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8.1 Introduction

Infants born with extremely low birth weight
(ELBW) have increased risk of developing a
number of diseases including periventricular leu-
komalacia (PVL), retinopathy of prematurity
(ROP), hypoxic-ischemic encephalopathy (HIE),
bronchopulmonary dysplasia (BPD), and pulmo-
nary hypertension (PH) [1]. With notable
advancements in surfactant therapy, postnatal
nutrition, the refining of steroid-based approaches
and an ongoing improvement in ventilation strat-
egies, the current standard of care for preterm
infants not only supports their survival but also
strives to minimize further organ injury and pro-
mote functional long-term recovery [2, 3].
Whereas recent studies established that the fre-
quency of several morbidities associated with
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prematurity is decreasing [4], the prevalence of
BPD is rising, perhaps as a consequence of our
own successes and this persists in the era of less-
invasive mechanical ventilation [5].

BPD occurs almost exclusively in preterm
infants that have required oxygen therapy and
mechanical ventilation [6]. Although an accurate
definition of BPD has historically lacked unifor-
mity, it is characterized by delayed or disordered
lung development, emphysema-like features of
lung disease (alveolar simplification), decreased
vascular surface area, and abnormal long-term
pulmonary function [7, 8]. Notably, secondary PH
has been linked to moderate to severe cases of
BPD and is characterized by remodeling of pul-
monary arterioles, elevated pulmonary vascular
resistance, right ventricular hypertrophy that may
progress to failure and overall increased infant
mortality [9, 10]. Arguably, current pharmaco-
logical interventions and past medical advances
appear to have only a subtle impact on the severity
and long-term consequences of the disease. Thus,
there is an imperative need to expand our thera-
peutic arsenal by developing novel and safe inter-
ventions to effectively treat the primary damage
and reduce the risks of further complications
associated with extreme preterm birth [11].
Herein, we will highlight the application of cell-
based therapies, focusing on mesenchymal stem
cells (MSCs), and commenting on their immuno-
modulatory role in experimental models of
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neonatal lung injury and PH, as well as the first
clinical trials on MSC therapy on neonates.
Furthermore, we will expand on the paracrine
attributes of MSC therapeutic properties, present-
ing current progress towards the development of
cell-free therapeutics based on MSC-derived exo-
somes/extracellular vesicles (MEX).

8.2  Stem Cell-Based Therapies

Stem cells have crucial roles in normal develop-
ment and in maintaining homeostasis by aiding
organ repair and regeneration throughout life, as
they can undergo self-renewal and can differenti-
ate into multiple cell types. They can be broadly
divided into two categories: pluripotent stem
cells (PSCs) and adult (somatic) stem cells,
MSC:s belonging to the latter category. The defin-
ing characteristic of these two stem cell types is
that PSCs, either of embryonic origin (ESCs) or
induced (iPSCs), can activate an extensive reper-
toire of differentiation pathways and are able to
become almost all specialized cell types. Adult
stem cells can only differentiate into a limited
number of cell types closely related to their tissue
of origin, or, in the case of MSCs, into cell types
of mesenchymal origin. A property most relevant
to the field of regenerative medicine is that PSCs
have essentially unlimited renewing capability,
and thus they can be readily expanded in tissue
culture without losing their differentiation capa-
bilities. That ability represents a major advantage
over cultures of adult stem cells, which can be
expanded for only limited passages and eventu-
ally lose their “stemness.” The PSC advantage is
also the basis of the great disadvantage in terms
of live cell therapeutic treatments, as they have
been associated with teratoma formation in vivo.
For a recent concise review please see Kolios &
Moodley [12].

The immature organs of preterm infants are
vulnerable to the detrimental effects of oxidative
stress, infection, and associated insults resulting
in tissue damage and perturbations of develop-
mental pathways that, in the case of the immature
lung, can lead to BPD and PH [6, 7]. It has been
a valid assumption that depletion or dysregula-

tion of endogenous stem/progenitor cell popula-
tions in the developing lung could arguably
underlie tissue simplification and disease pro-
gression [13]. Therefore, an approach to restore
homeostasis could be based on harnessing the
well-established regenerative and immunomodu-
latory properties of stem cells. Indeed, over the
past decade, a large number of studies, both in
preclinical models of disease as well as in clinical
trials, explored the promise of the therapeutic
potential of interventions based on stem cell
transplantation in a number of diverse diseases,
albeit the original high expectations have yet to
be fulfilled.

8.2.1 Pluripotent Stem Cells (PSCs)
PSCs are comprised of embryonic stem cells
(ESCs) [14] and induced pluripotent stem cells
(iPSCs) [15]. ESCs have extensive self-renewal
capacity and can differentiate into specific germ
layers. The identification of four key transcrip-
tion factors (KLF4, OCT4, SOX2, and ¢c-MYC)
that can reprogram fully differentiated somatic
cells into PSCs [16] has been a pivotal paradigm
shift in the field. The potential to reprogram fully
differentiated somatic cells is enormous, as the
expansion could occur in vitro, but also, this
could overcome immune-mediated rejection by
providing as an autologous source of stem cells
for transplantation.

There is a scarcity of studies addressing the
potential of PSCs for in vivo lung repair. Notably,
it has been reported that ESCs, differentiated into
alveolar epithelial type II cells (ATII) can populate
the mouse lung parenchyma upon endotracheal
injection [17]. More recently, innovative
approaches using in vitro differentiation regimens
and reimplantation or organoid models have dem-
onstrated the capacity of iPSCs to recapitulate the
lung architecture and environment by generating
distal alveolar epithelial cells and conducting air-
way epithelial cells [18, 19]. Further, the airway
delivery of human iPSCs-derived ATII to a hyper-
oxia-induced lung injury in vivo model improved
lung function and structure [20], but the actual use
of PSC transplantation in clinical trials on lung
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disease may be far in the future, as ethical con-
straints surround the generation of ESC lines and
the pluripotent nature of both iPSCs and ESCs
does raise grave concerns for potential teratogenic
risks, as reviewed in [21-23]. In the lung field, the
foreseeable current application for iPSCs will be
in basic research, as they can be used to generate
complex 3D lung organoids [24], useful in studies
to understand lung development using in vitro
tools. In the near future, iPSCs could be instru-
mental in whole organ tissue engineering to
achieve the repopulation of decellularized xenoge-
neic lung matrix scaffolds with human cells. When
proper topological distribution, cell-type differen-
tiation, and long-term viability is achieved, these
efforts could pave the road for unlimited availabil-
ity of “humanized,” transplantation-competent
lungs in the not-too-distant future [25-27].

