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Teena K. J. B. Gamage* and Mhoyra Fraser

Department of Physiology, The University of Auckland, Auckland, New Zealand

This comprehensive review focuses on our current understanding of the proposed
physiological and pathological functions of extracellular vesicles (EVs) in the developing
brain. Furthermore, since EVs have attracted great interest as potential novel cell-free
therapeutics, we discuss advances in the knowledge of stem cell- and astrocyte-
derived EVs in relation to their potential for protection and repair following perinatal
brain injury. This review identified 13 peer-reviewed studies evaluating the efficacy
of EVs in animal models of perinatal brain injury; 12/13 utilized mesenchymal stem
cell-derived EVs (MSC-EVs) and 1/13 utilized astrocyte-derived EVs. Animal model,
method of EV isolation and size, route, timing, and dose administered varied between
studies. Notwithstanding, EV treatment either improved and/or preserved perinatal
brain structures both macroscopically and microscopically. Additionally, EV treatment
modulated inflammatory responses and improved brain function. Collectively this
suggests EVs can ameliorate, or repair damage associated with perinatal brain injury.
These findings warrant further investigation to identify the optimal cell numbers, source,
and dosage regimens of EVs, including long-term effects on functional outcomes.

Keywords: extracellular vesicles, exosomes, biomarkers, perinatal brain injury, white matter injury, in-vivo animal
models, therapeutic strategies

PERINATAL BRAIN INJURY

Preterm infants born <37 weeks gestational age (GA) are at a high risk of brain injury (Penn
et al., 2016). Whilst improvements in the survival rates of preterm infants have occurred with
advances in obstetric and neonatal care over the past two decades, infants that do survive are
likely to experience some degree of long-term neurological impairment. Furthermore, it is the most
immature of infants, namely the very preterm infants (28— < 32 weeks GA) and extremely preterm
infants (<28 weeks GA) who are at greater risk of lifetime disability and are estimated to account
for 5.2% of all preterm births <37 weeks GA (Beck et al., 2010; Blencowe et al., 2012; March of
Dimes et al., 2012; Blencowe et al., 2013a).

Cerebral palsy (CP) is the most common adverse neurodevelopmental outcome encountered by
this most immature group of preterm infants. CP causes a range of permanent motor disabilities
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ranging from mild to severe. In the general population, the
incidence of CP may be either increasing, static or declining
amongst preterm infants (Vincer et al, 2006; Behrman and
Butler, 2007; Platt et al., 2007; Robertson et al., 2007; van Haastert
etal,, 2011; Oskoui et al., 2013). Despite these incongruent trends,
subsequent long-term adverse neurodevelopmental outcomes
amongst preterm infants who survive constitute a major
global health problem and is likely to escalate in the coming
years given the increase in maternal age, increased access to
assisted reproduction technology, and consequently multiple
pregnancies worldwide (Ananth et al, 2005; Yeo et al., 2015;
Wang et al., 2017).

Although the pathophysiological mechanisms that trigger
injury to the preterm brain are multifactorial and the severity of
injury is invariably a consequence of the degree of prematurity,
there are several common causes. They include intrauterine
infection (i.e., chorioamnionitis), which is recognized as an
important factor in the etiology of spontaneous preterm birth
and hypoxia-ischemia (HI), including postnatal insults, such
as mechanical ventilation-induced lung injury, cerebral blood
flow instability, free radical imbalance, sepsis, and necrotising
enterocolitis (Stoll et al., 2004; Bassler et al., 2009; Martin et al.,
20105 Polglase et al., 2012; Skiold et al., 2014). Such perinatal

Abbreviations: ABCB1, ATP binding cassette subfamily member 1; AEA,
Arachidonoylethanolamide; Akt, RAC-alpha serine/threonine-protein kinase;
ALIX, ALG-2-interacting protein X; ANXAS5, Annexin A5; ASC, apoptosis-
associated speck-like protein containing a CARD; ATP, adenosine triphosphate;
BAX, Bcl-2-associated X protein; BBB, blood-brain barrier; Bcl-XL, B-cell
lymphoma extra-large; Bcl-2, B-cell lymphoma-2; BNIP2, BCL2 interacting
protein 2; BDNE brain derived neurotropic factor; CAT, catalase; CSE
cerebrospinal fluid; CNPase, 2',3,-cyclic nucleotide 3'-phosphodiesterase; CNS,
central nervous system; COX, cyclooxygenase; CP, cerebral palsy; CREB, cCAMP
response element-binding protein; CTGE, connective tissue growth factor;
CXCL10, chemokine (C-X-C motif) ligand-10;, DAMP, damage associated
molecular pattern; DT-MRI, diffusion tensor magnetic resonance imaging;
ECG, electrocardiogram; EEG, electroencephalogram; EGR2, early growth
response 2; EpCam, epithelial cell adhesion molecule; Erkl1/2, extracellular
signal-regulated kinases; GA, gestational age; GABA, gamma-aminobutyric
acid; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GPX, glutathione
peroxidase; HDACI, histone deactelayse 1; HI, hypoxia-ischemia; HIE, hypoxic-
ischemic encephalopathy; hiPSC-nEVs, human induced pluripotent stem cell-
derived EVs; HSF1, type 1 heat-shock factor; Ibal, ionized calcium binding
adaptor molecule 1; IC, intracardial; ICAM, intercellular adhesion molecules; ICV,
intracerebroventricular; IL, interleukin; iNOS, inducible nitric oxide synthase;
IRDye, infrared dye; IV, intravenous; IVH, intraventricular hemorrhage; JAM1,
junctional adhesion molecule-1; LPS, lipopolysaccharide; MAP2, microtubule-
associated protein 2; MBP, myelin basic protein; MDA, malondialdehyde; miRNA,
microRNA; MISEV, minimal information for studies of extracellular vesicles
2018; MMP-9, matrix metallopeptidase-9; Matrix metallopeptidases (MMPs);
MOG, myelin oligodendroglia glycoprotein; MRI, magnetic resonance imaging;
MSC, mesenchymal stem cell-derived extracellular vesicles; NFkp, nuclear factor
kappa beta; NRLP1, nod-like receptor protein 1; NTR, neutrophin receptor;
OGD, oxygen-glucose deprivation; P, postnatal day; P2RX7, purinergic receptor
P2X7; PDGEF-BB, platelet-derived growth factor-BB; PDGFR, platelet-derived
growth factor receptor beta; PEG, polyethylene glycol; PLP, myelin proteolipid
protein; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-
Analyses; PrPC, cellular prion protein; PTGDR, prostaglandin D2 receptor; PTX3,
pentraxin 3; REST, restriction element-1 silencing transcription factor; RhoA, Ras
homology family member A; STI1, stress-inducible protein 1; SEM, scanning
electron microscopy; SOD, superoxide dismutase; SVZ, subventricular zone;
TAGL, transiently expressed axonal surface glycoprotein-1; TEM, transmission
electron microscopy; Timp3, tissue inhibitor of metalloproteinase 3; TkrB, tyrosine
kinase receptor B; TNE tumor necrosis factor; TRPS, tunable resistive pulse
sensing; TSG101, tumor susceptibility gene 101; TTC, 2,3,5-tryphenyl tetrazolium
chloride; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

insults are intrinsically related to the development of a cascade
of central and peripheral inflammatory processes, which play
a critical role in the etiology of white matter injury, the most
common injury observed in preterm infants. This pattern of
brain damage is quite distinctive from that of term infants in
that the lesions formed are often confined to the white matter
tracts of the periventricular region of the brain, such as the
corpus callosum, cingulum bundle, reticular activating system,
and superior longitudinal fasciculi (Gopagondanahalli et al.,
2016; Murray et al., 2016; van Tilborg et al., 2018). The primary
pathological feature of this injury is the formation of focal
cystic necrotic lesions and/or diffuse cerebral white matter injury
accompanied by astrocytic hypertrophy (gliosis) and microglial
activation. This can lead to a loss in white matter volume and
impaired myelination, which is evident by magnetic resonance
imaging (MRI) (van Tilborg et al., 2018).

While improved neonatal intensive care has resulted in a
decline in the incidence of focal cystic necrotic lesions and thus
the severest form of injury (Inder et al.,, 2003a), the incidence
of “lesser” neurological morbidity associated with relatively
milder forms of white matter injury remains an unresolved
clinical issue (Behrman and Butler, 2007; Khwaja and Volpe,
2008; Blencowe et al., 2013b; Back, 2015). Typically, milder
white matter injuries have a characteristic pattern featuring
noncystic focal or diffuse white matter lesions within the
periventricular region and surrounding white matter, which is
invariably accompanied by some form of cortical or subcortical
gray matter abnormality (Inder et al., 1999; Leviton and Gressens,
2007; Pierson et al., 2007; Keunen et al., 2012; Back and Miller,
2014; Galinsky et al., 2018). Further, converging evidence now
suggests that the primary mechanism of myelination failure
of the white matter tracts within 24-32 weeks GA, involves
loss and subsequent arrested differentiation of oligodendrocyte
progenitors, the predominant cell type in human white matter
(Volpe et al., 2011; Buser et al., 2012; Back and Miller, 2014;
van Tilborg et al, 2016). The more diffuse areas of cerebral
white matter injury are characteristically identified as regions
where there is a diffuse loss of developing oligodendrocytes
and over time, clinically, these lesions are associated with
smaller hemispheric size, ventriculomegaly, and impaired gyral
development (Rutherford et al., 2010; Skranes et al., 2013;
Alexandrou et al., 2014; Engelhardt et al., 2015).

Regardless of whether neurodevelopmental impairments
encountered by preterm infants are either severe, moderate,
or mild, the impact to the individual is enormous. It is not
only a burden to the individual, but also immediate family
members, the health care system, and social institutions. The
development of effective therapies will enable better outcomes
for these infants and thus have significant long-term benefits
that could potentially translate to individuals achieving a more
productive life including reduced health care costs associated
with chronic neurological disability.

Presently, there are limited options for the prevention and/or
treatment of perinatal brain injury. Treatment strategies include
antenatal administration of magnesium sulfate to women at risk
of preterm labor and postnatal administration of erythropoietin
to infants born preterm (Leuchter et al., 2014; Juul and Pet, 2015;
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Crowther et al., 2017). However, these interventions are limited
in their effectiveness. In addition, whilst multiple randomized
trials suggest that therapeutic hypothermia initiated within the
first 6 h of delivery of infants >36 weeks GA with suspected
moderate or severe hypoxic-ischemic encephalopathy (HIE) for
a duration of 72 h, reduces infant morbidity and mortality, it
does not completely protect the infant from long-term brain
damage (Gluckman et al., 2005; Azzopardi et al., 2009, 2014;
Jacobs et al., 2011, 2013; Shankaran et al., 2012; Briatore et al.,
2013). Furthermore, preterm infants born <35 weeks GA are
not eligible for therapeutic hypothermia despite animal data
supporting beneficial effects (Bennet et al., 2007). A pilot study of
preterm infants concluded that therapeutic hypothermia was not
recommended for preterm infants outside of a clinical research
setting given the risk of mortality and side effects (Walsh, 2015).
Nevertheless, a randomized controlled trial to assess safety and
effectiveness of whole body hypothermia for 72 h in preterm
infants 33-35 weeks GA who at <6 h post-delivery exhibit
moderate to severe neonatal encephalopathy is currently being
conducted (\NCT01793129).

Whilst further randomized clinical trials of hypothermia
therapy are warranted amongst preterm infants, there is an
ongoing need to develop standalone therapeutic interventions
that can be administered to reduce perinatal brain injury
or therapeutic interventions that may be administered in
conjunction with hypothermia to further reduce infant morbidity
and mortality. Indeed, such an approach may be advantageous
if the strategy is to target different therapeutic windows and
multiple mechanisms of injury. However, hypothermia has the
potential to alter the pharmokinetics of adjunct therapies and
thus efficacy, which requires careful consideration (van den Broek
et al., 2010; de Haan et al., 2012; Lutz et al., 2020).

Stem cells, which are self-renewing and considered the most
primordial and least committed cells offer significant promise
for treating perinatal brain injury (Kennea and Mehmet, 2004;
Santner-Nanan et al., 2005; Vawda et al., 2007; Ikeda, 2008;
de Paula et al, 2010; Pimentel-Coelho et al., 2010; Pimentel-
Coelho and Mendez-Otero, 2010) given their anti-inflammatory
(Li et al., 2005; Murphy et al., 2010; Kim et al., 2012), trophic
(van Velthoven et al.,, 2012; Fu et al.,, 2017), and regenerative
(Ilancheran et al., 2007; van Velthoven et al., 2010; Donega et al.,
2014) capabilities. Indeed, neonatal models of hypoxic brain
injury using different stem cell types support their therapeutic
utility (van Velthoven et al, 2010, 2012; Kim et al, 2012;
Donega et al., 2014) and presently there are several adult stroke
clinical trials underway (e.g., clinical trials registry numbers:
NCT02605707, NCT01151124, NCT04434768, NCT02980354).
Despite their clinical potential, very little is known about their
risk profile in a clinical neonatal setting. Such considerations
are important given their identified potential to elicit unwanted
immune responses and tumor formation or emboli (Lappalainen
et al., 2008; Fischer et al., 2009; de Almeida et al., 2013).

Substantial evidence suggests that stem cells exert their
regenerative effects through the release of biologically active
molecules that act in a paracrine manner to promote cell viability

!Clinical Trials.gov

and/or proliferation and modulation of immune responses
(Baraniak and McDevitt, 2010; Ratajczak et al., 2012). In fact,
there has been a growing awareness among scientific and clinical
arenas that stem cells are likely to promote neuroprotection
and functional recovery via intercellular communication through
their release of membrane bound vesicles, referred to as
extracellular vesicles (EVs), which have a diverse array of
bioactive cargo (Cho et al., 2019b). Therefore, the objective of
this unbiased review was to provide an updated evaluation of
EVs as therapeutic options in preclinical in-vivo animal models
of perinatal brain injury.

