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Abstract

Over the past decades, substantial advances in neonatal medical care have increased the survival of extremely premature infants. However,
there continues to be significant morbidity associated with preterm birth with common complications including bronchopulmonary dysplasia
(BPD), necrotizing enterocolitis (NEC), neuronal injury such as intraventricular hemorrhage (IVH) or hypoxic ischemic encephalopathy (HIE), as
well as retinopathy of prematurity (ROP). Common developmental immune and inflammatory pathways underlie the pathophysiology of such
complications providing the opportunity for multisystem therapeutic approaches. To date, no single therapy has proven to be effective enough
to prevent or treat the sequelae of prematurity. In the past decade mesenchymal stem/stromal cell (MSC)—based therapeutic approaches have
shown promising results in numerous experimental models of neonatal diseases. It is now accepted that the therapeutic potential of MSCs is
comprised of their secretome, and several studies have recognized the small extracellular vesicles (sEVs) as the paracrine vector. Herein, we
review the current literature on the MSC-EVs as potential therapeutic agents in neonatal diseases and comment on the progress and challenges
of their translation to the clinical setting.

Key words: mesenchymal stem/stromal cells; extracellular vesicles; MSC-EVs; neonatal; prematurity; bronchopulmonary dysplasia.

Graphical Abstract
Common Pathophysiologic Mechanisms

o % .
. Prematurlty‘ Inflammation Loss of vascular

Hyperoxia support

Mechanical
H Ventilatio
“Perinatal _

hypoxia- %
ischemia = o

/

Growth Arrest

t Macrophage activation
1 Alveolar simplification
t oligodendrocyte loss
t Microglia activation

| Glial vascular support

t Intestinal epithelium disruption

=)
MSC-SEVs |- ‘\

Immunomodulation

Parenchymal /
Epithelial suppor

Vascular stability “
MSCs

Common Supportive Mechanisms <
Prematurity and perinatal stressors disturb the physiologic equilibrium by inducing
growth arrest, inflammation and loss of vascular support. This is mediated by the
activation of macrophages(lung, intestine) or microglia(brain, eye), as well as the
impairment of supportive parenchymal cells.
MSC-EVs block this injurious effect by modulating the immune cell activation
and phenotype(lung,brain,eye), maintaining oligodendrocyte and glial cells, and
preserving intestinal epithelial integrity and lung parenchymal support.
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Significance Statement

highlights future perspectives of the field.

Mesenchymal stromal/stem cell extracellular vesicles (MSC-EVs) have been reported to exert considerable therapeutic potential in a
multitude of preclinical disease models. Prematurity and perinatal stressors disturb the physiologic equilibrium by inducing inflammation,
growth arrest, and loss of vascular support, thus potentially reprogramming normal development. MSC-EV therapy has the potential to
modulate these common pathophysiologic pathways and has emerged as a promising treatment option for many perinatal diseases. This
review provides a detailed summary of the current literature on the therapeutic potential of MSC-EVs in neonatal diseases, as well as

Introduction

Preterm birth remains one of the world’s most significant
public health problems, accounting for 10.6% of live births
worldwide and approximately 15 million premature infants
each year.! Current technological and medical advancements
have improved the survival of preterm infants; however, de-
spite optimal medical support, they are at increased risk of suf-
fering from several complications of prematurity contributing
disproportionately to neonatal morbidity and mortality.? In
fact, according to WHO, preterm birth complications are
among the leading causes of pediatric mortality under 5 years
of age, causing approximately 1 million deaths in 2015.3

The sequelae of prematurity are mostly affecting vital and
developing organs, such as the lungs, the brain, and the gas-
trointestinal tract. Consequently, some severe complications
of preterm birth are bronchopulmonary dysplasia (BPD),
periventricular leukomalacia (PVL), hypoxic/ischemic en-
cephalopathy (HIE), necrotizing enterocolitis (NEC), and ret-
inopathy of prematurity (ROP). Recent studies support that
these sequelae, occurring at such a critical developmental
time point, may follow premature babies to infancy, child-
hood, and even in adulthood, very often leading to lifelong
morbidities.*” Even though the use of glucocorticoids, surfac-
tant replacement, and supportive care have ameliorated the
severity and changed the phenotype of these diseases, none
of the existing treatment methods is curative. Hydrocortisone
treatment starting from postnatal day 14 to 28 was recently
reported by the NICHD Neonatal Research Network to be
ineffective in decreasing moderate or severe BPD compared
to placebo.® Thus, with no single effective treatment, it is a
necessity to explore new therapeutic options able to prevent
and cure the complications of prematurity.

In the last decade, mesenchymal stem/stromal cells (MSCs)
and their extracellular vesicles have emerged as a promising
therapeutic agent for several diseases and a number of pre-
clinical studies have successfully shown encouraging results in
various pre-clinical models of neonatal disease.”!® This review
summarizes the current literature on the potential therapeutic
applications of MSC-EVs in neonatal diseases, including BPD,
HIE, NEC, and others, as well as comments on the progress
and challenges of their translation to the clinic.

