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INTRODUCTION

Stroke is the second leading cause of death and disability worldwide behind heart diseases
[1]. Ischemic stroke accounts for the 87% of all the cases of stroke [1]. Only one pharmacological
treatment approved by the Food and Drug Administration (FDA), alteplase, is available for the
treatment of ischemic stroke [1]. Alteplase is a recombinant tissue plasminogen activator (tPA)
with thrombolytic action that can restore the blow flow after stroke [2]. However, its limited time
window (effective only within 4.5 hours after stroke onset) and high risk of hemorrhages reduce
the range of patients able to benefit from it [2]. Therefore, there is a critical need for novel

therapeutic strategies for stroke.

A direct consequence of oxygen and glucose deprivation during stroke is the dysfunction of
mitochondria that impairs oxidative metabolism and contributes to oxidative stress, neuronal
death and inflammation [3]. Indeed, mitochondria are responsible for more than the 90% of the
total adenosine triphosphate (ATP) demand of the cell [4]. Accordingly, the decrease of ATP
production following glucose and oxygen depletion leads to energy failure, excitotoxicity and
calcium overload that, in turn, determine loss of mitochondrial membrane potential [3]. In
addition, the mitochondrial dysfunction induces excessive production of reactive oxidative species
(ROS), which directly trigger damage of proteins, lipids and deoxyribonucleic acid (DNA) [3].
However, mitochondria exert different hierarchical quality control (QC) mechanisms against
oxidative stress including mitochondrial fusion and fission to protect mitochondria against stress
and damage, ensuring the selective removal of dysfunctional mitochondria by mitophagy [3].
Finally, excessively damaged mitochondria are characterized by an increase of membrane
permeability that allows the release of pro-apoptotic molecules in the cytoplasm triggering

apoptotic cell death [3]. Thus, mitochondrial dysfunction plays a central role in stroke injury.

Cell-based therapies aim to replace dead cells and promote the survival of damaged cells,
altogether directly aiding exogenous and endogenous repair mechanisms [5]. In addition, the use
of stem cells may indirectly promote regeneration by altering the local environment to be more
conducive for regeneration by providing trophic support and reducing inflammatory response [5].
Recently, a novel beneficial mechanism of stem cells has been demonstrated to involve the

transfer of healthy mitochondria into damaged cells [6]. Mitochondria can be released through
11



tunneling nanotubes (TNTs), microvesicles, gap junctions, cell fusion and direct uptake of isolated
mitochondria [7]. Even though the signals that induce a cell to release its own mitochondria and
transfer these organelles to another cell are not still clear, much evidence suggests that this
phenomenon can help damaged cells to recover their functions [8]. In the last few years,
mitochondrial transfer has been shown to occur between several cell types, including
mesenchymal stem cells (MSCs) and pulmonary alveoli, astrocytes and neurons, and bone marrow
(BM) derived-MSCs (BM-MSCs) and, rat cortical neuronal cells or, endothelial progenitor cells [9]
[10]. Taken together, these observations suggest that the transfer of healthy mitochondria into

damaged cells may be a novel therapeutic strategy for stroke.

Treatment strategies for injured/diseased central nervous system (CNS) include
transplantation of embryonic stem cells (ESC), stem cells isolated from adult tissues like the MSCs;
and induced pluripotent stem cells (iPSC) which are adult somatic cells reprogrammed to
pluripotency [11]. MSCs represent highly safe and efficacious transplantable donor cells in
regenerative medicine due to their plasticity, and immunomodulatory and anti-inflammatory
properties [12]. Moreover, they are non-tumorigenic and are the most widely studied cells in
blood-borne diseases [12]. MSCs can be isolated from each adult organ, as well as from fetus-
associated perinatal tissues such as placenta, amnion, chorion, amniotic fluid, and umbilical cord
[12]. Extraembryonic tissues offer an attractive alternative source to adult MSCs as they are
discarded after birth and therefore, the collection procedures are not invasive and without ethical

constraints [12].