EVs

The generic term “EVs” encompasses a heterogeneous range
of lipid bilayered particles that are unable to replicate but are
secreted by almost every cell of the body (Thery et al., 2018).
Historically, EVs have been subdivided into (1) microvesicles
(0.1-1 pm in size and often termed ectosomes), which bud from
the plasma membrane of cells, (2) nanovesicles (30-150 nm in
size and often termed exosomes; in this review they are referred
to as “small” EVs), which are generated from late endosomes by
inward budding of the limited multivesicular body membrane
resulting in the formation of intraluminal vesicles within large
multivesicular bodies that are transported to the cell surface and
released into the extracellular environment, and (3) apoptotic
bodies (1-5 wm in size), which originate from the plasma
membranes of apoptotic cells (Pollet et al., 2018). However, there
is some overlap in the size of EV subtypes and ambiguity remains
between subtypes especially since their underlying intracellular
biogenesis pathways cannot always be confirmed (Thery et al.,
2018; Mathieu et al., 2019). Consequently, the recently released
article “Minimal information for studies of extracellular vesicles
2018 (MISEV2018)” has encouraged researchers to describe
EVs based upon (1) physical characteristics (2) biochemical
composition, and/or (3) descriptions of conditions or cell of
origin to help remove some of the ambiguity between EV
subpopulations (Thery et al., 2018). Importantly, EVs carry a
range of cargo, including nucleic acids [DNA, RNA, microRNA
(miRNA), and non-coding RNAs] (Hunter et al., 2008; Simpson
et al., 2008; Kalra et al., 2012; Gezer et al., 2014; Yoon et al.,
2014; Abramowicz and Story, 2020; Born et al., 2020), proteins
(Simpson et al., 2008; Cai et al., 2013), and lipids (Chen et al.,
2019; Nishida-Aoki et al., 2020; Skotland et al., 2020) to local
and distal targets that can impact the biology of the target cells
by conveying functional properties derived from their cellular
source (Cocucci and Meldolesi, 2015; Campanella et al., 2019).

EV-Mediated Cell Communication and

Roles Within the Healthy Brain

All major cell types of the brain, including oligodendrocytes,
neurons, microglia, astrocytes, endothelial cells and pericytes
secrete EVs (Fevrier et al., 2004; Bakhti et al., 2011; Fitzner et al.,
2011; Frithbeis et al.,, 2013b; Lewis, 2013; Sharma et al., 2013;
Prada et al., 2018). A number of stimuli can trigger the release
of EVs from neuronal cells. For example, synaptic transmission
resulting from calcium influx and glutamatergic synaptic activity
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elicits secretion of neuron-derived EVs carrying the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
subunit (Budnik et al, 2016). Moreover, glutamate released
from neurons triggers EV release from oligodendrocytes through
Ca’* entry via oligodendroglial ionotropic glutamate receptors
(Frithbeis et al., 2013b).

Although the functional role of the various cell types of EVs
within the central nervous system (CNS) is not fully ascertained
those identified as being mediated by EV autocrine/paracrine
signaling include neural trophic support, synaptic plasticity,
regulation of myelination and intercellular communication
(Coleman and Hill, 2015; Budnik et al., 2016; Thompson et al.,
2016). Neuron-derived EVs have been demonstrated to play a
critical role in neurite elongation, a prerequisite step required for
the assembly of adult neurons in functional networks (Arantes
and Andrews, 2006). Human primary neural cultures treated
with human induced pluripotent stem cell-derived neuron EVs
(hiPSC-nEVs) results in increased cell proliferation and neuronal
cell fate specification and differentiation (Sharma et al., 2019).
Additionally, data from preclinical studies, in which hiPSC-
nEVs were injected into the lateral ventricle of postnatal day 4
(P4) mice, demonstrate their role in hippocampal neurogenesis
(Sharma et al., 2019). Synaptic plasticity is also thought to be
mediated by EV's that are known to play roles in synaptic growth
(Korkut et al., 2013) and axonal guidance (Gong et al., 2016), as
well as synaptic pruning (Bahrini et al., 2015).

Development of the neurocircuitry, is partly mediated
through neuronal-EV interactions with glial cells. For example,
the uptake of oligodendrocyte derived-EVs by neuronal
cells can enhance neuronal cell viability though RAC-alpha
serine/threonine-protein kinase (Akt), Extracellular signal-
regulated kinases (Erk1/2) and cAMP response element-binding
protein (CREB) pathway activation and generate more action
potentials suggesting an enhanced potential for neuronal
signaling (Frohlich et al., 2014). Furthermore, the uptake of
astrocyte-derived EVs that carry co-chaperone stress-inducible
protein 1 (STI1) by neuronal cells can have neurotrophic and
neuroprotective roles upon binding to cellular prion protein
(PrPC) (Hajj et al., 2013). Additionally, dendrite complexity
can be enhanced in neurons as a result of the miR-26a-5p
cargo of astrocyte-derived EVs (Polanco et al., 2016). The
activity of these neuronal networks can also be regulated
by microglia-derived EVs that can target neurons where
they can act both by stimulating synaptic activity through
enhancing sphingolipid metabolism (Emmanouilidou et al,
2010) or inhibiting gamma-aminobutyric acid (GABA)-ergic
transmission via N-arachidonoylethanolamine (AEA) signaling
(Danzer et al., 2012). Conversely, neuronal-derived EV's can also
directly target microglia to stimulate complement C3 activity
which aids synaptic pruning (Bahrini et al., 2015).

EVs can also play a significant role in blood-brain barrier
(BBB) integrity. Platelet-derived growth factor-BB (PDGEF-
BB)/PDFG-receptor beta (PDGFR-B) signaling has been
implicated in the release of pericyte-derived EVs that carry
neuroprotective cargo (Prada et al., 2018). This is particularly
relevant in the context of ischemic conditions, since PDGF-
BB/PGDFRP signaling is known to confer protection of the

BBB and provide regeneration of infarcted regions by way
of enhancing pericyte recruitment (Nakamura et al, 2016).
Evidence also suggests that neural progenitor cell-derived EVs
enhance post-ischemic BBB integrity by enhancing pericyte
recruitment via down-regulation of ATP binding cassette
subfamily member 1 (ABCB1) expression and inhibition of the
nuclear factor-kappa beta (NF-kf) pathway and downstream
matrix metallopeptidase-9 (MMP-9) activity (Zhang et al., 2021).

Oligodendrocytes, the myelin-forming cells, are well
established as having important neuron-protecting roles. Indeed,
there is well-founded evidence that oligodendroglial-derived
EVs, besides being enriched with myelin proteins [myelin
proteolipid protein (PLP), 2/, 3'-cyclic nucleotide 3’-phosphodie-
sterase (CNPase), myelin associated glycoprotein, and myelin
oligodendroglial glycoprotein (MOG)] are mediators of oxidative
stress through transfer of human superoxide dismutase (SOD)
and catalase (CAT) (Kriamer-Albers et al., 2007). Furthermore,
neuronal uptake of oligodendrocyte-derived EVs under in-vitro
conditions of oxygen and glucose can modulate neuronal firing
rate and is associated with enhanced stress resistance and
neuronal viability (Frithbeis et al., 2013a; Frohlich et al., 2014).

The uptake of oligodendrocyte-derived EVs by microglia,
the resident macrophage, occurs by way of macropinocytosis,
which facilitates the clearance of oligodendrocyte-derived EV
cargo and occurs in the absence of microglial activation
and without induction of a CD4% T cell response to MOG
(Fitzner et al., 2011). However, in pathogenic situations, such
as multiple sclerosis, EVs exposed to phagocytic microglia
may induce activation of microglia or possibly even evoke
signaling to T- and B-cells, which have invaded the CNS via
the BBB (Dolcetti et al., 2020). Furthermore, and of particular
relevance to the current review, oligodendrocyte-derived EV
cargo can act in an autocrine manner to inhibit oligodendrocyte
maturation (Bakhti et al., 2011), whereas BBB endothelial cell-
derived EVs aid oligodendrocyte precursor survival, motility, and
proliferation (Fevrier et al., 2004). Consequently, the clearance
of oligodendrocyte-derived EV cargo by microglia in the
presence of neuronal cells may allow immature pre-myelinating
oligodendrocytes to mature into myelinating oligodendrocytes
and thus promote the establishment of myelinated neural
circuitry (Bakhti et al., 2011).

Collectively, the above evidence suggests an intricate, delicate,
and highly co-ordinated interplay between EVs and all cell types
of the brain that has important implications for the establishment
and maintenance of a healthy neural circuitry (Figure 1).

The Role of EVs in CNS-Immune

Communication Following Injury

Over the last two decades, significant emphasis has been
placed on understanding the process and timing of injury
in the developing brain to improve therapeutic interventions.
Seminal studies conducted in animal models have led to the
realization that brain injury is an evolving process involving
two phases. First there is a latent phase of recovery lasting
approximately 6-8 h, followed by a delayed or secondary phase
of injury characterized by mitochondrial failure, with seizures
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FIGURE 1 | Schematic diagram summarizing the role of EVs in the healthy and injured brain. Created with BioRender.com.
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and cell swelling that resolves after 72 h (Williams et al., 1991;
Fraser et al., 2005, 2007, 2008).

While the etiology of preterm white matter injury is
multifactorial, inflammation plays an important role in the
pathogenesis of preterm brain injury (Rezaie and Dean, 2002;
Deng et al., 2010; Jellema et al., 2013a; Albertsson et al,
2014; Mallard et al., 2014; Dhillon et al., 2015; Hagberg et al,,
2015). The ensuing neuroinflammatory cascade following an
insult comprises a wide array of both humoral and cellular
players. Microglia, the resident macrophage population in the
CNS, along with astrocytes, transform into activated cells that
migrate or extend their processes, respectively, to sites of injury.
Once activated, these cells produce potentially damaging pro-
inflammatory mediators, such as pro-inflammatory cytokines
[tumor necrosis factor-alpha (TNF-a), interleukin-1f (IL-1f),
and interleukin-6 (IL-6)], enzymes and adhesion molecules,
including the release of matrix metallopeptidases (MMPs), which
lead to the breakdown of the immature BBB (Lau and Yu,
2001; Ranasinghe et al, 2009, 2012; Iadecola and Anrather,
2011; Baburamani et al., 2014). In response to this inflammatory
activation, leukocytes migrate through the BBB leaving the
brain exposed to systemic inflammatory responses, which further
exacerbate injury. Collectively, this results in the progressive
destruction of white matter and surrounding CNS tissue.

Modulation of the CNS and peripheral inflammatory response
in relation to the timing of the initial insult is most likely key
to effective therapeutic targeting. There is a clear recognition

from animal models of brain injury that inhibition of EV
release from the CNS attenuates systemic responses to CNS
inflammation and inhibits BBB leukocyte infiltration, suggesting
a damaging role of EVs (Dickens et al., 2017). Indeed, damage-
associated molecular pattern (DAMP)-mediated activation with
adenosine triphosphate (ATP), results in the release of EVs
from microglia (Drago et al., 2017). Specifically, ATP results in
modifications of the proteome of EVs derived from microglia
responsible for the synthesis of proteins involved in cellular
adhesion/extracellular matrix organization, the autophagy-
lysosomal pathway and cellular metabolism that can modulate
astrocyte activity (Drago et al, 2017). Furthermore, in an
IL-1f mouse model of inflammatory brain injury, astrocytic-
derived EVs released post-injury are able to induce a systemic
inflammatory response in naive animals, in the absence of injury
(Figure 1; Dickens et al., 2017).

Microglia-derived EVs appear to play an equally detrimental
role in promoting a pro-inflammatory microenvironment
response to brain injury (Figure 1). Importantly, recent findings
suggest that EVs released from microglia in response to brain
injury may represent the major pathway of TNF-a secretion,
since EV production is markedly induced by activation of the
purinergic receptor P2X7 (P2RX7) by ATP (Bianco et al., 2009).
There is also evidence that ATP activation of microglia results in
the release of EVs with IL-18 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) that facilitate the propagation and
regulation of the neuroinflammatory response in the brain
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(Bianco et al., 2005; Takenouchi et al., 2015). In this respect, EV's
produced by activated microglia contain high amounts of TNF-a
and can induce reactive astrocytic conversion and demyelination
(Figure 1; Lombardi et al., 2019).

Clearly redirecting or reprogramming inflammatory glial cells
by way of modifying EV signaling toward a beneficial and pro-
regenerative function might facilitate repair processes following
injury. It would be important also to delineate the origin of EVsin
the circulation released in response to injury as they may provide
much needed information on possible key facilitators of CNS-
peripheral communication and thus identify a specific cellular
target for EV therapy.

Biomarker Potential of CNS-Derived EVs

In addition to the above established and putative roles of
EVs within the brain, accumulating evidence suggests that
the number and composition of EVs can reflect both healthy
and pathological states within the CNS (Fiandaca et al., 2015;
Yan et al, 2017; Goetzl et al, 2019; Ohmichi et al., 2019).
Although investigations are yet in their infancy, evidence suggests
that EVs are found throughout the developing CNS (Morton
and Feliciano, 2016) and are likely responsible, at least in
part, for normal and pathophysiological brain development
in the embryonic and early fetal periods. In support of the
former, embryonic cerebrospinal fluid (CSF)-derived small EVs
promote neuronal stem cell proliferation possibly through
miRNA-mediated regulation of the insulin growth factor pathway
(Feliciano et al., 2014; Tietje et al., 2014; Luarte et al., 2016).
In addition, small EVs derived from progenitor cells may have
protective roles in neuronal development, protecting against
such things as hypoxia mediated apoptosis (Deng et al., 2018;
Guo et al., 2019; Liu et al., 2019). Furthermore, EVs released
by neural stem cells residing in the neonatal subventricular
zone (SVZ), lining the lateral ventricles, have the capacity to
regulate microglial function as they are enriched with miRNAs
(miR-9 and miR-Let7) that regulate microglial morphology (Yao
et al, 2014; Morton et al., 2018; Vogel et al., 2018). Indeed,
according to novel findings, neonatal SVZ neural stem cell-
derived EVs can preferentially target microglia and regulate their
morphological and physiological function, suggesting they play
important roles within the developing brain (Morton et al., 2018).
However, while many of the ascribed EV-mediated effects are
foreseen as beneficial they can also be detrimental and under
pathological conditions, damaged and distressed cells can release
EVs carrying altered protein, lipid, and nucleic acid cargos
that may potentially exacerbate the injury (Rajendran et al,
2006; Banigan et al., 2013; Zagrean et al., 2018). Specifically,
pathological cells can release EVs that can spread neurological
disease and this is most evident in neurodegenerative diseases
(Lee and Kim, 2017). For example, cells of Alzheimer’s patients
brains are known to release neurotoxic amyloid-p between cells
via EVs, which is one mechanism by which disease progression
and propagation is thought to occur (Rajendran et al., 2006;
Joshi et al., 2014). Similarly, the presynaptic neuronal protein
a-synuclein associated with Parkinson’s disease and various
other neurodegenerative diseases is transmitted between cells
in an EV-mediated manner and drastically impairs neuronal

cell viability (Emmanouilidou et al, 2010; Danzer et al,
2012). Moreover, EVs isolated from the CSF of individuals
with spinal cord injury and traumatic brain injury express
inflammasome proteins, including caspase, apoptosis-associated
speck-like protein containing a CARD (ASC), and nod-like
receptor protein 1 (NRLP1), suggesting that EVs released in
response to CNS damage may be involved in activation of
inflammatory signaling processes (de Rivero Vaccari et al., 2016).
Consequently, it is equally plausible that EVs released in response
to perinatal brain injury may also contribute to the evolution of
brain injury pathology over time.