8.2.2 Adult Stem Cells

Originally, the best-described adult stem cells
were hematopoietic stem cells, with their poten-
tial to reconstitute the entire hematopoiesis pro-
gram of the bone marrow (BM). Since then,
progress in stem cell biology has identified
numerous stem/progenitor cells, including endo-
thelial progenitor cells (EPCs), human amnion
epithelial  cells (hAECs), and MSCs.
Transplantation of different adult stem cells types
in preclinical models of neonatal disease, includ-
ing neonatal brain injury [28], hypoxia-ischemia,
and cerebral palsy [29], as well as stroke, BPD,
and PH [13, 30, 31], have produced very promis-
ing results.

EPCs were first identified and isolated from
adult peripheral human blood [32], and shown to
retain the capacity to differentiate into functional
endothelial cells and sustain vasculogenesis. It
was hypothesized that EPCs administration
would benefit infants at risk with BPD. Indeed,
administration of conditioned media (CM)
derived from endothelial colony-forming cells
(ECFCs) promoted angiogenesis in vitro and
ameliorated parameters of PH subsequent to
experimental BPD [33]. Intravenous (IV) infu-
sion of human umbilical cord blood (UCB)-

derived ECFCs into immuno-deficient rodents
exposed to hyperoxia promoted lung vascular
growth and attenuated alveolar injury [34]. A dis-
concerting observation in these rodent animal
models was the appearance of aberrant tissue
growth in the lungs upon transplantation of long-
term cultured EPC-like lines [35]. Although such
growth was not observed using fresh EPC cul-
tures, safety concerns may be raised in using
such cells in human clinical trials. In contrast,
hAECs may represent a promising perinatal
tissue-derived product for BPD treatment, as they
exhibit mostly anti-inflammatory properties and
are isolated from the amniotic membrane at birth
[36]. Studies have highlighted that hAECs atten-
uate the fetal pulmonary inflammatory response
and promote the lung-protective effects in neona-
tal mouse and sheep models [37, 38].
Administration of hAECs in neonatal models of
BPD by IV or intratracheal (IT) routes effectively
ameliorated alveolar injury and reduced fibrosis
with some evidence of transdifferentiation events
and cell engraftment [39]. As it has been firmly
established for MSCs (see below), it has been
suggested that the main mechanism of protection
by hAECs against acute and longer-term injury is
predominantly paracrine [40, 41]. The donor
cells exert their beneficial effects by modulating
the local inflammatory response, rather than
through tissue repair and engraftment in the
recipient lung, as had been postulated in earlier
studies [37, 39].

8.3 Mesenchymal Stem Cell-
Based Therapies
in Preclinical Models of Lung

Injury

Mesenchymal stem cells were originally isolated
from the bone marrow [42], and subsequently
from several other adult tissues such as adipose
[43], dental pulp [44], and Wharton’s jelly [45].
Early work stressed the multipotent attributes of
MSCs, as witnessed by their ability to differentiate
into mesoderm-derived lineages. The
International Society for Cellular Therapy (ISCT)
proposed minimal requirements to define human
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MSCs, which entail: (1) adhesion to plastic; (2)
expression of the cell surface markers CD73,
CD90, and CDI105; and (3) lack of CD11b or
CD14, CD34, CD45, CD19 or CD79a, and
HLA-DR surface expression; (4) ability to differ-
entiate into adipocytes, chondrocytes, and osteo-
blasts in vitro [46]. The exact definition of MSCs
is still evolving, as methodologies used in isolat-
ing, expanding, and characterizing MSCs differ
considerably between research groups. It has
been realized that MSC isolates can exhibit sig-
nificant inter-culture and intra-culture variation
both in surface markers and differentiation poten-
tial [47, 48]. It is therefore important to carefully
consider the source, lineage, and age of MSC cul-
tures to be used for studies involving therapeutic
applications and be aware of possible significant
variations in their transcriptome and proteome
[43, 49-51]. Indeed, development of novel
screening technologies is critical to fully charac-
terize large panels of surface markers and the
MSC populations they represent [52, 53]. Driven
by these considerations the current consensus is
that mesenchymal stromal (rather than stem)
cells should be the more appropriate designation
for MSCs, a moniker that reflects observed het-
erogeneities in functional properties and differ-
entiation potential.

The ease of isolation, expansion, and in vitro
differentiation potential of MSCs made them a
favorite reagent in preventive and regenerative
studies on a wide spectrum of animal models of
disease, and MSC transplantation was shown to
be very effective in ameliorating and even revers-
ing critical parameters associated with lung dis-
eases, as reviewed in [54-59]. In order to model
interstitial lung diseases, bleomycin-induced
lung injury is commonly used, inducing pulmo-
nary fibrosis as well as pulmonary hypertension
through proinflammatory and fibrotic reactions.
The mouse bleomycin model allows for mecha-
nistic studies in these two pathological processes
that also exist in BPD—fibrosis to a milder
degree and PH seen in moderate to severe cases
of BPD [9]. Early studies using the bleomycin
mouse model of pulmonary fibrosis [21, 60-63]
reviewed in [64] demonstrated that MSC treat-
ment was very effective if administered during

the initial phase of inflammation, improving col-
lagen deposition and the Ashcroft score for fibro-
sis. Animal survival was also improved, and
inflammatory markers were reduced in the bron-
chopulmonary lavage. Nevertheless, MSC treat-
ment was less effective in reversing the fibrotic
phase of the disease. Similarly, studies on a rat
monocrotaline (MCT) model of pulmonary arte-
rial hypertension demonstrated that either IV or
IT administration of BM-derived endothelial pro-
genitors [65] or BM-derived MSCs [66—-69] ame-
liorated arteriolar narrowing, alveolar septum
thickening and right ventricular hypertrophy
(RVH), and improved RV function and pulmo-
nary vascular resistance, whilst improving
endothelium-dependent responses.