With their self-renewal and multipotent differentiation potential, immunomodulatory and
anti-inflammatory abilities, human umbilical cord (UC)-derived MSCs (UC-MSCs) are an enticing
cellular source for regenerative medicine purposes [13] [14]. Harvesting MSCs from UC is practical
as it circumvents ethical and logistical issues normally associated with fetal or embryonic tissues.
MSCs have been isolated from Wharton’s jelly (WJ), perivascular region (PV) and cord lining (CL) of
UC. However, it is still unclear whether MSCs from a certain compartment of UC are
therapeutically superior to MSCs from other compartments [15]. Interestingly, because UC is
composed only of two arteries and a vein, the UC-MSCs are physiologically adapted to survive in a
relatively hypoxic and glucose poor environment leading to the overarching hypothesis that these

cells may have a beneficial potential for the treatment of ischemic pathologies, such as stroke.
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The overall aim of this PhD research project is to characterize the human UC-MSCs based
on their neuroprotective, trophic, and immunomodulatory capacities, as well as test their

energetic metabolism potential for the treatment of ischemic stroke.
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BACKGROUND

Stroke

1.1 - Epidemiology

Stroke is a main cause of mortality and morbidity worldwide. In 2015, prevalence of
cerebrovascular disease was 42.4 million people and 6.3 million deaths worldwide, making stroke
the second leading global cause of death behind ischemic heart disease [1]. On average, every 40
seconds, someone in the United States has a stroke and every 4 minutes, someone dies of a stroke
[1]. In the Western world, over 70% of individuals experiencing a stroke are over 65 years of age.
Since life expectancy continues to grow, the absolute number of individuals with stroke will

further increase in the future as the world population ages [1].

1.2 - Types of stroke

There are two types of stroke: ischemic and hemorrhagic [16]. Hemorrhagic stroke is due
to a rupture of a blood vessel and bleeding in brain. The blood accumulates and compresses the
surrounding brain tissue that may increase the fluid pressure in the brain, resulting in swelling,
hydrocephalus, and vasospasm. On the other hand, ischemic stroke is the most frequent sub-class
of stroke, accounting for 87 % of stroke cases in the United States [1] [16]. Ischemic stroke occurs
when a cerebral region is deprived of oxygen due to a decrease in local blood flow resulting from

an obstruction of a blood vessel, such as embolism or thrombus formation [16].

1.3 — Post stroke outcomes

Following a stroke, 15-30% of stroke survivors are permanently disabled and 20% require
institutional care [1]. One of the most severe deficits caused by stroke is motor impairment.
Depending on the severity of cerebral infarction, patients may have disabilities in different

degrees (mid, acute, severe), in one or both hemispheres and at different body levels: upper (face,
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neck), medium (trunk, upper limbs) and lower (lower limbs) [17] [18] [19]. In particular,
hemiparesis, defined as muscular weakness or partial paralysis restricted to one side of the body,
is an impairment present in 88% of the stroke patients and only 12% shows full recovery after
conventional rehabilitation therapy [20] [21]. Cognitive impairments after stroke include
difficulties with memory, thinking and language [22]. These deficits are persistent and reduce the
quality of life of both patients and family members also in social, professional and economic
aspects of the life [23]. In this latest regard, in United States the annual medical direct and indirect
cost of stroke is about $40 billion and between 2015 and 2035, the total direct medical stroke-

related costs are projected to more than double [1].

1.4 — Stroke timeline

A stroke onset triggers a cascade of events that determines the degree and extent of
cerebral ischemic damage, which have been well investigated in pre-clinical and clinical studies
[24]. According to a common accepted framework reviewed by Dobkin and Carmichael, the
development of stroke can be divided into three key phases: acute, sub-acute and chronic [25].
With the aim to moving forward with the progress on stroke recovery research, the first Stroke
Recovery and Rehabilitation Roundtable (SRRR), set in Philadelphia in 2016, updated the stroke

timeline subdividing it in hyper-acute, acute, early sub-acute, late sub-acute and chronic [26].

