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Abstract

Extracellular vesicles (EVs) derived from neural stem cells (NSC-EVs), astrocytes (ADEVs), and microglia (MDEVs) have neuroregenerative
properties. This review discusses the therapeutic efficacy of NSC-EVs, ADEVs, and MDEVs in traumatic brain injury (TBI) models. The trans-
lational value and future directions for such EV therapy are also deliberated. Studies have demonstrated that NSC-EV or ADEV therapy can
mediate neuroprotective effects and improve motor and cognitive function after TBI. Furthermore, NSC-EVs or ADEVs generated after priming
parental cells with growth factors or brain-injury extracts can mediate improved therapeutic benefits. However, the therapeutic effects of naive
MDEVs are yet to be tested rigorously in TBI models. Studies using activated MDEVs have reported both adverse and beneficial effects. NSC-EV,
ADEV, or MDEV therapy for TBI is not ready for clinical translation. Rigorous testing of their efficacy for preventing chronic neuroinflammatory
cascades and enduring motor and cognitive impairments after treatment in the acute phase of TBI, an exhaustive evaluation of their miRNA or
protein cargo, and the effects of delayed EV administration post-TBI for reversing chronic neuroinflammation and enduring brain impairments,
are needed. Moreover, the most beneficial route of administration for targeting EVs into different neural cells in the brain after TBI and the effi-
cacy of well-characterized EVs from NSCs, astrocytes, or microglia derived from human pluripotent stem cells need to be evaluated. EV isolation
methods for generating clinical-grade EVs must also be developed. Overall, NSC-EVs and ADEVs promise to mitigate TBl-induced brain dysfunc-
tion, but additional preclinical studies are needed before their clinical translation.
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Efficacy of Neural Stem Cell-derived Extracellular Vesicles for Treating TBI
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Significance Statement

EV treatment after TBI.

Neural stem cell-derived extracellular vesicles (NSC-EVs) or astrocyte-derived EVs (ADEVs) can mediate neuroprotective effects and
improve motor and cognitive function in models of traumatic brain injury (TBI). Furthermore, such EVs generated after priming parental
cells with growth factors or brain-injury extracts can mediate improved therapeutic benefits via a specific miRNA or protein in their
cargo. However, NSC-EV or ADEV therapy for TBI is not ready for clinical translation. Additional studies are needed, including testing their
efficacy for preventing neuroinflammatory cascades and enduring cognitive dysfunction and examining the beneficial effects of delayed

Introduction

Traumatic brain injury (TBI), neurological damage resulting
from trauma, is a leading cause of disability and death world-
wide, with approximately 50 million TBI cases occurring

annually, creating a global financial burden of $70 billion and
making TBI a major health problem.!® TBI is classified as ei-
ther primary or secondary. The primary injury involves brain
tissue loss from the initial insult, whereas the secondary injury
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is a response to the initial penetrating or closed head injury,
which includes complex pathophysiological processes such as
oxidative stress, neuroinflammation, altered autophagy, and
neuronal death.” The severity of TBI varies greatly depending
on the secondary molecular injury cascades that could persist
for years after the initial TBI, resulting in long-term cogni-
tive and behavioral impairments, including the development
of mental disorders in surviving patients.»'*!? Treatment of
TBI in the acute phase of injury is crucial for reducing tissue
loss and improving outcomes.'® Currently, TBI treatment is
limited to preserving nervous tissue function through surgery
and pharmaceuticals to reduce oxidative stress.'*'* However,
due to the intricate pathophysiology of secondary TBI,
participating molecular targets are often ambiguous, lacking
target identification, and development of effective therapies.>’
Understanding the fundamental pathological mechanism of
TBI is needed first to effectively treat and restore function
after injury.’

One mechanism of neuronal injury following TBI is oxi-
dative stress, resulting from an imbalance between reactive
oxygen species (ROS) and antioxidants.'®!'” Mitochondria
produce ROS as a byproduct of oxidative phosphorylation,
but mitochondrial dysfunction following TBI causes ex-
cessive ROS production, leading to oxidative damage, and
apoptosis.’®2° Another critical pathophysiological process
of secondary TBI is neuroinflammation, initiated by mi-
croglia that become activated by damage-associated mo-
lecular patterns (DAMPs) such as ROS, cellular debris, and
heme released from microhemorrhages.?'* Upon activa-
tion, microglia become mainly polarized to proinflammatory
phenotypes, inducing adverse changes in astrocytes and
exacerbating secondary injury.?!*® Therefore, regulating mi-
croglia activation and downstream inflammatory signaling
cascades has attracted attention as a potential avenue for
treating secondary TBI and preventing long-term cognitive
and mood impairments.

Recently, the idea of employing neural cell-derived extra-
cellular vesicles (EVs) to combat oxidative stress and acute
neuroinflammation after TBI has emerged because of their
antioxidant and anti-inflammatory cargo.?*?” EVs are two-
layered, membrane-bound, nanosized vesicles secreted by vir-
tually all cell types.?$3* EVs contain nucleic acids, proteins,
and lipids and function as critical mediators of intercellular
communication by transporting DNA, mRNAs, miRNAs,
and proteins between cells and across the blood-brain barrier
(BBB) in the nervous system.?%3* Broadly, there are two types
of EVs: exosomes and microvesicles.’** Exosomes, ranging
in size from 30 to 150 nm, originate from the endosomal
pathway, while microvesicles, ranging in size from 100 to
1000 nm, bud off directly from the plasma membrane.>*3
Cargo loading into EVs is not random but a highly controlled
process.>*® EVs can be derived from various sources, in-
cluding neural stem cells (NSCs), astrocytes, and microglia,
and studies suggest that EVs containing large amounts
of miRNAs in their cargo have potential therapeutic effe
cts.#26:27:31.32.35 Other studies have demonstrated that EVs car-
rying small molecules and drugs can be targeted to the brain
to deliver antioxidants to neurons to reduce ROS levels.37#
Such targeted delivery of small molecules via EVs could po-
tentially treat neurological conditions and diseases, like
Alzheimer’s disease and Parkinson’s disease.>*!:#