Using the mouse model of hypoxia-induced
pulmonary hypertension (HPH), Liang et al.
demonstrated that the therapeutic effect of mouse
BM-MSC treatment was associated with the sup-
pression of the lung inflammatory response
induced in the early stages of hypoxic exposure
[70]. In this work, a careful assessment of a num-
ber of male donor MSCs residing in the recipient
female lung demonstrated that the dramatic phys-
iologic effect was associated with insignificant
donor cell engraftment. In studies on the
hyperoxia-induced neonatal rodent model of
BPD, BM-MSC treatment, either by the IV or IT
routes, was shown to be effective in protecting
against arrested lung vascular and alveolar devel-
opment [71, 72]. Significantly, and congruently
with the low donor cell engraftment observed in
the HPH studies, media conditioned by MSCs
conferred a similar, or even more robust, protec-
tive effect in vivo [71], buttressing the concept
that MSC therapeutic action in the lung is pre-
dominately paracrine (see below). Subsequent
confirmatory studies showed that MSCs isolated
from human umbilical cord blood (UCB) can be
effective in attenuating hyperoxia-induced lung
injury in neonatal rats, exerting both short-term
and long-term (6 months) therapeutic benefits,
with persistent improvement in exercise capacity
and lung structure and without adverse lung
effects [73, 74]. Significantly, in the hyperoxia-
induced BPD model, UCB-derived MSCs
showed significant protection only in the early,
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but not the late phase of lung inflammation [73].
This parallels the studies demonstrating that sup-
pression of the early inflammatory peak induced
by hypoxia in the mouse model of HPH, by either
BM-MSCs [70] or ectopic expression of the cyto-
protective enzyme Hmox1 [75], confers long-
term protective benefits. This strongly suggests
that MSC treatment for lung disease may prove
to be more efficacious in preventing the estab-
lishment of pathology, arguably by restoring
homeostasis at the onset of injury, rather than
reversing established injury.

8.3.1 The Therapeutic Action
of MSCs in the LungIs
Predominantly Through

Paracrine Mechanisms

The original promise of MSCs was that their
plasticity and multipotent differentiation capacity
would permit the development of therapies where
the donor cells would participate in extensive
repair and regeneration of injured or diseased
lung tissue. Indeed, some early reports, fueled by
enthusiasm for the new regenerative paradigm,
claimed wide-spread engraftment of donor MSCs
into the recipient lung, and massive in situ dif-
ferentiation of donor cells into pneumocytes
residing in the recipient lung [60, 61, 76-78].
Subsequent studies, however, clarified that the
impressive improvement in lung physiology
observed by MSC transplantation therapy could
not be accounted for by donor cell engraftment
and trans-differentiation as originally reported.
Indeed, careful studies transplanting male mouse
BM-MSCs in hypoxic females revealed that
donor MSCs survive only a few days in the lung,
and although engraftment and transdifferentia-
tion into pneumocytes, in particular alveolar type
IT epithelium, was observable, the actual number
of engrafted donor cells was miniscule [70]. In
parallel studies, using a hyperoxia-induced neo-
natal mouse model of BPD, Aslam et al. reported
that media conditioned by mouse BM-MSC
(MSC-CM) were more beneficial than IV injec-
tions of MSCs in reducing fibrosis and improving

alveolar simplification [71]. In a follow-up study,
when neonatal mice were exposed to hyperoxia
(75% 0O,) for 2 weeks to initiate lung injury, it
was demonstrated that a single dose of mouse
MSC-CM reversed the hyperoxia-induced paren-
chymal fibrosis and peripheral devascularization
(pruning), ameliorated PH and RVH, improved
lung alveolar development, and normalized lung
function (dynamic lung compliance and airway
resistance) [79].

The realization that paracrine factors play a
major, if not the sole role in the mechanism of
MSC therapeutic action [79-81] has by now been
confirmed by many independent studies [82—-84].
More recently, a meta-analysis evaluated the
therapeutic potential of utilizing MSCs and
MSC-CM in experimental BPD [85]. This analy-
sis of 25 controlled studies that met the inclusion
criteria used lung alveolarization as the primary
outcome and the authors reported that specifi-
cally, the administration of MSC-CM signifi-
cantly improved alveolarization, ameliorated
lung inflammation and fibrosis, without compris-
ing safety and efficacy.

Results from these preclinical models strongly
suggested that the beneficial effects of MSC
paracrine activity are associated with modulation
of the host immune system, congruent with the
known attribute of MSCs as potent immunomod-
ulators [86—-88]. Nevertheless, the exact molecu-
lar mechanism(s) remain under active
investigation and certain hypotheses have been
advanced on the nature of the MSC immunomod-
ulatory paracrine activity and on the host target
cell(s) that respond to these MSC signals. Initial
efforts in identifying the active therapeutic moi-
eties in the MSC secretome had predominantly
focused on growth factors, chemokines and cyto-
kines [89-91], but it became evident that not one
single molecule could possibly account for all the
observed diverse effects, and not one single mol-
ecule could recapitulate all the therapeutic func-
tion when administered in isolation. As discussed
below, it was soon realized that the vector of
MSC therapeutic function was represented by a
higher order of complexity, to wit MSC-derived
extracellular vesicles.
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8.4 Extracellular Vesicles:
The Therapeutic Vector

of the MSC Secretome

Extracellular vesicles (EVs) are a heterogeneous
class of lipid bilayer-enclosed microparticles, har-
boring diverse plasma membrane and cytoplasmic
components. Such submicron structures are pro-
duced by all cells (including prokaryotes), and
they were originally characterized as a mecha-
nism through which the cell may jettison unwanted
molecules, akin to a cellular “garbage shuttle.”
Although components of the mechanism have
been coopted in evolution to also serve other pur-
poses, notably the generation of retroviral parti-
cles, the great majority of EVs produced by a
normal, healthy cell is, arguably, garbage.
Nevertheless, it appears that certain cell types
may have evolved a mechanism to produce a sub-
class of EVs designed for broadcasting signals to
their environment, to sustain surveillance of, and,
in turn, to affect other cells. That active EV sub-
population, which we can term the ‘“signalo-
somes,” plays a significant role in health and
disease, and this realization has opened new
research themes for future EV therapeutic appli-
cation across multiple disciplines. We will discuss
here basic tenets of EV biology and the recent and
exciting realization that MEx represent the thera-
peutic vector of the MSC secretome.