The hyper-acute phase occurs directly in the first 24 hours after the occluding event. In this
phase, lack of glucose and oxygen-rich blood flow determines a reduction of ATP production [24]
[26]. This causes metabolic deficit, oxidative stress, and excitotoxicity resulting in cell death and

edema [24].

The acute phase, which occurs in the hours to days after stroke onset, is characterized by
neuroinflammation by the release of cytokines, chemokines, cellular adhesion molecules (CAMs),
and matrix metalloproteases (MMPs) from injured neurons and surrounding cells, such as
microglia and astrocytes [24] [26]. Expression of MMPs and CAMs are key factors of the increase
permeability of the blood brain barrier (BBB) and peripheral leukocytes invasion of the injured
site, where they upregulate present inflammatory processes driven by activated microglia and

astrocytes [24]. Chronic inflammation can lead to cerebral edema and neuronal death [24].
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The sub-acute period, and in particular the early sub-acute phase within 1 month from
stroke, is characterized by an increase of endogenous mechanisms of brain repair [25] [26].
Therefore, this critical window of time after stroke is recommended to target functional recovery

in clinical trials [26].

1.5 — Current treatments available for stroke

Currently, only one FDA-approved drug, the tPA, is available for the treatment of ischemic
stroke [2]. tPA is a thrombolytic agent and its mechanism of action is to break down the clot,
allowing the recanalization of the occluded blood vessel [2]. The restoration of blood vessel flow is
only effective if the brain tissue of the ischemic area is still viable [2]. Blood flow in the infarct
“core” or “focal” area, supplied by the occluded vessel, falls to less than 20% of normal and will be
irreversibly damaged during few minutes after stroke. Unfortunately the core becomes necrotic
very quickly, whereas the periphery (referred to as the “penumbra” or “peri-infarct area”), which
receives some perfusion by adjacent non-ischemic regions, is still salvageable within few hours [2].
Thrombolysis by tPA resulting in successful recanalization potentially saves this ischemic but still
viable penumbra, but it has to be administered within 4.5 hours after stroke onset [2] [27].
Moreover, the use of thrombolytic and anti-coagulant agents increases the risk of hemorrhagic
transformation [27]. On the other hand, available surgical interventions aim to reduce the acute
neurological complications of stroke such as cerebral edema, intracranial pressure and the risk of

clot formation [27]. Overall, these treatments are primarily preventive in scope.

Stem cell therapy, on the other hand, can target the sub-acute and chronic phases of
ischemic stroke, thereby providing stroke patients a potential solution to the management of
chronic symptoms associated with neural ischemia, such as long-term neuroinflammation and

localized necrosis [28].
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Mitochondria as central players in ischemic cell death
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Figure 1. The central role of mitochondrial dysfunction in ischemic cascade (Yang et al. 2018)
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Excitotoxicitic Depolarization

Ischemic stroke is caused by a transient or permanent reduction in cerebral blood flow
around the occluded artery. The pathophysiology of stroke is complex and involves a cascade of
events responsible of the ischemic damage including energy failure, glutamate excitotoxicity,

oxidative stress, inflammation, and programmed cell death [16].

A direct consequence of oxygen and glucose deprivation during stroke is the dysfunction of
mitochondria that impairs oxidative metabolism and contributes to neuronal death and
inflammation (Figure 1) [3]. In particular, mitochondrial impairment after stroke results in

reduction of ATP production because mitochondria are responsible for the 92% of the total ATP
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production of the cell [3] [4]. Despite the human brain representing only 2% of the body weight, it
requires about 20% of the oxygen and 25% of the glucose consumed by the body, and depends

almost exclusively on mitochondria for energy production [29].