EVs from NSCs, astrocytes, and microglia are attractive
for treating TBI due to the multiple therapeutic miRNAs
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and proteins they carry in their cargo.?%*”*> NSCs were once
considered a means to replace neurons lost in the central
nervous system (CNS).** NSCs can be obtained in unlim-
ited quantities from human embryonic or induced pluripo-
tent stem cells, and such cells have shown promise for brain
repair following injury or disease. However, widespread clin-
ical translation of NSC therapy is yet to be realized due to
potential complications linked to their use.** These include
immune rejection without significant immune suppression,
low cell engraftment, the risk of developing teratomas, and
the invasive approach of intracerebral transplantation.**
Furthermore, there is growing evidence that NSCs do not
mediate their restorative effects via direct cell replacement
but through “bystander” effects from secreted factors, in-
cluding EVs.** Increasingly, NSC-derived EVs (NSC-EVs)
are considered an excellent alternative to NSCs as they carry
NSC secretome but do not have the risks associated with
NSCs, and can readily cross the BBB following intravenous
or intranasal delivery.#?** Thus, NSC-EVs offer a potential
“cell-free” alternative to using NSCs that will convey thera-
peutic benefits without adverse side effects of NSCs.*

Astrocytes, a type of glia in the CNS, play an essential
role in regulating CNS development, homeostasis, defense,
and function.?’*%2 Even in physiological conditions, the
EVs secreted by astrocytes (ADEVs) display neurotrophic
and neuroprotective properties. However, astrocytes shed
EVs carrying both neuroprotective and neuroreparative
proteins/molecules in ischemic and other stressful
conditions.’>> ADEVs are also considered potent mediators
of neural plasticity.?'5>%%57 Microglia are resident immune
cells in the brain. Hence, naive microglia-derived EVs
(nMDEVs) likely have anti-inflammatory, neuroprotective,
or neuroregenerative properties.’®®" On the other hand, ac-
tivated MDEVs (aMDEVs) might have therapeutic or ad-
verse effects depending on their activation state.’®¢! Overall,
due to the lack of immune rejection and their roles in neural
recovery and immune regulation in the CNS, NSC-EVs,
ADEVs, and nMDEVs are potentially beneficial for treating
TBI and other neurodegenerative conditions involving oxi-
dative stress and chronic neuroinflammation.** Both NSC-
EVs and ADEVs also promise to provide neuroprotection,
increase hippocampal neurogenesis, and improve cognitive
and mood function in disease conditions.?®:2%:30:43:62:64 Thjg
concise review aims to discuss highlights from studies that
have tested the efficacy of NSC-EVs, ADEVs, nMDEVs, and
aMDEVs in prototypes of TBI and to deliberate the transla-
tional value, limitations, and future directions for NSC-EV,
ADEV or MDEYV therapy for TBI.

NSC-EVs for Treating TBI

The NSC-EV studies in brain injury models discussed in this
section are listed in Table 1 with information such as the type
of EVs, route of administration, the animal model employed,
significant conclusions, and limitations of the study.

Proficiency of Human NSC-Derived EVs for
Promoting Functional Recovery after TBI

Sun et al. investigated the competence of human NSC-EVs
for providing neuroprotection in a model of controlled cor-
tical impact injury (CCI).* In this study, NSC-EVs isolated
from human embryonic H9 cell culture media through ul-
trafiltration were administered intravenously to rats at 4-6
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h, 24-26 h, and 48-50 h post-CCI (Fig. 1A). Assessment of
fine motor coordination by measuring the number of foot
faults, falls, and the final climbing distance using the beam
walk test at 4, 7, 14, 21, and 28 days post-CCI suggested
that NSC-EV treatment improved motor function in male
rats but not in female rats. Brain tissue analysis at 4 weeks
post-CCI using H&E staining showed reduced lesion area in
both male and female rats. Additional analysis revealed that
NSC-EV administration enhanced the migration of endoge-
nous NSCs to the lesion site in both males and females and
vascular endothelial growth factor receptor 2 (VEGFR2) ex-
pression in males without altering the overall vascular den-
sity. Overall, the study showed that NSC-EV treatment could
promote neuroprotection and motor function recovery after
TBI in male rats, along with increased migration of endog-
enous NSCs to the lesion site and increased VEGF activity
(Fig. 1A).

The overall therapeutic effect was gender-specific, with fe-
male rats showing reduced beneficial effects of NSC-EVs than
male rats after TBL.* However, the study did not examine the
reasons underlying sex-specific differences in the therapeutic
properties of NSC-EVs. It could be due to increased brain
damage and accelerated neuropathological changes after
CClI in females due to sex hormones. Since the study did not
perform the dose-response study, it remains to be addressed
whether higher doses of NSC-EVs would be proficient in
inducing functional recovery in females. Also, while the study
noted the migration of endogenous NSCs to the lesion site
and upregulation of VEGF activity, the exact mechanism by
which NSC-EVs promoted neuroprotection and motor func-
tional recovery remains elusive.* Additional limitations of
this study include not investigating the incorporation of in-
travenously administered NSC-EVs into neurons and glia and
not studying the effects of NSC-EV therapy on CCl-induced
chronic neuroinflammation and long-term cognitive and
mood impairments.

Competence of Rat NSC-EVs for Providing

Neuroprotection After a Spinal Cord Injury

Ma et al. examined the effects of EVs secreted by rat NSCs
stimulated with the insulin-like growth factor 1 (IGF1) on
neuroinflammation, apoptosis, and regeneration after a spinal
cord injury (SCI).* The NSCs from the embryonic day 15 rat
cerebral cortex were expanded as neurospheres in a standard
NSC medium or an IGF1-containing NSC medium (Fig. 1B).
EVs shed by NSCs were collected from the spent media via the
ultracentrifugation method. Characterization of EVs isolated
from neurospheres grown in the standard medium (standard
EVs) and the IGF1-containing medium (IGF1-EVs) suggested
that both EV types had similar morphology when examined in
a transmission electron microscope. These EVs ranged in size
from 30 to 300 nm, expressed EV-specific tetraspanins CD9
and CD63, and the EV-specific luminal protein, Alix. Initially,
the regenerative properties of EVs were tested in PC12 cells
treated with hydrogen peroxide, in which IGF1-EVs inhibited
apoptosis of PC12 cells and protected axons and the overall
effect of IGF1-EVs was better than standard EVs.

