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Subarachnoid hemorrhage (SAH), accounting for ~5% of all strokes, represents a catastrophic subtype of ce-
rebrovascular accident. SAH predominantly results from intracranial aneurysm ruptures and affects ~30,000
individuals annually in the United States and ~6 individuals per 100,000 people worldwide. Recent studies have
implicated that administering mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) may be beneficial
in inducing neuroprotective and antiinflammatory effects following SAH. EVs are nanosized particles bound by a
lipid bilayer. MSC-EVs comprise a therapeutic cargo of nucleic acids, lipids, and proteins, having the promise to
ease SAH-induced long-term brain impairments. This review evaluated the findings of published studies on the
therapeutic efficacy of MSC-EVs in the context of SAH. A growing body of evidence points out the therapeutic
potential of MSC-EVs for improving brain function in animal models of SAH. Specifically, studies demonstrated
their ability to reduce neuronal apoptosis and neuroinflammation and enhance neurological recovery through
neuroprotective and antiinflammatory mechanisms. Such outcomes reported in various studies suggest that MSC-
EVs hold great potential as a novel and minimally invasive approach to ameliorate SAH-induced neurological
damage and improve patient outcomes. The review also discusses the limitations of EV therapy and the required
future research efforts toward harnessing the full potential of MSC-EVs in treating SAH.

1. Introduction serve as priming elements for SAH, early brain injury (EBI) is the crux of

post-SAH morbidity [Van Gijn and Rinkel, 2001; Rabinstein, 2013;

Subarachnoid hemorrhage (SAH) represents a catastrophic subtype
of cerebrovascular accident, predominantly resulting from intracranial
aneurysm ruptures [Welty and Horner, 1990; Brisman et al., 2006;
Claassen and Park, 2022]. SAH affects ~6 individuals per 100,000
people worldwide. In the United States, an estimated 30,000 individuals
suffer from SAH annually, with a 14% mortality rate before accessing
medical care [Sobey and Faraci, 1998; Palade et al., 2013; Vivancos
etal., 2014; Tawk et al., 2021]. For survivors, the statistics remain grim,
with 50-70% enduring severe disability or succumbing to complications
of SAH [Sobey and Faraci, 1998; Palade et al., 2013; Vivancos et al.,
2014]. Even with innovations in medical and surgical management over
the past decades, SAH remains a considerable public health burden,
accounting for ~27% of all stroke-related potential years of life lost
among individuals under 65 [Vermeulen, 1996; Claassen and Park,
2022]. While risk factors such as hypertension, smoking, and trauma

Sriram et al., 2022; Bonita, 1986]. EBI is typified by acute neurological
deficits that occur within 72 h post-hemorrhage. A primary mechanistic
role is attributed to apoptosis triggered by caspase activation, which
leads to significant neurodegeneration [Fujii et al., 2013; Palade et al.,
2013; Gu et al., 2021].

SAH can precipitate various complications, including cerebral
vasospasm, a pathological condition characterized by the constriction of
cerebral blood vessels [Welty and Horner, 1990]. While preventing ce-
rebral vasospasm after SAH helps reduce severe complications, it cannot
entirely prevent SAH-induced EBI or neurological deficits. Therefore,
effective alternative therapeutic strategies are necessary to combat
SAH-induced EBI and neurological deficits [Xu et al., 2019; Claassen and
Park, 2022]. Recent studies suggest that administering extracellular
vesicles (EVs) derived from mesenchymal stem cells (MSCs) could be
beneficial in inducing neuroprotective effects following SAH. MSCs can
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improve outcomes by acting primarily through paracrine mechanisms
after intracerebral grafting in models of ischemic stroke and intracere-
bral hemorrhage (Myers et al., 2023; Wang et al., 2023). However,
directly administering MSCs into the brain is an invasive procedure that
can cause further damage to the brain and may form tumors if they
undergo unlimited proliferation. On the other hand, intravenous or
intranasal administration of nanosized EVs secreted by MSCs can
mediate the therapeutic effects of MSCs without the above risks as they
exhibit either no or very low immunogenicity and cannot replicate (Zhu
et al., 2017). Since the bioactive molecules in the MSC-EV cargo can
mediate tissue repair processes through antioxidant, antiinflammatory,
and neuroprotective effects, studies on the administration of MSC-EVs
after SAH have received significant attention.

This review critically discusses the potential of MSC-EVs for treating
brain dysfunction resulting from SAH. The review confers specific
microRNAs (miRNAs) within MSC-EVs and their significant impact on
gene modulation, inhibition of cell death, and neuroprotection
following SAH. MSC-EVs contain a wide range of miRNAs, some of
which may be beneficial, while others may be detrimental to brain
repair after SAH. The article discusses the net effect of MSC-EVs in an-
imal models of SAH and their potential to alleviate long-term brain
dysfunction after SAH. The limitations of MSC-EV therapy and the need
for further research in this area are also deliberated.

2. Pathophysiology of SAH

SAH commonly results from ruptured intracranial aneurysms, pri-
marily located at arterial bifurcations [Vivancos et al., 2014; Claassen
and Park., 2022; Palade et al., 2013; Sriram et al., 2022]. The most
common causes of SAH include arteriovenous malformations, a history
of smoking, chronic hypertension, traumatic brain injury, and cardiac
abnormalities [Bonita, 1986; Brisman et al., 2006; Claassen and Park,
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2022; Van Gijn and Rinkel, 2001] (Fig. 1). SAH leads to mortality in
~20-30% of cases, with survivors facing risks of fatal rebleeding, sei-
zures, or other complications [Szabo and Momen-Heravi, 2017] (Fig. 1).
Cerebral vasospasm, characterized by the constriction of cerebral ar-
teries, is a well-documented complication post-SAH [Li et al., 2019;
Wanderer, 2020; Osgood, 2021; Neifert et al., 2021]. Nimodipine, a
dihydropyridine calcium channel blocker, is often administered to pre-
vent delayed cerebral ischemia [Raya and Diringer, 2014]. Furthermore,
accessing the aneurysm via craniotomy and securing it through either
coiling or clipping are the two primary surgical strategies for acute SAH
[Colby et al., 2010; Marcolini and Hine, 2019] (Fig. 1).

EBL seen within 72 h post-SAH [Caner et al., 2012], involves the
activation of neuroinflammatory pathways, including substantial
microglial activation, astrocyte reactivity, recruitment of peripheral
leukocytes into the brain parenchyma, disruption of the blood-brain
barrier (BBB) and intracranial edema [Fujii et al., 2013; Geraghty
et al., 2019; Solar et al., 2022]. A central role in the EBI pathogenesis is
attributed to the activation of pattern recognition receptors like toll-like
receptors (TLRs), which trigger the NF-kB signaling pathway, fostering
the expression of proinflammatory genes and cytokines [Geraghty et al.,
2019; Solar et al., 2022]. The activation of apoptotic pathways is a
hallmark of EBI, involving both caspase-dependent and
caspase-independent mechanisms [Kaur et al., 2018; Solar et al., 2022].
Intrinsic apoptosis is mainly driven by mitochondrial cytochrome ¢
releasing into the cytoplasm, activating caspase 9, while the extrinsic
pathway involves the Fas ligand/receptor system. Concomitantly, nec-
roptosis and autophagy contribute to neurodegeneration, adding layers
of complexity to the EBI pathogenesis [Dhuriya et al., 2018; Gu et al.,
2021].