8.4.1 EV Diversity

and Nomenclature

The size and molecular characteristics of EVs are
diverse, and full definition of EV subclasses and
their biogenesis remains an active field of
research [92]. As described in more detail in
Chap. 4, EVs can generally be divided into three
main types: (1) exosomes, defined as vesicles of
approximately 30-150 nm in diameter and of
endosomal origin, appear as intraluminal vesicles
(ILVs) in multivesicular bodies (MVBs) and they
are released as EVs upon fusion of the MVB with
the plasma membrane; (2) microvesicles (MVs),
defined as vesicles of approximately 150-
1000 nm in diameter that bud directly from the

plasma membrane; (3) apoptotic bodies or blebs
(ABs), defined as vesicles greater than 1 pm in
diameter and released from cells undergoing
apoptosis [93]. Of these three major classes, the
exosomes are the products of a most intricately
controlled biogenesis pathway, with a finely
tuned selection of cargo. It is therefore safe to
hypothesize that the signalosomes, the putative
therapeutic vector of MSCs, represent an exo-
somal subclass [94]. The International Society of
Extracellular Vesicles (ISEV) has defined mini-
mal framework guidelines to characterize EVs
and their function [94-96]. The term “EVs” is
suggested to denote all extracellular vesicles
where the purity of a particular preparation can-
not be ascertained and ISEV requirements
include biophysical properties, subcellular ori-
gin, and protein markers, useful as standards to
identify the heterogeneous nature of EVs. This
incomplete understanding of EV diversity is
mostly due to technological limitations in effi-
ciently separating EV subpopulations based upon
their molecular profile. Novel approaches, sepa-
rating EVs based upon biophysical properties,
such as asymmetric flow field-flow fractionation
(AF4) are expected to facilitate EV subclass defi-
nitions [97], and, when applied to MEX prepara-
tions, will permit the enrichment of a more
homogeneous signalosome population that will
further our understanding of the relevant cargo
conferring the action of MEx on recipient cells.

8.4.2 [Exosome Biogenesis
and Secretion

The formation of MVBs consists of highly
dynamic endosomal membrane compartments
involved in the internalization of extracellular
protein, ligands, or cellular components, their
recycling to the plasma membrane, and/or their
degradation [98]. Early endosomes mature into
late endosomes and are denoted as MVBs due to
their morphological features. During this pro-
cess, they accrue ILVs in their lumen, through
invagination of the defining lipid bilayer, and
ILVs are considered to be the precursors to the
“true exosomes” (Fig. 8.1). ILVs are formed by
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Fig. 8.1 Schematic representation of EVs from different
intracellular origin and the molecular machineries of exo-
some/EV biogenesis and secretion. Microvesicles (MVs)
can be released from direct budding from the plasma mem-
brane. Multiple machineries are involved in the biogenesis
of intraluminal vesicles of multivesicular bodies (MVB) via
endosomal sorting complex required for transport (ESCRT)-
dependent or independent mechanisms. It remains unknown

inward budding of the early endosomal mem-
brane, sequestering proteins and lipids that are
specifically sorted. The formation of MVBs and
ILVs are processed by the endosomal sorting
complex required for transport (ESCRT) com-
plex, containing approximately thirty proteins.
This has four distinct ESCRT complexes
(ESCRT-0, -1, -II, and -IIT), with associated pro-
teins such as programmed cell death 6-interacting
protein (ALIX), vacuolar protein sorting-
associated protein 4 (VPS4), and vacuolar pro-
tein sorting-associated protein (VTAT1). These
complexes and proteins have distinct tasks
including: interaction with ubiquitinated mem-
brane proteins to membrane deformation and
abscission [99]. Upon MVB maturation, traffick-
ing of MVBs between organelles and the extra-
cellular space is governed by small Ras-associated
(RAB) GTPase proteins that are essential for
regulating transport between different endosomal

whether they act simultaneously on the same MVB or on
different MVBs. The Ras-protein (RAB) family has roles in
modulating endosomal trafficking; with RAB7 trafficking
MVBs for lysosomal degradation; RAB11, RAB27A, and
RAB35 have been shown to promote exosome secretion by
trafficking MVBs to the plasma membrane. It is proposed
that secretion of Distinct Exosome Sub-Populations is gov-
erned by the RAB protein family as reported [124, 147, 148]

compartments [100]. The RAB GTPase super-
family, composed of at least 60 proteins, can play
vital roles in controlling membrane identification
and MVB budding, motility, uncoating, and
fusion [101]. The final step of exosome release,
involves fusion with the acceptor membrane that
depends on the protein family, soluble
N-ethylmaleimide-sensitive fusion attachment
protein receptor (SNARE) [102]. Members of
this family are categorized as vesicular SNAREs
(v-SNARE) located on the vesicle’s membrane
and target SNAREs (t-SNARE) located on the
membrane of acceptor compartments [103, 104].
This process is proposed to allow the SNARE
proteins to form complexes between the MVB
and plasma membrane to mediate fusion; thus,
allowing the release of ILVs, termed as exo-
somes, often represented by a heterogeneous
population that differs in their molecular
composition.
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8.4.3 Composition of Extracellular
Vesicles