Next, the study employed an acute SCI model, which in-
volved induction of injury on the spinal cord segment T10 of
adult Sprague-Dawley rats using Allen’s weight drop appa-
ratus.’ The animals received tail vein injections of standard
or IGF1-EVs immediately after SCI, and hindlimb motor
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function was assessed at 1, 3-, 7-, 14-, and 28-days post-SCI
using the Basso Beattie Bresnahan (BBB) locomotor rating
scale and slanting board test (Fig. 1B). The BBB locomotor
test scores were much better in the SCI group receiving IGF1-
EVs compared to SCI alone and SCI + standard EV group.
Moreover, diffusion tensor imaging implied that the recon-
nection of the neural fasciculus was more significant in the
IGF1-EV treated groups. Furthermore, IGF1-EV treated
group displayed higher motor evoked potential amplitudes,
smaller injury regions, and reduced apoptosis in the injured
area than other SCI groups (Fig. 1B). The robust antiapoptotic
effects of IGF1-EVs could also be confirmed by the decreased
expression of B-cell lymphoma-2 associated X protein
(Bax), Beclin-1, and caspase-3 and increased expression of
B-cell lymphoma-2 (Bcl-2) compared to other SCI groups.
miRNA sequencing analysis of EVs revealed that IGF1-EVs
contained higher levels of the antiapoptotic miR-219a-2-3p.%
Additional studies suggested that the neuroprotective effects
of IGF1-EVs were linked to miR-219a-2-3p, as blockage of
this miRNA led to the loss of antiapoptotic effects of IGF1-
EVs on PC12 cells treated with hydrogen peroxide.

In summary, the study showed that NSCs primed with
IGF-1 shed EVs with strong antiapoptotic effects due to miR-
219a-2-3p in their cargo.’” However, since the antiapoptotic
effects of miR-219-2-3p within IGF1-EVs were tested in only
the cell culture model, it remains to be seen whether miR-
219-2-3p can promote neuroprotection after SCI. To address
this issue, future studies need to examine the effects of IGF1-
EVs in SCI models with knockdown and overexpression of
miR-219-2-3p. The other limitations of the study include not
testing the incorporation of intravenously administered NSC-
EVs into neurons and glia in the injured areas of the spinal
cord and not probing the effects of NSC-EV therapy on SCI-
induced chronic neuroinflammation and long-term motor
impairments.

ADEVs for Treating TBI

The ADEV studies in brain injury models conferred in this
section are cataloged in Table 1 with information on the type
of EVs, mode of administration, the animal prototype used,
meaningful conclusions, and shortcomings of the study.

Efficacy of Astrocyte-Derived EVs for Suppressing
Oxidative Stress After a CCl

Using both rat and mouse models of TBI, Zhang et al.
investigated the neuroprotective effects of ADEVs and the as-
sociated mechanisms.® The study utilized EVs isolated from
cultures of primary astrocytes from the rat cerebral cortices
of newborn Sprague-Dawley rats (Fig. 2A). The EVs, isolated
from the spent media through ultracentrifugation, displayed
EV-specific markers CD9, CD63, and CD81.The ADEVs were
administered 30 minutes post-CClI through tail vein injection.
Assessment of the severity of TBI via a modified neurological
severity score (mNSS) conducted 30 minutes, 24 h, 48 h, and
7 days post-TBI revealed lower mNSS and improved fore-
limb function in TBI rats receiving ADEVs than the other TBI
groups.’ Furthermore, CCI rats receiving ADEVs displayed
better motor coordination in a rotarod test and improved
cognitive function in a water maze test, suggesting that early
ADEV administration after CCI can significantly improve
both motor and cognitive function after TBI (Fig. 2A).
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Table 1. NSC-EV, ADEV, and MDEV studies in traumatic brain injury models.
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Study, type of EVs and route
of administration

Animal model

Extent of injury

Major conclusions

Limitations

Sun et al. (2020)*

Neural stem cell-derived EVs
(NSC-EVs) from human em-
bryonic H9 cell line.
Intravenous administration
at 4-6 h, 24-26 h, and 48-50
h post-CCIL.

Ma et al. (2019)

NSC-EVs from the embry-
onic day 15 rat cerebral
cortex NSC cultures treated
with insulin-like growth fac-
tor 1 (IGF1).

Intravenous administration
at 1, 3-, 7-, 14-, and 28-days
post-SCI.

Zhang et al. (2021)°
Astrocyte-derived EVs
(ADEVs) from cultures of
postnatal rat cerebral cortex
primary astrocytes.
Intravenous administration
at 30 minutes post-CCI.

Long et al. (2020)*!

ADEVs from mouse primary
astrocytes treated with hu-
man traumatic brain tissue
extracts.

Chen et al. (2020)?

ADEVs from co-cultures

of astrocytes with normal
neurons or neurons damaged
via air pressure.

Intravenous administration
at 24 hours post-TBIL.

He et al. (2021)%

ADEVs overexpressing the
nuclear transcription factor
NF-xB interacting long non-
coding RNA (NKILA).
Intracerebral injection of
NKILA-ADEVs.

A rat model of
controlled cortical
impact injury

(CCI).

A rat model of
spinal cord injury

(SCI).

Rat and mouse
models of CCIL.

A mouse model
of CCI.

A rat model of
fluid percussion
injury (FPI).

A mouse model
of CCIL.

Impact at 2.17 m/s
using a 3 mm tip to a
depth of 2 mm with
250 ms dwell time.

SCI at T10 spinal seg-
ment using modified
Allen’s weight drop
apparatus.

Rat model: Impact at 5
m/sec to a depth of 2.5
mm with 100 ms dwell
time. Impactor tip size
not reported. Also, the
injury parameters for
the mouse model were
not reported.

Impact at 3.5 m/s using
a 5.0 mm tip to a depth
of 2.0 mm with 500
msec dwell time.

Impact at 3
atmospheres (atm)
pressure.

Impact at 3.5 m/s using
a 5.0 mm tip to a depth
of 2.0 mm with 500 ms
dwell time.