The cerebral microenvironment also undergoes marked biochemical
alterations after SAH. Excitotoxicity, driven by a surge in extracellular
glutamate, incites neuronal damage by activating n-methyl d-aspartate
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Fig. 1. A schematic representation of causes, complications, and treatment of subarachnoid hemorrhage (SAH). An initial vascular insult, such as aneurysmal rupture
resulting from multiple risk factors, leads to blood extravasation into the subarachnoid space. Such an event leads to complications such as cognitive impairment,
speech difficulties, and motor disability. The current treatment for SAH includes endovascular coiling, aneurysmal clipping, and pharmacotherapy with Nimodipine.
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and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
[Zhang et al., 2018; Kirdajova et al., 2020]. This excitotoxicity triggers
intracellular calcium overload, exacerbating oxidative stress and
amplifying mitochondrial dysfunction [Kirdajova et al., 2020]. Free
radicals like superoxide anions, hydroxyl radicals, and NO potentiate
further damage, acting as signaling molecules in the apoptotic cascade
[Kirdajova et al., 2020]. Altered ion homeostasis is another feature
post-SAH, prominently illustrated by changes in sodium and potassium
channel functioning [Sehba et al., 2011]. Dysregulated ion channel ac-
tivity compromises neuronal membrane potentials, instigating cellular
depolarization and contributing to the escalation of intracellular cal-
cium levels, thus perpetuating the cycle of cellular damage [Zhang et al.,
2018; Kirdajova et al., 2020; Harukuni and Bhardwaj., 2006; Sehba
et al., 2011]. Many recent studies have pointed out that the underlying
causes of many post-SAH neurological deficits are neuroinflammation
and apoptosis. On the other hand, apoptosis leads to deleterious effects,
including microcirculatory dysfunction, BBB disruption, and intracra-
nial edema, cumulatively contributing to the neurological deficits
observed in post-SAH patients [MacDonald., 2014].

One of the significant limitations in treating SAH is that traditional
pharmacological approaches are ineffective due to their inability to
cross the BBB. While nimodipine treatment can restrain cerebral vaso-
spasm and delayed cerebral ischemia, it cannot prevent neuro-
inflammation, apoptosis, and endothelial dysfunction after SAH
[Castanares-Zapatero et al., 2011; Viderman et al., 2021]. Thus, alter-
native therapies that are efficacious for restraining neuroinflammation,
apoptosis, and endothelial dysfunction are needed to ease SAH-induced
brain dysfunction. In this context, stem cell-derived EV therapy,
particularly those derived from MSCs, appears attractive for treating
SAH due to its capability to modulate inflammation, promote tissue
repair, and enhance angiogenesis [Kalluri and LeBleu, 2020; Teng and
Fussenegger, 2020; Bang and Kim, 2019].

3. Mesenchymal stem cell-derived extracellular EVs

EVs, nanosized particles enclosed by membranes produced by cells,
carry nucleic acids, lipids, signaling molecules, and proteins [Kalluri and
LeBleu, 2020; Teng and Fussenegger, 2020; Shetty and Upadhya, 2021].
EVs secreted by various cells can be found in virtually all biological
fluids [Hessvik and Llorente, 2018; Teng and Fussenegger, 2020] and
can also be isolated from cell culture media [Hessvik and Llorente, 2018;
Kalluri and LeBleu, 2020; Teng and Fussenegger, 2020; Upadhya et al.,
2020a,b]. EVs play vital biological roles in maintaining cellular ho-
meostasis and distributing biomolecules between cells and tissues
[Lasser et al., 2011; Vogel et al., 2018]. EVs comprise exosomes and
microvesicles produced through distinct pathways [Teng and Fusse-
negger, 2020; Lasser et al., 2011]. The endosomal pathway generates
exosomes, the smallest EVs with a diameter ranging from 30 to 150 nm
(nm). Exosome generation sequentially involves the internalization of
the plasma membrane forming early endosomes, inward invaginations
into early endosomes creating intraluminal vesicles (ILVs) leading to the
formation of multivesicular bodies (MVBs) [Teng and Fussenegger,
2020], and maturation and sorting of ILVs via trans-Golgi network
convergence with the MVBs, facilitated by Rab GTPases and soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARESs) [Robbins and Morelli, 2014]. While some MVBs get into the
lysosomal pathway, the other MVBs fuse with the plasma membrane, a
process regulated by additional Rab GTPases and SNARE complexes, and
release of ILVs into the extracellular space, now referred to as exosomes
[Kalluri and LeBleu, 2020]. Microvesicles, ranging from 100 to 1000
nm, are generated via outward budding and fission of the plasma
membrane, a process regulated by lipidic and proteinaceous factors
[Hessvik and Llorente, 2018]. Both exosomes and microvesicles carry a
variety of bioactive molecules and have a role in intercellular commu-
nication under physiological conditions. The guidelines of the Interna-
tional Society for extracellular vesicles discourage the use of
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terminologies such as exosomes and microvesicles in the absence of
clear evidence of their production process by parental cells and
recommend a general terminology of “EVs” for vesicles secreted by cells
(Thery et al., 2018; Welsh et al., 2024; Upadhya and Shetty, 2024). EVs
contain proteins, lipids, reparative cytokines, messenger RNAs
(mRNAs), miRNAs, and long non-coding RNAs. Among these, miRNAs
within EVs serve as mediators of intercellular communication, robust
biomarkers for diagnostic and prognostic evaluations in disease condi-
tions, and components of therapeutic effects mediated by stem
cell-derived EVs in animal models of disease [McGeer and McGeer,
2015; Long et al., 2017; Vogel et al., 2018; Upadhya et al., 2020b;
Upadhya and Shetty, 2021; Shetty and Upadhya, 2021; Upadhya et al.,
2022; Ayyubova et al., 2023].

Stem cell-derived EVs have garnered significant interest due to their
potential therapeutic benefits in diseases, including neurological and
neurodegenerative diseases. Several characteristics render stem cell-
derived EV therapy appealing for human diseases. First, because of
their nano size, low immunogenicity, and therapeutic miRNA and pro-
tein cargo, stem cell-derived EVs are considered suitable for restraining
the multifaceted pathophysiology in human disorders. Second, trans-
ferring miRNAs and proteins from stem cell-derived EVs to recipient
cells can regulate various cellular pathways [Szabo and Bala, 2013;
Szabo and Momen-Heravi, 2017]. Third, therapeutic stem cell-derived
EVs are convenient for long-term storage at low temperatures and can
be transported on ice without losing their biological activity (Gorgens
et al., 2022). Fourth, stem cell-derived EVs can cross the BBB following
intravenous administrations or be delivered quickly to various neural
cells via intranasal administrations [Long et al., 2017; Kodali et al.,
2019; Attaluri et al., 2023]. Fifth, stem cell-derived EVs could also be a
potential vehicle for targeted drug delivery to the brain, which could
enhance their therapeutic effects [Liu et al., 2021; Meng et al., 2020].
However, it is essential to characterize EVs shed by distinct stem cell
types using multiple assays, including small RNA sequencing and pro-
teomic studies (Upadhya et al., 2020b), as the miRNA and protein
composition of EVs can vary depending on the age and health of donors
and culture conditions and may also potentially include harmful miR-
NAs or proteins.