A recently revealed key characteristic of small EVs derived
from the fetal CNS is that they are able to cross the fetal
BBB and the placental barrier into the maternal circulation
making them an attractive source of biomarkers (Sheller-
Miller et al., 2016; Goetzl et al., 2019). Adsorptive-mediated
transcytosis, translocation and passage from the CSF via
arachnoid granulations are all proposed mechanisms of small EV
transfer from the CNS into the periphery (Thompson et al., 2016;
Matsumoto et al., 2017). However, evidence currently suggests
that fetal CNS-derived small EVs do not fuse with the placental
membrane in order to cross into the maternal circulation, and
further studies are required to clarify the mechanisms of fetal
CNS-derived small EV transfer into the maternal circulation
(Goetzl et al., 2019). Nevertheless, 20% of total neuronal cell-
derived small EVs isolated from first and second trimester
maternal plasma samples are comprised of fetal CNS-derived
small EVs, which suggests the possibility that their cargo may be
possible biomarkers of preterm brain injury (Goetzl et al., 2016).

Investigations have been conducted to assess whether fetal
CNS-derived small EVs isolated from maternal plasma during
pregnancy can feasibly detect adverse fetal neurodevelopmental
outcomes resulting from ethanol exposure as early as the first
trimester (Goetzl et al., 2016, 2019). Specifically, the authors of
these studies were able to isolate fetal CNS-derived EVs using an
antibody raised against Contactin-2/transiently expressed axonal
surface glycoprotein-1 (TAG-1), which is expressed transiently
on the axonal surface of specific neurons during fetal life
(Goetzl et al,, 2019). Analysis of fetal CNS-derived EV cargo
has revealed that expression of miR-9, a key microRNA involved
in neurogenesis (Coolen et al, 2013), and protein levels of
synaptic markers neurogranin, synaptotagmin, synatopodin and
synaptophysin are all significantly reduced in maternal plasma
in association with ethanol exposure (Goetzl et al, 2019).
Moreover, levels of neuronal survival proteins [type 1 heat-
shock factor (HSF1), B-cell lymphoma extra-large (Bcl-XL) and
restriction element-1 silencing transcription factor (REST)] are
also significantly lower (Goetzl et al., 2016).

Furthermore, studies conducted to assess whether small
EV protein biomarkers are valuable in the diagnosis of brain
injury and assessment of the effectiveness of hypothermia
have shown that neutral or decreasing fetal neuronal small
EV-derived synaptopodin protein levels occurred in maternal
plasma of neonates with abnormal neuroimaging scores (Goetzl
et al, 2017). Interestingly, evidence from one preterm infant in
which CSF-derived small EVs were collected over the course
of 4 months following post-hemorrhagic hydrocephalus, there
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was a reduction in the concentration and proportion of EVs
within the 30-100 nm range, but the physiological significance
of this is uncertain (Spaull et al., 2019). Together, the studies
discussed above are representative of an ever-growing awareness
that screening EV profiles of either CSF and plasma of preterm
infants or that of their mother’s plasma during pregnancy could
be a means to provide early diagnosis of preterm brain injury
and ultimately effective implementation of treatment strategies.
Furthermore, since EVs can also cross the BBB in the opposite
direction (Chen et al., 2016; Mondello et al., 2018; Saint-Pol
et al., 2020), their entry into the brain opens up the possibility of
harnessing their innate neuroprotective or restorative functions
or engineering them for delivery of drugs or biomolecules for the
treatment of perinatal brain injury (Cho et al., 2019b).

EVs as a Therapeutic Agent for Perinatal
Brain Injury

In-vitro evidence suggests that small EVs have promising
neuroprotective and neuroregenerative effects that could be
utilized for the treatment of brain injury. Specifically, in
a mouse neuroblastoma cell line Neuro-2a model of HI
induced by oxygen-glucose deprivation (OGD)/reoxygenation,
administration of human umbilical cord Wharton’s jelly MSC-
EVs not only resulted in the prevention of HI-induced
apoptosis, but also promoted cell survival through EV transfer
of miR-let7-5p, a known regulator of caspase-3 (Joerger-
Messerli et al., 2018). In addition, researchers recently reported
the effect of human Wharton’s jelly MSC-EVs on microglia-
mediated neuroinflammation. They observed that MSC-EVs
reduced pro-inflammatory cytokine production in response
to lipopolysaccharide (LPS) from activated microglia in-vitro
(Thomi et al., 2019b). Moreover, the treatment of primary rat
neurons exposed to thrombin [as a surrogate model of HI with
intraventricular hemorrhage (IVH)] with human umbilical cord
blood MSC-EVs attenuated cell death (Ahn et al., 2021).

While the majority of in-vitro evidence demonstrates EVs
from a variety of cell sources have great potential as both
neuroprotective and neuroregenerative agents (Doeppner et al,,
information is required from relevant in-vivo experimental
models of perinatal brain injury before consideration of
translation to the clinic. Theoretically, EVs may be biologically
safer over cell based therapies as they are potentially less likely
to induce an immunogenic response, cause tumor formation, or
cause thrombosis in the recipient and in practice easier to collect,
store and administer (Adamiak et al., 2018; Ma et al., 2019).
However, longitudinal studies are necessary to validate such an
assumption. Furthermore, recent data from an in-vitro model
system demonstrating HI injured neuronal cells potentially can
secrete EVs that may contribute to cell death of healthy MSC cells,
is of relevance since this could impact on the efficacy of cell based
therapies depending on the timing of administration post-injury
(Huang et al., 2020).

Current evidence suggests EVs secreted by cells exhibit
target selection and that the EV cellular source must be
matched to the requirements of the target application

(Marcus and Leonard, 2013). In this respect, there is an
increasing awareness that generation of neural stem cell-derived
EVs would more likely exhibit the highest distribution to
the brain and confer neuroprotective benefits. Furthermore,
successfully translating interventions from preclinical proof
of concept to demonstration of therapeutic value in the clinic
requires a route of administration that is minimally invasive,
yet effective, such as intranasal delivery, which has a greater
likelihood of achieving therapeutic levels. Recent studies of
intranasal administration of EVs to neonatal and juvenile rat
models of brain injury support the potential clinical relevance of
this approach, since EVs targeted a diverse range of brain regions
and aggregated to areas of injury (Kodali et al.,, 2019; Thomi
etal, 2019a).

Moving forward, it is apparent the use of well-characterized
EVs according to the most recent MISEV guidelines (Thery et al.,
2018), produced under specific culture conditions and isolated
appropriately to ensure EV integrity, have great promise for
treating perinatal brain injury. Consequently, in this unbiased
review of the literature the focus was to identify and summarize
current evidence of the role of EVs administered to in-vivo
models of perinatal brain injury as a therapeutic strategy.

Methods: Search Strategy, Study
Selection and Data Extraction

An unbiased search of the literature was conducted using the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) to identify all studies that investigated
the potential use of EVs as novel therapeutic agents in animal
models of perinatal brain injury (the PRISMA checklist is
provided in Supplementary File 1). Eligible studies were
identified by searching four databases (PubMed, Embase,
Scopus and Web of Science). Keywords included in the
search were: perinatal brain injury and extracellular vesicles,
perinatal brain injury and exosomes, perinatal hypoxic ischemia
and extracellular vesicles, perinatal hypoxic ischemia and
exosomes, perinatal encephalopathy and extracellular vesicles,
perinatal encephalopathy and exosomes, perinatal brain
injury and biomarkers, preterm brain injury and extracellular
vesicles, preterm brain injury and exosomes, preterm hypoxic
ischemia and extracellular vesicles, preterm hypoxic ischemia
and exosomes, preterm encephalopathy and extracellular
vesicles, preterm encephalopathy and exosomes, preterm brain
injury and biomarkers, fetal brain injury and extracellular
vesicles, fetal brain injury and exosomes, fetal hypoxic
ischemia and extracellular vesicles, fetal hypoxic ischemia
and exosomes, fetal encephalopathy and extracellular vesicles,
fetal encephalopathy and exosomes, fetal brain injury and
biomarkers, neonatal brain injury and extracellular vesicles,
neonatal brain injury and exosomes, neonatal hypoxic ischemia
and extracellular vesicles, neonatal hypoxic ischemia and
exosomes, neonatal encephalopathy and extracellular vesicles,
neonatal encephalopathy and exosomes, and neonatal brain
injury and biomarkers. The publication search was conducted on
1 April 2021 and publication dates ranged as far back as 1977.
Filters were not applied to any database used in this review of the
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literature to ensure all relevant papers were captured; instead,
articles were manually filtered.

A total of 30,965 articles were identified and imported
into Endnote X7 referencing management software and 17,159
duplicate records removed. The remaining 13,806 articles were
analyzed by title and abstract and 13,793 irrelevant articles
removed based on non-English, non-full text, non-original
article, and off-topic subject matter. Where ambiguity was
identified in the title and abstract, the articles were read in
full to identify whether the use of EVs as a therapeutic for
perinatal brain injury using animal models was investigated.
Thirteen articles were identified as relevant for this literature
review (Figure 2 and Table 1) based upon this premise.

RESULTS

Summary of Therapeutic EV Studies in
Experimental Animal Models of Perinatal
Brain Injury

Thirteen studies that utilize EVs as a therapeutic intervention for
the treatment of perinatal brain injury using an in-vivo model
were identified in this unbiased review of the literature (Figure 2
and Table 1; Ophelders et al., 2016; Drommelschmidt et al.,
2017; Shu et al., 2018; Gussenhoven et al., 2019; Sisa et al.,
2019; Thomi et al., 2019a,b; Chu et al., 2020; Han et al., 2020;
Kaminski et al., 2020; Xin et al., 2020; Ahn et al,, 2021; Du et al,,
2021). Eight of these studies used models of HI alone (Ophelders
et al.,, 2016; Gussenhoven et al., 2019; Sisa et al., 2019; Chu
et al., 2020; Han et al., 2020; Kaminski et al., 2020; Xin et al,,
2020; Du et al,, 2021), three studies used models of simulated
infection in the setting of HI (Drommelschmidt et al., 2017;
Thomi et al., 2019a,b), one study utilized a model of IVH (Ahn
etal., 2021) and one study did not provide sufficient details within
the publication to determine the model of brain injury (Shu et al.,
2018; Table 1). 12/13 studies utilized MSC-derived EVs. However,

8/12 studies utilized EVs produced by bone marrow-derived
MSCs (Ophelders et al., 2016; Drommelschmidt et al., 2017; Shu
et al., 2018; Gussenhoven et al., 2019; Sisa et al., 2019; Chu et al.,
2020; Kaminski et al., 2020; Xin et al., 2020). Of the eight perinatal
brain injury studies which utilized bone marrow-derived MSC-
EVs, only one study administered rat MSC-EVs in a rat model
(Shu et al., 2018), two studies administered mouse MSC-EVs in
a mouse model (Chu et al., 2020; Xin et al., 2020), whereas all
other studies utilized human bone marrow-derived MSC-EV's on
either a rat (Drommelschmidt et al., 2017), mouse (Sisa et al.,
2019; Kaminski et al., 2020) or fetal sheep (Ophelders et al.,
2016; Gussenhoven et al., 2019) model (Table 1 and Figure 3). In
addition, 2/12 studies utilized human umbilical cord Wharton’s
jelly derived MSCs-EVs in a rat model (Thomi et al., 2019a,b),
1/12 studies utilized human umbilical cord blood MSC-EVs in a
rat model (Ahn et al.,, 2021) and 1/12 studies utilized umbilical
cord-derived MSC-EVs in a mouse model (Han et al., 2020;
Table 1 and Figure 3). Interestingly, one study, which met the
eligibility criteria used hydrogen sulfide to pretreat MSCs in order
confer a neuroprotective phenotype in MSC-EVs. In this study,
hydrogen sulfide treatment enriched the MSC-EV's with miR-7b-
5p, a miRNA the authors hypothesized as being responsible for
exerting the therapeutic effects of MSC-EVs (Chu et al., 2020).
Given the diversity of EV sources utilized in these studies, it
warrants mentioning that EVs from different MSC sources may
have variable therapeutic potential, since small EVs from human
umbilical cord MSCs appear to be most effective in gynecological
and perinatal conditions (Cai et al., 2020). Finally, 1/13 studies
identified in this literature search utilized rat astrocyte-derived
EVs in a neonatal rat model of HI (Table 1 and Figure 3;
Du et al., 2021).

In all studies identified, centrifugation (either low speed-
or ultra-centrifugation) was employed (either alone or with an
additional purification technique) to isolate EVs ranging from
16.34 to 1000 nm (Table 1). Depending on the study, EVs stained
positive for a range of membrane protein markers [CD63, CD81,
CD9, Flotillin-1, Epithelial cell adhesion molecule (EpCam),

Total References: 30 ,965
PubMed: 1,485
Scopus:27,831

Web of Science: 1 ,562
Medline:87

R

Duplicates:17,159

Unique Records:13 ,806 I

Non-full text, non-original

article, off-topic subject
matter:13 ,793

Studies included in review:13

FIGURE 2 | Flow diagram showing the methodical identification and selection of studies investigating the therapeutic potential of EVs to in-vivo models of perinatal

brain injury.
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TABLE 1 | Investigations of the therapeutic potential of EVs in animal models of perinatal brain injury.