From MSCs to the Extracellular Vesicles

MSCs are somatic stem cells of mesodermal origin capable
of differentiating into a variety of mesoderm-derived cells,
such as adipocytes, osteocytes, chondrocytes, fibroblasts,
and skeletal muscle cells. They can be isolated from a range
of tissues, including bone marrow, adipose tissue, amniotic
fluid, umbilical cord Wharton’s jelly (W]), umbilical cord
blood, and placenta.!"!? Lately, there has been a great diver-
sification of the tissue source of MSCs for clinical use, from
predominantly bone marrow until 2008, to almost equal use

of adipose tissue, bone marrow and perinatal derived MSC
sources.'? Several preclinical studies have highlighted the ther-
apeutic potential of MSCs in a multitude of diseases as potent
immunomodulatory, neuroprotective, angiogenic, and regen-
erative mediators.”'%!* While initially MSCs were thought to
home into the damaged tissue and differentiate into resident
cells, no long-term engraftment or differentiation in signifi-
cant numbers has been observed. In contrast, subsequent
studies highlighted a paracrine mechanism responsible for
their beneficial activities and EVs have been identified as one
of the key mediators of this effect.'52°

EVs are a heterogeneous class of spherical lipid bilayer
microparticles released from virtually every cell type. They
were originally perceived as a “garbage disposal” cell mech-
anism, to eliminate undesirable cellular components, and
indeed this arguably remains their function in most cell
types. Nevertheless, evolution apparently co-opted the EV
biogenetic pathways in certain cell types to generate EV
subpopulations (signalosomes) designed to transfer intercel-
lular signals and affect the proximal microenvironment in a
paracrine manner.?!"?

While the full definition of EV sub-types and their bio-
genesis will not be actively explored herein, in general, EVs
are sub-categorized into three major classes: (1) the small
EVs (sEVs) (~30-150 nm in diameter), which include the
exosomes and are generated through the endosomal pathway
as intraluminal vesicles (ILVs) inside the multivesicular bodies
(MVBs), released as sEVs upon merging of MVBs with the
plasma membrane; (2) the microvesicles (~100 nm-1 um in
diameter), which are formed through budding of the plasma
membrane; (3) and the apoptotic bodies (>1 um in diameter),
which are released by apoptotic cells.?'** The molecular com-
position and the bioactive cargo of each EV subpopulation
are tightly dependent on the type and state of parent cells,
as well as on their biogenesis pathway, and is comprised of a
variable combination of lipids, proteins, and diverse types of
nucleic acid (DNA, mRNA, Inc-RNA, micro-RNA (miRs)).
The profound heterogeneity in EV biogenesis, biophysical
properties (size, density, and predominant protein markers), as
well as the variety of EV isolation techniques has highlighted
the need for a universal consensus regarding EV character-
ization methodologies. To that end, the pioneering work of
the International Society of Extracellular Vesicles has led the
efforts to establish standardized nomenclature, definitions,
and methodological practices in the EV field.?>*+%

BPD and MSC Derived EVs

Bronchopulmonary dysplasia is a chronic lung disease with
multifactorial pathophysiology. It primarily occurs in prema-
ture infants requiring respiratory support with mechanical
ventilation and supplemental oxygen. It was first described in
1967 by Northway et al., as a sequela of respiratory distress
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syndrome (RDS), characterized by emphysematous alveoli,
prominent fibrosis, airway muscle hypertrophy, pulmonary
arteriole lesions, and pulmonary hypertension leading to cor
pulmonale.?® Since then, surfactant supplementation, ante-
natal steroids, and advancements in respiratory support have
significantly altered the disease phenotype. Nowadays, the se-
vere histopathologic features of the “old BPD” are limited to
alveolar simplification and dysmorphic capillary morphology
in the “new BPD”.” Interestingly, despite the milder pheno-
type, BPD remains a leading cause of significant morbidity
and mortality in premature infants, with potentially long-
term respiratory and neurodevelopmental complications,
oftentimes lasting beyond childhood.>*72% Therefore, more
effective therapeutic approaches continue to be a necessity.

On this note, MSCs have shown promising results in nu-
merous preclinical models of BPD.??%-%° However, several an-
imal studies supported that MSC conditioned media (CM)
might be more effective in preserving the alveolar and vas-
cular integrity than the parental cells. This finding was
accompanied by minimal MSC engraftment in the injured
lung indicating a paracrine mechanism of MSC protective ac-
tion.'>1731:32 Notably, MSC-CM dosing, as well as the identi-
fication and the actual concentration of their crucial bioactive
factors, are important parameters to be determined to enable
further research and potential clinical translation. Detailed
analyses of the MSC-CM highlighted the sEVs as the primary
mediator of this paracrine effect. Our group first reported
this association in a model of hypoxia-induced pulmonary
hypertension, a complication of severe BPD. After fraction-
ating the MSC-CM, it was observed that MSC-EVs were able
to suppress pulmonary macrophage influx, inhibit vascular
remodeling, and ameliorate pulmonary hypertension, while
exosome-depleted CM or fibroblast-CM had no such effect.!”

We subsequently demonstrated that a single dose of
MSC-EVs was sufficient to significantly improve lung mor-
phology in a murine model of BPD. MSV-EV treatment was
able to decrease lung fibrosis, ameliorate pulmonary vascular
remodeling, improve pulmonary function test results, and al-
leviate associated pulmonary hypertension.'® Interestingly,
this study highlighted the immunomodulatory capacity of
MSC-EVs as a potential mechanism of their protective action.
In fact, MSC-EV treatment was able to modulate the mac-
rophage phenotype both in vitro and in vivo, by suppressing
the proinflammatory “M1-like” state, while enhancing a pro-
resolving “M2-like” state (Table 1, Fig. 1).