While EVs from different types of stem cells are being researched for
their potential therapeutic benefits, a significant focus has been on MSC-
EVs, as they contain specific bioactive molecules that can effectively
mediate antiinflammatory and neuroprotective effects, showing great
promise for improving treatment approaches for SAH. MSC-EV therapy
is increasingly considered a promising approach for easing brain
dysfunction in many neurological and neurodegenerative diseases
involving acute or chronic neuroinflammation and neurodegeneration.
MSC-EVs represent a cell-free therapy that harnesses mesenchymal stem
cell secretome’s regenerative and immunomodulatory properties [Kim
et al., 2016; Long et al., 2017; Kodali et al., 2023a, b]. One key
advantage of MSC-EVs is their potential for therapeutic application
while circumventing limitations associated with MSC-based therapies,
such as safety concerns and immunogenicity. Unlike MSCs, EVs lack the
potential for uncontrolled proliferation and tumorigenicity, enhancing
their safety profiles for clinical applications. They also exhibit excellent
stability and shelf-life, making them suitable for storage and trans-
portation. MSC-EVs have also been explored as delivery vehicles for
therapeutic agents, ranging from small molecule drugs to vaccines and
RNA-based therapies [Upadhya and Shetty, 2021]. In models of trau-
matic brain injury and neuroinflammation, MSC-EVs have emerged as
multifunctional agents, releasing lipids, proteins, enzymes, miRNAs, and
mRNAs possessing the capacity to modulate the proinflammatory M1
microglial phenotypes (i.e., classical pathway microglia) into antiin-
flammatory M2 phenotypes (i.e., alternative pathway microglia), to
control the neuroinflammatory milieu and to prevent the progression of
acute neuroinflammation into chronic neuroinflammation by inhibiting
the activation of several inflammatory signaling cascades [McGeer and
McGeer, 2015; Xiong et al., 2020; Kodali et al., 2023a]. In addition to
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naturally enriched miRNAs, engineered MSC-EVs loaded with specific
miRNAs have improved recovery in various models of human diseases,
including traumatic brain injury [Zhang et al., 2022]. MSC-EVs have
also exhibited neuroprotective properties by fostering neurogenesis,
synaptogenesis, and angiogenesis post-injury [Elia et al., 2019; Kodali
et al., 2023b].

However, the most appropriate method for separating MSC-EVs from
MSC culture media and the best route of MSC-EVs administration for
maximizing benefits in neurological and neurodegenerative conditions
are still being worked out. Various techniques are available for isolating
EVs from culture media, including precipitation, ultracentrifugation,
ultrafiltration, density gradient centrifugation, and size exclusion
chromatography (SEC) [Upadhya and Shetty, 2024]. Each method has
its advantages and limitations in terms of the purity and yield of EVs. It is
essential to choose a suitable isolation method that strikes a balance
between purity and yield. For instance, ultracentrifugation and SEC are
commonly used when isolating MSC-EVs [Konoshenko et al., 2018].
Ultracentrifugation requires minimal manipulation of the culture media
and can yield high concentrations of EVs. However, EVs isolated through
this method often contain non-EV proteins and may show membrane
damage, potentially affecting their cargo delivery to target cells [Piffoux
et al., 2021]. On the other hand, SEC-isolated EVs generally lack non-EV
proteins and have intact membranes, but the SEC procedure leads to
lower EV yields. Nonetheless, it is yet to be determined whether the
specific isolation method for MSC-EVs from MSC culture media affects
their therapeutic potential, as there is a lack of direct comparative
studies between MSC-EVs isolated via ultracentrifugation vis-a-vis SEC.
Regarding administration routes, intranasal delivery of MSC-EVs offers a
non-invasive approach in which a maximal amount of EVs enter the
brain and are incorporated into or come in contact with various neural
cells [Long et al., 2017; Kodali et al., 2019, 2023a]. This route allows
EVs to enter the brain through the olfactory pathway, bypassing the BBB
[Buschmann et al., 2021]. Furthermore, recent studies have demon-
strated that intranasal administration of EVs leads to the rapid targeting
of EVs into neurons and microglia in virtually all brain regions [Upadhya
et al., 2020b; Attaluri et al., 2023]. It has been suggested that intrana-
sally administered EVs move through the cerebrospinal fluid in the
subarachnoid space and quickly flow into the interstitial space in the
brain because of communication between nasal lymphatics and the
subarachnoid space [Johnston et al., 2004; Zakharov et al., 2004].
Intravenous administration, while minimally invasive and can mediate
global immunomodulation, faces challenges. Most EVs get trapped in
organs such as the lungs, liver, kidneys, and spleen, with only a minority
entering the affected regions of the brain through the BBB [Aimaletdi-
nov Gomzikova, 2022]. Intracerebral delivery can directly target the
injury site, offering high local concentrations of EVs, but it is highly
invasive and associated with significant procedural risks [Nieland et al.,
2023]. Balancing these factors is crucial for optimizing the therapeutic
benefits of MSC-EVs in treating SAH. Future studies need to compare the
efficacy and pros and cons of various routes of MSC-EVs administration
in animal models of neurological and neurodegenerative diseases.

Several preclinical studies have suggested the promise of MSC-
derived EVs for curtailing neuroinflammation, neuronal apoptosis, and
cerebral vasospasm in SAH models [Jafarinia et al., 2020; Khanh et al.,
2020]. Hence, MSC-derived EVs have the potential to overcome the
limitations of current SAH treatments to provide a versatile platform for
delivering a range of therapeutic agents to affected brain regions. Since
the pathophysiology of SAH is an intricate web of interconnected and
concurrent events that span from vascular, neuronal, and glial alter-
ations to disruptions in biochemical and ionic homeostasis, with each
influencing and amplifying the other [Palade et al., 2013; Li et al.,
2022], novel therapies capable of concurrently modulating these path-
ways are of great interest. MSC-derived EVs have promise due to their
robust neuroprotective, antioxidant, antiinflammatory, neurogenic, and
synaptogenesis effects [Kim et al., 2016, Long et al., 2017; Kodali et al.,
2023a, b]. Several recent studies have reported the neuroprotective and
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antiinflammatory effects of MSC-EVs in experimental models of SAH,
which are discussed in the following section.

4. Promise of MSC-EVs for treating SAH

Table 1 shows details of studies discussed in this section. A study by
Gao and colleagues reported that intravenous administration of 100 pg
rat bone marrow-derived MSC-EVs 1 h after SAH induction in a rat
model significantly reduced brain edema, decreased blood-brain barrier
permeability, attenuated neuronal apoptosis, and improved neuro-
behavioral outcomes [Gao et al., 2020]. This study employed the ul-
tracentrifugation method to isolate EVs from MSC culture media
comprising EV-depleted fetal bovine serum. Assessment of neurological
deficits 48 h after SAH through measures such as spontaneous activity,
reaction to side stroking, and limb symmetry revealed that SAH rats
treated with MSC-EVs exhibited alleviation of neurological deficits
compared to SAH rats receiving phosphate-buffered saline (PBS),
implying neurological recovery promoted by MSC-EVs. Morris water
maze test performed two weeks after SAH revealed improved spatial
learning and memory function in SAH rats receiving MSC-EVs compared
to SAH rats receiving PBS. Brain water content was also decreased in
SAH rats receiving EVs, suggesting EV-mediated alleviation of brain
edema. Furthermore, MSC-EV treatment reduced SAH-mediated
neuronal apoptosis by upregulating the anti-apoptotic protein B-cell
lymphoma 2 (Bcl-2) and downregulating the pro-apoptotic proteins
bcl-2-like protein 4 (Bax) and cleaved caspase-3 [Gao et al., 2020].

