inconclusive.®®*% In their study, Hu et al discovered that NSC-sEVs can enhance the
migration and proliferation of vascular endothelial cells in mice with spinal cord injuries. Furthermore, the researchers
revealed that VEGF-A facilitated this pro-angiogenic impact within the sEVs.”> VEGF, a highly selective pro-vascular
endothelial cell growth factor, can enhance vascular permeability, degrade the extracellular matrix, facilitate migration
and proliferation, and induce neovascularization in vascular endothelial cells. Subsequent experimental investigations
revealed that the angiogenic effects of NSC-sEVs were reversed mainly by the down-regulation of VEGF-A.”?

NSC-sEVs Enhances BBB Integrity

The BBB is a crucial component of cerebral microcirculation, composed of endothelial cells of the capillary wall,
astrocyte ends wrapping capillaries, and pericytes embedded in the capillary basement membrane.”* Under normal
conditions, the BBB isolates the CNS from peripheral blood circulation, effectively restricting and regulating molecular,
ionic, and cellular exchanges between the blood and the CNS, making it difficult for most molecules, viruses,
inflammatory factors, and other harmful components to pass through the BBB, thus effectively maintaining CNS
homeostasis.”>® As a critical component of the BBB, brain endothelial cells have specific transport mechanisms for
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luminal/extraluminal polarization, tight junctions, attachment of adhesion molecules, and restriction of polar substances,
which efficiently maintain the stability of the BBB. ABCBI1 belongs to the ATP-binding cassette family of transporter
proteins, which are responsible for actively expelling substrates from cells upon ATP energy stimulation.”” The
expression of ABCB1 is observed to be increased in brain endothelial cells three hours following the generation of
stroke. This upregulation may be a normal reaction to removing harmful compounds within the cells. Nevertheless,
unfortunately, this response also leads to the transfer of neuroprotective molecules and inflammatory chemokines.”® Prior
research has indicated that the suppression of ABCBI leads to a decrease in the size of infarcts in mice subjected to
experimental stroke scenarios.”” The study conducted by Thorsten et al showed that NSC-sEVs effectively reduced the
overexpression of ABCB1 by blocking the activation of the NF-kB pathway in endothelial cells.'” Astrocytes that have
been activated following a stroke play a significant role in the production of matrix metalloproteinases, which subse-
quently result in the degradation of the basement membrane and the breakdown of the BBB. However, the administration
of NSC-sEVs demonstrated a notable suppression of MMP-9 activation, a protein that exhibited widespread upregulation
in several brain areas 24 hours post-stroke. This effect ultimately resulted in the reinforcement of BBB integrity in
a rodent stroke model.'”

Using Engineered sEVs for Treating Ischemic Stroke

As research progresses, the limitations of utilizing natural SEVs for treating ischemic stroke are becoming increasingly
evident, specifically in their inadequate targeting capabilities and content loading.'®"'%? Several approaches have been
devised to rectify these limitations and enhance the targeting, stability, and loading capacity of NSC-sEVs. These

modifications together fall under the category of engineered NSC-sEVs.'%?

Targeting

The effective delivery of medications to brain tissue for treating ischemic stroke is still a challenging task despite the
advancements made in this area. One of the fundamental difficulties is in reaching optimal drug concentration in the brain
while also possessing qualities like the ability to pass the BBB and low toxicity. The BBB presents a significant
impediment to drug therapy, as the ability of medications to effectively traverse this barrier and exert their desired

therapeutic effects is limited.'**

sEVs can traverse the BBB and exhibit potential as nanoscale carriers for neurological
medication administration, characterized by their low toxicity and good biocompatibility.'®> Currently, the primary
method of delivering natural sEVs is through intravenous injection. Nevertheless, following intravenous delivery, the
primary distribution of endogenous sEVs occurs in peripheral organs, including the liver, spleen, kidney, lungs, and
gastrointestinal system. This distribution pattern ultimately diminishes the effectiveness of the treatment.'®®'
Furthermore, empirical research has demonstrated that sEVs possess specific signaling molecules capable of binding
to certain cellular targets. The interplay between receptors and ligands facilitates target cells’ selective internalization of
sEVs, promoting cellular uptake with a high specificity.'® There is a pressing demand to engineer SEVs to achieve
maximum efficiency and efficacy in drug delivery targeting.