In-vivo model EV source EV isolation EV Diameter Markers Route, dose, and timing of End time End point Study outcomes References
methods Characterization range of investigated in administration points measurements
methods isolated EVs
EVs
P9 or P10 Human Ultracentrifugation -Nanoparticle 30- Membrane IP injection 14 h before HI, During Hl or 6 h  Histology, edema, 1. MSC-EVs reduce edema and Han et al., 2020
C57BL/6 mouse umbilical tracking analysis 100 nm markers: CD63+  then immediately before post HI TTC, behavioral test  cerebral infarction volume
model of HI treated cord derived -Western blot Endosomal exposure to hypoxia, then (neurological severity associated with HI
with either IP or MSC -TEM markers: immediately after removal of score), distribution of 2. MSC-EVs can significantly
ipsilateral injection  conditioned ALIX+ mice from the hypoxic infrared labeled EVs  reduce the neurological severity
of EVs media Tsg101+ chamber, and finally 3 h post score
Cellular makers: hypoxia 3. MSC-EVs help to preserve
GM130- Or the structure of neurons at the
2 x 10° cell equivalents of microscopic level
PKH-26 stained EVs
transplanted into the
ipsilateral hemisphere
(1 pl/time) during Hl or 6 h
post HI
P9 C57BL/6 Human PEG precipitation -Nanoparticle 108- Endosomal IP injection of 1 x 10° cell 7 days HI Regional 1. MSC-EVs mediate an Kaminski et al.,
mouse model of HI bone followed by tracking analysis 133 nm markers: equivalents/g bodyweight 1-, neuropathological anti-inflammatory response 2020
treated with IP marrow- ultracentrifugation -Western blot Syntenin+ 3-, and 5-days post HI scoring, atrophy, 2. MSC-EVs stimulate a
injection of EVs derived -TEM Membrane histology, RT-PCR regenerative response in
MSC markers: CD81+, neurons
conditioned CD9+, CD63+ 3. MSC-EVs stimulate
media Cellular markers: oligodendrocyte maturation
calnexin- and
prohibitin-
P9 Rice-Vannucci Human Ultracentrifugation -Nanoparticle 30- Membrane Intranasal administration of Day 2 post EVs  Histology, TUNEL 1. MSC-EVs reduced Hl Sisa et al., 2019
C57/B16 mouse bone tracking analysis 1000 nm  markers: CD63+ 6 ul (1.25 x 10° treatment assay, behavioral test induced activation of aMp2
model of Hl treated ~ marrow- -Electron CD81+ particles/dose) EVs 1 h post (negative geotaxis) microglia
with intranasal derived microscopy HI 2. MSC-EVs reduce HI
administration of MSC -FACS mediated brain volume loss
EVs conditioned -Western blot 3. MSC-EVs decreased cell
media death and improved behavioral
outcomes at day 2 post EV
treatment
P7 Rice-Vannucci  Mouse bone  Ultracentrifugation -gNano Gold 60— Membrane IC injection of 100 ug Day 3, 5, 14, 21, Histology, western 1. MSC-EVs attenuated acute Xin et al., 2020
C57/B16 mouse marrow- followed by size  TRPS 160 nm markers: CD63+  PKH67-labeled EVs 1 day 35, 36, 37, 38, blot, brain water brain damage and
model of Hl treated ~ derived exclusion -Western blot CD81+ post HI 39, 40 post HI  content, Nissl, TTC,  neuroinflammation
with IC injection of  MSC (either ~ chromatography -TEM CD9+ Or TUNEL, FISH, TEM, 2. MSC-EVs stimulated
EVs in the (9EV column) Endosomal Intracardial IC injection of behavioral tests anti-inflammatory populations of
presence or markers: Tsg101+ 100 ug/mL of EVs 1 day post (Morris water maze,  microglia and macrophages
absence of Cellular markers: ~ HI Y maze, hindlimb 3. MSC-EVs reduce neuronal
miR-21a calnexin- suspension, cliff apoptosis
inhibitor or aversion test) 4. MSC-EVs improved injury
negative outcomes in pups
control) 5. MSC-EVs had no effect on
conditioned long-term memory impairment
media 6. MSC-EVs miR-21a-5p and
TIMP3 cargo are essential for
neuroprotective effects
(Continued)
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TABLE 1 | (Continued)

In-vivo model EV source EV isolation EV Diameter Markers Route, dose, and timing of End time End point Study outcomes References
methods Characterization range of investigated in administration points measurements
methods isolated EVs
EVs
P7 Rice-Vannucci  Mouse bone  Ultracentrifugation -qNano Gold 60— Membrane IC injection of 100 ug of EVs Day 3, 35, 36, Western blot, 1. MSC-EVs (derived from Chu et al., 2020
C57/B16 mouse marrow- followed by size TRPS 380 nm markers: 1 day post HI 37,38, 39, and RT-PCR, FACS, treated or untreated MSC) were
model of HI treated derived exclusion -Western blot CD9+ 40, 42 post HI - TUNEL, Histology present in the ipsilateral
with IC injection of  MSC (either  chromatography -TEM Endosomal TTC, Nissl, edema,  hemisphere 2 h post EV
EVs untreated or (9EV column) markers: Tsg101+ FISH, behavioral test treatment and entered both
pretreated Cellular markers: (Morris water maze  microglia and neurons.
with calnexin- test, novel object 2. H2S-EVs were better at
hydrogen recognition test) preventing brain tissue loss than
sulfide and untreated EVs
in the 3. H2S-EVs promoted a more
presence or anti-inflammatory brain
absence of environment
miR-7b 4. H2S preconditioning of EVs
inhibitor or was associated with improved
negative long-term cognitive and
controls) memory outcomes
conditioned 5. H2S treatment of MSCs
media enriches EVs with miR-7b-5p
and potentially are responsible
for effects observed.
P7 Sprague Rat cerebral Discontinuous  -Nanoparticle 110- Membrane IP injection of 2-3 wng of EVs  Day 1, 2, 3, and Histology, western 1. Astrocyte-EVs prevent HI Du et al., 2021
Dawley rat model cortical sucrose density  tracking analysis 132 nm markers: CD63+ 24 h prior to HI 7 post HI blot, TTC, TUNEL, brain damage
of Hl treated with astrocyte-  gradient combined -Western blot CD81+ ELISA, RT-PCR, 2. Astrocyte-EVs reduces
IP injection of EVs derived with -TEM Endosomal oxidative stress, oxidative stress
conditioned  ultracentrifugation markers: Tsg101+ behavioral tests 3. Astrocyte-EVs carry
media (righting reflex, miR-17-5p cargo that may
negative geotaxis mediate effects observed.
reflex, forepaw grip
test)
P4 Human Ultracentrifugation -Nanoparticle 50— Membrane ICV injection of 20 ug of EVs Rat pups -Histology, MRI, 1. MSC-EVs performed similarly  Ahn et al., 2021
Sprague-Dawley umbilical tracking analysis 100 nm markers: CD63+  two days post IVH monitored daily ~ ELISA, behavioral to MSCs in preventing IVH
rat model of IVH cord blood- -Western blot CD81+ for the first test (negative induced brain injuries,
treated with ICV derived -TEM CD9+ 7 days post IVH. geotaxis and rotarod progression of
injection of EVs MSC -SEM Cellular markers: Subsequent  test) post-hemorrhagic
conditioned Cytochrome C-, monitoring hydrocephalus, and improved
media Fibrillarin-, GM130- weekly until P32. behavioral outcomes
MRl at day 7 and 2. MSC-EVs mediate
day 28 post IVH. neuroprotective activities
through BDNF signaling
P3 Wistar rat Human PEG precipitation -Nanoparticle Detail not Endosomal Two repetitive IP injections of  Day 2, 8, 27, 87, Histology, western 1. MSC-EVs reduce Drommelschmidt
model of LPS/HI bone followed by tracking analysis provided  markers: Tsg101+ EVs (1 x 108 cell 122 post EVs  blotting, TUNEL inflammation related neuronal etal, 2017
treated with IP marrow- ultracentrifugation -Western blot Membrane equivalents/kg) 3 h prior to treatment assay, cytokine degeneration and microgliosis
injection of EVs derived markers: and 24 h after IP injection of analysis, RT-PCR, 2. MSC-EVs prevent reactive
MSC CD81+ the vehicle or LPS diffusion tensor-MRlI,  astrogliosis
conditioned Microbial: negative behavioral tests 3. MSC-EVs prevented
media for (Barnes maze, novel myelination defects and white
bacteria and object recognition matter damage
viruses test, open field test) 4. MSC-EVs treated rats have
improved long-term cognitive
function compared to untreated
controls
(Continued)
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TABLE 1 | (Continued)

In-vivo model EV source EV isolation EV Diameter Markers Route, dose, and timing of End time End point Study outcomes References
methods Characterization range of investigated in administration points measurements
methods isolated EVs
EVs
P3 Sprague Rat bone  Ultracentrifugation -TEM 60-100 nm Membrane ICV EV injection. Dosage and Days 1, 3, 5, and Histology, ELISA 1. MSC-EVs enhanced Shu et al., 2018
Dawley rat model marrow- -Western blot markers: CD63+  timing of injection in relation 7 post- EVs secretion of protective factors
of white matter derived Cellular markers:  to induction of injury unclear. treatment 2. MSC-EVs reduced secretion
damage (method MSC calnexin- of pro-inflammatory factors
unclear) treated conditioned 3. MSC-EVs improved
with ICV injection media prognosis of brain injury
of EVs
P3 Wister rat Human Ultracentrifugation -TEM 16-87 nm  Membrane Intranasal administration of 30 min, 3 h, day Histology, western 1. MSC-EVs were detected in Thomi et al.,
model of LPS/HI Wharton’s -Exo-Check markers: CD63+ 50 mg/kg of EVs 1and 8,and blot, RT-PCR, frontal region of brain 30 min 2019a
treated with jelly umbilical Exosome Antibody CD81+ administered at the time of IP 4-weeks post  TUNEL assay, post intranasal administration
intranasal cord MSC- array Flotilin-1+ LPS injection LPS/HI distribution of 2. MSC-EVs distribute
administration of derived EpCam+ OR infrared labeled EVs, throughout brain at 3 h
EVs conditioned ICAM+ Intranasal administration of behavioral tests post-administration
media Endosomal 10 mg/kg IRDye® (Morris water maze) 3. Neuron specific cell death is
markers: 800CW-labeled EVs reduced with EV administration
TSG101+ administered at the time of IP prior to ischemia
ANXA5+ LPS injection 4. Numbers of oligodendrocytes
ALIX+ and neurons were restored in
Cellular makers: groups treated with MSC-EVs
GM130- 5. MSC-EV treatment improved
learning outcomes
P3 Wister rat Human Ultracentrifugation -TEM 16-87 nm  Membrane Intranasal administration of Day 1 post EVs Histology, RT-PCR, 1. MSC-EVs were detected in Thomi et al.,
model of LPS/HI Wharton’s -Exo-Check markers: CD63+ 50 mg/kg of EVs treatment ELISA brain 2019b
treated with jelly umbilical Exosome Antibody CD81+ administered at time of IP 2. MSC-EVs reduce microglia
intranasal cord MSC- array Flotilin-1+4 injection of LPS mediated neuroinflammation
administration of derived EpCam+
EVs conditioned ICAM+
media Endosomal
markers:
TSG101+
ANXA5+
ALIX+
Cellular makers:
GM130-
GA d106 fetal Human PEG followed by  -Nanoparticle 99-123 nm Membrane IV doses of EVs (2.0 x 107 Day 1 before HI, Histology, 1. MSC-EV treatment reduced  Ophelders et al.,
sheep model of HI bone low-speed tracking analysis ~ (ZetaView) markers: cell equivalents) administered Day 1, 2, 3, 4, 5, electrophysiological number and duration of 2016
treated with IV marrow- centrifugation -Western blot and 133- CD81+ 1 hand 4 days post HI 6, and 7 post HI brain parameters seizures indicating improved
injections of EVs derived 138 nm Endosomal cortical function.
MSC (NanoSight) markers: 2. MSC-EV treatment preserved
conditioned TSG101+ baroreceptor reflex indicating
media Microbial: negative improved brain stem function
for bacteria, 3. MSC-EV treatment showed a
viruses and trend only toward protection
endotoxins against hypomyelination (not
statistically significant)
GA d106 fetal Human PEG followed by  -Nanoparticle Detail not ~ Membrane protein IV doses of EVs (2.0 x 107 Day 1, 3, and 7 Histology, western 1. MSC-EVs expressing Gussenhoven
sheep model of HI bone low-speed tracking analysis ~ provided markers: cell equivalents) administered post HI blot Annexin A1 prevented albumin etal, 2019
treated with IV marrow- centrifugation -Western blot CD81+ 1 hand 4 days post HI leakage into the brain indicating
injections of EVs derived -TRPS Endosomal protein maintenance of BBB integrity in
MSC markers: injured animals
conditioned TSG101+
media
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FIGURE 3 | Schematic diagram summarizing methodologies utilized in publications identified by this unbiased review of literature. (A) Highlights studies that utilized
bone marrow-derived MSCs. (B) Highlights studies that utilized umbilical cord*, umbilical cord blood* or umbilical cord Wharton'’s jelly derived MSCs. (C) Highlights

study which utilized rat cortical-derived astrocytes.

and intercellular adhesion molecules (ICAM)] and endosomal
markers [Tumor susceptibility gene 101 (TSG101), Annexin A5
(ANXAD5), and ALG-2-interacting protein X (ALIX)], and stained
negatively for cellular markers (GM130, a cis-Golgi apparatus
marker, which monitors cellular contamination of EV isolations,
calnexin, an endoplasmic reticulum stress marker, prohibitin

and cytochrome C, mitochondrial markers, and fibrillarin, a
nucleolar protein) as well as markers of bacteria, viruses and
endotoxins (Table 1).