Moreover, miRNA sequencing revealed that rat MSC-EVs were highly
enriched with miRNA-21-5p (~23% of total miRNA content) [Gao et al.,
2020]. Notably, SAH led to a transient increase in miRNA-21-5p
expression, likely a mechanism of innate neuroprotective response in
the injured brain in the acute phase. Consistent with this concept,
intravenous administration of MSC-EVs naturally enriched with
miR-21-5p after SAH led to neuroprotection via anti-apoptotic effects.
However, such effects were lost when MSC-EVs with miR-21-5p
knockdown were administered after SAH. As miR-21-5p inhibits the
phosphatase and tensin homolog/phosphatidylinositol 3,4,5-trisphos-
phate-protein kinase B (PTEN/PI3K-AKT) signaling pathway involved
in apoptosis, administration of MSC-EVs naturally enriched with
miR-21-5p alleviated SAH-mediated upregulation of PTEN/PI3K-AKT
leading to anti-apoptotic effects. The role of miR-21-5p within
MSC-EVs in neuroprotective effects was also apparent from the loss of
MSC-EV-mediated effects in the presence of miR-21-5p inhibitors [Gao
et al., 2020]. Thus, administering EVs enriched with miR-21-5p could
provide considerable neuroprotective effects after SAH. Apart from the
rat MSC-EVs employed in the study, EVs shed by human induced
pluripotent stem cell-derived neural stem cells (hiPSC-NSCs) are also
enriched with miR-21-5p [Upadhya et al., 2020b, 2022]. The adminis-
tration of such hiPSC-NSC-EVs could be considered for SAH patients in
the future after testing their efficacy in preclinical models of SAH.

Another study also showed the efficacy of MSC-EVs in a rat model of
SAH [Xiong et al., 2020]. In this study, rat bone marrow-derived
MSC-EVs or PBS were intravenously administered 1 h after SAH. Such
treatment improved neurological function, reduced brain edema, and
enhanced BBB integrity. These improvements were associated with
increased expression of miR-129-5p and reduced concentration of
high-mobility group box 1 protein (HMGB1), a protein that leaks from
the nucleus and drives neuroinflammation in disease conditions (Madhu
et al., 2019). Furthermore, MSC-EV treatment reduced the
SAH-mediated upregulation of toll-like receptor 4 (TLR4), tumor ne-
crosis factor-alpha (TNF-a), and p53. Overall, the study implied that
MSC-EVs are proficient in alleviating EBI after SAH by promoting anti-
inflammatory pathways, and such effects were mediated through
enhanced miR-129-5p expression in the brain [Xiong et al., 2020].
However, how MSC-EVs enhance the expression of miR-129-5p in the
brain remains to be determined.

A study by Han and associates found that intravenous administration
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Table 1
Summary of the effects of MSC-EVs in SAH Models.
Study and SAH Model Source of MSCs and EV Route, timing of EV miRNA Outcome/Findings
purification method treatment, and dose studied
Gao et al. (2020), Intravascular Rat bone marrow, Caudal vein injection, 1h miR-21- miR-21-5p mediated the neuroprotective effects of MSC-
perforation (internal carotid artery) Ultracentrifugation post-SAH, 100 pg 5p EVs.
miR-21-5p targeted the PTEN/Akt axis in neurons to
alleviate EBI apoptosis after SAH.
Xiong et al. (2020), Intravascular Rat bone marrow, Femoral vein injection, 1h miR129- MSC-EVs alleviated EBI after SAH through miR-129-5p's
perforation Ultracentrifugation post-SAH, 200 pg 5p anti-inflammatory and antiapoptotic effects.
miR-129-5p decreased the HMGB1-TLR4 pathway activity.
Han et al. (2021), Intravascular Rat bone marrow, Caudal vein injection, 10 m n/a MSCs-EVs promoted M2 microglia polarization and
perforation (common carotid and Ultracentrifugation post-SAH, 100 pg suppressed SAH-induced neuroinflammation.
internal carotid arteries) MSCs-EVs promoted the phosphorylation of AMPK post-
SAH.
MSCs-EVs decreased the activation of NF-kB post-SAH.
Zhao et al. (2019), Blood injection Human umbilical cord Femoral vein injection, 1h miR-206 Administration of hUC-MSC-EVs with miR-206-knockdown
(femoral artery to cisterna magna) (hUCQ), Ultracentrifugation post-SAH, 400 pg attenuated early brain injury after SAH by targeting BDNF.
Liu et al. (2021), Blood injection Human umbilical cord, Tail vein injection, 100 pg/ miR-26b- miR-26b-5p containing EVs inhibited p38 MAPK/STAT3
(occipital cistern) Ultracentrifugation mL 5p signaling pathway to alleviate oxyhemoglobin-induced cell
injury.
Lai et al. (2020), Intravascular Mouse bone marrow, Peripheral injection, 20 pg miR- EVs loaded with miR-193b-3p weakened
perforation (suprachiasmatic cistern) ~ Ultracentrifugation exosome protein mixed with ~ 193b-3p neuroinflammation by suppressing the expression and the
20 pL miR-193-b-3p activity of HDAC3 and increasing NF-kB p65 acetylation
after SAH.
Qian et al. (2022), Intravascular Mouse bone marrow Femoral vein injection, 1h miR-140- MSC-EVs containing miR-140-5p inhibited brain injury and
perforation (anterior cerebral artery post-SAH, 200 pg 5p microglial M1 activation in SAH mice.

and middle cerebral artery) Ultracentrifugation

miR-140-5p in MSC-EVs decreased ALK5S expression to
inhibit brain injury and microglial M1 activation in mice
after SAH.