More recently, our group documented a very interesting
and unique ability of MSC-EVs, their potential of preventing,
but also reverting BPD.** Specifically, early MSC-EV adminis-
tration prevented hyperoxia-induced alveolar simplification,
pulmonary vascular muscularization and microvascular loss,
in a murine model of hyperoxia-induced BPD. In parallel, se-
rial MSC-EV treatment after prolonged hyperoxic exposure
was able to significantly ameliorate the established injury by
dramatically improving alveolarization, pulmonary fibrosis,
and vascular remodeling. This was also accompanied by func-
tional improvement as demonstrated by the exercise capacity
tests serving as a surrogate for cardio-pulmonary function of
the affected mice.?

In an effort to shed light on the therapeutic mechanism
of MSC-EVs and their cell interactions, we employed mass
cytometry analysis of the whole lung CD45* cell populations.?*
The analysis revealed three major observations: 1. the
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MSC-EVs co-localized with the recipient F4/80*, CD64*
myeloid cells indicating their direct interaction; 2. MSC-EV
treatment was able to prevent hyperoxia-induced reduction
of pulmonary CD45* cell number and preserve alveolar mac-
rophage (AMg) and Ly6C" monocyte subpopulations; 3.
MSC-EV treatment blunted the hyperoxia-induced inflam-
matory activation of AMgs. Further analysis of MSC-EV
and myeloid cell interaction indicated that MSC-EV pre-
conditioning of bone marrow derived myeloid cells (BMDMy)
induced a Ly6C/G*, CX3CR1*, CCR2" phenotype, with im-
munosuppressive capacity, and possibly promoted a CCR2""
monocyte population by implementing transcriptomic and
epigenetic reprogramming of BMD-monocytes. Notably,
adoptive transfer of BMDMy “educated” by MSC-EVs
prevented the hyperoxic injury conferring similar histo-
logical and functional results as the MSC-EVs treatment,>
replicating our previous findings on the bleomycin model of
pulmonary fibrosis.?

Other groups have corroborated similar beneficial
effects of MSC-EVs in preclinical models of BPD (Table 1).
Porzionato et al. reported that intratracheal administra-
tion of MSCs or their EVs ameliorated hyperoxia-induced
damage, with EVs being more effective regarding lung vas-
cularization and alveolarization.’>3” They also documented
that hyperoxia reduced the number of CD163* macrophages
(M2-like marker) both in interstitial, alveolar and perivas-
cular compartments, while MSC-EV treatment preserved this
population.’”

Interestingly, while several groups demonstrate analogous
beneficial effect of MSC-EVs in BPD preclinical studies, they
identify a variety of different agents responsible for their pro-
tective action (Table 1, Fig. 1). Ahn et al. and Braun et al.
report improvement of BPD features by MSC-EV treatment,
while they identify vascular endothelial growth factor (VEGF)
as a key player of their action.’®*** You et al. associated the
amelioration in alveolarization and angiogenesis with PTEN/
Akt pathway and their downstream targets, such as caspase 3
and VEGF-A.* Wu et al. reported that MSC-EV protective ef-
fect is mediated by the delivery of miR-425 into the lung cells.
Inhibition of miR-425 expression in MSCs reversed the EV
protective effect against oxidative damage of a lung epithelial
cell line challenged with H,O,. Supportive evidence suggests
that miR-425 activates the PI3K/AKT axis by targeting PTEN
and thus inhibits hyperoxic injury.*!

On the other hand, Chaubey et al., detected tumor necrosis
factor-stimulated gene 6 (TSG-6), an immunomodulatory
glycoprotein, in MSC-EVs and pinpoint it as an important
component of their activity. Knockdown of TSG-6 in MSC-
EVs abrogated their therapeutic effect, while administra-
tion of TSG-6 in vivo was able to attenuate BPD-associated
pathologies in lung, heart, and brain. Notably, when
examining the brains in this model, they noticed that the
EV- treated group had less neuronal apoptosis and restored
myelination.*

More recently, our group reported the beneficial effect of
MSC-EVs in organ systems other than the lung in the setting of
hyperoxia-induced BPD. Fernandez-Gonzalez et al. observed
significant hyperoxia-induced injury to the neonatal brain
and retina occurring simultaneously to the lung disrupted vas-
cularization and alveolarization findings of BPD. Regarding
the neonatal brain, hyperoxia exposure decreased myelina-
tion, and increased astrogliosis and activation of microglial
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Figure 1. MSC-EV therapeutic effects in BPD. MSC-EVs prevent the development of BPD by acting on multiple disease components. They modulate
macrophage activation by enhancing a pro-resolving rather than a proinflammatory phenotype, resulting in the prevention of inflammation and reducing
inflammatory cell infiltration. MSC-EVs promote lung alveolarization and vascularization, thus blocking the development of alveolar simplification and
growth arrest observed in BPD. They potentially confer protection of the lung epithelial cells from oxidative injury, as well as have a systemic effect
protecting other organs (brain, eye, and thymus) from oxygen toxicity (not shown).