Besides consideration of the optimal source of EVs, the
most efficient route of EV administration is also a matter of
debate. While intravenous (IV) administration is convenient, it

Frontiers in Neuroscience | www.frontiersin.org

September 2021 | Volume 15 | Article 744840


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Gamage and Fraser

Extracellular Vesicles Perinatal Brain Injury

can lead to a high accumulation of EVs in peripheral organs,
such as the lung, liver, and spleen (Somiya et al, 2017).
However, intranasal administration of therapeutics bypasses
peripheral elimination and directly targets the CNS via neural
and olfactory pathways innervating the nasal cavity (Merkus
and van den Berg, 2007; Hanson and Frey, 2008; Pardridge,
2012). Moreover, researchers consider intranasal administration
less invasive and more efficient compared to IV, intracranial, and
intra-arterial routes of administration, thus long-term intranasal
administration would provide optimal therapeutic application of
EVs. However, only 3/13 of the perinatal studies identified in this
systemic review have utilized intranasal administration of EVs
in their animal models (Figure 3; Sisa et al., 2019; Thomi et al.,
2019a,b). Despite the intranasal route offering several advantages,
the authors of the other studies identified in this review
adopted either intraperitoneal (IP) (Drommelschmidtetal., 2017;
Han et al., 2020; Kaminski et al., 2020; Du et al., 2021), IV
(Ophelders et al., 2016; Gussenhoven et al., 2019), intracardial
(IC) (Chu et al., 2020; Xin et al., 2020), intracerebroventricular
(ICV) (Shuetal., 2018; Ahn et al., 2021), or ipsilateral hemisphere
(Han et al., 2020) routes of administration of EVs (Figure 3).

Like the mode of delivery, the dosage and duration of
delivery also varied between studies. Furthermore, some studies
administered EV therapy as a single dose post-injury (Sisa et al,,
2019; Thomi et al., 2019b; Chu et al., 2020; Xin et al., 2020; Ahn
et al., 2021), whereas others as a repeated dose either prior to
and/or following injury (Ophelders et al., 2016; Drommelschmidt
et al,, 2017; Gussenhoven et al., 2019; Han et al., 2020; Kaminski
et al, 2020; Du et al., 2021). There were also differences in
the normalization methods of dose; it was either based on a
mg/kg body weight (Thomi et al., 2019b), cell equivalents/kg
body weight (Ophelders et al., 2016; Drommelschmidt et al.,
2017; Gussenhoven et al., 2019; Han et al., 2020; Kaminski et al.,
2020), particles/dose (Sisa et al., 2019) or pug of protein (Chu
et al., 2020; Xin et al., 2020; Ahn et al., 2021; Du et al., 2021)
approach (Table 1). In addition, one study did not provide
clear information of the timing and dosage regimen of EVs
(Shu et al., 2018).

Clinical presentation of injuries, as well as timing of the initial
onset is often unclear and difficult to determine (Ophelders et al.,
2020). This is especially apparent in the case of HI injuries, since
observed latency for first appearance of seizures can vary from
minutes to days following birth (Naeye and Lin, 2001). Despite
this limitation, more work is required to determine the most
efficacious therapeutic window for initiating EV therapy, since it
is more likely that therapeutic interventions delivered, as close to
the initial onset of injury, will have a greater chance of enhancing
positive long-term neurological outcomes. Equally important, is
the need to determine whether time-windows for intervention of
EVs can be lengthened.

EV Therapy Attenuates Microscopic and

Macroscopic Damage

Preterm infants, with prior evidence of focal and diffuse white
matter lesions, invariably display atypical cortical and subcortical
development, involving volumetric reductions in both total

cerebral gray and myelinated white matter and larger ventricular
volumes either at term or later in childhood (Inder et al., 1999,
2005; Miller et al., 2003). Furthermore, prematurity is frequently
associated with a reduction to the size of the corpus callosum,
the largest white matter tract within the brain (Schmahmann
and Pandya, 2006), which is considered to contribute to later
adverse neurodevelopmental outcomes (Caldu et al., 2006). In
this context, several preclinical models of perinatal brain injury
have shown beneficial effects of EVs in relation to injury-
induced deficits in regional volumes and ventricular size of
the immature brain.

Based on histological analysis of the Nissl-pattern of staining,
intranasal administration of human bone marrow MSC-EVs in a
neonatal rat model of HI, significantly reduced mean ipsilateral
volume deficits in the pyriform cortex (by 35%), thalamus
(by 12.91%), and external capsule (by 10.83%) compared to
untreated animals (Sisa et al., 2019). Similarly, neuropathological
assessment in cresyl violet stained sections of the neonatal
mouse brains collected 7 days after HI and following repeated
(1, 3, and 5 days after HI) bolus IP injections of human
bone marrow MSC-EVs demonstrated a significant decrease in
tissue atrophy within the striatum region compared to both
platelet-derived EV (control EVs) and untreated HI controls
(Kaminski et al., 2020). Additionally, studies of repeated IP
injections of umbilical cord MSC-EVs to neonatal mice both
14 h before HI and immediately before and 3 h following HI,
have revealed a significant reduction in edema and cerebral
infarction volume compared to untreated HI mice (Han et al.,
2020). Further, histological examination of neonatal mice brains
72 h following HI revealed systemic administration of mouse
bone marrow MSC-EVs 24 h following HI, attenuated both
edema and infarction volume of the ipsilateral hemisphere, as
well as cortical tissue loss compared to untreated animals (Xin
et al., 2020). However, in some representative coronal sections
there was no effect of EV treatment on infarction volume and
tissue loss of the hippocampus (Xin et al., 2020). Using the same
neonatal mouse model, the authors later tested hydrogen sulfide
pretreated MSC-EVs; hydrogen sulfide enriches secreted EVs
with miR-7b-5p cargo, an miRNA that has been previously shown
to decrease during the first 1-3 days of reperfusion following
transient cerebral ischemia in adult rodents (Dharap et al,
2009). Results showed that hydrogen sulfide preconditioning of
MSC-EVs, further enhanced their therapeutic ability to reduce
cerebral hemispheric infarct volumes and edema (Chu et al,
2020). Moreover, IP administration of rat astrocyte-derived EV's
to P7 HI rats similarly reduced infarct volume and also decreased
neuronal cell death (TUNEL™ cells) compared to untreated HI
controls (Du et al., 2021).

Studies conducted by Shu et al. (2018) in which bone marrow
MSC-EVs were injected into the lateral ventricle of neonatal rats,
hematoxylin and eosin staining showed an absence of cellular
edema within areas of the white matter surrounding the lateral
ventricle and reduced ventricular enlargement. However, the
absence of relevant information as to the nature of the cerebral
insult imposed and very limited histopathological assessment
performed is a major limitation to this study. Interestingly, Ahn
et al. (2021) observed a comparable reduction in ventricular

Frontiers in Neuroscience | www.frontiersin.org

September 2021 | Volume 15 | Article 744840


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Gamage and Fraser

Extracellular Vesicles Perinatal Brain Injury

enlargement using serial MRI at P11 and P32 using an IVH rat
model treated with human umbilical cord blood-derived MSC-
EVs compared to untreated IVH controls. Notably, this effect was
not observed in the fibroblast-derived EV controls suggesting this
neuroprotective action is specific to MSC-EVs (Ahn et al., 2021).

At the microscopic level, hypomyelination is a central
feature of preterm brain injury, which principally affects
preoligodendrocytes (or late oligodendroglia progenitors), that
predominate in the forebrain at 24-32 weeks gestation (Back
et al., 2001; Volpe et al., 2011; Buser et al., 2012; van Tilborg
et al., 2016). In addition, such myelination disturbances are
considered to arise through depletion of preoligodendrocytes,
because of cell death or their subsequent inability to fully
differentiate into mature myelinating oligodendrocytes (Back
et al., 2001; Volpe et al.,, 2011; Buser et al., 2012; van Tilborg
etal., 2016). Consequently, researchers have sought to investigate
the impact that administration of EVs may have in protecting
preoligodendrocytes and in turn whether they are able to
ameliorate myelination deficits.

Ophelders et al. (2016) investigated the potential of EV therapy
to reduce myelination deficits in preterm fetal sheep subjected
to umbilical cord occlusion. Fetal systemic administration of
human bone marrow MSC-EVs were performed; two boluses of
2.0 x 107 cell equivalents were injected 1 h and 4 days post-
umbilical cord occlusion and fetuses killed 7 days thereafter
(Ophelders et al., 2016). Treatment improved electrocortical
function (namely a decrease in the number and duration of
seizures) and a preservation of baroreceptor reflex was associated
with partial improvement in myelination as indicated by an
increase in the intensity of myelin basic protein (MBP; a marker
of mature oligodendrocytes) staining in the subcortical white
matter regions of the brain (Ophelders et al., 2016). However,
this effect was not paralleled by a reduction in overall cell
death, since assessment of apoptotic cell death within subcortical
white matter regions revealed no effect of IV EV therapy
(Ophelders et al., 2016).

Similarly, in a P2 neonatal rat model of combined
inflammation/HI-induced brain injury, intranasal
administration of MSC-EVs had no effect on immature
and mature oligodendrocyte-specific cell death (TUNELT Olig2™
cells) within regions of the corpus callosum following brain
injury (Thomi et al, 2019b). However, whilst untreated or
vehicle treated neonatal rat models of perinatal brain injury
have impaired myelination compared to healthy animals
(reduced expression of MBP by 41 and 81% at the gene and
protein levels, respectively) (Drommelschmidt et al, 2017;
Thomi et al., 2019b), small EV treatment either ameliorated
or partially restored myelination (increased expression of
MBP by 17 and 38% at the gene and protein levels) following
injury (Drommelschmidt et al, 2017; Thomi et al., 2019b).
Moreover, long-term follow-up of microstructural white matter
changes provided further supportive evidence of the beneficial
effect of EVs. Diffusion tensor MRI (DT-MRI) assessment
at P125 of P2 rats subjected to LPS/HI-induced brain injury
revealed that in EV-treated animals there was increased
fractional anisotropy accompanied by reduced radial diffusivity
supporting restoration of the microstructure of the corpus

callosum (Drommelschmidt et al., 2017). In addition, in a P4 rat
model of IVH induced by injection of maternal blood to both
lateral ventricles of the brain, ICV administration of MSC-EV's
significantly improved myelination 32 days after injury (Ahn
et al.,, 2021). Furthermore, the effect was specific to MSC-EV's
since treatment with control fibroblast-EV's was without an effect.

Studies undertaken in the neonatal mouse model of HI
also demonstrates that while the number of oligodendrocytes
is not impacted by bone marrow-derived MSC-EV treatment,
there is enhanced oligodendrocyte maturation and myelination
specifically within the striatum and white matter of the external
capsule (Kaminski et al., 2020). Of note, treatment with MSC-
EVs results in a decrease in the number of the immature
047 oligodendrocytes and an increase in both the number of
CC1™ differentiated oligodendrocytes and the expression of MBP
(Kaminski et al., 2020). Accordingly, this data suggests that MSC-
EVs can adversely impact oligodendrocyte differentiation rather
than cell numbers.

Like oligodendrocyte precursors, subplate neurons are also
selectively vulnerable to degeneration in the preterm brain
(Kinney et al., 2012; Back and Miller, 2014; Schneider and
Miller, 2019). Intranasal MSC-EV therapy in the P2 neonatal
rat model of preterm brain injury, evoked by combined HI/LPS,
was recently shown to significantly reduce neuronal cell death
(TUNEL"NeuN™ cells) in the subplate zone of the posterior
parietal cortex as well as the CA1l region of the hippocampus
(Thomi etal., 2019b). EV therapy also significantly increased both
gene and protein expression of microtubule-associated protein
2 (MAP2, a dendritically enriched protein and a marker of
synaptic plasticity) in the ipsilateral hemisphere by 19 and 33%,
respectively, following injury (Thomi et al., 2019b). Similarly,
in the P4 IVH neonatal rat model, TUNEL" cell death was
reduced and neurogenesis enhanced upon treatment with MSC-
EVs (Ahn et al., 2021). Additionally, therapeutic administration
of EVs significantly reduced cell death in the external capsule,
cortex and striatum in a mouse model of perinatal bran injury
(Sisa et al., 2019; Chu et al., 2020; Kaminski et al., 2020; Xin
et al., 2020). Moreover, MSC-EV treatment ameliorated HI-
induced ultrastructural characteristics of neuronal cell damage
(discontinuous double membrane structures, vacant cytoplasm,
swollen mitochondria and reduced nuclear chromatin) (Han
et al., 2020; Xin et al., 2020) and improved neural organization
(Han et al., 2020). Collectively, the current literature suggests the
use of MSC-EVs in preclinical animal models is an attractive
alternative to cell-based therapies to restore myelination and
neuronal deficits following perinatal brain injury.

EV Therapy Helps Maintain the Integrity
of the BBB

During early human development, the BBB, which protects the
brain, was previously viewed as being incomplete. However,
evidence has emerged indicating that tight junctional proteins
such as claudin-5, occludin, and junctional adhesion molecule
(JAM)-1, which are all critical for maintaining the integrity
of the BBB are expressed in the germinal matrix, cortex, and
white matter of the fetal human brain as early as 16 weeks GA
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(Ballabh et al., 2005). This suggests that the BBB is functionally
developed relatively early in GA, ensuring healthy development
of the fetal brain.

Insults to the brain, including HI can lead to a reduction
in both the density of blood vessels and a reduction in the
functionality of the BBB. For example, in the mouse model of
perinatal brain injury there is a significant reduction in vessel
density in the striatum compared to sham operated animals
(Kaminski et al., 2020). Interestingly this reduction in vessel
density is correlated to a reduction in the number of proliferative
CD317" endothelial cells (Kaminski et al, 2020). However,
treatment with human bone marrow MSC-EVs leads to increased
vessel density, particularly within the neurogenic subventricular
zone as a result of enhanced proliferation of CD31" endothelial
cells (Kaminski et al., 2020).

An additional complication encountered following insults to
the brain is the release of free radicals that can cause disruption
of the fetal BBB by altering tight junctional molecules (Kumar
et al., 2008; Lee et al, 2017). In near-term fetal sheep, free
radicals released in response to HI and reperfusion injury can
alter expression of tight junctional proteins such as claudin-5,
occludin, zonal occludin-1 and zonal occludin-2 (Chen et al,,
2012). Furthermore, in preterm fetal sheep, quantification of
BBB permeability by assessment of the immunohistochemical
distribution of endogenous albumin has revealed that HI-
induced leakage of the BBB at day 7 following injury is
ameliorated by prior IV administration of two boluses of MSC-
EVs (2 x 107 cell equivalents) at 1 h and 4 days following
injury (Gussenhoven et al., 2019). Although permeability was not
assessed by a fluorescence-based approach, such as IV infusion of
FITC-labeled albumin, results suggested that MSC-EV treatment
might help to maintain BBB integrity. Additionally, treatment of
sham control fetal sheep with MSC-EVs did not incur albumin
leakage suggesting that systemic administration of MSC-EVs is a
safe therapeutic strategy (Gussenhoven et al., 2019).