The energy failure in the core region results in an irreversibly damage within a few minutes
after the ischemic event [30]. In the infarct core, neuronal cells undergo necrosis, followed by
glutamate release and excitotoxic cell damage to surrounding regions [30] [31]. The peri-infarct
area is moderately hypoperfused with impaired mitochondrial functions but preserved structural
integrity [30] [31]. As such, the penumbral region is salvageable whether the reperfusion promptly
occurs in the early hours following the ischemia or the neuronal demand of oxygen and nutrients

is satisfied by the collateral blood circulation [30] [31].

However, the reperfusion can lead to the increase of ROS and, consequently, oxidative
stress that exacerbates the mitochondrial damage [3]. This extreme mitochondrial dysfunction
triggers apoptotic cell death, as well as other programmed cellular degeneration such as
autophagy, necroptosis, and pyroptosis [3]. To this end, mitochondrial dysfunction is a central
event in the ischemic injury. A deeper analysis about the role of mitochondrial impairment in

ischemic damage following stroke is discussed below.

2.1 - Energetic metabolism failure

The brain is the only organ that requires a continuous supply of glucose for its physiological
functions [29] [32]. While all the other tissues, including the heart, can metabolize fatty acids,
amino acids, and ketone bodies alternatively to glucose, the BBB prevents rapid influx of these
substrates under most conditions. It has been estimated that about 60% to 70% of energy is used
to maintain the sodium/potassium (Na‘/K’) membrane potential required for the transmission of
the nerve impulses [29] [32]. In addition, neurons expend much energy for the synthesis of

neurotransmitters and their receptors to propagate nerve impulses [29] [32].

Most of ATP is required for ribonucleic acid (RNA) synthesis and amino acids activation for
protein synthesis. Following oxygen and glucose deprivation, the cell attempts to store the
remaining ATP by decreasing protein synthesis and by selective gene expression earliest in order

[33].
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The limited production of ATP by mitochondrial oxidative phosphorylation determines the
necessity to produce energy via alternative pathways. Phosphocreatine can provide for short-term
energy storage, allowing ATP to be regenerated from adenosine diphosphate (ADP) in a reaction
catalyzed by creatine kinase [30]. Glycogen is almost exclusively localized in astrocytes in the adult
brain [29]. Astrocyte glycogen storage can be converted in lactate that, in turn, can be used from
the neighboring neurons during both physiological and pathological conditions [29] [32] [34].

However, due to its limited amount, brain glycogen is completely oxidized in only 5-7 min [33].

Even-though, some alternative substrates can compensate the limited supply of glucose,
oxygen cannot be replaced. The absence of oxygen interrupts the mitochondrial oxidative
phosphorylation and determines a drastic reduction of ATP production. The reduced availability of
oxygen requires an increase of anaerobic glycolysis to compensate the cellular ATP demand [30].
In this context, some of the glucose that reaches the ischemic tissue is metabolized via glycolysis
to lactate with an associated decrease in pH [30] [35]. Normal brain pH is about 7.2 [36]. During
stroke, anaerobic metabolism of glucose to lactic acid can reduce this to approximately 6.6 in
normoglycemic patients and below 6.0 in hyperglycemic ones [36]. While moderate levels of
acidosis, pH about 6.7, tend to be neuroprotective in ischemia by inhibiting superoxide production
by nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase, severe reductions in
pH exacerbate ischemic brain injury by inducing protein denaturation, activation of acid-sensing
ion channels, and release of ferrous iron [36]. The damage of acidosis is associated with cell

necrosis and edema [35].

2.2 - Glutamate excitotoxicity and calcium overload

Excitatory glutamatergic synapses represent about the 80% of the total cortical synapses
suggesting that at least the 80% of the energy is expended for the glutamate-mediated
neurotransmission [3]. Despite the glutamate can be synthesized by multiple metabolic pathways,
about the 80% used as a transmitter is synthesized from glutamine by mitochondrial phosphate-

activated glutaminase [37].