NSC-EV treatment after TBI
promoted neuroprotection and
motor function recovery in
male rats, along with increased
migration of endogenous NSCs
to the lesion site and increased
vascular endothelial growth fac-
tor activity.

NSC-IGF1-EV treatment
improved Basso Beattie
Bresnahan (BBB) locomotor
scores and motor evoked poten-
tial amplitudes, reconnection of
neural fasciculus, and mediated
robust antiapoptotic effects.

In vitro assay suggested that
the neuroprotective effects of
NSC-IGF1-EVs were linked to
miR-219a-2-3p in their cargo.

ADEV treatment reduced mod-
ified neurological severity score
(mNSS) and improved forelimb
function, motor coordination,
and cognitive function with
reductions in brain edema, le-
sion volume, neuronal atrophy,
oxidative stress, and apoptosis

ADEVs were naturally enriched
with miR-873a-5p. In vitro
assays revealed that miR-873a-
Sp can inhibit the activation of
nuclear factor kappa B (NF-kB)
signaling in lipopolysaccharide-
treated primary microglia.
Injection of miR-873a-5p
agomir into the lateral ventricle
after a CCI resulted in better
mNSS, reduced brain damage, e-
dema, NF-kB signaling, and M2
microglia polarization.

The ADEVs isolated from dam-
aged neuron cultures displayed
increased expression of gap
junction alpha 1-20k (GJA1-
20Kk).

TBI rats treated with GJA1-20k
expressing ADEVs displayed
better preservation of brain
tissues.

TBI mice treated intracerebrally
with NKILA-ADEVs displayed
reduced mNSS, higher levels of
NKILA and nucleotide-binding
leucine-rich repeat-containing
family member X1 (NLRX1),
reduced levels of miR-195, and
reduced brain tissue loss.

The reasons underlying
sex-specific differences
were not evaluated.
Dose-dependent effects
were not examined.

The mechanisms by which
NSC-EVs promoted
neuroprotection and motor
functional recovery were
not evaluated.

Incorporation of NSC-EVs
into neurons and glia in
the injured spinal cord
region was not examined.
Effects of NSC-IGF1-EV
therapy on SCl-induced
chronic neuroinflammation
and long-term motor
impairments were not
evaluated.

The mechanisms by which
ADEVs mediated anti-
oxidant effects were not
assessed.

The miRNAs/proteins
carried by ADEVs were
not characterized.

The effects of ADEVs
on blood-brain bar-

rier (BBB) repair or
neuroinflammation after
TBI were not examined.

The efficacy of ADEVs
isolated from astrocytes
treated with human trau-
matic brain tissue extracts
was not tested in the CCI
model.

The efficacy of GJA1-20k
containing ADEVs was not
tested on cognitive, behav-
ioral, or motor function
after TBL

The mechanisms under-
lying neuroprotection
mediated by stand-

ard ADEVs were not
evaluated.

The potential cognitive
and mood function recov-
ery in TBI mice receiv-
ing standard or NKILA
overexpressing ADEVs
were not tested.
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study demonstrated that early administration of ADEVs after

Study, type of EVs and route Animal model

of administration

Extent of injury

Major conclusions

Limitations

Zhao et al. (2021)°® A mouse model
Naive microglia-derived of FPL

EVs (nMDEVs) from BV2

microglial cultures and ac-

tivated MDEVs (aMDEVs)

from BV2 microglia

co-cultured with neurons

undergoing stretch injury.

Intravenous administration

immediately after FPI.

Lietal. (2019)

MDEVs enriched with miR-
124-3p (miR-124 MDEVs)
from cultures of BV2 microg-
lia treated with repetitive TBI
mouse brain extracts.
Intravenous administration
at 1 h after the first impact.

Fan et al. (2020)% A rat model of
MDEVs generated from SCL

microglia cultured from fetal

spinal cords and treated with

resveratrol (RES-MDEVs).

Intraperitoneal administra-

tion.

A mouse model
of repetitive
controlled cortical
impact injury

(rCCI).

Allen’s method.

Impact at 1.9-2.1 atm

Impact at 3.6 m/sec

to a depth of 1.2 mm
(tip size and dwell time
were not reported).
Repetitive impact four
times at 24-h intervals.

SCI using modified

Administration of nMDEVs
promoted spine formation after
TBI. However, aMDEYV treat-
ment after TBI inhibited spine
density in cortical pyramidal
neurons and exacerbated neu-
rological dysfunction due to
reduced expression of miR-2151
in aMDEVs.

aMDEVs overexpressing
miR-2151 promoted neurite
outgrowth and synapse recov-
ery after TBI by inhibiting the
RhoA-Rho kinase pathway

rCCI mice receiving miR-124
MDEV:s displayed reduced
mNSS, improved motor perfor-
mance, and enhanced spatial
learning and memory.

RES-MDEYV treatment after SCI
improved muscle tension in hind
limbs and functional movements
in the foot and Basso Beattie
Bresnahan (BBB) scores.

The beneficial effects of RES-

The functional efficacy of
nMDEVs after TBI was
not examined.

The mechanisms underly-
ing miR-124 MDEV-
treatment mediated
improved functional recov-
ery in rCCI mice were not
evaluated.

The protein or miRNA
cargos of MDEVs were not
characterized.

The therapeutic effects

of nMDEVs were not
examined.

MDEYV treatment were associ-
ated with improved autophagy
and reduced apoptosis.