cells compared to the normoxia controls. Interestingly, a
single intravenous administration of MSC-EVs was able to
prevent the hyperoxic effects on myelin sheath, astroglia and
microglia restoring them to normoxic controls.* The retina
observations are discussed in the ROP section of this review,
as the mechanism of disease is more relevant. We also re-
ported significant oxygen toxicity on the thymus of the new-
born pups and, therefore, on the developing adaptive immune
system.* More specifically, Reis et al., showed that hyperoxia
led to significant involution of the thymic medulla, which
was accompanied by disrupted generation of Foxp3+ regula-
tory T cells at a multiorgan level, as well as increased T cell
autoreactivity (Table 1). Systemic administration of MSC-EVs
was able not only to prevent the development of BPD in the
lung but also to preserve the thymic medullary architecture
and the development of regulatory T cells. MSC-EVs had
the ability to prevent oxygen-induced T cell autoreactivity to
levels comparable to normoxic controls. Implementing single-
cell RNA sequencing, we demonstrated as a potential mech-
anism of MSC-EV treatment the modulation of thymic antigen
presenting cell populations, such as dendritic cells (DCs) and
medullary thymic epithelial cells (mTECs). Specifically, upon
MSC-EV treatment these cell populations exhibited increased
expression of genes related to maturation, antigen presenta-
tion, and cellular protection against oxidative stress injury.*
A summary of the studies on BPD and their main results are
depicted in Figure 1 and Table 1.

MSC-EVs for Perinatal Brain Injuries

Hypoxic ischemic encephalopathy is a serious perinatal com-
plication occurring in 1-8 per 1000 live births in industrialized
countries and approximately 26 per 1000 live births in under-
developed countries.*® HIE refers to neurologic dysfunction
resulting from inadequate brain perfusion and oxygenation.*®
Common etiologies include acute blood loss secondary to
placental abruption, fetal/maternal hemorrhage, or umbil-
ical cord prolapse. Ultimately, oxygen deprivation results in
cell injury, particularly in highly susceptible oligodendrocytes
that structurally support brain tissue. Even though advances
in obstetric and neonatal care have significantly reduced
mortality, survivors still remain at risk of long-term unfa-
vorable neurodevelopmental outcomes, such as cognitive
disorders (20-50%), epilepsy,*” or cerebral palsy (5-10%).#5-5°
Therefore, novel neuroprotective strategies are needed to op-
timize outcomes and disease prognosis.

Initially, the therapeutic potential of MSCs was investigated
in preclinical HIE models. MSCs demonstrated signifi-
cantly enhanced neuroprotection, neuro-regeneration, and
functional recovery, along with attenuated neuroinflamma
tion.'*’15* Interestingly, similar results were observed after
MSC-CM administration in an HIE rat model.*® Although
the exact therapeutic moiety was not identified, these findings
were attributed to the several neurotrophic factors contained
in MSC-CM, especially insulin-like growth factor-1 (IGF-1)
and brain-derived neurotrophic factor (BDNF).%
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Opbhelders et al. were the first to recapitulate the MSC
neuroprotective effects by delivering MSC-EVs in a HIE ovine
model (Table 2)."* Initially, they showed that MSCs were
able to enhance myelination, while decreasing white matter
injury, oligodendrocyte loss, and microglia proliferation.’*
To investigate the potential mechanism of action, they tested
the efficacy of MSC secretome. Notably, MSC-EVs improved
brain function, reduced the total number and duration of
seizures, and histologically restored subcortical white matter
myelination; but neuroinflammation was not prevented in
this study."” In later studies, EV-mediated neuroprotection
was linked to the preservation of the blood-brain barrier
(BBB) integrity.*® The latter functions as a highly selective
filter, preventing systemically circulating substances, such as
microorganisms and medications, from entering the cerebro-
spinal fluid and the central nervous system. During HIE, BBB
disruption by free radicals permits immune cells to enter the
brain and induce neuroinflammation.’”*® The same group
demonstrated that MSC-EVs prevented HIE-induced BBB al-
bumin leakage, possibly by targeting the Annexin Al/formyl
peptide receptor axis.>

Several groups have attributed the neuroprotective effects
of MSC-EVs to their immunomodulatory capacity (Table 2).
Kaminski et al. using human MSC-EVs in a rodent model
of HIE reported significantly reduced microglia and astroglia
activation, along with alterations in their inflammatory
profile. Specifically, MSC-EVs significantly decreased pro-
inflammatory cytokine tumor necrosis factor alpha (TNF-
a) expression, accompanied by upregulation of the M2-like
marker YM-1 (CHIL3), and the anti-inflammatory cytokine
transforming growth factor beta (TGFp) in injured cortex.*’
Similarly, MSC-EVs significantly downregulated astrocytic
pro-inflammatory complement marker C3, while enhancing
pro-regenerative marker S110A10 and mRNA expression of
important growth factors, such as BDNE, VEGE EGE and
IGF-1. These alterations were associated with increased neu-
ronal and vascular density and significant improvement of ol-
igodendrocyte maturation and myelination.*” Similarly, other
groups reported a reduction of HIE-induced microglia acti-
vation by MSC-EV treatment, accompanied by improved be-
havioral outcomes, and decreased brain tissue loss.”®> On the
same note, Xin et al. correlated the neuroprotective properties
of MCV-EVs with downregulation of HIE-induced microg-
lial/macrophage osteopontin expression, a proinflammatory
mediator in the CNS, mediated potentially via inhibition of
the NF-kB inflammatory cascade.®