In glucose-oxygen deprivation condition, the ATP production decreases and consequently
the Na*/K*-ATPase function fails [38]. The loss of Na*/K*-ATPase function generates an intense loss

of ionic gradients resulting in the membrane depolarization and thus activation of voltage-gated
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calcium channels and release of glutamate in the extracellular space [38] [39] [40]. In physiological
conditions, the extracellular glutamate is transported into astrocytes and converted to glutamine
by glutamine synthetase [41]. Glutamate transporters need external Na®, and therefore are
strongly linked to the activity of Na'/K" ATPases, which maintain the Na+ concentration gradient
[41]. On the other hand, glutamine synthetase requires ATP for its function [41]. The low level of
ATP also inhibits the uptake of extracellular glutamate form astrocytes exacerbating the glutamate
excitotoxicity [38]. The extracellular pool of glutamate overstimulates the N-Methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate glutamate
receptors resulting in influx of Na* and calcium (Ca®") ions [40]. The elevated level of intracellular
Ca” results in detrimental consequences. The Na* and Ca”* cytoplasmic increase is accompanied

by influx of CI" and water with the consequent cell swelling [40].

In addition to metabolic functions, mitochondria act like sensors of Ca®" intracellular levels
[38] [42]. During an excitotoxic insult, mitochondria are implicated in Cca* sequestration [38].
However, this elevated Ca®* influx causes mitochondrial membrane depolarization [38] [42]. The
loss of mitochondrial membrane potential induced by Ca®" induces the opening of the
mitochondrial permeability transition pore (PTP) with a consequent release of pro-apoptotic
molecules and thus triggering cell death [38]. Moreover, the calcium accumulation is amplified in a
positive feedback loop by the activation of Ca**-dependent calpains that inactivate the Na*/Ca®*
exchanger (NCX3) increasing the intracellular calcium influx [43]. Besides NCX3, the Ca®* can
modulate several proteins and enzymes including the neuronal nitric oxide synthase (nNOS) [44].
The accumulation of high concentrations of nitric oxide (NO) leads to irreversible cellular damages

and impairment of mitochondrial respiration, that inevitably triggers neuronal death [44].

2.3 — Oxidative stress and apoptotic cell death

Mitochondrial dysfunction induced by the prolonged accumulation of Ca’* is considered a

major source of free radicals that are produced after reperfusion [38].

Mitochondria are responsible for about the 90% of the total energy required from a cell by
oxidative phosphorylation (OXPHQOS) at the electron transport chain (ETC) [45]. ETC consists of a
series of complex (CI-CV) in the inner mitochondrial membrane (IM) in which electrons are

transferred from flavin adenine dinucleotide (FADH,) and nicotinamide adenine dinucleotide
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(NADH) to series of electron acceptors and donors of which molecular oxygen (O,) is the last
acceptor that is reduced to water [45]. The proton motive force generated during the ETC across

the IM is used to produce ATP at complex V, otherwise known as ATPase synthase.

Physiologically, about 2% of the total electrons are leaked from the ETC, mainly from
complexes | and Il [45]. They can be transferred non-enzymatically to O, resulting in the
formation of the superoxide anion free radical (0,"7) [45]. O, ~ is the precursor of the most of ROS
including hydrogen peroxide (H,0,) and hydroxyl radical (‘'OH) [45]. All the ROS are able to directly
induce damages to the cellular macromolecules such as lipids, proteins and nucleic acids resulting
in detrimental consequences for the cell homeostasis [45]. Indeed, ROS are considered key players
in the process of aging, as well as in the genesis and progression of cancer, atherosclerosis and

several disorders [45].

Mitochondria have evolved towards regulating sophisticated hierarchical quality control
(QC) mechanisms for their own and for cellular defense against ROS [45]. These QC mechanisms
are gradually activated depending on the severity of the ROS damage, and include antioxidant
systems, chaperones, proteases, fusion and fission of mitochondria, mitophagy and, in the worst

condition, apoptotic cell death [45].