To determine the effects of ADEV treatment on brain pa-
thology after CCI, the authors measured brain water content,
an indicator of edema, and lesion volume for 3 consecutive
days after TBI.> The water content was significantly increased
in the cerebral cortex and hippocampus after TBI, but ADEV
treatment decreased edema, lesion volume, and neuronal
atrophy (Fig. 2A). Moreover, ADEV treatment after TBI
reduced ROS and hydrogen peroxide levels and increased the
concentration of antioxidants such as superoxide dismutase
(SOD), catalase (CAT), and glutathione (GSH) in the hippo-
campus. These antioxidant effects of ADEVs were associated
with activation of the nuclear factor-erythroid factor 2-
related factor 2 (Nrf2) signaling pathway, the master regulator
of oxidative stress. Additional analysis revealed that ADEV
administration after TBI increased the heme oxygenase-1
pathway and reduced apoptosis, evident from reduced levels
of Bax to Bcl-2 ratio and CC-3 (TIP30) protein in the hip-
pocampus.’ To confirm that ADEVs reduced oxidative
stress by activating the Nrf2 signaling pathway, the authors
compared the effects of ADEVs after CCI in Nrf2** mice
vis-a-vis Nrf2 knockout (KO) mice. While ADEV treatment
reduced ROS and hydrogen peroxide levels with increased
SOD and CAT levels in Nrf2** mice, such effects were not
seen in Nrf2-KO mice. The authors also demonstrated that
ADEVs decrease apoptosis through the activation of Nrf2
(Fig. 2A). This result was evident from decreased Bax to
Bcl-2 ratio and CC3 in Nrf2** mice receiving ADEVs after
TBI, compared to Nrf2-KO mice undergoing TBI displaying
higher levels with or without ADEV treatment. Overall, the

TBI can reduce tissue injury and motor and cognitive deficits
through potent antioxidant effects involving activation of the
Nrf2 signaling pathway. However, the mechanisms by which
ADEV-mediated antioxidant effects were not explored in the
study, as the miRNA or protein cargo of ADEVs were not
examined. Also, the effects of ADEVs were not tested on BBB
repair or neuroinflammation after TBI.

Properties and miRNA Composition of EVs Derived
from Primary Astrocytes Treated with Human
Traumatic BrainTissue Extracts

Long et al. investigated ADEVs collected from C57BL/6
mouse primary astrocytes following treatment with human
traumatic brain tissue extracts.”’ The EVs were isolated
from astrocyte culture media using ultracentrifugation and
characterized via transmission electron microscopy (TEM)
and western Blot analysis of CD9 and CDé63. Through
genome-wide microarray analysis, the authors identified miR-
873a-5p as one of the top 5§ miRNAs among ~132 miRNAs
within these ADEVs. Based on the bioinformatics database,
the authors identified miR-873a-5p as the likely candidate
affecting nuclear factor kappa B (NF-kB) signaling and fo-
cused all further studies on this miRNA. They confirmed
the upregulation of miR-873a-5p in human traumatic brain
tissue samples from necrotic and edema areas. Next, they
demonstrated that transfection of miR-873a-5p into primary
microglia stimulated with lipopolysaccharide (LPS) can re-
sult in a decreased secretion of inducible nitric oxide synthase
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Efficacy of Neural Stem Cell-derived EVs (NSC-EVs) for Mediating Neuroprotective Effects after TBI
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Figure 1. Efficacy of neural stem cell-derived extracellular vesicles (NSC-EVs) in animal models of traumatic brain injury (TBI; A) and spinal cord injury
(SCI; B). A. Intravenous administration of EVs from human NSCs at 4-50 h after a controlled cortical impact injury (CCI) improved motor function,
enhanced vascular endothelial growth factor receptor-2 (VEGFR2) expression in the cerebral cortex, and promoted the migration of endogenous neural
stem cells and possibly newly generated neuroblasts into the lesion site. B. Intravenous administration of EVs from rat cerebral cortex NSCs treated
with insulin-like growth factor-1 (IGF-1) after an SCI improved motor function and promoted neuroprotection via antiapoptotic effects. The study also
demonstrated that EVs from NSCs grown in IGF-1 containing medium are naturally enriched with miR-219-2-3p, a miRNA known to mediate robust

antiapoptotic effects. Sprague Dawley; T10, thoracic spinal segment 10.

(iNOS), high mobility group box protein 1 (HMGB1), and
proinflammatory cytokines interleukin-1 beta (IL-1f), tumor
necrosis factor-alpha (TNF-a) and IL-6, compared to mi-
croglia challenged with LPS alone. Additional characteriza-
tion also demonstrated that intervention with miR-873a-5p
can inhibit the activation of NF-kB signaling in LPS-treated
primary microglia.?!

Further studies in a mouse model of CCI showed that in-
jection of miR-873a-5p agomir into the lateral ventricle im-
mediately after a CCI can increase miR-873a-5p levels in the
cortex at 1, 3, and 7 days post-TBI (Fig. 2B). Such an increase
resulted in better mNSS scores and reduced brain damage
and edema at 7 days post-TBL?' Additional characterization

revealed that miR-873a-5p promoted M2 polarization by
inhibiting M1 signature genes iNOS, CD32, IL-1f and
promoting M2 genes CD206, IL-4, and arginase-1 (Fig. 2B).
Immunofluorescence staining for M1 and M2 markers also
confirmed such microglial polarization. Western blot anal-
ysis of myeloid differentiation primary response 88 (Myd88),
phosphorylated extracellular signal-regulated kinase (p-ERK),
and NF-xB p65 also suggested a reduction in the activation
of the NF-kB signaling pathway. Overall, the study identified
the promise of miR-873a-5p for reducing neuroinflammation
after a CCIL. However, these results are not congruent with
a previous study showing that miR-873 released from
astrocytes can promote inflammation through the A20/NF-kB
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Figure 2. Efficacy of astrocyte-derived extracellular vesicles (ADEVs) in animal models of traumatic brain injury (TBI; A, B). A. Intravenous administration
of EVs from rat primary astrocytes at 30 minutes post-controlled cortical impact injury (CCI) improved modified neurologic severity scores (mNSS),
spatial learning and motor function, reduced brain water content and lesion volume, and provided neuroprotection via enhanced nuclear factor erythroid
2-related factor 2 (Nrf2) signaling. B. ADEVs from mouse primary astrocytes are naturally enriched with miR-873a-5p, a miRNA capable of modulating
monocytes into M2 anti-inflammatory phenotypes. Accordingly, intraventricular injection of miR-873a-5p agomir at 20 minutes post-CCl improved
mNSS, reduced brain damage, and transformed infiltrated monocytes into M2 microglial phenotypes. 11-10, interleukin-10; TGFp, transforming growth
factor-beta; M-CSF, macrophage colony stimulating factor; SD, Sprague Dawley.

pathway.*® Additionally, the limitation of the study is that the
authors have not tested the efficacy of ADEVs isolated from
astrocytes treated with human traumatic brain tissue extracts
in cell culture or in vivo TBI models. Therefore, it is unknown
whether stimulating primary astrocytes with traumatic brain
tissue extracts is an efficient avenue for obtaining highly ther-
apeutic ADEVs for treating conditions such as TBIL.