of 100 pg rat MSC-EVs 10 min after SAH in rats significantly decreased
neuronal apoptosis and brain edema while suppressing microglial acti-
vation and production of proinflammatory cytokines interleukin-1 beta
(IL-1B) and TNF-a [Han et al., 2021]. In this study, SAH rats receiving
MSC-EVs displayed improved neurological scores and reduced brain
water content in cerebral hemispheres, cerebellum, and brainstem 48 h
post-SAH. While rats with SAH alone displayed increased numbers of
activated microglia, SAH rats receiving MSC-EVs exhibited a signifi-
cantly reduced number of activated microglia, elucidating the compe-
tence of MSC-EVs to suppress microglial activation after SAH. Moreover,
proinflammatory genes associated with the M1 microglial phenotype,
such as inducible nitric oxide synthase (iNOS), cluster of differentiation
16 (CD16), CD11b, and IL-1pB, were upregulated in rats with SAH alone
but reduced in SAH rats receiving MSC-EVs, suggesting the possible
transformation of M1 microglia into M2 microglia [Han et al., 2021].
Indeed, the expression of genes linked to the M2 microglial phenotype,
such as transforming growth factor-beta (TGF-p), arginase 1 (Argl), and
CD206, were upregulated in the parietal cortex and the hippocampus of
SAH rats receiving MSC-EVs. Overall, the study demonstrated that
intravenous administration of rat MSC-EVs after SAH can mediate
neuroprotective, antiinflammatory, and immunomodulatory effects,
suggesting their potential for translation as a novel cell-free therapy.
In summary, preclinical evidence indicates that naive bone marrow
derived MSC-EVs exhibit significant therapeutic efficacy in rodent
models of SAH through various mechanisms, including suppression of
neuroinflammation, inhibition of apoptosis, promotion of angiogenesis
and neuroregeneration, and polarization of microglia towards a neuro-
protective phenotype. However, the studies discussed above lack di-
versity, especially concerning the source of MSCs, the isolation method
of MSC-EVs, the route of administration, and the animal subjects. All
three studies tested the intravenous administration of EVs from rat bone
marrow-derived MSCs isolated through the ultracentrifugation method
in a rat model of SAH [Gao et al., 2020; Xiong et al., 2020; Han et al.,
2021]. Additional studies in standardized SAH models using various
doses of EVs isolated via ultracentrifugation and SEC methods from
diverse sources of naive MSCs (e.g., rat, mouse, and human bone
marrow and adipose tissue-derived MSCs) comparing the efficacy of
various routes of administration (e.g., intranasal, intravenous, and

intracerebral) are critical. Furthermore, appropriate methods that
optimize the generation of clinical grade MSC-EVs with consistent cargo
in batch-to-batch EV preparations need to be developed, and the most
appropriate post-SAH interval at which MSC-EVs administration leads to
maximal therapeutic benefits needs to be identified. Achieving a
consensus on these methods will establish a standardized framework to
enhance reproducibility and reliability for future clinical applications of
MSC-EVs to SAH patients.

5. Mechanisms by which MSC-derived EVs ease SAH-induced
brain dysfunction

Recent studies have suggested several molecular mechanisms un-
derlying the antiapoptotic and antiinflammatory effects of MSC-derived
EVs in experimental SAH. These include inhibition of apoptosis through
activation of brain-derived neurotrophic factor (BDNF), cyclic adeno-
sine monophosphate (cCAMP) response element binding protein (CREB),
and PTEN/AKT signaling pathways in neurons [Gao et al., 2020; Zhao
etal., 2019] (Fig. 2). MSC-EVs also suppress microglial proinflammatory
responses by downregulating HMGB1-TLR4 signaling and modulating
AMP-activated protein kinase/nuclear factor kappa B (AMPK/NF-kB),
p38 mitogen-activated protein kinase and signal transducer and acti-
vator of transcription 3 (p38-MAPK/STAT3), and activin receptor-like
kinase 5/nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase 2 (ALK5/NOX2) pathways to induce an antiinflammatory M2
microglial phenotype [Han et al., 2021; Liu et al., 2021; Xiong et al.,
2020] (Fig. 3). Epigenetic modulation through miR-193b-3p mediated
suppression of histone deacetylase 3 (HDAC3) and increased NF-kB p65
acetylation has also been demonstrated as an anti-inflammatory mech-
anism mediated by mouse MSC-EVs loaded with miR-193b-3p [Lai et al.,
2020] (Fig. 3). The following sections provide a detailed discussion of
pathways involved in antiapoptotic and anti-inflammatory effects
mediated by MSC-EVs in rat models of SAH.

5.1. Antiapoptotic effects of MSC-EVs in models of SAH

Apoptosis of neurons and other brain cells is a central pathological
process that contributes to early neurodegeneration following SAH.
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Fig. 2. A schematic representation of antiapoptotic effects of mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) in subarachnoid hemorrhage (SAH)
models. The box on the left shows that SAH-induces upregulation of several pro-apoptotic factors, including bcl-2-like protein 4 (Bax), cytochrome C, caspases 8 and
9, Fas death receptor, and p53 pathway concomitant with the downregulation of antiapoptotic factors B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma extra-large
(Bcl-xL). The box on the right shows that MSC-EVs treatment after SAH leads to the upregulation of anti-apoptotic factors including inhibition of Fas death receptor
signaling and p53 pathways, leading to neuroprotection associated with antioxidant and anti-inflammatory effects and protection of the blood-brain barrier. The
figure also shows the role of miRNA-206 in promoting pro-apoptotic effects, as its knockdown in MSC-EVs amplified BDNF expression and antiapoptotic effects.

Figure created with Biorender.com.

Therapeutic targeting of apoptotic pathways has shown promise for
neuroprotection after SAH. Zhao and collaborators quantified the anti-
apoptotic effects at 48 h following intravenous administration of 400
pg EV derived from human umbilical cord MSCs (hUC-MSC-EVs) 1 h
after SAH induced by double blood injection [Zhao et al., 2019]. The
procedure involved the collection of 0.2 ml of autologous blood from the
femoral artery, followed by its injection into the cisterna magna over 2
min. In comparison, the sham group received 0.2 ml of saline. Addi-
tionally, 0.2 ml of fresh blood was withdrawn from the opposite side’s
femoral artery and injected into the cisterna magna again [Zhao et al.,
2019]. Notably, administration of hUC-MSC-EVs with knockdown of
miR-206 significantly reduced neuronal apoptosis in the brain after SAH
with downregulation of pro-apoptotic genes Bax and caspase-8 and
upregulation of the anti-apoptotic gene Bcl-2 (Fig. 2). hUC-MSC-EVs
with knockdown of miR-206 alleviated neurological deficits and brain
edema after SAH by targeting BDNF [Zhao et al., 2019]. Additional
investigation suggested the role of BDNF-CREB signaling activation in
anti-apoptotic effects mediated by hUC-MSC-EVs with knockdown of
miR-206, as reduced miR-206 can increase BDNF concentration and the
phosphorylation of its receptor, tropomyosin receptor kinase B [Shi
et al., 2022]. Such signaling activated the transcription factor CREB via
phosphorylation at Ser133, which induced genes with cAMP response
elements, including the anti-apoptotic genes Bcl-2 and B-cell
lymphoma-extra-large (Bcl-xL). Upregulation of Bcl-2 and Bel-xL and
downregulation of the pro-apoptotic genes Bax, caspase-3, and
caspase-9 in neurons reduced apoptosis in rats receiving hUC-MSC-EVs
with knockdown of miR-206 after SAH [Zhao et al., 2019]. Thus,

BDNF-CREB signaling is likely one of the primary mechanisms medi-
ating the anti-apoptotic effects of hUC-MSC-EVs with knockdown of
miR-206 when administered early after SAH. Transferring other cargo
by hUC-MSC-EVs likely also contributed to the neurotrophic signaling
cascade to upregulate neuronal anti-apoptotic gene expression. These
findings also suggest that EVs enriched with neuroprotective factors like
BDNF could be employed to reduce apoptosis after SAH.