The specificity of sEVs targeting can be achieved by employing various technical methods for extracellular vesicle
surface engineering, primarily through genetic and chemical modification. Genetic engineering involves using plasmid
vectors and other encoded proteins or peptides to bind to extracellular vesicle membrane proteins, such as glycopho-
sphatidylinositol and lysosome-associated membrane protein.'*®''® Chemical modification mainly relies on the biocon-
jugation of targeted ligands to surface proteins to modify the surface of sEVs (Figure 5).'"! An instance of this can be
observed in the case of integrin avp3, which is absent in the vasculature of normal tissues but exhibits significant
expression on endothelial cells during instances of pathological angiogenesis, such as vascular regeneration following
ischemic tissues and the neovascularization of tumors."'*'"* Consequently, this integrin can serve as a viable target for
delivering therapeutic agents. The Arg-Gly-Asp (RGD) peptide functions as a ligand that specifically binds to the integrin
avP3 receptor with high affinity."'* In their study, Gao et al modified the RGD peptide on the membrane of NSC-sEVs
and injected it into cerebral ischemic rats via the tail vein.'®” The study revealed that the sEVs treated with peptides
exhibited notable accumulation in the area of ischemic brain lesions, indicating that this targeting capability is attributed

to the high affinity between the RGD peptide and integrin avp3.®
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Content Carrying
Pharmacological intervention constitutes a crucial component of the therapeutic regimen for ischemic stroke.''>''®
Nevertheless, traditional pharmacological treatment frequently encounters challenges such as limited cellular penetration,
inadequate aqueous solubility, and dispersion within the organism. These issues may result in an escalation in drug
dosage, constraining the effectiveness of the medication and augmenting the probability of adverse reactions. Therefore,
alongside the further advancement of pharmaceuticals, implementing a rational drug delivery system holds the potential
to facilitate the efficient and secure transportation of medications to the specific site of injury. SEVs can serve as a novel
drug delivery vehicle cohort due to their diminished immunogenicity, elevated biocompatibility, and sustained circulation
within the vascular system.''” To obtain engineered sEVs containing target genes, drugs, and other substances, drug
loading procedures are mainly achieved by electroporation, incubation methods, and chemical conjugation methods
(Figure 6).''®

Neurotrophic factors are a group of proteins essential for the nervous system’s development, growth, survival, and
differentiation.''® BDNF, the most abundant and widely distributed neurotrophic factor in the nervous system, promotes
cell differentiation, synaptogenesis, and neurogenesis in the nervous system through stimulation of its pro-myosin
receptor kinase B and exhibits many neuroprotective properties in post-ischemic and traumatic brain injury.'?® It has
been shown that BDNF promotes the proliferation of endogenous NSCs and regeneration of neural axons in spinal cord
injured rats. However, the effectiveness of administering these neurotrophic factors from an external source is con-
strained by their relatively brief duration of action, limited capacity to cross the blood-brain barrier, and rapid
degradation.'?""'?* Chen et al successfully generated BDNF-NSC-sEVs by co-incubation and transfection to introduce
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Figure 6 The utilization of physical treatment modalities for enhancing the therapeutic effectiveness of sEVs. Physical treatments load cargo into sEVs. Using surfactant,
sonication, and electroporation to create exosomal membrane pores enhances this process. Extrusion, freeze-thaw treatment, and dialysis increase cargo loading in
membrane recombination. By Figdraw.

BDNF into NSC-sEVs. Their investigation revealed that BDNF-NSC-sEVs can enhance the differentiation of hypoxic
NSCs into neurons. Additionally, BDNF-NSC-sEVs showed the capacity to establish a suitable immune microenviron-
ment for neural regeneration by decreasing inflammatory responses.®” This approach effectively produces a synergistic
therapeutic outcome by augmentation of neurotrophic factors’ bioavailability and consolidating Exo’s inherent therapeu-
tic impact.