Proficiency of ADEVs Carrying Gap Junction
Alpha 1 for Reducing Neuronal Apoptosis and
Mitochondrial Function After TBI

To determine if ADEVs carrying gap junction alpha 1-20k
(GJA1-20k), the mRNA of a chaperone protein maintaining
mitochondrial stability, are neuroprotective after TBI, Chen
et al. established a transwell culture of rat astrocytes and
neurons.’> ADEVs were generated following co-culturing of
astrocytes with normal neurons or neurons damaged via air
pressure. The EVs were isolated through ultracentrifugation

and characterized via TEM, NanoSight, and Western Blot
analysis for CD60, CD9, and Hsp70. The ADEVs isolated
from damaged neuronal cultures displayed increased ex-
pression of GJA1-20k (Fig. 3A). Next, GJA1-20k expressing
ADEVs and ADEVs with GJA1-20k knock-out (KO) were
tested on cultured damaged neurons. While GJA1-20k
expressing ADEVs improved neuronal survival through
downregulation of apoptosis, ADEVs with GJA1-20k KO
failed to reduce apoptosis, evidenced by increased levels
of pro-apoptotic proteins such as cytoC, Bcl-2, Bax, and
caspase 3 in damaged neurons treated with GJA1-20k KO
EVs. These results implied that GJA1-20k protects neurons
by downregulating apoptosis. Additional investigation re-
vealed that damaged neurons displayed reduced Cx43 phos-
phorylation when treated with GJA1-20k expressing ADEVs
but not when treated with GJA1-20k KO EVs.? Treatment
of damaged neurons with GJA1-20k expressing ADEVs also
restored peroxisome proliferator-activated receptor gamma
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Figure 3. Efficacy of astrocyte-derived extracellular vesicles (ADEVs) enriched with a gap junction protein alpha GJA1-20k (A) or nuclear factor kappa

B (NF«B) interacting long noncoding RNA (NKILA; B) in animal models of traumatic brain injury (TBI). A. ADEVs generated from mouse primary
astrocytes exposed to factors from damaged neurons were enriched with GJA1-20k. Intravenous administration of such ADEVs one day after TBI
provided neuroprotection. B. A direct intraventricular injection of ADEVs overexpressing NKILA after a controlled cortical impact injury (CCI) improved
modified neurologic severity scores (MNSS) and decreased brain tissue loss. NKILA inhibited apoptosis by binding to miR-195, which upregulated free
nucleotide-binding leucine-rich repeat-containing family member X1 (NLRX1) levels.

co-activator 1 alpha (PGCla) and human mitochondrial
transcription factor A (mtTFA), the activators of mitochon-
drial biosynthesis, Tom20, important in mitochondrial in-
ternal transporter function, cytochrome ¢ oxidase subunit 2
(mTCO2), ATP content, and lactate/pyruvate ratio. GJA1-
20k expressing ADEVs also promoted recovery of mitochon-
drial ultrastructure and neuronal morphology. However,
such effects were not seen when damaged neurons were
treated with GJA1-20k KO EVs, implying that GJA1-20k is
a significant neuroprotectant in ADEVs.3

To verify the results of the cell culture assay, the authors
tested the efficacy of GJA1-20k expressing ADEVs and GJA1-
20k KO ADEVs in a rat model of TBI utilizing hydraulic
injury (Fig. 3A). The EVs were administered via tail vein in-
jection at 1-day post-TBI, and brain tissues were evaluated at
1-week post-TBIL.? The results showed that TBI rats treated
with GJA1-20k expressing ADEVs displayed better preserva-
tion of brain tissues than TBI rats receiving GJA1-20k KO
ADEVs. The study identified GJA1-20k as a vital component
of ADEVs mediating neuroprotection. However, this study
has limitations, including no testing of cognitive, behavioral,

or motor function after administering GJA1-20k containing
ADEVs or GJA1-20k KO ADEVs in TBI rats to assess the
functional effects of GJA1-20k. Also, the mechanisms under-
lying neuroprotection mediated by standard ADEVs were not
evaluated.

Ability of Astrocyte-Derived EVs Overexpressing
the IncRNA NKILA for Mediating Neuroprotection
and Anti-Inflammatory Effects After a CCl

He and associates investigated the effects of ADEVs
overexpressing the nuclear transcription factor NF-kB
interacting long noncoding RNA (NKILA) on TBI.*2 NKILA
has a binding site for miR-195, and miR-195 bound to
nucleotide-binding leucine-rich repeat-containing family
member X1 (NLRX1) stimulates ROS production to amplify
NF-«B signaling while unbound NLRX1 inhibits it. Therefore,
the authors hypothesized that ADEVs carrying NKILA
promotes recovery after TBI, as binding of NKILA to miR-195
facilitates NLRX1 to inhibit NF-«B signaling. The authors
first tested these EVs in an in vitro model of TBI comprising
mechanically injured human neurons.’? Then, they tested the
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efficacy of these EVs for neuroprotection in a mouse model
of CCI. In the cell culture model, authors found that NKILA
was downregulated in injured neurons but coculturing with
astrocytes increased NKILA expression in injured neurons
with corresponding increases in cell viability. Further anal-
ysis revealed that NKILA from astrocytes was transferred
into injured neurons via EVs, which resulted in the reduc-
tion of miR-195 and upregulation of NLRX1. These changes
facilitated increased proliferation and decreased apoptosis
of neurons, which was evident from the reduced expression
of proapoptotic genes Bax and caspase-3. The authors also
demonstrated the ability of NKILA to upregulate NLRX1 by
competitively binding to miR195 and the overexpression of
NKILA suppressing the apoptosis of injured neurons through
upregulation of NLRX1.%?