Immunoregulatory and Antioxidant
Effects of EV Therapy

A common inflammatory response accompanying the acute
degeneration of preoligodendrocytes in non-cystic and
difftuse white matter injury is reactive astrocytosis and
activated microgliosis (Burda and Sofroniew, 2014). Upon
activation, astrocytes and microglia produce a wide array
of inflammatory molecules that can have either harmful or
beneficial consequences (Hagberg et al., 1996; Kadhim et al.,
2001; Baburamani et al., 2014; McNamara and Miron, 2020).
Mesenchymal stem cell-derived EVs are known to have
multifaceted immunomodulatory properties and can notably
ameliorate inflammatory and apoptotic processes through
suppression of pro-inflammatory cytokine production (Ma
et al, 2014; Gomzikova et al,, 2019), therefore therapeutic
administration of MSC-EVss to the injured developing brain may
regulate gliosis and other pro-inflammatory mediators. Indeed,
in the studies identified by this unbiased review, seven rodent
models of perinatal brain injury report a reduction in populations
of both astrocytes and microglia in areas of the brain, namely

the corpus callosum, cortex, hippocampus and striatum following
treatment with MSC-EVs (Drommelschmidt et al., 2017; Sisa
et al., 2019; Thomi et al., 2019b; Chu et al., 2020; Kaminski
et al., 2020; Xin et al., 2020; Ahn et al., 2021). Of these seven
studies, two were conducted in a P3 neonatal rat model of
inflammation-induced brain injury reproduced by IP injection
of LPS. Combined results from these studies demonstrated that
either IP (Drommelschmidt et al., 2017) or intranasal (Thomi
etal., 2019b) administration of MSC-EV's attenuated microgliosis
(within regions of the corpus callosum, cingulate white matter,
and internal capsule) and prevented astrogliosis (within regions
of cingulate white matter and internal capsule). Furthermore,
attenuation of gliosis was directly associated with a reduction
in inflammatory-induced hypomyelination (Drommelschmidt
et al., 2017), which is in accordance with evidence of chronic
diffuse reactive gliosis within damaged cerebral white matter
regions of infants born prematurely (Buser et al., 2012; Back,
2014). Furthermore, findings reported by Drommelschmidt et al.
(2017) strengthen the hypothesis that EV's are likely to have no
adverse effects, especially since this study underwent a repeated
dosing regimen, involving administration of EVs 3 h before
and 24 h following LPS injection. These same authors were
able to show comparable numbers of astrocytes and microglia
within the cortex and white matter between sham-control and
sham-control+MSC-EV treated P3 neonatal rats. Similarly, Ahn
et al. (2021) demonstrated in a P4 neonatal rat model of IVH,
ICV administration of umbilical cord blood-derived MSC-EV's
significantly reduced the number of GFAPT astrocytes and ED1-
positive microglia, 32 days after injury.

Furthermore, four studies were undertaken in either a P8 (Chu
etal., 2020; Xin et al., 2020) or P9 (Sisa et al., 2019; Kaminski et al.,
2020) mouse model of term HI, which exhibits predominately
gray matter damage (Vannucci and Vannucci, 1997). MSC-
EV administration in these studies reduced the numbers of
both infiltrating macrophages and brain-resident microglia (Chu
et al., 2020; Xin et al.,, 2020). Specific regional assessment of
microglial activation revealed a significant reduction within the
cortex, hippocampus and striatum following intranasal, IC, or
IP treatment with MSC-EVs (Sisa et al., 2019; Chu et al., 2020;
Kaminski et al., 2020; Xin et al., 2020). In addition, MSC-
EV administration also appeared to reverse the “ameboid-like”
appearance of ionized calcium binding adaptor molecule 1 (Ibal)
stained microglia and skewed the ratio of pro-inflammatory
M1 macrophages/anti-inflammatory M2 macrophages toward a
more anti-inflammatory state compared to untreated HI animals
(Xin et al, 2020). It is worth noting that the reduction in
microglia within the brains of HI animals was further enhanced
through the use of hydrogen sulfide pretreated MSC-EVs with
statistically significant differences between untreated MSC-EV's
and hydrogen sulfide pretreated MSC-EVs (Chu et al., 2020).
IP administration of MSC-EVs appears not to impact the
expression of the M1-cell surface marker, CD86, or the M2-cell
surface marker, CD206, on microglia post-insult (Kaminski et al.,
2020). However, it does reduce the Al-type reactive astrocytic
expression of complement C3 protein, which is characteristically
upregulated following HI (Hammad et al., 2018; Kaminski et al.,
2020) and recognized as having harmful pro-inflammatory and
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neurotoxic effects (Hammad et al., 2018). Furthermore, it does
not impact A2-type reactive astrocytic expression of pentraxin
3 (PTX3), which is developmentally regulated and associated
with beneficial anti-inflammatory and pro-regenerative effects
(Kaminski et al., 2020).

The above findings are largely in line with those observed by
Ophelders et al. (2016) in preterm fetal sheep. They report similar
levels of microglial immunoreactivity within subcortical white
matter and hippocampal regions between sham-control and
sham-control+MSC-EVs fetuses. In the same study, however,
MSC-EV treatment failed to mitigate HI-induced microglial
activation within the hippocampus. Of concern, MSC-EV
treatment exacerbated HI-induced microglial activation within
the subcortical white matter, suggesting the neuroprotective
mechanism of EV therapy may not involve modulation of
inflammatory cells. Interestingly though, splenic weight relative
to body weight, which is indicative of activation of a splenic
inflammatory response, thus activation of peripheral immune
system, was significantly reduced following HI and was restored
with MSC-EV administration. However, removal of the spleen
also reduces stroke-induced neurodegeneration in an adult rat
model, suggesting abatement of the splenic pro-inflammatory
response is key to reducing inflammatory-induced cerebral injury
(Ajmo et al., 2008; Seifert et al., 2012). Whether the discrepancies
observed in modulation of gliosis between these various animal
models are a consequence of both the route and timing of EV
administration and/or timing of assessment of histopathological
outcomes post-insult is unclear.

Aside from the cellular changes observed in response to
EV treatment, researchers utilizing rodent models have also
examined changes to levels of pro-inflammatory, proapoptotic,
and neuroprotective markers during the early stages post-
injury. Thomi et al. (2019b) found that at the protein level,
MSC-EVs decreased production of pro-inflammatory cytokines
TNFa (by 43.6%) and IL-1p (by 42%) in P3 neonatal brain
lysates collected 24 h after LPS/HI-induced injury. Presumably,
MSC-EVs effects on microgliosis, as noted previously in this
study, would have contributed to the down-regulation of pro-
inflammatory cytokines. In addition, gene expression profiles
of brain lysates revealed MSC-EV's suppressed LPS-induced up-
regulation of chemokine (C-X-C motif) ligand-10 (Cxcl10), IL-
1B, IL-8 and TNFa transcripts. It is worth mentioning also that in
the same study, co-culturing of BV-2 microglial cells with MSC-
EVs interfered with TLR4/CD14 signaling pathway, suggesting a
mechanism by which EVs mitigate pro-inflammatory production
(Thomi et al., 2019b).

In a similar study, Drommelschmidt et al. (2017) observed
no effect of MSC-EVs on levels of TNFa and IL-18 mRNA or
protein expression in the brain or serum, 48 h after LPS injection.
The lack of effect of EVs noted in this study may relate to
acute inflammatory responses already being resolved within the
48 h time frame post-LPS injection; however, it could equally
reflect other differences such as dosing regimens, routes, and data
collection points (Table 1). This is also in contrast to findings
reported by Chu et al. (2020) in a mouse model of term HI, where
EV therapy attenuated HI-induced mRNA expression of pro-
inflammatory cytokines, CD11b, CD32, CD86, cyclooxygenase

(COX2), IL-1B, IL-6, inducible nitric oxide synthase (iNOS), and
TNFa; an effect which was further enhanced through the use
of hydrogen sulfide pretreated MSC-EVs. Similar observations
were made by Ahn et al. (2021) in a P4 neonatal rat model
of IVH. In their study, both CSF and periventricular brain
tissue levels of pro-inflammatory cytokines, IL-1a, IL-1f, IL-6
and TNFa, were significantly reduced following treatment with
MSC-EVs compared to both fibroblast-derived EV controls and
untreated IVH controls.

Both antenatal and neonatal exposure to endotoxins, such as
bacterial LPS, are well documented to trigger innate immunity in
the CNS, resulting in microglial activation and oligodendrocyte
progenitor and neuronal cell apoptosis in both white and
gray matter (Wang et al., 2006). Administration of MSC-EVs
significantly reduces apoptosis (caspase-3 protein expression)
and cellular degeneration (TUNEL" cells) in both the cortex
and white matter in P3 neonatal rats 48 h post LPS injection
(24 h post second dose of EVs) (Drommelschmidt et al,
2017). Furthermore, Shu et al. (2018) reported findings to
suggest that EVs induce an increase in TGFp protein expression
in association with reduced brain injury. Since anti-apoptotic
and anti-excitotoxic effects of TGFB are well documented,
this may represent a mechanism by which EVs reduce the
neurodegenerative cascade driven by inflammatory responses.
There is conclusive evidence that neuroprotective responses to
insults, such as HI, can involve up-regulation of TGFf, which
serves to ameliorate the extent of injury. Notably, however, there
are also reports of TGFf being neurotoxic (Wyss-Coray et al.,
1995; Manaenko et al., 2014).

Intuitively, approaches to reduce both oxidative stress
and pro-inflammatory damage would be a desirable feature
of therapies. IP administration of astrocyte-derived EVs
immediately prior to HI, in P7 rats, can effectively reduce
brain tissue protein levels of TNF-a and IL-1f and those of
oxidative stress factors, SOD, CAT, glutathione peroxidase (GPX)
and malondialdehyde (MDA) (Du et al.,, 2021). Thus, at least,
astrocyte-derived EVs appear to have the capacity to promote a
neuroprotective environment by way of suppression of oxidative
stress- and pro-inflammatory-induced damage.

Taken together, the data reviewed is supportive of the proven
anti-inflammatory and anti-apoptotic properties of MSC-EVs
(Cho et al., 2019b; Wiklander et al., 2019), and the observed anti-
inflammatory and anti-oxidant effects of astrocyte-EVs (Du et al.,
2021) are likely to be an underlying principal mechanism that
helps to reduce perinatal brain injury.

EV Therapy Improves Behavioral

Functional Outcome

Seven studies have investigated whether EVs repress behavioral
impairments associated with perinatal brain injury. Four were
conducted in mouse models of term HI (Sisa et al., 2019; Chu
et al., 2020; Han et al., 2020; Xin et al., 2020) and four were
undertaken in neonatal rat models of preterm HI (Du et al., 2021),
LPS/HI (Drommelschmidt et al., 2017; Thomi et al., 2019b) and
IVH (Ahn et al., 2021) injury.
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Interestingly, in the study where repeated IP injections
were conducted of umbilical cord MSC-EVs to neonatal mice
14 h before, immediately before, and 3 h following HI, a
significant decline in neurological severity scores for neurological
assessment of movement, reflex, sensation, and balance is
observed 6 h following HI (Han et al, 2020). Furthermore,
in the P9 mouse model of term HI, behavioral negative
geotaxis tests conducted at P11, 48 h after HI confirmed that
EV treated animals display a significant decrease in the time
required to rotate 180° to face uphill after release compared
to HI untreated animals (Sisa et al., 2019). Similarly, in the
P7 model of term HI, hindlimb suspension tests conducted at
P10 and P12 demonstrated that MSC-EV treatment attenuates
hindlimb impairment observed in untreated HI animals (Xin
et al., 2020). In addition, MSC-EV treatment also reduced the
latency to complete the cliff avoidance test suggesting that
MSC-EV treatment improves both depth perception and visual
impairment post-HI compared to untreated animals (Xin et al.,
2020). Moreover, mice treated with MSC-EV's also perform better
in the Y-maze test for spatial learning and memory (Xin et al,,
2020). Moreover, while untreated HI animals spent less time
in the novel arm of the maze compared to sham operated
animals, MSC-EV treated HI animals spent more time on the
novel arm (Xin et al, 2020). Strikingly, while EV-treated HI
animals performed similarly to their untreated counterparts
in the novel object recognition test and escape latency tests,
HI animals treated with hydrogen sulfide pretreated MSC-EV's
had an enhanced performance in both tests (Chu et al., 2020).
Finally, MSC-EV treated HI mice also exhibited improved, albeit
insignificant, performance during the Morris Water Maze test for
long-term memory compared to untreated HI mice (Xin et al,,
2020). Their performance was comparable to that of hydrogen
sulfide pretreated MSC-EV treated animals (Chu et al., 2020).
While the data from the mouse models appears promising,
evidence from the four neonatal rat studies is varied.

The study by Drommelschmidt and colleagues was the
only study to provide a comprehensive longitudinal follow-up
assessment of long-term behavioral outcomes (Drommelschmidt
et al,, 2017). The authors, however, did not observe any effect
of either EV treatment or LPS/HI on learning behavior or
motor activity and anxiety-related behavior as assessed by
Barnes Water Maze and Open Field tests. Nevertheless, they
did suggest that since animals underwent every behavioral test
at P30 (adolescent) and P90 (adult), it could have confounded
the results (Drommelschmidt et al., 2017). Notably, however,
30 and 90 days after EV administration, they did show an
improvement in adaptive memory (Barnes Water Maze test;
latency to find the escape hole), and non-spatial and non-
aversive memory functions (Novel Object Recognition test; time
exploring novel object) compared to animals exposed to LPS/HI
alone (Drommelschmidt et al., 2017). Their MRI finding of
restoration of white matter microstructure at P125, as previously
discussed, agrees well with such improvements in behavioral
function following EV treatment.