Meanwhile, other groups have associated the beneficial
effects observed with MSC-EVs in HIE preclinical models
with miR activity (Table 2). In 2018, human MSC-EVs were
shown to exert neuroprotective effects in a mouse neuroblas-
toma cell line (N2a) via EV-contained miRs of the let-7-5p
family that regulated caspase 3.2° Using an analogous model
of oxygen—glucose deprivation/reoxygenation in vitro, Han et
al. replicated the neuroprotective effects of MSC-EVs; notably,
inhibition of neuronal apoptosis was abrogated following
treatment with RNase A.% Similarly, beneficial outcomes were
recorded following MSC-EV administration in vivo, and were
particularly associated with miR-410 by the same group.® In
another HIE mouse model, mouse-derived BM-MSC-EVs
containing miR-21a-5p achieved both anti-inflammatory and
anti-apoptotic effects; the latter was abolished following pre-
treatment with miR-21a-5p inhibitor.®’ On the other hand,
MSC pretreatment with hydrogen sulfide yielded EVs with
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significantly enhanced protective properties and miR-7b-5p
content. Again, any additional benefit compared to the mor-
phologically similar EVs without hydrogen sulfide pretreat-
ment was lost following miR-7b-5p knockdown.®*

Notably, MSC-EVs have shown remarkable neuroprotective
potential in other brain injury models besides HIE (Table 2).
Thomi et al. explored the therapeutic effect of MSC-EVs in
an in vivo model of combined LPS and hypoxic-ischemic per-
inatal brain injury. MSC-EVs improved the survival rate and
rescued normal myelination, mature oligodendroglia, and
neuronal cell counts. They significantly improved the learning
ability and memory of treated animals 4 weeks post-injury
but were unable to prevent long-term memory impairment.
MSC-EVs dampened the LPS-induced neuroinflammation,
both in vivo and in vitro, possibly through a TLR-4/CD14
signaling pathway preventing the degradation of IkBa and
the phosphorylation of MAP kinase family molecules, such as
ERK1/2, JNK, and p38.55%¢ Notably, bio-distribution studies
demonstrated even distribution of MSC-EVs throughout the
whole brain, as well as the deep layers 3 h post-intranasal
administration.®® Similarly, in a model of LPS-induced peri-
natal brain injury, Drommelschmidt et al. demonstrated that
MSC-EVs decreased neuronal damage, microgliosis and re-
active astrogliosis, as well as prevented myelination defects
and white matter injury. Even though MSC-EVs did not alter
activity and anxiety parameters or learning behavior of ad-
olescent and adult rats, they improved the long-term cogni-
tive function.®” Ahn et al. were able to show identical efficacy
of umbilical cord MSC-EVs to the parent cells in a rodent
model of neonatal intraventricular hemorrhage (IVH). MSC-
EVs attenuated IVH induced neuro-inflammation and apop-
tosis, as well as prevented progression of post-hemorrhagic
hydrocephalus, and improved behavioral outcomes possibly
by BDNF transfer.®® Pathipati et al. were able to recapitu-
late the neuroprotective effects of BM-MSCs with the use of
BM-MSC-EVs in an in vivo model of perinatal stroke. Mouse
BM-MSC-EVs were able to significantly reduce the infarct
volume and the caspase 3 dependent apoptosis by modulating
microglial cytokine and chemokine profile in the injury site.
Importantly, they observed similar therapeutic effects with ei-
ther intranasal or intracerebroventricular EV administration,
while EVs were specifically located in microglia/macrophages
of the injury site.®” These findings facilitate the MSC-EVs
transition from the bench to the bedside, as they indicate an
effective non-invasive administration route and postulate
their targeted therapeutic effects to the injury site. The studies
on neonatal brain injury models and their main results are
summarized in Table 2.

MSC-EVs for ROP

Another sequelae of premature birth, which can be seen
alone or associated with BPD, is ROP. This is a potentially
blinding vasculo-proliferative retinal disease, which remains
the second leading cause of childhood blindness in the US
after cortical visual impairment.”” The pathophysiology of
ROP includes two phases: phase 1 involves delayed physi-
ologic retinal vascular development, and phase 2 involves
vasoproliferation. Premature delivery exposes the immature
retina to higher-than-normal oxygen levels, even in ambient
air. This hyperoxic status decreases hypoxia inducible factor
la (HIF1a), leading to decreased VEGF, as well as IGF-1
levels, thus halting retinal vessel growth. Subsequently,
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this leads to impaired retinal oxygen supply resulting in
increased angiogenic signaling, which promotes disorgan-
ized proliferation of leaky and immature retina vessels
possibly leading to vitreo-retinal traction and retinal detach-
ment.”"”? Although current treatment options, such as laser
photocoagulation, target disease progression and reduce the
incidence of blindness from ROP, treated patients often still
have suboptimal visual acuity. Thus, less invasive alterna-
tive treatments focusing on disease prevention need to be
explored.