The PI3K/AKT signaling is another pathway that regulates neuronal
survival and apoptosis. Activation of AKT leads to phosphorylation of
downstream targets that inhibit apoptosis and promote cell survival.
Gao and associates demonstrated that rat bone marrow-derived MSC-
EVs activate the PTEN/AKT pathway in cortical neurons to elicit anti-
apoptotic effects in a rat model of SAH [Gao et al., 2020]. MSC-EVs
naturally enriched with miR-21-5p incorporated into neurons
following intravenous administration, which decreased the expression
of PTEN, a phosphatase that can negatively regulate AKT signaling by
catalyzing PI3K dephosphorylation (Fig. 3). Thus, by mediating PTEN
suppression, MSC-EVs enhanced AKT activation, resulting in reduced
expression of the downstream pro-apoptotic proteins Bax and cleaved
caspase-3. To confirm the functional relevance of AKT activation, the
authors showed that a selective AKT inhibitor MK2206 could abrogate
the antiapoptotic effects of MSC-EVs [Gao et al., 2020]. To further
demonstrate the role of miR-21-5p in antiapoptotic effects, the authors
showed that miR-21-5p inhibition blocked the neuroprotective effects of
MSC-EVs [Gao et al., 2020]. Thus, the two available studies on the
neuroprotective effects of MSC-EVs in SAH indicate that MSC-EVs con-
taining miR-206 could be harmful as they may promote apoptosis.
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Fig. 3. A schematic representation of the response of microglia to subarachnoid hemorrhage (SAH) and the therapeutic effects of MSC-EVs. The box on the left shows
that SAH-induces polarization of microglia into M1 phenotypes with upregulation of nuclear factor-Kappa B (NF-kB), p38-mitogen activated protein kinase (p38-
MAPK), toll-like receptor-4 (TLR-4), activin receptor-like kinase 5/nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (ALK5/NOX2) signaling with
increased release of proinflammatory cytokines tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), IL-1f, and IL-12, leading to decreased phagocytosis,
increased oxidative stress, blood-brain barrier (BBB) disruption and neurodegeneration. The box on the right shows that MSC-EVs treatment after SAH induces
polarization of microglia into M2 phenotype with modulation of signal transducer and activator of transcription 3 (STAT3), the phosphatase and tensin homolog
(PTEN)/protein Kinase B (AKT), and transforming growth factor-beta (TGF-f) beta pathways and increased release of antiinflammatory cytokines IL-4, IL-10, and IL-
13, which leads to increased phagocytosis, antiinflammatory effects, preservation of BBB integrity and neuroprotection. The top of the figure also highlights the roles
of miR-129-5p, miR-21-5p, and miR-26-5p in MSC-EVs in mediating these effects by inhibiting TLR4, PTEN, and p38-MAPK signaling. Figure created with Biorender

.com.

Conversely, MSC-EVs naturally enriched with miR-21-5p are highly
beneficial for antiapoptotic effects (Zhao et al., 2019; Gao et al., 2020).
Therefore, verifying the miRNA composition of EVs isolated from
different MSCs is crucial to ensure they do not contain miRNAs that
could cause adverse effects.

5.2. Antiinflammatory effects of MSC-EVs in models of SAH

Neuroinflammation elicited by microglial activation significantly
contributes to EBI following SAH [Sriram et al., 2022; Fujii et al., 2013].
Increased secretion of proinflammatory proteins such as cytokines,
chemokines, and danger-associated molecular patterns (DAMPs) may
exacerbate neuronal apoptosis, blood-brain barrier disruption, and ce-
rebral edema. Xiong and associates reported that rat bone
marrow-derived MSC-EVs mitigated neuroinflammation following in-
jection into the cisterna magna in a rat model of SAH by suppressing the
HMGB1 signaling axis in microglia [Xiong et al., 2020]. HMGBI, a nu-
clear protein passively released by necrotic cells or actively secreted by
stressed and activated cells, leaks into the extracellular space as a DAMP
to elicit inflammation [Xiong et al., 2020; Magna and Pisetsky, 2014].
Through toll-like receptors 4 (TLR4), HMGB1 stimulates classical (M1)
microglial activation and the release of deleterious proinflammatory
mediators [Magna and Pisetsky, 2014]. The authors reported that
incorporating 200 pg of MSC-EVs containing miR-129-5p into microglia
reduced HMGB1 secretion [Xiong et al., 2020]. Such inhibition of

HMGBI1 resulted in downstream attenuation of TLR4-myeloid differen-
tiation primary response gene 88 (MyD88)-NF-kB signaling, with
reduced nuclear translocation of NF-kB p65. Consequently, the release
of TNF-a, IL-1f, and IL-6 was diminished. The antiinflammatory effects
were also associated with the polarization of proinflammatory M1
microglia into antiinflammatory M2 phenotypes. An additional experi-
ment showed that miR-129-5p knockdown in MSC-EVs reversed the
antiinflammatory effects [Xiong et al., 2020]. Thus, suppression of the
HMGB1-TLR4-NF-xB neuroinflammatory axis in microglia by MSC-EVs
protected the brain after SAH.

Another study has shown that rat bone marrow-derived MSC-EVs
induce protective M2 microglia polarization after SAH by increasing the
phosphorylation of AMP-activated protein kinase (AMPK) and dimin-
ishing NF-kB signaling [Han et al., 2021], which was evident from the
downregulation of CD11b, CD16, IL-1f, and iNOS (M1 microglia
markers) and upregulation of Argl, CD206, and TGF-f (M2 markers)
following the administration of 100 pg of MSC-EVs. AMPK stimulation
inhibited inflammatory signaling in microglia by decreasing the phos-
phorylation of NF-kB. Overall, MSC-EVs induced a protective M2
microglia phenotype after SAH by activating AMPK, which suppressed
downstream NF-kB-mediated proinflammatory signaling [Han et al.,
2021].

A study by Qian and colleagues has suggested that mouse bone
marrow-derived MSC-EVs can modulate microglial activation and neu-
roinflammation after SAH by downregulating ALK5 and NOX2 [Qian
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et al., 2022]. In this study, 200 pg of MSC-EVs injected through the
femoral vein transferred miR-140-5p into microglia, which resulted in
ALK5 and NOX2 suppression. ALK5 is a TGF-} receptor that promotes
proinflammatory microglial polarization, whereas NOX2 is a catalytic
subunit of NADPH oxidase that mediates microglial reactive oxygen
species generation [Qian et al., 2022]. Downregulation of ALK5 and
NOX2 reduced the concentration of M1 microglia markers (iNOS, IL-1,
IL-6, and TNF-a) and increased the levels of M2 microglia markers (IL-4,
IL-10, and TGF-p1) (Fig. 3). Such phenotype shift was mediated by
miR-140-5p transfer, as pre-inhibition of miR-140-5p mitigated the
beneficial effects of MSC-EVs [Qian et al., 2022].

Furthermore, studies in a rat model have shown that hUC-MSC-EVs
containing miR-26b-5p play a crucial role in reducing microglial
signaling by modulating the p38-MAPK/STAT3 pathways after SAH [Liu
et al.,, 2021]. The incorporation of 100 pg hUC-MSC-EVs containing
miR-26b-5p following tail vein injection inhibited p38-MAPK phos-
phorylation and upregulated STAT3 phosphorylation [Liu et al., 2021].
This finding suggests that miR-26b-5p is a key player in the antiin-
flammatory effects of MSC-EVs. Activation of p38-MAPK signaling
promotes proinflammatory microglial polarization, while STAT3 acti-
vation is associated with antiinflammatory microglial responses.
Accordingly, hUC-MSC-EV treatment reduced iNOS, IL-1p, and TNF-a
concentrations and increased IL-10 and TGF-p1 levels. Neutralization of
miR-26b-5p abrogated the inhibitory effects of hUC-MSC-EVs on
p38-MAPK signaling and M1 microglia activation [Liu et al., 2021]. This
emphasizes the intriguing role of miR-26b-5p in the antiinflammatory
effects of MSC-EVs, sparking further interest in its potential applications.