To test the efficacy of NKILA-overexpressing ADEVs in
the mouse model of CCI, ADEVs were injected directly into
the injured cortex, which reduced mNSS scores (Fig. 3B).
Furthermore, brain tissue analysis confirmed reduced NKILA
and NLRX1 levels, increased miR-195, and significant brain
tissue loss in the TBI mice.’> TBI mice receiving NKILA
enriched EVs displayed higher levels of NKILA and NLRX1,
reduced levels of miR-195, and better brain tissue preser-
vation (Fig. 3B). In summary, the study demonstrated that
ADEVs carry NKILA, and delivering higher levels of NKILA
can significantly reduce brain tissue loss after TBI. However,
the functional effects of NKILA remain to be investigated as
this study did not analyze the potential recovery of cognitive
and mood function in TBI mice receiving standard or NKILA
overexpressing ADEVs.

MDEV:s for Treating TBI

The MDEV studies in brain injury prototypes detailed in this
section are listed in Table 1 with information such as the type
of EVs, route of administration, the animal model used, major
conclusions, and limitations of the study.

EVs Derived From Naive Microglia and Activated
Microglia Display Contrasting Effects on Structural
and Functional Recovery After TBI

Zhao et al. tested the inhibitory effects of aMDEVs on neurite
outgrowth and synapse recovery after TBL.>® Activated mi-
croglia were induced through co-culturing of naive microglia
(BV2 primary microglia) with primary neurons isolated from
embryonic day 18 mice undergoing stretch injury. aMDEVs
were next isolated through ultracentrifugation and labeled
with PKH26. Labeled aMDEVs (2.5 x 10'°) were administered
intravenously through tail vein injections into Thyl-green
fluorescent protein (GFP) knock-in mice subjected to lateral
fluid percussion injury (FPI). The study employed a mod-
erate TBI model with the peak impact pressure controlled
at 1.9-2.1 atmospheres (atm), equivalent to ~30 pounds per
square inch (PSI). aMDEVs incorporated into pyramidal
neurons in cortical layers V and VI, and decreased growth-
associated protein-43 (GAP-43) expression in neurons in the
peri-contusion region. Such changes were associated with
increased foot slips in FPI mice receiving aMDEVs compared
to FPI mice receiving vehicle treatment in the beam walking
test.’® Moreover, spine density in apical dendrites of pyram-
idal neurons was decreased significantly in the peri-contusion
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region of mice receiving aMDEVs. In contrast, intravenous
administration of nMDEVs isolated from naive BV2 primary
microglial cultures significantly increased apical dendrite
spine density.

Cell culture studies revealed that adverse effects of
aMDEVs were due to reduced expression of miR-5121, as
overexpression of miR-5121 in these EVs increased the
expression of GAP-43 and other synaptic proteins and
enhanced dendritic complexity in cultured neurons. Besides,
administration of aMDEVs overexpressing miR-5121 into
FPI mice enhanced GAP-43 expression, apical dendrite spine
density in the peri-contusion region, and improved motor co-
ordination. Additional investigation revealed that MDEVs
overexpressing miR-5121 also decreased the upstream acti-
vator of the RhoA-Rho kinase pathway and its downstream
effector RhoA-GTP in the peri-contusion region.’® Overall,
the study demonstrated that the administration of nMDEVs
promotes spine formation after TBI. In contrast, aMDEV
treatment inhibits spine density in cortical pyramidal neurons
and exacerbates neurological dysfunction after TBI due to
reduced expression of miR-2151 in aMDEVs. The study also
uncovered the beneficial effects of aMDEVs overexpressing
miR-2151 in promoting neurite outgrowth and synapse re-
covery after a moderate TBI by inhibiting the RhoA-Rho ki-
nase pathway. The limitations of this study include no testing
of nMDEVs on functional recovery after TBI and no exami-
nation of the effects of a MDEVs overexpressing miR-5121
on cognitive function.

MDEVs Enriched With miR-124-3p Promote
Functional Recovery After Repetitive TBI

Li et al. tested the efficacy of MDEVs enriched with miR-
124-3p (miR-124 MDEVs) in a mouse model of repetitive
CCI (rCCI) that employed 4 impacts at 24-h intervals, at a
velocity of 3.6 m/s and a deformation depth of 1.2 mm.®'
miR-124 MDEVs were isolated from cultures of BV2 mi-
croglia treated with repetitive TBI mouse brain extracts. In
an in vitro scratch neuronal injury model, administration
of miR-124 MDEVs promoted neuroprotective effects by
regulating the exaggerated upregulation of autophagy and ap-
optotic markers typically seen in injured neurons by targeting
3’ UTR of family-interacting protein of 200 kDa (FIP200)
mRNA. While autophagy is beneficial in physiological
conditions because of its ability to maintain cellular home-
ostasis by eliminating damaged cellular components, overly
upregulated autophagy after TBI can contribute to increased
neurodegeneration.®! Indeed, studies have shown that inhibi-
tion of excessive autophagy after TBI can improve neurolog-
ical outcomes.®”%® Therefore, in this study, the authors tested
the effects of intravenous administration of miR-124 MDEVs
in rCCI mice. Following treatment with miR-124 MDEVs,
rCCI mice displayed reduced mNSS scores, improved motor
performance in the rotarod test, and enhanced spatial
learning and spatial memory retrieval ability compared to
the rCCI alone group.®! The results demonstrated the efficacy
of miR-124 MDEVs for mediating functional recovery after
rCCI. However, the authors did not test the effects of miR-
124 MDEVs on autophagy in the brain, which is a limita-
tion of the study. Therefore, mechanisms underlying miR-124
MDEV-treatment mediated improved functional recovery in
rCCI mice remain to be determined, though suppression of
autophagy is one of the likely mechanisms.
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Resveratrol-Loaded MDEVs Promote Motor
Recovery After SCI by Activating Autophagy and
Inhibiting Apoptosis

Fan et al. investigated the effects of the administration of
MDEVs generated from microglia cultured from fetal spinal
cords and treated with the antioxidant and anti-inflamma-
tory compound resveratrol (RES-MDEVs) in a rat model of
SCI that employed Allen’s method.®® The RES-MDEVs were
isolated through ultracentrifugation and were administered
14 days post-SCI. The authors demonstrated that resveratrol
in RES-MDEVs was more stable than free resveratrol, with
increased concentrations detected in the lung, liver, brain, and
spinal cord in vivo. RES-MDEV treatment after SCI improved
muscle tension in hind limbs and functional movements in the
foot, compared to the SCI alone group or SCI group receiving
free resveratrol. The SCI rats receiving RES-MDEV treatment
also displayed better BBB scores. The beneficial effects of
RES-MDEV treatment were associated with the upregulation
of autophagy-related proteins microtubule-associated pro-
tein light chain 3 beta (LC3B) and beclin-1, and inhibition
of apoptosis-related protein cleaved caspase-3. The results
suggested that RES-MDEVs can improve motor recovery in
rats after SCI through increased autophagy and decreased
apoptosis. However, the study has several limitations. Apart
from resveratrol analysis, the study did not characterize the
protein or miRNA cargo of MDEVs. Also, the study did not
employ a naive MDEV treatment group. Hence, it is unclear
whether the effects were due to the delivery of resveratrol by
MDEVs or the therapeutic cargo of MDEVs.