The molecular composition of EVs remains vari-
able and dependent upon the cellular origin, stim-
uli, and their biogenesis. During biogenesis, EVs
incorporate an array of bioactive cargo from their
parent cells. Some of the cargo can be reported to
include genetic information in the form of DNA,
mRNA, noncoding RNAs (microRNA: miRNA),
free fatty acids, and proteins. Extracellular vesi-
cle characterization has been aided by the devel-
opment of comprehensive databases such as
ExoCarta [105], Vesiclepedia [106], EVpedia
[107], and exoRBase [108] that assembled EV
findings from different studies with the goal of
aiding investigators in finding molecular signa-
tures specific to cell/tissue type. As a result, cer-
tain proteins were identified as being
exosome-associated, including flotillin-1
(FLOT1), ESCRT-related proteins, ALIX and
tumor susceptibility gene 101 (TSG101), the tet-

raspanins, CD9, CD63, and CDS81, RABs,
SNARES, and others (Fig. 8.2). EV membranes
are also enriched in cholesterol, sphingomyelin,
ceramide, and lipid raft proteins [95, 109].
Furthermore, EVs express integrins which may
contribute to delivering their bioactive cargo to
specific tissues and organs [110], but the cargo’s
fate remains unclear and appears dependent on
the route of uptake (caveolin, clathrin, pinocyto-
sis, micropinocytosis, and others) [111]. The bio-
active cargo can reflect the stimulus that triggered
EV formation, suggesting the packaging of a
“signal” can be exported from the parent cell;
thus, EVs may act instrumentally for cell-cell
communication  [112-116].  The  specific
mechanism(s) by which EVs deliver their cargo
and elicit functional responses with target cells
remains poorly understood, but EV—target cell
interaction is likely to be cell- and EV specific.
Some different uptake/endocytic-related path-
ways may be involved to direct membrane fusion,
depending on the cell type.

ESCRT Components
ALIX, TSG101

MHC-I, MHC-II

Lipids

FLOT1

Enzymes / HSPs / Other Cystosolic Proteins

Tetraspanins
CD9, CD63, CD81

Signal Transduction .
—_——— Integrins

14-3-3, Syntenin ap, b
w3 Ogbq
.... ® aBs gy
Cytoskeletal Proteins oBg
Actin, Cofilin, Moesin, Tubulin
RAB Proteins

RABS5, RAB11, RAB27, RAB35

Ceramide

Cholesterol

Phosphatidylserine
Sphingomyelin

Other transmembrame proteins
LAMP1, LAMP2, SNARE, TfR

GAPDH, Histones, Proteasome
Ribosomal Proteins, HSP70, HSP90

=

Annexins
Annexin I, 11, IV, V, VI

Heparan Sulfate
Proteglycans (HSPG)
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Syndecan

Fig. 8.2 Mesenchymal stem cell exosomes (MEX). Left
panel: Transmission electron microscopy of MEx derived
from human umbilical cord Wharton’s Jelly. Exosomes are
heterogeneous by nature but typically contain a diameter
between 30 and 150 nm. Scale bar: 200 nm. Right panel:
Typical structure and molecular composition of exosomes.
Exosomes are surrounded by a phospholipid bilayer,
enriched in several lipids such as ceramide, cholesterol,
phosphatidylserine, sphingomyelin. They contain proteins
such as flotilin-1 (FLOT1), programmed cell death
6-interacting protein (ALIX), tumor susceptibility gene 101
(TSG101), major histocompatibility complex-I and -II
(MHC-I and -II), lysosomal associated membrane protein- 1

and -2 (LAMP-1 and -2), transferrin receptor (TfR), tet-
raspanins, integrins, small GTPase Ras-related (RAB) pro-
teins, annexins, and heparan sulfate proteoglycans (HSPGs).
Exosomes can also contain signal transduction molecules,
cytoskeletal proteins, enzymes, heat shock proteins (HSPs)
and can contain RNA or small noncoding RNAs. The exo-
somal cargo serves to mediate intracellular communication
between different cell types within the body, thus function-
ing differently in either normal homeostasis or pathological
conditions. GAPDH: Glyceraldehyde 3-phosphate dehydro-
genase; ESCRT: Endosomal sorting complex required for
transport; SNARE: soluble N-ethylmaleimide-sensitive
fusion attachment protein receptor
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The wide repertoire of miRNAs in MEx could
conceivably provide a miRNA-based mechanism
for therapeutic function of MSC secretion. It was
first reported that RNA was transferred from
mouse mast cells to human mast cells via exo-
somes [117] and this was similarly described in
Epstein-Barr virus-infected cells [118] and COS-7
cells [119]. One report found that miRNAs in
MSC-derived EVs, more specifically miR-
125b-5p (known to target p53) levels were
increased in neonatal mouse cardiomyocytes,
when cultured with MEx [120], suggesting exo-
somal transfer of miRNA. By using an anti-miR-
125b-5p oligonucleotide, the authors demonstrated
MSC-derived EVs effects, may be entirely depen-
dent on miRNA transfer and this was supported in
similar studies [121, 122]. Although, the mecha-
nism of action still needs to be addressed, with the
broad application of MSC-derived EVs or MEx-
based therapeutic application, a single mechanism
may not be definitive to address all related dis-
eases. A collective effort remains in elucidating
the mechanism(s) of action of EV function and the
specific biological moiety responsible for their
functional output. With the heterogeneous popula-
tion of EVs, studies have demonstrated a range of
effects in vitro and in vivo disease models, based
on density [123], protein [124] or size [97] of EVs.
It still represents a prominent challenge in unravel-
ling the complexity behind EV biogenesis and
secretion, as identifying the vital bioactive moi-
eties responsible for their biological effect remains
unknown. We understand that different EV sub-
populations harbor diverse protein and transcrip-
tional cargo; it is fair to speculate they are likely to
mediate different effects on target cells. Thus,
improved separation techniques between the “non-
active” and enrichment of the “bioactive” EV sub-
population will allow us to understand the key
mechanistic function potentially utilized in neona-
tal disease models such as BPD and PH.

8.5 MEx-Based Therapies

for Lung Disease

As already discussed, the current dogma is that
MSCs act predominately via paracrine mecha-
nisms to confer protection in animal models of