While acetylation of NF-kB p65 leads to antiinflammatory effects,
deacetylation by HDAC3 can promote proinflammatory effects. Lai and
colleagues demonstrated that mouse bone marrow-derived MSC-EVs
loaded with miR-193b-3p can mitigate neuroinflammation in a mouse
model of SAH by suppressing HDAC3 and increasing NF-kB p65 acety-
lation [Lai et al., 2020]. Peripheral intravenous injection of 20 ug
MSC-EVs loaded with miR-193b-3p led to their incorporation into
microglia, reducing HDAC3 expression [Lai et al., 2020]. In this study,
the MSC-EVs were conjugated with rabies viral glycoprotein peptide to
enable transport across the BBB to deliver miR-193b-3p into microglia.
HDAC3 downregulation led to increased acetylation of NF-kB p65 in
microglia, which attenuated NF-xB-mediated transcription of proin-
flammatory genes, including TNF-a, IL-18, and IL-6. The antiin-
flammatory effects were also confirmed by reduced microglial activation
and myeloperoxidase activity. Thus, MSC-EV mediated delivery of
miR-193b-3p could suppress HDAC3 expression in microglia, leading to
NF-kB p65 acetylation and reduced microglial activation. These findings
reveal epigenetic modulation of NF-kB signaling as a mechanism by
which engineered MSC-EVs can attenuate neuroinflammation and
confer neuroprotection after SAH.

Overall, in models of SAH, naive rat bone marrow MSC-EVs can
reduce inflammation by inhibiting HMGB1 signaling in microglia [Xiong
et al., 2020], increasing AMPK phosphorylation, and decreasing NF-kB
signaling [Han et al., 2021], as well as downregulating ALK5 and
NOX2 [Qian et al., 2022]. Furthermore, naive hUC-MSC-EVs containing
miR-26b-5p can modulate microglial signaling by affecting the
p38-MAPK/STAT3 pathways [Liu et al., 2021]. Another study suggested
that mouse bone marrow MSC-EVs loaded with miR-193b-3p could
alleviate neuroinflammation in SAH models by increasing NF-kB p65
acetylation through HDAC3 suppression [Lai et al., 2020]. Thus, both
naive and miRNA-loaded MSC-EVs show promise in significantly
reducing neuroinflammation following SAH.

6. Concluding Remarks, limitations, and future directions

Many preclinical studies have supported the potential use of MSC-
derived EVs as a treatment for SAH. Traditional MSC therapies face
multiple challenges, including chromosome abnormalities and cell
transformations in MSCs cultured long-term, thromboembolism,
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fibrosis, and the potential for the formation of malignant neoplasms
[Baranovskii et al., 2022]. MSCs likely also do not cross the BBB when
administered intravenously or intranasally. In contrast, MSC-EVs offer a
promising alternative for SAH treatment due to their low or nonexistent
immunogenicity and lack of tumorigenic potential [Zhu et al., 2017].
They also can quickly target injured brain regions following
non-invasive intranasal administration [Long et al., 2017; Kodali et al.,
2019, 2023a]. Furthermore, MSC-EVs can efficiently cross the BBB, and
they can also be engineered to overexpress specific proteins or loaded
with specific miRNAs to deliver therapeutic molecules of interest to
enhance their antiapoptotic and neuroinflammatory effects. MSC-EVs,
particularly those enriched with specific miRNAs, have been found to
effectively impact vital molecular pathways associated with apoptosis
and neuroinflammation, including BDNF-CREB, PTEN/AKT,
HMGB1-TLR4, AMPK/NF-kB, p38-MAPK/STAT3, and ALK5-NOX2
signaling. These effects helped to reduce the negative consequences of
SAH and suggest a less invasive yet highly targeted strategy for man-
aging SAH. However, there are still significant challenges to overcome
before MSC-EVs can be used clinically to treat SAH, and these challenges
must be addressed to fully realize the therapeutic potential of MSC-EVs.

The pathogenesis of SAH involves oxidative stress, neuro-
inflammation, and neurodegeneration [Kaur et al., 2018; Geraghty
et al., 2019; Kirdajova et al., 2020 Solar et al., 2022]. MSC-EVs can
target these key processes and offer therapeutic benefits for SAH treat-
ment. MSC-EVs have demonstrated abilities to reduce oxidative stress,
neuroinflammation, and neuronal cell death, suggesting they could be
used to alleviate the damaging effects of SAH. For example, MSC-EVs
can target the BDNF-CREB and PTEN/AKT pathways to inhibit neuro-
degeneration after SAH. In addition, the ability of MSC-EVs to reduce
neuroinflammation and oxidative stress by modulating the
HMGB1-TLR4, AMPK/NF-kB, p38-MAPK/STAT3 signaling pathways,
downregulating ALK5 and NOX2 and suppressing HDAC3 to acetylate
NF-kB p65 could be beneficial after SAH. However, further research is
needed to fully address whether MSC-EVs can rectify specific aspects of
SAH, such as altered ion homeostasis, BBB disruption and cerebral
vasospasm, to maximize the therapeutic potential of MSC-EVs in SAH
treatment.

Although using MSC-EVs derived from MSCs to treat SAH shows
promise, further studies must address several limitations. Preclinical
studies, mainly using rodent MSC-EVs, have shown promising results,
but many aspects still need to be investigated in this domain. There is a
conspicuous paucity of studies investigating the following issues: 1) the
efficiency of EVs from human MSCs derived from various sources, such
as bone marrow and adipose tissue; 2) the effects of varying doses of
MSC-EVs; 3) the potential immunological reactions after high dose
allogeneic MSC-EV administration; 4) the miRNA and protein compo-
sition of EVs from human MSCs derived from different sources; 5) po-
tential long-term adverse effects; 6) the effects of single versus multiple
administrations; 7) the difficulties of clinical translation such as stan-
dardization of production, scalability, targeted delivery to sites within
the central nervous system, regulatory approval, and commercializa-
tion; and 8) there are other signaling pathways yet to be studied and
discovered. Furthermore, most preclinical studies have focused on short-
term outcomes, such as neuroprotection and reduced neuro-
inflammation. However, SAH is associated with long-term complica-
tions such as cognitive deficits and delayed cerebral ischemia. Thus,
future studies need to examine the long-term implications of MSC-EV
administration on enduring cognitive deficits after SAH.

Furthermore, the data on EV bioavailability, pharmacokinetics,
dosing, and potential off-target effects are yet to be discerned. The most
effective timing for MSC-EV intervention post-SAH still needs to be
determined. The complexity of the crosstalk between multiple signaling
pathways modulated by MSC-EVs also necessitates a comprehensive
understanding of their systems-level impact. Mechanistic studies
employing advanced molecular techniques, such as single-cell RNA
sequencing or proteomics, could provide invaluable insights into the
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molecular determinants driving MSC-EV-mediated neuroprotection and
antiinflammatory effects. EVs derived from MSCs possess immense
therapeutic potential. However, studies on overexpression or knock-
down of specific miRNAs may identify specific miRNAs mediating
therapeutic effects; however, the additive effects of other molecules
contained in EVs cannot be excluded. Through such multidimensional
analyses, the full therapeutic potential of MSC-EVs in combating the
multifaceted challenges presented by SAH could be unlocked in the
coming years to consider clinical application.