Several groups have reported beneficial effects of intravitreal
administration of MSCs and their CM for retinal vascular in-
jury either in oxygen-induced retinopathy (OIR), a preclinical
model of ROP, or in ischemia-reperfusion models. MSC treat-
ment was able to decrease the area of neovascularization, pre-
serve retinal thickness and prevent the loss of retinal ganglion
cells.”>7¢ In addition, BM-MSCs and their CM were able to in-
hibit neovascularization and diminish initial vaso-obliteration
potentially by restoring neuronal semaphorin 3E (Sema3E)
levels leading to reduction of interleukin-17A (IL-17A) and
other proinflammatory factors in myeloid cells.”® Accordingly,
Moisseiev et al., reported preserved retinal vascular flow, at-
tenuated neovascularization, and reduced retinal thinning fol-
lowing human BM-MSC-exosome treatment in an OIR model.
Proteomic analysis of BM-MSC-exosomes, to assess factors
mediating their protective effects, demonstrated pro-survival-
associated proteins, such as cAMP response element-binding
protein (CREB) pathway. Notably, BM-MSC-exosome treat-
ment did not provoke any immunogenicity or had any adverse
effects.”” More recently, Fernandez-Gonzalez et al. investigated
the retina of mouse pups exposed to 7 days of hyperoxia in a
rodent model of BPD treated with hWJ-MSC-EVs. Hyperoxia
exposure resulted in reduction of retinal thickness, as well as
induction of gliosis. In addition, hyperoxia induced microglia
activation and invasion into the outer nuclear layer depicted
as increased ionized calcium binding adaptor molecule (Iba-1)
immunofluorescence. Interestingly, a single dose of MSC-EVs
was able to preserve retinal thickness, decrease gliosis and pre-
vent microglial activation and invasion of the outer nuclear
layer.® Table 3 summarizes the main details of the studies on
ROP.

MSC-EVs for NEC

Necrotizing enterocolitis is a devastating gastrointestinal dis-
ease of prematurity, primarily affecting preterm infants with
a birth weight of less than 1500 g. It is estimated to affect
approximately 1-3 infants per 1000 live births in the US,
with 20%-40% requiring surgical intervention.>”%” NEC has
a multifactorial etiology, with several contributing factors,
such as prematurity, formula feeding, and bacterial contami-
nation. The immature gastrointestinal mucosa and the naive
immune system facilitate the invasion of gas-forming bacteria
into intestinal epithelium, leading to extensive intestinal in-
flammation, full-thickness necrosis, and perforation. This
devastating injury often results in systemic inflammation,
short bowel syndrome, prolonged neonatal hospitalization,
impaired growth, and poor long-term neurodevelopment.®®$!
Even though, early recognition and aggressive treatment have
significantly improved the clinical outcomes, NEC still ac-
counts for substantial morbidity, mortality, and high costs for
families and society. Therefore, the exploration of alternative
treatment strategies is essential.

Stem Cells, 2022, Vol. 40, No. 11

Several preclinical studies have demonstrated the protective
effects of MSCs in NEC models. MSCs from variable sources
improve survival rate, weight gain and significantly attenu-
ated mucosal damage following intraperitoneal or intrave-
nous delivery.'®$2 More recently, McCulloh et al., compared
the therapeutic efficacy of MSCs from different sources (am-
niotic fluid (AF)-MSCs, BM-MSCs, amniotic fluid-neuronal
stem cells (AF-NSCs), and neonatal enteric neural stem cells
(E-NSCs)) and observed similar therapeutic effects on re-
ducing the incidence and severity of experimental NEC, as
well as preserving the intestinal permeability.®3*

Rager et al. from the same group were the first to report
the equivalent protective effects of MSC-EVs in a neonatal
rat model of NEC (Table 3). A single intraperitoneal injection
of MSC-EVs was equally potent to the parent cell in reducing
NEC incidence and severity, as well as, preserving the integ-
rity of the gut barrier.® Later the same group compared the
efficacy of EVs derived from AF-MSCs, BM-MSCs, AF-NSCs,
and E-NSCs reporting similar efficacy between the different
EVs, equivalent to the respective parent cell treatment.%
More recently, Li et al. demonstrated that AF-MSCs and their
EVs reduced intestinal injury by activating the Wnt signaling
pathway. Both treatments increased cellular proliferation,
reduced intestinal inflammation (Interleukin-6, TNF-a), and
ultimately regenerated a normal intestinal epithelium. The
latter was mediated through increased intestinal stem cells
and epithelial proliferation via Wnt signaling. Interestingly,
the timing of EV administration was instrumental for their
therapeutic effect, as delivery prior to NEC induction failed
to prevent injury.®” Later, the same group reported similar
protective effects on intestinal inflammation and regeneration
with the use of human AF-MSC CM and EVs. Functional pro-
teomic analysis identified several protein clusters associated
with immune and cell cycle regulation possibly responsible
for their effects.®®** Taken together, these studies highlight a
promising regenerative potential of MSC EV-based therapies
for the treatment of NEC, which call for further exploration.
A summary of the studies on NEC is presented in Table 3.