In later studies, Thomi et al. (2019b) confirmed that in
P2 rats, intranasal administration of MSC-EVs following LPS
exposure and prior to HI, significantly improved spatial learning

performance 4 weeks after brain injury compared to untreated
injured animals, as assessed by Morris Water Maze test. Although
there was no treatment benefit shown in terms of either
short-term or long-term memory performance, their findings
of improved myelination together with reduced neuronal cell
death in the parietal cortex and hippocampus correlates well
with the observed improvements in learning performance
(Thomi et al., 2019b).

More recently, Ahn et al. (2021) reported improved behavioral
functions following MSC-EV treatment of IVH neonatal rats.
They were able to show improvements in balance, coordination,
physical condition, and motor-planning using the negative
geotaxis (described previously) and the rotarod test, whereby
animals were tasked with fall avoidance from a rotating
suspended rod. Specifically, they noted the time taken for rats
to re-orientate themselves in the negative geotaxis test was
shortened when rats were treated with MSC-EVs. These times
were comparable to MSC cell treatment of IVH animals, but were
notably decreased compared to fibroblast-EV treated animals or
untreated IVH controls. The MSC-EV treated animals showed
a significant increase (like that of MSC treated animals) in the
time spent on the rotating rod compared to fibroblast-EV treated
animals or untreated IVH controls.

Finally, neurobehavioral outcomes were also assessed in the
neonatal rat model treated IP with rat astrocyte-derived EVs (Du
etal., 2021). Assessments were made at 1, 3, and 7 days following
HI using the negative geotaxis test (described above), the righting
reflex test, where animals are removed from their normal upright
position and timed for the reflex which allows them to correctly
orientate themselves for brain recovery assessment, and the
forepaw grip test, which assesses force and fatigability. Compared
to untreated HI control rats, a reduction in both the negative
geotaxis response and the righting reflex was observed in rats
treated with astrocyte-EVs compared to untreated HI controls.
Moreover, forepaw grip was increased in astrocyte-EV treated
animals compared to untreated HI controls.

In summary, behavioral studies in rodent models of perinatal
brain injury demonstrate that EV treatment not only can improve
early neurological deficit scores associated with HI, but also long-
term changes in performance of motor coordination (Negative
Geotaxis and Rotarod test), spatial learning (Morris Water Maze),
adaptive memory (Barnes Water Maze) and non-spatial and non-
aversive memory (Novel Object Recognition). Collectively, while
this suggests MSC-EV's and astrocyte-EV's have benefits in terms
of improving neurobehavioral outcome, more in-depth analyses
are needed to resolve contradictory findings that exist between
these various studies.

EV Therapy Improves

Electrophysiological Brain Function

Larger animal models, such as the fetal sheep model have
the advantage of being able to provide measurements of
clinically relevant endpoints for the therapeutic application of
EVs against perinatal brain injury that would not otherwise
be possible in rodent models. The larger size of fetal sheep
facilitates continuous measurement of several physiological
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variables including electrophysiological brain activity by
electroencephalogram  (EEG), electrophysiological cardiac
function by electrocardiogram (ECG) and hemodynamics by
blood pressure and heart rate. In fetal sheep, prolonged umbilical
cord occlusion is associated with long-lasting suppression of
parasagittal cortical EEG activity, with delayed onset of seizures
(Williams et al., 1990; Reddy et al., 1998; Fraser et al., 2005; Lee
et al.,, 2009). In human preterm and term infants, these events
predictably correlate with adverse neurological outcomes (Inder
et al., 2003b; Murray et al., 2009).

As previously discussed, Ophelders et al. (2016) are presently
the only researchers to have conducted a study investigating the
therapeutic potential of EVs by assessing electrophysiological
brain function in fetal sheep. Although they observed only a
modest trend toward protection against HI-induced myelination
with IV MSC-EV therapy, which was in contrast to their
previous therapeutic study utilizing IV MSC therapy (Jellema
et al., 2013b), they showed improved electrocortical function;
namely a decrease in the number and duration of seizures.
This is consistent with their previous finding demonstrating
IV MSC treatment after HI induction reduced seizure activity
(Jellema et al., 2013b). An assessment of baroreflex sensitivity
(i.e., baroreflex-mediated heart rate) was also undertaken, since
dysregulation or impairment of baroreflex function is postulated
to augment existing cerebral damage following HI in reperfusion
phase (Zwanenburg et al., 2013). IV administration of MSC-EVs
to fetuses after HI induction prevented HI-induced impairment
of baroreflex reflex sensitivity 3-6 days following HI (Ophelders
et al., 2016). However, sham-control MSC-EV treated fetuses
displayed impaired baroreflex sensitivity to levels, which was
lower than that of fetuses who were subjected to HI alone. This
raises real concerns as it may indicate IV administered MSC-
EVs may limit the efficacy of the baroreflex-mediated heart
rate response to buffer changes in blood pressure. Given the
above, further investigations are required to understand these
physiological outcomes reported with EV therapy and whether
they translate to long-term improvement of cognitive and motor
function. Equally important is the need to determine whether
differences in dose and timing of administration may alter or
further enhance observed beneficial outcomes.

Candidate Molecular Mediators of EV
Therapeutic Activity

While studies identified in this review of the literature suggest
MSC-EVs are a useful therapeutic candidate in the treatment
of perinatal brain injury, most do not provide a potential
mechanism of action through which MSC-EVs exert their effects.
There are five exceptions to this, as discussed in detail below.
Two of these papers highlight candidate proteins
(Gussenhoven et al., 2019; Ahn et al, 2021). Firstly, the
study by Gussenhoven et al. (2019), showing treatment with
MSC-EVs helps to maintain BBB integrity in a fetal sheep
model of preterm brain injury. They hypothesized that Annexin
Al (an essential endogenous regulator of BBB integrity)
expressed on the surface of MSC-EVs interacts with the
Annexin Al/Formyl peptide receptor to maintain BBB integrity

(Gussenhoven et al., 2019). Moreover, they performed elegant in-
vitro experiments demonstrating MSC-EV's expressing Annexin
Al or recombinant Annexin Al improved trans-endothelial
electrical resistance (a measure of BBB integrity) of primary fetal
rat endothelial cells and that addition of formyl peptide receptor
blockers mitigated the effect (Gussenhoven et al., 2019).

Secondly, Ahn et al. (2021) highlight the potential for
brain derived neurotrophic factor (BDNF) carried in the cargo
of umbilical cord blood-derived MSC-EVs in mediating the
neuroprotective effects observed in their P4 neonatal rat model
of IVH. Specifically, they demonstrated that the neuroprotective
roles of MSC-EVs were attenuated by siRNA transfection
of BDNF in MSC-EVs at the macroscopic, microscopic,
inflammatory, and behavioral levels. An observation that was not
apparent when IVH neonatal rats were treated using the MSC-
EVs transfected with random-sequence scrambled siRNA. That
BDNF may be a critical neuroprotective mediator is unsurprising
given its neuroprotective properties have been identified in a
number of neuropathologies including HI (Chen et al., 2013),
IVH (Ahn et al, 2017; Ko et al, 2018), meningitis (Bifrare
et al., 2005), and traumatic brain injury (Wurzelmann et al.,
2017). It is possible that BDNF activation of the tyrosine kinase
receptor B (Tkr B), which is highly expressed in the neonatal
brain (Webster et al., 2006), may promote neuroprotective and
neuroregenerative effects (Chen et al., 2013).

The remaining four highlight candidate miRNAs (Chu et al.,
2020; Han et al, 2020; Xin et al., 2020; Du et al., 2021).
Firstly, is the study conducted by Xin et al. (2020) in a mouse
model of term HI, which showed MSC-EV treatment helped
to reduce neuroinflammation, improve neuronal survival and
enhance behavioral outcomes. This study used next generation
sequencing to profile the miRNA contents of the MSC-EV's used
therapeutically (Xin et al, 2020). Using this technique, miR-
21a-5p was identified as a potential mediator of the therapeutic
effects observed (Xin et al.,, 2020). Through both in-vitro and
in-vivo assessment it was observed that MSC-EVs enhanced
expression of miR-21a-5p, which was significantly reduced in
response to HI (Xin et al., 2020). Moreover, the authors proposed
that miR-21a-5p may increase both the survival and proliferation
of neuronal cells by targeting and reducing the activity of the
proapoptotic mediator tissue inhibitor of metalloproteinase 3
(Timp3) (Xin et al., 2020).

Secondly, is the study by Chu et al. (2020), involving
pretreatment of MSCs with hydrogen sulfide to generate MSC-
EVs enriched with miR-7b-5p. Results suggested miR-7b-5p was
responsible for enhancing both the neuroprotective and anti-
inflammatory effects of MSC-EVs by binding to the 3’-UTR of the
FOS gene. In addition to these candidate molecules, several other
miRNAs have been proposed as potential therapeutic mediators
and it is possible that they are delivered via EVs and could
be investigated in EV-derived miRNA screening panels (Cho
etal., 2019b). For example, miR-592 can target the prostaglandin
D2 receptor (PTGDR) and the neutrophin receptor (NTR)
P75, thus preventing proapoptotic signaling in neurons (Irmady
et al., 2014; Sun et al., 2018). Furthermore, EV-derived miR-
133b can inhibit connective tissue growth factor (CTGF) and
Ras homology family member A (RhoA) expression allowing
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for neurite outgrowth (Xin et al., 2012, 2013b), whereas EV
encapsulated miR-124 induces neurogenesis (Yang et al., 2017).

Thirdly is the elegant study by Han et al. (2020) who
identified miR-410 encapsulated within umbilical cord-derived
MSC-EVs as a potential mediator of therapeutic effects using
a combination of in-vitro, molecular biology, in-silico, and
in-vivo techniques. Specifically, they identified that miR-410
encapsulated MSC-EV's could inhibit neuronal apoptosis in OGD
primary murine neuronal cells (Han et al,, 2020). They also
demonstrated, using the neonatal mouse, that EV-derived miR-
410 reduced the neurological severity score, edema, and cerebral
infarction volume compared to untreated HI animals (Han et al.,
2020). Moreover, Han et al. (2020) demonstrated using both
in-silico investigation and RNA expression that miR-410 may
mediate its effects by down-regulating the expression of histone
deactelayse 1 (HDACI), which in turn enhances the expression
of early growth response 2 (EGR2)/B-cell lymphoma (Bcl2) and
prevents apoptosis.

Finally the fourth study, conducted by Du et al. (2021),
demonstrated astrocyte-EV encapsulated miR-17-5p cargo
reduced neuronal apoptosis and inflammation in the HI neonatal
rat. Their study demonstrated an inverse relationship exists
between miR-17-5p carried by astrocyte EVs and expression
of the proapoptotic protein BCL2 Interacting Protein 2
(BNIP2) in the neonatal rat brain. Specifically, treatment
using astrocyte-EV encapsulated miR-17-5p cargo resulted
in a decrease in BNIP2 expression in the rat HI brain, while
depletion of miR-17-5p cargo from astrocyte-EVs resulted
in an increase in BNIP2 expression in the rat HI brain.
Interestingly, an inverse relationship also existed between
miR-17-5p and the proapoptotic protein BCL2 associated X,
apoptosis regulator (BAX) (Wang et al., 2020). The authors
also noted a decrease in BAX in the brains of rats treated
with astrocyte-EVs. Hence, it is likely that the miR-17-5p
cargo of astrocyte-EVs down-regulates both BAX and BNIP
resulting in an increase in anti-apoptotic Bcl2 expression, which
potentially contributes in part to the neuroprotective effects
observed in this study.

It is possible that other molecular mediators that can confer
neuroprotective and neuroregenerative properties are packaged
as EV cargo. However, future work is required to identify these
molecules, their mechanisms of action, whether they are cell of
origin specific, and whether they preferentially target specific cell
types to exert their effects.

Reported Complications and
Side-Effects

The results of the current literature are promising in terms
of the therapeutic use of EVs in preclinical animal models of
perinatal brain injury. Despite this, the administration of any
therapeutic agent can bring with it complications and side effects.
The administration of EVs appears well tolerated in the rat
model and deleterious side effects, such as weight loss, death or
clinical illness have not been reported (Drommelschmidt et al.,
2017). Moreover, EV treatment of rats with perinatal brain injury
results in an 18% increase in survival rate compared to those not

treated (Thomi et al., 2019b). It is unclear whether this is true for
the mouse model.

All the studies identified in this review investigated the role
of EVs in the treatment of perinatal brain injury. In doing
so, the researchers tend to focus on the brain alone. Yet it is
possible that therapeutic administration of EVs likely results in
the biodistribution of EVs to non-targeted regions. Presently,
only three perinatal studies have sought to investigate the in-vivo
biodistribution of EVs after administration and their off-target
outcomes (Thomi et al., 2019b; Chu et al., 2020; Xin et al., 2020).

Experiments conducted in a P2 neonatal rat model of LPS/HI
brain injury revealed that infrared dye (IRDye)®800CW-labeled
MSC-EVs appeared in the frontal region of the brain, including
the olfactory bulb, 30 min after intranasal administration and
were evenly distributed throughout the brain within 3 h (Thomi
et al, 2019b). Within non-targeted regions of the body only
a small portion of EVs were identified in the trachea and
gastrointestinal tract at 30 min and 3 h following intranasal
administration and were absent in the spleen (Thomi et al,
2019b). No adverse effects were found in relation to the observed
peripheral distribution. However, a limitation of this study is that
it did not provide an extensive biodistribution investigation of
organs well known to accumulate EVs, such as the liver, lung,
kidney and heart (Wiklander et al,, 2015). Nevertheless, this
study strongly supports an intranasal route of administration as
a means of efficiently delivering EVs to the developing brain. In
addition, Chu et al. (2020) administered DiD-labeled EVs IC into
a mouse model of term HI and detected their presence within
the brain from 2 h post injection. Data from the same group
using PKH67-labeled EVs delivered IC, established targeting to
neurons (36.9%), astrocytes (21.5%), and microglia (34.3%) in
the ipsilateral cortex (Xin et al, 2020). Unsurprisingly, given
the method of EV delivery, PKH67-labeled EVs were found in
other organs, including the liver, kidney and spleen (Chu et al,,
2020; Xin et al., 2020). That both reports indicate that MSC-
EVs can target the brain tissue and that distribution to the
spleen is either absent or greatly reduced, suggests therapeutically
administered EVs may not incite an immunological reaction.
Regardless, the biodistribution of therapeutically delivered EVs
requires further investigation as the research in this area is
minimal. Understanding the in-vivo fate of EVs is of utmost
importance for future therapeutic applications.