lung disease [71, 79], and that the main vector of
this paracrine mechanism is comprised by MSC-
EVs (MEx) [125, 126] as reviewed in [30, 127—-
129]. The first report, to our knowledge, that EV
preparations isolated from MSC-CM albeit not
extensively purified or thoroughly characterized,
could substitute for MSC treatment in vivo, was
that of Bruno et al., who used an acute kidney
injury animal model [130]. Subsequently, Lai
et al. reported that EVs secreted by human MSC
cultures mediated the cardioprotective effects of
MSCs in a myocardial ischemia/reperfusion
injury model [131]. The report of Lee et al. [125]
was the first demonstration that MEx treatment
represented a therapeutic alternative for lung
pathologies. Using a mouse model of HPH, we
reported that mouse BM-MSC MEZx, isolated and
characterized as per ISEV requirements and fur-
ther purified through size exclusion chromatogra-
phy, could protect the animals against the
development of lung vascular remodeling, ele-
vated artery pressures, and RVH after 3 weeks of
hypoxic exposure at 8.5% O,. A single dose of
MEx suppressed the early hypoxic inflammatory
response, characterized by the pulmonary influx
of macrophages, attenuated the levels of hypoxia-
induced inflammatory cytokines in the lung and
protected against the development of vascular
remodeling and pulmonary hypertension.
Significantly, EVs produced by fibroblasts were
inactive, and MSC-CM depleted of exosomes by
size exclusion chromatography had no effect,
demonstrating that the therapeutic activity was
clearly associated with the vesicular fraction of
the MSC secretome. Extending these studies to
the hyperoxia-induced BPD model, we demon-
strated that treatment with MEx derived from
human MSCs was effective in radically improv-
ing lung morphology and pulmonary develop-
ment, decreasing lung fibrosis, rescuing
pulmonary vasculature loss, and ameliorating
vascular remodeling in the mouse lung [126].
Significantly, EVs produced by either human BM
MSCs or Wharton’s Jelly MSCs were shown to be
equally efficacious. This observation should facil-
itate future large-scale production of MEx, as
umbilical cords represent a more abundant source
of MSCs than bone marrow, and no invasive pro-
cedures are involved in collecting this material.
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Arguably even more important is the fact that the
young MSC cultures from the cord stroma are
pristine, as they do not carry the mutational or epi-
genetic imprints of the adult donor’s health record.
This should generate greater reproducibility in
MSC clone characteristics, and more uniformity
in MEx preparations. Interestingly, the drastic
effects we have observed in the murine models of
lung disease have been achieved by a single bolus
of MEx delivered IV. This strongly suggests that
MEX treatment may result in a reprogramming of
the recipient’s immune system, bestowing long-
term protection, despite the continuous environ-
mental insult (hyperoxia or hypoxia) [129]. The
hypothesis had originally been advanced that
modulation of lung macrophage polarization may
represent a protective mechanism against lung
injury [75]. Indeed, the immunomodulatory
action of MEx on lung macrophages was readily
evidenced by assessing the expression of markers
associated with either the “M1-like” (classical;
proinflammatory) or the “M2-like” (alternate;
nonclassical) states of polarization [126]. It is
important to realize that macrophage polarization
represents a continuous spectrum, and the simple
M1/M2 dipolar classification is no longer able to
describe the diverse phenotypes. Therefore, the
detailed definition of the protective state into
which lung macrophages are reprogrammed by
MEX treatment is currently an active area of study.

Subsequent studies in the field confirmed and
expanded the above original reports, and the bulk
of the more recent reports have established the
effectiveness of rodent MEx, but also, most sig-
nificantly, of MEx of human origin in diverse pre-
clinical models of lung disease. Notably, MEx of
human origin, systemically delivered, were shown
to be even more effective than mouse MEx in
mitigating Th2/Th17-mediated allergic airway
inflammation in a mouse of asthma induced by
Aspergillus hyphal extract [132]. This model is of
relevance to neonatal lung pathologies, since
there is high prevalence of reactive airway disease
at 8 years of age in former preterm infants with
BPD [5]. In the rat model of monocrotaline
(MCT)-induced PH, MEXx isolated from rat BM
were reduced right ventricular hypertrophy (RVH)
and pulmonary remodeling [133]. In the same
model, MEx-containing EV preparations pre-

vented parameters of PH when given at the time
of MCT administration and ameliorated these
pathologic features when given after the estab-
lishment of disease [134]. The mechanism of
therapeutic/protective action of MEx treatment
for lung pathologies is based on immunomodula-
tion, and more specifically on reprogramming the
macrophage phenotype [30, 129]. Studies in the
BPD model, using MEx derived from preterm
cords, also suggested the importance of TSG-6
protein (TNF alpha-induced protein 6; product of
the TNFAIP6 gene) as a MEx cargo component
crucial for their therapeutic action [135], but the
mechanistic details at the molecular level remain
to be defined. The IT route of administering MEx
was reported to be effective in a rat model of
BPD, where both MEx and MSCs were shown to
be effective against hyperoxia-induced damage,
but MEx were observed to be more efficacious in
terms of alveolarization and lung vascularization
parameters [136]. The aggregate promising results
on MSC-based and MEx-based therapies on pre-
clinical models of lung disease have therefore cre-
ated the stage for the first clinical trials.

8.6 MSC-Based Clinical Trials

on Neonates

Ongoing clinical trials using MSCs to treat lung
diseases, most notably Acute Respiratory Distress
Syndrome  (ARDS), Chronic  Obstructive
Pulmonary Disease (COPD), and Idiopathic
Pulmonary Fibrosis (IPF) have established the
safety (at least in the short- and intermediate term)
of MSC treatment and have yielded invaluable
information for crafting the strategies necessary
to translate procedures from bench to bedside and
improve the efficiency of live cell MSC-based
therapies [137-140]. Analyzing the lessons from
these pilot studies is beyond the scope of this dis-
cussion, and herein we will focus on reviewing
ongoing clinical trials of MSC treatment for BPD
and highlighting the considerations for MSC-
based or MEx-based treatment of the neonate.

In 2014, the first Phase I clinical trial of MSC-
cell therapy for BPD prevention was reported
[141]. Using a single-arm, dose-escalation design,
the study involved 9 preterm infants born at
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25.3 = 0.9 weeks gestational age. These patients
had a mean birthweight of 793 + 127 g, with no
known severe congenital anomalies and no clinical
evidence of septic shock or severe (ZGrade 3)
intraventricular hemorrhage at the time of the
study. At a postnatal age ranging from 5 to 14 days,
the patients were determined at the “highest risk”
for BPD based on the clinical criteria of continu-
ous ventilatory support and an inability to tolerate
weaning of ventilatory support in the 24 h prior to
recruitment. The 9 recruited infants were adminis-
tered a single, IT dose of the allogenic human
UCB-MSC:s at an average timeframe of 10.4 +2.6
postnatal days. The first three patients were admin-
istered a dose of 1 x 10° cells (low dose). With no
onset of short-term adverse events noted in these
series of patients, the subsequent 6 patients were
administered 2 x 10° cells IT (high dose). The
infants were closely monitored for signs of cardio-
respiratory compromise, anaphylaxis, infection
and other serious adverse events (SAE) as defined
by the Consolidated Standards of Reporting Trials
[142]. The reportable SAE within the cohort
included patent ductus arteriosus (PDA) ligations
(4/9 patients). Apart from these events, IT admin-
istration of MSCs appears well tolerated within
these patients with no significant clinical compro-
mise noted in the short-term period.