The Antenatal Effect of MCS-EVs

Preterm birth is inevitably associated with maternal and pla-
cental health, as preeclampsia and intrauterine growth re-
striction (IUGR) are common reasons for indicated preterm
delivery.”® Accumulating evidence highlight the potent effects
of antenatal adverse factors on postnatal health, especially on
respiratory outcomes.”’*> Mestan et al. demonstrated that his-
tological and cord blood biomarkers related to preeclampsia
vascular hypoperfusion were predictive of BPD and pulmo-
nary hypertension in the newborn.”>** Preeclampsia itself, as
well as IUGR status have also been significantly implicated
with increased BPD risk®®¢ and therefore can potentially
impact the neonatal pulmonary health long-term. Similarly,
placental inflammation or infection due to chorioamnionitis
hinders normal lung growth” and can lead to worse
outcomes.”® The above suggests that prematurity, as well as
infant postnatal health and development are significantly as-
sociated with the antenatal placental health, highlighting the
uteroplacental equilibrium as a potential therapeutic target.
On that note, recently our group demonstrated the pro-
tective effect of MSC-EVs on preeclampsia, preeclampsia-
associated IUGR status, and lung outcomes (Table 3).7%1%
Using a preclinical model of preeclampsia—the heme
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oxygenase (Hmox1)-null mouse—Taglauer et al., showed that
intravenous antenatal MSC-EV therapy was able to prevent
core preeclamptic features, as well as significantly improve
fetal loss and intrauterine growth restriction.”” Newborn pups
of preeclamptic mothers demonstrated significant alveolar
simplification altered bronchial epithelial morphology and
alterations in lung developmental genes, further confirming
the adverse effect of prenatal conditions on the developing
lung.'% Interestingly, weekly systemic administration of MSC-
EVs to the pregnant preeclamptic mothers was able to prevent
the aforementioned deleterious effects on the neonatal lung.
Possibly, MSC-EVs confer their therapeutic effect indirectly,
as the direct MSC-EV application on lung explants had no
effect. MSC-EV therapy significantly altered the cytokine and
proteomic profiles of the preeclamptic amniotic fluid (AF),
which evidently was the mediator of MSC-EV therapeutic ef-
fect on lung development. These alterations are possibly asso-
ciated with immunomodulation of uteroplacental leukocytes,
as mass cytometry analysis showed that a single MSC-EV in-
jection altered the abundance, surface marker repertoire, and
cytokine profile of multiple immune cell populations of the
uteroplacental environment.”'*

On the same note, using a rat model of endotoxin (ETX)
induced-chorioamnionitis, Abele et al. evaluated the effect of
intrauterine MSC-EV treatment on the placenta and the ne-
onatal lung. The placentas of the ETX group demonstrated
increased inflammatory markers (NLRP-3, IL-18) and al-
tered spiral artery morphology. Analysis of ETX group neo-
natal lungs showed decreased alveolarization and pulmonary
vessel density, increased right ventricular hypertrophy, and
worse lung mechanics compared to healthy controls; further
supporting the impact of antenatal environment on post-
natal lung health. Interestingly, intrauterine MSC-EV therapy
reduced placental inflammatory cytokines and normalized
spiral artery architecture. Additionally, the pups of the
MSC-EV group had preserved distal lung growth and mech-
anics. Finally, MSC-EV treatment on fetal lung explants in
vitro conferred enhanced distal lung branching and increased
VEGF and surfactant protein C gene expression compared to
ETX exposure.!!

Consequently, the above studies (Table 3) highlight the det-
rimental role of the dysregulated intrauterine environment on
postnatal lung development, and the tremendous potential of
MSC-EVs to modulate both the uteroplacental equilibrium,
as well as restore neonatal lung development even in the an-
tenatal setting.

MSC-EV Clinical Translation

Despite the rapidly growing interest and research on MSC-
EVs, the field is still in its infancy and there are several
challenges to be addressed to achieve an optimal transition
to the clinic. One of the major hurdles is the heterogeneity
of the MSC-EV preparations brought by the absence of
standardized and consolidated criteria for EV production.
To this end members of 4 academic societies (SOCRATES,
ISCT, ISEV, and ISBT) have proposed specific harmonization
criteria for MCS-EV isolation, purification, and characteriza-
tion, with the hope to help achieve the homogeneity required
for the clinic.”® Another important challenge is the need of a
thorough evaluation of MSC-EV potency and purity prior to
use in the clinic with a reliable functionality assay, as it has
been shown that EV preparations might differ in the particle
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number, potency, and purity resulting in ambiguous function-
ality.!%>19 This important quality control step will certainly
facilitate the optimal transition to the bedside.

Notably, variables such as the dosage, the appropriate fre-
quency, and the optimal timing of administration remain
debatable. Single or multiple, as well as early versus late ad-
ministration of the MSC-EVs, still need to be determined and
might vary depending on the disease of interest. On that note,
there are several preclinical studies reporting beneficial results
with a single dose of MSC-EVs, when delivered early in the
disease process, 833344100 while at the same time some studies
have shown reversal or amelioration of the disease features
with multiple dosages in later time points.** In addition, po-
tential safety concerns need to be addressed and monitored, as
the exact contents, purity, and heterogeneity of each EV prep-
aration vary, as well as their potential hemocompatibility.!%*
So far, the results from the preclinical studies examining the
therapeutic potential of MSC-EVs, such as those cited in this
review, have not reported any major side effects. Lastly, EV
preservation and storage are important as certain storage
conditions might affect the EV potency.'® The former ob-
stacle of scalability of MCS-EV production for the use in clin-
ical trials is being resolved by the rapid increase in companies
stepping into the field of EV production. Evidently, more
work is required to better standardize the EV production,
isolation, and characterization, as well as to decipher their
molecular and cellular mechanism of action. Some important
steps to this end are already being done by academic experts
in the field with efforts toward standardization and harmo-
nization, such as the MISEV2018 and publications regarding
the minimal experimental requirements for EVs,2225103,106,107

The promising therapeutic effects of MSC-EVs in several
preclinical studies have increased the excitement for their
translation to the clinic. Even though to date there are some
clinical trials exploring the safety and efficacy of MSCs in BPD,
IVH, HIE, and a case study for NEC!%113 (NCT04873752,
NCT03635450) to the best of our knowledge there are only 2
on the MSC secretome for neonatal diseases. The first one is a
phase I study exploring the safety of MSC-EV therapy for the
prevention of BPD (NCT03857841), which was discontinued
due to business decisions by the sponsor company. The second
one is a study exploring the safety and efficacy of MSC para-
crine factors on HIE (NCT02854579) whose status is unknown.