As a whole, the findings suggest that from a therapeutic
perspective MSC-EVs are well tolerated and are less likely to
accumulate in peripheral organs when administered intranasally.
Whether IV administration has similar outcomes of biodistribu-
tion and tolerance remains unknown and requires investigation.

DISCUSSION

The studies identified in this unbiased review investigating the
potential use of EVs as a therapeutic treatment for perinatal
brain injury, report an overall improvement in neurological
outcomes. The studies highlight the ability of EVs to modulate
inflammatory responses associated with both preterm and term
acquired brain injuries. Because of these beneficial properties,
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they are successful in improving white matter and gray matter
microstructural integrity through decreasing both gliosis and
pro-inflammatory cytokine production and improving cell
survival through amelioration of apoptosis. Additionally, EV
therapy improved cognitive deficits (e.g., memory function and
exploratory activity) and enhanced the performance in motor
coordination function. These results are comparable to that of
adult experimental models of neurological brain injury, including
traumatic brain injury and stroke, where EV administration
imparts neuroprotective and neuroregenerative effects (Xin et al.,
2013a; Doeppner et al., 2015; Zhang et al., 2015). This suggests
that with further research, EVs have the potential to be a useful
therapeutic option in the treatment of perinatal brain injury.

Preclinical translation of EVs, however, is confounded by
contrary publications on the effects of EVs. Contradictory results
are most likely attributable to differences in animal experimental
models, EV cell source, dosage of EVs, and route and timing of EV
administration. This makes comparisons between studies difficult
and limits interpretation of results. Although EVs represent a
promising next-generation treatment for perinatal brain injury,
future progress is dependent on a number of considerations. For
example, while only 1/13 studied utilized astrocyte-EVs, 12/13 of
the studies identified in this review utilized MSC-EVs, derived
from different sources; either from the umbilical cord, umbilical
cord blood, Wharton’s jelly of the human umbilical cord, or from
adult bone marrow.

EVs isolated from MSC cultures of Wharton’s jelly have
the notable advantage of coming from the umbilical cord, an
extra-embryonic tissue, which is normally discarded at birth
and free of ethical donor concerns and relatively low in cost
(Frausin et al., 2015; Donders et al., 2018). Furthermore, there is
evidence to show that MSCs derived from extra/embryonic/fetal
tissues are more superior than adult bone marrow as they
have a greater differentiation and expansion potential (Can and
Karahuseyinoglu, 2007; Batsali et al, 2013). In addition, the
controversy regarding the cellular heterogeneity in MSC cultures
has crossed from cell-based therapies into EV-based therapies,
thus appropriate characterization of the cell source (i.e., the
MSC) is critical for reproducibility of therapeutic data utilizing
MSC-EVs (Mo et al., 2016; Robey, 2017).

An important consideration will be to determine if the
functional effects of MSC-EVs are reproducible using EVs from
different cell sources. In this regard, it will also be crucial to
establish any potential differences in mechanisms mediating EV
therapeutic effects, which may exist between EV cell sources
and their various small and large EV subpopulations. This
is relevant, since heterogeneous populations exist and current
isolation methods are relatively inadequate in resolving them
(Gould and Raposo, 2013; Smith et al., 2015; Taylor and Shah,
2015; Willms et al., 2016, 2018; Jeppesen et al., 2019; Burbidge
et al., 2020). Moreover, such comparisons are clearly necessary
when designing EV therapeutic strategies for perinatal brain
injury, since the immune-suppressive potential and thus ability
to ameliorate neuroinflammation, including the potential to
promote neuroregeneration are of paramount importance.

Current evidence suggests EVs secreted by cells exhibit target
selection and that the EV cellular source must be matched to

requirements of the target application and that EVs adopt a
similar homing pattern to their cell source (Marcus and Leonard,
2013; Wiklander et al., 2015). Thus, it is feasible that generation
of neural stem cell-derived EVs would be more likely to exhibit
the highest distribution to the developing brain and confer
neuroprotective benefits. Indeed, a few studies analyzing the
efficacy of neural stem cell-derived EV's have shown robust results
in both adolescent and adult stroke models (Webb et al., 2018a,b;
Zhang et al., 2020).

Aside from the original cell type from which EVs are isolated,
the impact of cell culture parameters and microenvironment in
the production of EVs, including the passage number, seeding
density, cell confluence, and the frequency and time of EV
collection should be taken into consideration. While considerable
progress has been made in EV production methods, the passage
number is of particular relevance since evidence suggests the
neuroprotective effect of human umbilical cord Wharton’s jelly
MSCs (and their paracrine activities) diminish with increasing
passage number (Bonab et al, 2006; Izadpanah et al., 2008;
Patel et al., 2017; Dabrowska et al., 2018). Furthermore, reduced
cell seeding density is attributable to greater production of EVs
(Lieberman and Glaser, 1981; Théry et al.,, 2002; Patel et al.,
2017). The culture conditions (e.g., oxygen concentration, media
composition, 2D vs. 3D cultures) in which the source cells are
cultured should be considered as these may influence not only
the yield, but also the function of EVs released into the culture
media (Park et al., 2018; Patel et al., 2018; Guo et al., 2019).
This is particularly true given the differences Ophelders and
colleagues noted in terms of the anti-inflammatory properties
conveyed by MSCs and MSC-EVs following HI-induction in
preterm fetal sheep (Jellema et al., 2013b; Ophelders et al,
2016). The authors postulated that such differences perhaps relate
to fundamental differences in environments (Ophelders et al.,
2016). Intuitively, endogenous MSCs have an innate capacity to
sense their surrounding conditions and thus tailor their secreted
factors (e.g., either pro- or anti-inflammatory EV cargo or other
factors) to prevailing conditions. However, in the situation of in-
vivo EV administration, EV cargo load is predetermined by the
cellular response of cells to the culture environment.

Unfortunately, the lack of standardization of protocols
between research groups investigating the therapeutic role of
EVs in the treatment of perinatal brain injury adds a level of
complexity in understanding the biochemical mechanisms at
play. If future studies aim to standardise the cells from which
EVs are isolated, including the methods, dosage and timing of
EV administration, it may be possible to use an -omics approach
to identify the mechanisms by which stem cell-derived EV's exert
their functional effects. Once these biochemical mechanisms are
identified we may be able to employ methods to enrich for
candidate molecules in EVs as has been done in the study by
Chu et al. (2020) or to bioengineer EVs containing molecules of
interest to help optimize therapeutic molecule delivery.

Given the research funding environment, it is not surprising
that individual research groups have chosen to focus on
determining whether individual proteins (Annexin Al and
BDNF) and miRNA (miR-21a-5p, miR-7b-5p, miR-410, and
miR-17-5p) are potential mediators of the neuroregenerative
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and neuroprotective effects observed in in-vivo models of HI
treated using EVs. However, since each study utilized different
EV isolation methods, vesicle cargo likely reflects the specific
subpopulation of EVs isolated (Thery et al., 2018). Moreover,
of the four studies investigating the role of miRNA EV cargo
as mediators of therapeutic benefit, three (Chu et al., 2020;
Han et al.,, 2020; Du et al.,, 2021) utilized enzymatic/detergent
treatment. It is unclear whether the miRNA identified in the
remaining study (Xin et al, 2020) was encapsulated within
isolated EVs, attached to their surface of EVs, or simply
contaminants co-isolated with the EV subpopulation. To help
limit such ambiguity in future studies, researchers should be
guided by the parameters recommended in the ISEV position
papers (Mateescu et al., 2017; Thery et al., 2018) prior to
the commencement of their research. By doing so will ensure
optimal study design that include additional controls and
detailed description of both sample processing and analysis
that would enhance the overall quality and reproducibility of
research publications.

Nevertheless, understanding the impact of individual
mediators is critical to identifying which molecules
that potentially mediate optimal neuroregenerative and
neuroprotective responses from a nanotherapeutics development
perspective, since synthetically manufactured EVs loaded with a
specific cargo could be developed as an “off the shelf” product.
However, biologically it is more likely that a combination of
molecules (DNA/RNA/small RNA/protein/lipid/other) working
synergistically will provide the greatest beneficial effect.

In-vivo biodistribution of EVs is determined by the route
of administration (Wiklander et al., 2015, 2019). The rat study
conducted by Thomi et al. (2019b) clearly demonstrates that
intranasal administration of EVs is effective in targeting the brain.
This route of administration is relatively non-invasive and would
be easily translatable to the clinic. However, further research is
required regarding the effectiveness of intranasal delivery of EV's
in humans compared to animal models, especially given that the
nasal olfactory mucosa (entry point to the brain) in rats covers
approximately 45% more of the total nasal epithelium than in
humans (Gross et al., 1982; Jiang et al., 2011).

In order to advance translation of EVs to the neonatal
intensive care unit, appropriate preclinical animal models of
brain injury are required to improve understanding of the
underlying mechanism(s) by which EVs may exert protective
effects. Such models will be crucial in establishing optimal
routes and timing of administration and therapeutic effects,
including any adverse effects. Furthermore, there must be
appropriate negative control experiments. Surprisingly, of the
perinatal studies reviewed, only two were identified where control
experiments were performed using EV-depleted conditioned
media (therapeutically inert EV control, isolated under identical
conditions as experimental EVs) to exclude the possibility
of effects through co-isolated proteins and common EV
components (Shu et al., 2018; Han et al., 2020). Others utilized
control EVs in the form of fibroblast-derived EVs (Ahn et al.,
2021) and platelet-derived EVs (Kaminski et al., 2020), to
establish whether neuroprotective and neuroregenerative effects
were attributable to a cell of origin specific role of MSC-EVs,

rather than EVs in general. Finally, the use of modified EVs either
enriched for or depleted of cargo suspected to mediate observed
beneficial effects (Chu et al., 2020; Xin et al., 2020; Du et al., 2021)
has enabled determination of potential molecular mechanisms
that could be exploited in future drug and nanotechnology
developments aimed at treating perinatal brain injury. Notably,
the addition of more than one control groups in in-vivo studies
utilizing EVs as a potential therapeutic strategy for perinatal
brain injury has increased since 2018 following publication of the
MISEV guidelines, which advocates use of more control groups
(Thery et al., 2018).

In relation to appropriate animal models, there are obvious
anatomical and physiological differences between species and
humans. The use of rodents and the extrapolation of data derived
from these models has to be carefully considered since rodents
have a lissencephalic (smooth surfaced) brain, with limited
white matter tracts (Cook and Tymianski, 2011; Cai and Wang,
2016), that does not resemble the highly gyrencephalic human
brain, and which makes interpretation of findings difficult. The
fetal sheep model offers considerable advantages to bridge the
gap between pre-clinical findings and clinical implementation.
Specifically, the chronically instrumented preterm fetal sheep
umbilical cord occlusion model closely replicates the common
pathophysiological features of human preterm HI, namely diffuse
white matter injury, with hippocampal as well as cortical and
subcortical neuronal injury, thus emphasizing its translational
character (Wassink et al., 2017; Cho et al., 2019a). Secondly, the
translational nature of the fetal sheep model is best highlighted
by preclinical studies of the near-term in-utero fetal sheep
model (Gunn et al., 2005). These studies have provided key
evidence of the safety and efficacy of hypothermia for treatment
of HI encephalopathy, which is now the only viable therapy
for HI encephalopathy in near-term or term infants. However,
disadvantages of using such a large animal model include
high cost of animal purchase, breeding, surgery, and housing.
Consequently, it may not be possible to employ large numbers of
animals into trials to demonstrate reproducibility; a factor, which
researchers must consider in the pursuit of obtaining meaningful
results when generating in-vivo data.

As the therapeutic application of EVs in the treatment
of perinatal brain injury is in its infancy, there still are no
studies reported which have tested the benefits of EVs in
combination with hypothermia or other therapeutics. It is
possible that administration of EVs will work synergistically
with established therapeutic interventions and enhance clinical
outcomes. Consequently, further work should be done to explore
the potential of combination therapies.

Finally, although it is beyond the scope of this review, a
unifying goal of recent and future advances in the field of
EVs is to improve the therapeutic potential of EVs. More so,
it is the need to find an effective way to treat newborns with
brain injuries, which is one of the greatest challenges facing
perinatal medicine. Achieving a promising outcome is most likely
dependent on the composition of the EV cargo. As outlined
previously, cargo found within EVs can include nucleic acids
[miRNA (Valadi et al., 2007; Hunter et al., 2008), IncRNA (Gezer
et al., 2014; Abramowicz and Story, 2020; Born et al., 2020),
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mRNA (Valadi et al., 2007; Kalra et al., 2012)], proteins (Simpson
et al., 2008; Kalra et al., 2012), and DNA (Caiet al., 2013),
and even cell surface receptors, cytosolic and nuclear proteins,
and enzymes from the EV cell of origin (Andaloussi et al,
2013; Antonyak and Cerione, 2014; Yoon et al., 2014). Little is
known regarding how the composition of cargo is specifically
regulated by a particular cell. In all likelihood, there exists
specific intracellular mechanisms that regulate the composition
(Margolis and Sadovsky, 2019). However, artificial technologies
could be implemented to achieve this in several ways; either
by way of loading therapeutic cargo (including nucleic acids
and small molecules compounds) and/or engineering EVs to
display targeting moieties or protein therapeutics simultaneously
on their membrane surface (Kooijmans et al., 2016; Antes
et al,, 2018; Murphy et al, 2019; Gupta et al, 2020). While
there are no studies performed in perinatal animal models of
brain injury, this approach clearly has the potential to offer
considerable advantages around individualization of therapies
that will improve neonatal care in the future.

CONCLUSION

In recent years, there have been substantial efforts made
to understand the characteristics of EVs and in particular,
the therapeutic potential of those derived from stem cells.
This has heralded an awareness that EVs and their cargo
can become potential therapeutics in the treatment of brain
disorders. However, as evidenced by this review, only a limited
number of studies have sought to investigate their capacity to
ameliorate the sequelae of perinatal brain injury. Therefore,
definitive conclusions cannot be made regarding the use of
EVs as a treatment for perinatal brain injury. Nevertheless,
the available data demonstrates that therapeutic administration
of EVs represents a promising new tool for the treatment of
perinatal brain injury with studies utilizing in-vitro and in-vivo
models suggesting that EVs will not only prevent, but also repair
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