Levels of lung inflammatory markers were
investigated in the tracheal aspirates that included
IL-6, IL-8, and TNF-a which have roles that may
augment an inflammatory cascade and exacerbate
lung injury by mediating macrophage “classical”
activation, neutrophil infiltration, and maintaining
proinflammatory cytokine expression inhibiting
lung development. A reduction in these markers
was observed at 7 days post transplantation com-
pared to pretransplant levels. However, lacking a
parallel control group during the study invites fur-
ther questioning, as it remains unclear whether
this change was related to the natural infant’s lung
disease progression or MSC administration.
However, due to the timeframe of this study (up to
36 weeks corrected gestational age), 3/9 patients
went on to develop moderate BPD and no formal
conclusions can be made regarding the clinical
efficacy of MSCs in treating BPD.

This study demonstrated the feasibility and
short-term safety of IT administration of MSCs,

laying the groundwork for future clinical trials.
In their follow-up study, patients were continued
to be monitored at regular intervals for 2 years
following MSC administration and reported the
clinical outcomes of this longer-term evaluation
[143]. From the 9 patients that received IT MSC
therapy, 8 survived long term, with 1 patient’s
death occurring due to Enterobacter cloacae sep-
sis/enteritis following discharge from the
NICU. The 8 surviving infants were rehospital-
ized an average of 1.4 times during the 2-year
post-NICU-discharge evaluation period, with
approximately 50% of these admissions due to
respiratory viral infections (rhinovirus, parainflu-
enza, and RSV). Furthermore, the infants did not
show any signs/symptoms of teratoma formation
during this follow-up period, and no visible mass
lesions were detected on chest radiographs taken
on their third interval visit. This was an important
follow-up parameter to consider as administra-
tion of some stem cells (PSCs or ESCs) into
immunocompromised, premature patients carries
a potential risk for teratoma formation. Therefore,
MSC administration based upon the follow-up
study appears to be safe with no SAE occurring
in the neonatal population.

A similarly designed Phase I trial was reported
on 12 ELBW infants that demonstrated feasibil-
ity and tolerance of MSC administration [144].
Further conclusions regarding efficacy of MSC
therapy in the neonatal population will require
larger patient cohorts with the concomitant eval-
uation of appropriate control populations. With
accumulating preclinical evidence on MSC’s
ability to also reverse BPD-associated PH, future
MSC clinical trials for BPD should continue con-
comitant evaluation of cardiac function, in both
short-term and long-term outcome evaluations.
In the Phase I BPD MSC study [141], serial echo-
cardiograms were performed pre and post MSC
therapy showing no alteration in cardiac function
and specifically no PH. However, a larger propor-
tion of the neonatal “at-risk” BPD population
with more long-term evaluations of cardiac func-
tion will be significantly valuable in determining
the potential of MSC therapy in prevention of
BPD-associated PH. The pertinent clinical data
from these studies and current active trials are
summarized in Table 8.1.



V.Yeung et al.

142

(uredg “0113)) [op Snsar
BLRA) 196€77C0LON
(euryd ‘nry SuIAng)
698L0TTOLON

(VSN ‘Temod

U9A9IS) 99€T8ETOLON
(ea103]

SIed Sung-uop )
LS68T3TI0LON

(ea103]
SIed 3unS-uopy)
88LETOCOLON

(ea103y]
reqd Sung-uom)
L10T 'Te 10 Uyy

(ea103y]

SIed Sung-uop )
¥10T Te 30 Suey)
19YnRuapt LON/IPY

Sunmioar

19K 10N

umouyu)

pajerdwo)

umouyu)

Sunmioar
10U “9ATIOY

pajerdwo)

pajerdwo)
sme)sg

VIN

V/N

VIN

V/N

V/N

SOW09IN0
9SIOADE
wI9)-3u0] ON

SOWI0JINO
9SIApE
ULIO)-1I0YS ON
awoonQ

SIBdA 7

ek |

sypuour ()g/o3e
[euoneIsad
P91021I00 SYAIM Q¢
aFe

[euoneIsad
P91021I00 SYAIM Q¢

33k [eor3ojouoIyd
SIBAA G

33k [eor3ojouoIyd
STBAK 7

aFe
[euoneIsad
P91021I0D SYAIM Q¢

LI

LI

LI

LI

LI

LI

LI

[eL1) [BOIUI]D [BUONEBN LON ‘[[90 WIS [BWAYIUISIA DS/ ‘Teoydenenuy 17

9sop 9[3uIs

3sop 9[3urs

3sop 9[3urg

3sop 9[3urs

3sop 9[3urs

3sop 9[3urs

3sop 9[3urs

dn moqjog Areareg  Aouonbarg

poorq
P10D
[eS1[IquI)
| 22%0)
[eorIquif)
pooldg
|20)
[eorI[Iquif)
poold
|20)
[eorIquify

poolg
pi0D
[edrquun

poolg
pi0D
[edrquun

poolg
pi0D
[edriquun)
92IN0S
IS

/01 X §

/01 X €
3N/401 X 0T
IO

3Y/401 X 01

S/401 X 01
(syuaned
9=1)
S3/,01 X 0T
(syuaned
g=1u)
S/401 X 01
(syuoned
9=u)
S3/401 X 0T
(syuoned

€ =1u)
/501 X 0T
(syuoned
9=u)
33/501 X 0T
(syuoned

€ =1u)
S/501 X 01
3so(

(U

0l

cl

0L

umouyu)

uMouu)

uMmouu)

uMouu)

uMouu)