The use of MSC-EVs for treating SAH is not currently being tested in
clinical trials, but trials are examining their potential in other diseases.
Seven published clinical studies have tested the safety of allogeneic
human MSC-EVs in conditions such as chronic kidney disease, skin hy-
perpigmentation, acne scars, graft versus host disease, coronavirus
disease-19, and osteoarthritis [Lotfy et al., 2023]. In addition, 14
ongoing clinical trials are investigating the efficacy of allogeneic
MSC-EVs in a variety of conditions, including diabetes mellitus, acute
ischemic stroke, coronavirus pneumonia, multiple organ dysfunction
syndrome, graft versus host disease, Alzheimer’s disease, acute respi-
ratory distress syndrome, pulmonary infection, periodontitis, and oste-
oarthritis [Lotfy et al., 2023]. These studies will assess the safety of
MSC-EVs and would likely provide the foundation for future clinical
trials in SAH using MSC-EVs.

For consistent results using MSC-EVs, it is essential to establish a
standardized method for preparation and administration. Analyzing and
comparing different methods will help identify potential issues, such as
variations in EV yield, purity, and biological activity. This approach will
provide valuable information to standardize future research and
improve therapeutic effectiveness. Optimizing cell culture conditions,
scalable EV isolation techniques, and stringent characterization pro-
tocols are essential to ensure purity, potency, and reproducibility.
Determining the best dosing and timing of human MSC-EV administra-
tion post-SAH is crucial. Evidence from rodent MSC-EV studies suggests
earlier intervention may enhance neuroprotection and reduce secondary
injury processes. While intravenous administration is widely used for its
practicality, the intranasal route may offer better efficacy by helping EVs
reach injured brain regions. Since there have been no clinical trials on
SAH, current knowledge on the safety and efficacy of MSC-EVs comes
from preclinical studies mainly using rodent MSC-EVs. This highlights
the need for preclinical and clinical studies using clinical-grade human
MSC-EVs to validate safety and efficacy in human patients.

The clinical translation of human MSC-EV therapy for SAH will
require investigations focusing initially on small-scale Phase I trials in
SAH patients, primarily assessing the safety of doses, timing of in-
terventions, and the most efficient routes of administration for targeting
MSC-EVs into microglia and neurons in injured brain regions. Following
the confirmation of safety, large-scale, randomized controlled trials
need to evaluate the efficacy of MSC-EVs in SAH populations. However,
such studies will require the generation of clinical-grade, off-the-shelf
MSC-EVs with a consistent naturally enriched miRNA cargo or MSC-EVs
loaded with miRNAs known to modulate neuroinflammation and pro-
vide neuroprotection. Obtaining clinical-grade EVs from bone marrow
or adipose tissue-derived MSCs with consistent and naturally enriched
miRNA cargo is a challenging endeavor because of the inherent het-
erogeneity of MSCs among volunteers, influenced by factors such as age,
sex, and individual health status, which can lead to variability in the
miRNA and protein composition of EVs produced. Different sources of
MSCs (e.g., bone marrow and adipose tissue) may have distinct char-
acteristics. Long-term cultures of MSCs may result in cellular modifica-
tions, senescence, or differentiation into other cell types, impacting the
composition and therapeutic efficacy of EVs released by them.
Furthermore, ensuring standardized culture conditions for EV produc-
tion without using animal-derived components such as fetal bovine
serum containing bovine serum albumin (BSA) is crucial for clinical
translation but can be technically demanding. BSA is commonly used as
a supplement for cell culture, but it introduces concerns about potential
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immunogenicity and contamination of EV biologic. Addressing these
issues requires a rigorous regimen of quality control, optimized culture
protocols, and advanced characterization techniques to produce reliable
and consistent clinical-grade MSC-EVs with naturally enriched miRNA
cargo for therapeutic applications.

Additionally, investigating the effectiveness of EVs derived from
sources other than bone marrow derived MSCs is of great interest. These
sources may include EVs from hiPSC-derived MSCs, NSCs, astrocytes,
and microglia. Interestingly, EVs from hiPSC-NSCs or hiPSC-astrocytes
could be obtained in large quantities, as they are easier to expand
than MSCs and likely release more EVs than MSCs. Moreover, they may
offer the advantage of promoting neurogenesis, synaptogenesis, and
enhancing brain repair, in addition to neuroprotective and anti-
inflammatory effects [Upadhya et al., 2020b; Bonetto et al., 2023].
Several studies have shown that astrocyte-derived EVs could modulate
the neuroinflammatory response and maintain neuronal homeostasis
[Upadhya et al., 2020b; Pistono et al., 2021].]. Microglia-derived EVs
can also regulate neuroinflammation and potentially mitigate secondary
brain injury after SAH [Ceccarelli et al., 2021; Makrygianni et al., 2023].
Therefore, investigating the efficacy of EVs generated from multiple
neural cell types generated from hiPSCs in parallel, alone, or in combi-
nation would likely identify the type with maximal benefits for treating
SAH.
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Abbreviations

AKT Protein Kinase B

ALK5 activin receptor-like kinase 5

AMPK  AMP-activated protein kinase

Argl Arginase 1

Bax bcl-2-like protein 4

BBB Blood brain barrier

Bcl-2 B-cell lymphoma 2

Bcl-xL:  B-cell lymphoma-extra large

BDNF Brain-derived neurotrophic factor
BSA Bovine serum albumin

cAMP Cyclic adenosine monophosphate
CD11b  Cluster of differentiation 11b

CD16 Cluster of differentiation 16

CD45 Cluster of differentiation 45

CD-206 Cluster of differentiation 206

CREB cAMP response element binding protein
DAMP  Danger-associated molecular pattern
EBI Early Brain injury

HDAC3 Histone deacetylase

hiPSC-NSCs human induced pluripotent stem cell-derived neural stem
cells

HMGB1 High-mobility group box 1 protein

hUC-MSC-EVs Human umbilical cord mesenchymal stem cell-derived
extracellular vesicles

ILVs Intraluminal vesicles

IL-1p Interleukin-1 beta

IL-4 Interleukin 4

IL-6 Interleukin 6

IL-10 Interleukin 10

iNOS Inducible nitric oxide synthase

M1 Classical pathway microglia

M2 Alternative Pathway microglia

mRNA  messenger RNA

miRNA  microRNA

MSC Mesenchymal stem cell

MSC-EVs Mesenchymal stem cell-derived extracellular vesicles
MVB Multivesicular body

NADPH nicotinamide adenine dinucleotide phosphate
NF-kB  nuclear factor kappa B

NOX2  NADPH Oxidase 2

PBS phosphate buffered saline

PI3K phosphatidylinositol 3,4,5-trisphosphate

p38-MAPK p38 family of mitogen-activated protein kinases

PTEN Phosphatase and tensin homolog

SAH Subarachnoid Hemorrhage

SEC Size exclusion chromatography

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors

STAT3  signal transducer and activator of transcription 3

TGF-p:  Transforming growth factor- f§

TNF-a:  Tumor necrosis factor-alpha

TLR4 Toll-like receptor 4
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