Benefits of Imaging-Based NSC-sEVs Tracking

Tracking the behavior of NSC-sEVs in living organisms presents a considerable challenge. One reason is the small size
of sEVs, which allows them to disperse quickly in body fluids. Additionally, their composition is similar to that of body
cells, making it difficult to distinguish them using imaging techniques.'*> To gain a deeper understanding of the
functionality, viability, and trafficking of these vesicles within the body, it is essential to have a dependable and
noninvasive NSC-sEVs in vivo imaging technique.'** Various imaging technologies are currently available, each with
its unique capabilities. These include optical (bioluminescent imaging (BLI) and fluorescence imaging are its primary
forms), tomographical (CT and MRI), nuclear imaging modalities (Radioactive substances), and photoacoustic
imaging.'*>'*® Imaging technologies provide numerous advantages, including high sensitivity, perfect spatiotemporal
precision, the ability to penetrate deep into tissues, superior resolution, and remarkable tissue contrasts.'?” NSC-sEVs
have a wide range of therapeutic potential, and numerous tracking methods have been designed to investigate how they
work. Further research will likely give a more comprehensive understanding of their capabilities and limitations.
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The Future Prospective

Numerous studies have substantiated the efficacy of NSC-sEVs in the treatment of ischemic stroke. Its primary
mechanisms involve the inhibition of neuroinflammation, mitigation of apoptosis, and facilitation of neurovascular
regeneration. Consequently, this therapeutic approach presents a novel avenue for managing neurological disorders,
including stroke. However, it is imperative to acknowledge specific possible challenges associated with NSC-sEVs-based
therapeutic approaches that necessitate careful consideration and resolution.

sEVs possess distinct proteins and genetic material exclusive to the originating cell or tissue, indicating their cellular
origin and physiological condition.'*®'?® Therefore, SEVs released by distinct cellular entities exhibit distinct attributes
and functionalities. The generation, surface protein expression and content composition of sEVs are influenced by cell
development conditions and the culture medium formulation.'*® Maintaining consistent cell growth ensures extracellular
vesicle stability, uniformity, and efficacy. Furthermore, it should be noted that storage conditions might influence the size
distribution of sEVs and the stability and biodistribution of cells. Previous research has demonstrated that SEVs, when
stored in individual doses at —80°C, maintain their functional activity for seven months.'*' The variables above possess
the potential to exert a significant influence on the efficacy of the clinical-grade NSC-sEVs and will serve as crucial
determinants in their production.

The composition and function of exosomal subtypes exhibit variability, which has implications for various
applications. One notable challenge is the inability to effectively label and identify specific exosomal subtypes. To
conduct thorough biochemical investigations, such as identifying bioactive compounds and therapeutic screening, it
is imperative to employ stringent purification and grading procedures for purified sEVs. In addition, dosing remains
a significant challenge when delivering NSC-sEVs-based therapies, with factors such as dose selection, assessment,
and administration (route, frequency, time window) influencing the outcome. There is a need to create potency
assays that utilize appropriate functional endpoints to determine in vitro and in vivo efficacy accurately. The
efficacy assessments of sEVs rely on standardizing extracellular vesicle samples and the specific disease under
investigation.

In treating ischemic stroke, stem cell-derived sEVs, especially NSC-sEVs, can establish an immune microenviron-
ment conducive to recovery, suppress neuronal apoptosis and neuroinflammation, and actively engage in the endogenous
tissue repair mechanism. Consequently, these SEVs are crucial in restoring neurological function after a stroke. Despite
the existing limitations and challenges in the current implementation of NSC-sEVs, their potential for use in refractory
neurological conditions such as ischemic stroke remains promising. Hence, it is anticipated that novel therapeutic
approaches utilizing NSC-sEVs will be crucial for future clinical implementation.
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