30521
-00S

306zl

-00S
(parg)
JY3rom

SAep $1<

(sypuow 9—1)
juejuy

skep $1-L

skep $1-L

SIBaA G

SIBIA 7

SYooM 6T—€T
A3y

I 9seud

1 9seyd

II/T °seyd

11 oseyd

dn mofjoq
I oseyd

dn mojjoq
I oseyd

1 9seyqd
adKy

Apms

(adg) eiserdsAp Areuowrndoyouoiq J0J S[[99 WIS [BWAYOUISAW Sulsn s[eLn [ed1ur[d pajojduwods pue SutoSuo uo arepdn |°g 3)qel



8 Paving the Road for Mesenchymal Stem Cell-Derived Exosome Therapy in Bronchopulmonary...

143

Interestingly, the safety profile of stem cell-
based therapy for infant cardiac disease has been
explored for several years prior to the initiation
MSC cell-based therapy for BPD [145]. However,
the clinical trials to date have primarily focused
on autologous cardiac progenitors or EPCs
administered to infants with hypoplastic left heart
syndrome or idiopathic PH. Overall, this demon-
strates safety profiles for stem cell transplanta-
tion for neonatal/infant cardiovascular conditions
with some potential promising outcomes for
improvement particularly in right ventricular
function. While cardiac progenitor cells may
align with the physiologic needs of congenital
cardiac disease, the PH associated with BPD is
multifactorial in origin and will likely benefit
from the broader therapeutic capabilities of
MSC-based therapies.

Considerations
and Challenges for MSC-
Based Therapies in the NICU

8.7

The initial results from MSC-based clinical trials
for BPD are highly promising. While BPD is
treated as a “multisystemic” disease given its
established causal relationship with PH, the pre-
and postnatal events leading to BPD develop-
ment (such as growth restriction, premature birth,
hyperoxia) are also implicated in other organ
pathologies in the multisystemic syndrome of
prematurity. For example, apart from PH, reti-
nopathy of prematurity (ROP) and intraventricu-
lar hemorrhage are among the highest
comorbidities associated with severe BPD phe-
notypes. While these diseases can be attributed to
separate organ-specific pathologies, they are
combined under the concept of a developing pre-
term infant fetus that is having to further develop
in an “extrauterine” environment. This environ-
ment may provide basic life-sustaining support,
but still lacks the benefit of a healthy gestational
molecular network within the developing womb.
This is a potential reason why Wharton’s Jelly
MSCs should be considered as a “first-line” treat-
ment modality for neonatal disease such as
BPD. These MSCs growing in the intrauterine
environment exist within and likely contribute to

the same “homeostatic” complex network of
molecular signals as the developing infant [51].
In this context the promising reports from the
ongoing clinical trials give us hope that future
refinement of methodology and careful selection
of the MSC cultures will lead to high therapeutic
efficacy and reproducible outcomes. It is safe to
assume that, if in the future live cell-based ther-
apy for the neonate becomes commonplace,
MSCs from the umbilical cord will be used. They
have been demonstrated to be as efficacious as
BM-derived MSCs in preclinical models, and
they represent a young, pristine cell type, that
does not carry the possible burden of a lifetime
history to pathogens and environmental insults
that adult BM MSCs have been exposed to.

Based on the positive therapeutic findings from
preclinical studies from a range of different dis-
eases [114], there is good reason to be highly opti-
mistic for the outcomes of clinical trials on
MEx-based therapeutics for BPD. The advantages
of a reagent that encapsulates the therapeutic
action of MSCs but has not the multitude of draw-
backs, in both safety and logistics, associated with
live cells, are evident and paramount. As further
discussed in Willis et al [116], the efficacy of MEx
treatment has been reproducibly and robustly
established in the laboratory, using diverse pre-
clinical models of disease, but, for the industrial-
scale production of GMP-grade pharmaceuticals
based on MEXx to be used in clinical trials a number
of technological and mechanistic issues must be
resolved. These include the definition of a widely
acceptable Potency Unit for MEx preparations, the
standardization of the conditions for MSC culture
and the protocols for MEx harvesting and storage.
In addition, safety considerations also need to be
addressed, although it may be expected that such
concerns will be arguably milder than those rele-
vant to live cell MSC treatment, as mutagenicity
and oncogenicity concerns will be null.

The transition of MEXx to the clinic will require
the safety and production to be certified to a good
manufacturing practice (GMP) quality. There is
no current “gold” standard to isolate and purify
exosomes in this still budding field. Commonly
used methods such as ultracentrifugation often
coprecipitate exosome preparations with non-
exosomal-associated proteins/molecules, promot-
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Fig. 8.3 Schematic summary for using mesenchymal
stem cell-derived exosomes (MEX) for treating neonatal
infants with bronchopulmonary dysplasia (BPD). Preterm
infants with BPD have respiratory difficulties, character-
ized by lung growth arrest and emphysema-like features
of lung disease (alveloar simplification), that can lead to
pulmonary hypertension (PH). Accumulating preclinical
studies have demonstrated that the functional therapeutic

ing exosome aggregation which may alter its
in vivo distribution and function [123, 146]. For
application to our preclinical models of lung dis-
ease we have isolated MEx from MSC CM by dif-
ferential centrifugation and concentrated the
product by tangential flow filtration (TFF) before
MEX purification either by size-exclusion chro-
matography (SEC) [125] or through density flota-
tion in an lodixanol-based cushion gradient
(Optiprep™) [126]. Using the latter method, the
MEXx-containing fraction has a biochemical den-
sity of 1.18 g/ml and contains a characteristically
low protein to particle ratio, signifying efficient
separation from nonvesicular components of the
secretome. This methodology results in a product
of high purity, but it is not suitable for manufac-
turing. MEx-based clinical trials will probably
use products purified by alternative methods,
amenable to large-scale production and GMP
standards, most probably SEC. Without belittling
the formidable challenges, we will face in our
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vector present in the mesenchymal stem cells (MSCs) sec-
retome are extracellular vesicles, including exosomes
(MEX), and MSC’s therapeutic efficacy can be recapitu-
lated by a cell-free MEx-based treatment. Here, we pro-
pose that intravenous delivery of MEXx into preterm infants
with BPD can restore lung architecutre and restore
homeostasis in neonatal disease

efforts to translate MEx-based therapy from the
laboratory bench to the NICU (Fig. 8.3), we are
confident that we will witness the first clinical tri-
als using MEx to treat BPD in the very near future.
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