Arguably, the neonatal preterm population is most vul-
nerable and poses both technical and ethical considerations
that may complicate enrollment in clinical trials. The appro-
priate dosing, as well as the most suitable route of admin-
istration (systemic or intratracheal) are factors that need to
be considered. Additionally, the timing of intervention is of
great importance in terms of disease stage and severity of ill-
ness. Based on animal work, early treatment is most effective,
but it may lead to babies receiving treatment who otherwise
would not have developed the disease. Conversely, treating
the most severely ill patients in the setting of what may be
an advanced diseases with scarring and fibrosis may not pro-
vide meaningful results. Nonetheless, the incidence of BPD is
rising, and given the lack of effective therapy to date, there is
a great need for well-designed clinical trials to evaluate novel
therapies such as MSC-EVs.

When looking at MSC-EV therapy in adult patients there
are some clinical trials demonstrating safety and indication of
therapeutic efficacy.'%®!'4!115 At the same time, there are clin-
ical trials listed on Clinicaltials.gov across the spectrum of
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diseases (ARDS, COVID-19, Type I diabetes, epidermolysis
bulosa, Crohn’s disease, burns) preparing to start.

Conclusion: Final Remarks

Despite the significant advances in neonatal care, there is still a
need for novel therapeutic approaches for the prevention and
treatment of neonatal diseases. Premature birth sequelae share
some common pathophysiologic mechanisms, such as tissue
immaturity, oxygen toxicity, or low oxygenation, as well as the
activation of immune cells that are critical for maintaining the
vascular and tissue homeostasis. Such disruption in local home-
ostasis can result in the developmental arrest of the implicated
tissues, potentially with long-term consequences. MSC-based
therapies have shown promising therapeutic potential for such
complex diseases with multifactorial etiologies. It is now widely
accepted that MSC therapeutic capacity is comprised in their
secretome, with the major therapeutic vector being the MSC-
secreted EVs. Several preclinical studies have demonstrated
beneficial results of MSC-EV treatment in the full spectrum of
neonatal diseases (Tables 1-3). As summarized in these Tables,
the MSC source of EVs may vary from BM to amnion and
umbilical cord, but the beneficial results observed, and the
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proposed mechanism of action is comparable. Even though
the detailed molecular mechanisms of MSC-EV action remain
the focus of intensive and thorough research, their beneficial
effects on perinatal pathologies seem to principally rely on
immunomodulation. The immunomodulatory reprogramming
of the tissue resident, as well as the circulating immune cells, in
a pro-homeostatic phenotype is probably favoring the paren-
chymal support and vascular stability resulting in tissue repair
and homeostasis (Fig. 2).

Indeed, EV-based therapeutics may represent the next-
generation drug delivery system, providing an impressive
efficacy for the treatment of numerous diseases of complex
pathophysiology. However, their clinical application and
development remain in their infancy hampered by tech-
nical, mechanistic and standardization issues. The need
for standardized MSC-sEV production that follows good
manufacturing practices, as well as the minimal criteria re-
quired for EV characterization as suggested by the ISEV and
other academic societies, are crucial for the optimal tran-
sition to the clinic. Additionally, quality control of the final
EV product regarding purity and potency is very important,
as EV preparations might differ in particle number, potency,
and purity resulting in ambiguous functionality.!>1% The next
important variables are the dosing, the appropriate frequency

Common Pathophysiologic Mechanisms
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Common Supportive Mechanisms

Prematurity and perinatal stressors disturb the physiologic equilibrium by inducing
growth arrest, inflammation and loss of vascular support. This is mediated by the
activation of macrophages(lung, intestine) or microglia(brain, eye), as well as the
impairment of supportive parenchymal cells.

MSC-EVs block this injurious effect by modulating the immune cell activation
and phenotype(lung,brain,eye), maintaining oligodendrocyte and glial cells, and
preserving intestinal epithelial integrity and lung parenchymal support.

Figure 2. Schematic illustration of the common pathophysiologic mechanisms shared by neonatal diseases, as well as the common supportive effects
of MSC-EV treatment. Prematurity and perinatal stressors disturb the physiologic equilibrium by inducing growth arrest, inflammation and loss of
vascular support. This is mediated by the activation of macrophages (lung, intestine) or microglia (bran, eye), as well as the impairment of supportive
parenchymal cells. MSC-EVs block this injurious effect by modulating the immune cell activation and phenotype (lung, brain, and eye), maintaining
oligodendrocyte and glial cells, and preserving intestinal epithelial integrity and lung parenchymal support.
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as well as the optimal timing of administration and storage.
Importantly, the quest for the active component of MSC-EVs
remains long and complex, despite the rigorous research. Even
though several studies have identified different miRs or single
proteins as the effector molecule of EV function, their vastly di-
verse cargo (combination of DNA, RNA, proteins, and lipids)
renders improbable a single moiety to be responsible for their
action. Instead, it is more likely that an “orchestra” of active
elements or enzymatic components exerts the MSC-EV ben-
eficial effect. One study proposed that based on biochemical
and biologically relevant concentrations, protein rather than
RNA transfer may be the more likely mechanism of MSC-EV
action.'® Clearly, more work is required to better standardize
the EV production, isolation, and characterization, as well as
to decipher their molecular, cellular, and epigenetic mechanism
of action that results in long-lasting effects.
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