Overall Conclusions and Future Perspectives

NSC-EVs and ADEVs have the potential to treat TBI. Several
preclinical studies show that NSC-EV administration after a
CCI or SCI can mediate neuroprotective effects and promote
motor recovery. Also, EVs from NSCs primed with IGF1
have better antiapoptotic effects because of specific miRNAs
in their cargo. Furthermore, early intervention with ADEVs
after TBI appears promising for promoting motor and cog-
nitive recovery by antioxidant effects via enhanced Nrf2
signaling. The ADEVs generated from primary astrocytes
treated with traumatic brain tissue extracts appear to be
loaded with a specific miRNA that can transform activated
microglia into non-inflammatory or anti-inflammatory M2
phenotypes by inhibiting NF-xB signaling. Additionally,
ADEVs generated from astrocytes cultured in the presence
of injured neuron factors carry high levels of GJA1-20k,
having robust neuroprotective activity. Another study has
demonstrated that ADEVs overexpressing NKILA could fur-
ther enhance the antioxidant, NF-kB signaling inhibition,
and antiapoptotic effects of ADEVs. Concerning MDEVs, the
therapeutic effects of nMDEVs are yet to be tested rigorously
in TBI models. On the other hand, studies using aMDEVs
have reported both adverse and beneficial effects. One study
demonstrated that aMDEV treatment inhibits spine density
in cortical pyramidal neurons and exacerbates neurological
dysfunction after TBI due to reduced expression of miR-2151
in aMDEVs.*® Whereas, another study showed that aMDEVs
isolated from cultures of BV2 microglia treated with repetitive
TBI mouse brain extracts could improve functional recovery
in a model of rCCL®" Thus, therapeutic or adverse effects of
aMDEVs likely depend on the microglial activation state.
Considering these, it may be necessary to utilize MDEVs shed
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from microglia displaying either non-inflammatory or anti-in-
flammatory properties.

Nonetheless, several issues remain regarding the use of
NSC-EVs, ADEVs, or MDEVs as “biologic” for treating
TBI in the future. First, rigorous and long-term testing of
motor, cognitive, and mood function after NSC-EV, ADEV,
or MDEV administration after TBI has not been performed.
Several studies have employed only mNSS to gauge ther-
apeutic effects. Second, most studies have mainly tested
the neuroprotective, anti-apoptotic, and anti-inflamma-
tory effects of such EVs in the acute phase of TBI. Since
secondary changes after TBI evolve over weeks and months
after TBL®7! the effect of early NSC-EV, ADEV, or MDEV
treatment after TBI needs to be examined on chronic
neuroinflammatory cascades associated with long-term cog-
nitive and mood impairments. Third, the efficacy of delayed
interventions using NSC-EVs, ADEVs, or MDEVs after TBI
has not been ascertained. Such studies are vital to deter-
mine whether neuroinflammatory cascades and enduring
cognitive and mood impairments could be reversed through
single or intermittent administration of NSC-EVs, ADEVs,
or MDEVs commencing days or weeks after experiencing
TBI. Fourth, the best route of EV administration for treating
TBI has not been evaluated. Most studies employed tail vein
injections in rodent models but have not quantified the frac-
tion of EVs that permeate the brain or get incorporated into
neurons and glia. Since intravenous administration leads to
the entry of EVs into the systemic circulation, the amount of
EVs entering the brain is likely minimal. Therefore, testing
the efficacy of intranasal administration in TBI models will
be necessary as such administration in other models has
shown quick entry of EVs into virtually all regions of the
brain as well as their incorporation into neurons, microglia,
and astrocytes.?63%72

Furthermore, while some studies have identified one or
more miRNA or protein cargo having neuroprotective, an-
tioxidant, or anti-inflammatory effects, an exhaustive eval-
uation of miRNA or protein cargo of NSC-EVs, ADEVs or
MDEVs has not been conducted. Such characterization is vital
as NSCs, astrocytes, and microglia grown in different culture
conditions could carry some adverse miRNAs and proteins
in addition to beneficial molecules. Therefore, evaluating the
function of highly enriched miRNAs and proteins within
NSC-EVs, ADEVs, and MDEVs through gain of function and
loss of function studies in cell culture assays will be crucial.
Since secondary changes contribute to illness at extended
time points after TBI, a thorough analysis of NSC-EV, ADEV,
or MDEV cargo will be vital to understand the potential
mechanisms by which EVs mediate recovery of function and
further improve their therapeutic efficacy. Moreover, most
studies have employed NSC-EVs, ADEVs, or MDEVs from
rat or mouse NSCs, astrocytes, and microglia. Hence, testing
the efficacy of well-characterized EVs from NSCs, astrocytes,
or microglia derived from human embryonic or induced plu-
ripotent stem cells? in penetrating TBI and closed head injury
models will be needed in the future to translate EV therapy
for both mild and moderate TBIs in the clinic. Also, EV iso-
lation methods compatible with generating clinical grade
EVs as per FDA guidelines must be developed before clinical
translation of NSC-EVs, ADEVs, or MDEVs is considered
for treating TBIs in the clinic. In conclusion, NSC-EVs and
ADEVs have promise for mitigating TBI-induced brain dys-
function. However, significant additional preclinical studies
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in various models of TBI using NSC-EVs and ADEVs that
have undergone thorough characterization of their cargo as
well as therapeutic and adverse properties are needed prior to
clinical translation.
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