The antioxidant system is involved in scavenging of free radicals and prevention of cellular
damage [38] [46]. The antioxidant system includes enzymatic factors such as superoxide
dismutases (MnSOD, SOD?2), catalases, glutathione reductase/glutathione peroxidases (GR/GPX),
thioredoxin/thioredoxin reductase (Trx/TrxR), peroxiredoxins (Prx), glutaredoxins (Grx) and non-
enzymatic molecules such as ascorbic acid, pyruvate, a-tocopherol and glutathione [38] [46]. In
stroke pathology, the aberrant ROS production overwhelms the antioxidant defense system of the

brain causing oxidative stress [38] [46].

ROS production takes place in three phases [47] [48]. The first generation of ROS is during
the oxygen and glucose deprivation involving the mitochondrial depolarization and dysfunction
[47] [48]. In particular, the limited oxygen availability interrupts the mitochondrial respiration at
complex IV inducing the accumulation of reduced intermediates of ETC that promote electron
leakage and subsequently production of ROS [47] [48]. The second phase involves an increase of
ROS due to activation of xanthine oxidase (XO) [47] [48]. The reduction of ATP production
determines accumulation of ADP and adenosine monophosphate (AMP) [47] [48]. ADP and AMP
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can be degraded into hypoxanthine (HX) via purine catabolism [47] [48]. XO reacts with HX
forming superoxide as a byproduct, which damages mitochondria, increasing the bioenergetic
dysfunction and electron leak with a consequent amplification of ROS formation in a feedback
loop [48]. The restoration of the blood flow paradoxically constitutes a crucial part of the stroke
injury [38]. The rapid and sudden increase of O, level promotes the mitochondrial respiration that
sustains the neuronal survival [38]. On the other hand, O, becomes a substrate of several enzymes

leading to the third phase of ROS generation [38].

The ROS generation phase is also linked to activation of NADPH oxidase (NOX) [38]. NOX
family consists of transmembrane proteins involved in the transport of electrons across the
membranes [49]. O, is used as electron acceptor generating 0,"~ [49]. In addition, NOX activation
is closely associated with mitochondrial dysfunction [50]. Impaired mitochondria release 0," ™ and
H,O, to the cytoplasm by redox-sensitive mitochondrial PTP, inner membrane anion channel
(IMAC), aquaporins or by diffusion for the increase permeability [50]. These reactive species, along
with released Ca®*, determine the activation of redox-sensitive protein kinases (protein kinase C,
PKC) and tyrosine kinases (cellular Src kinase, cSrc) that, in turn, activate NOX resulting in the
amplification of the cellular oxidative stress [50]. Moreover, NOX4 has been found in intracellular
membranes including endoplasmic reticulum, nucleus and also in the inner membrane of
mitochondria, which promotes a closer crosstalk between NOX and mitochondria in amplifying
oxidative stress and inducing apoptosis [51] [52]. NOX4 has been implicated as the most relevant
source of ROS in stroke [47]. In addition, a ca’t - dependent activation of NOX has been shown to

be linked to glutamate excitotoxicity [47].

Other enzymes affected by Ca®* include cyclooxygenase (COX) and phospholipase A2
(PLA2), which produce ROS and cause lipid peroxidation and membrane damage during stroke
[38]. PLA2 activity is linked to the products of COX. In addition, mitochondrial PLA2 (mt-PLA2) has
been suggested to be activated by ROS [53]. In physiological conditions, mt-PLA2 is involved in
balancing mitochondrial biogenesis on the side of biodegradation [53]. mt-PLA2 can modulate the
cytochrome c release from mitochondria and influence the permeability transition inducing

apoptosis [38] [53].

0,"~ can damage ETC complexes either directly or through interactions with NO, generating
reactive nitrogen species (RNS) that lead to deleterious effects on the mitochondrion [28]. Beyond

the canonical NOS (nNOS, endothelial NOS, eNOS, and inducible NOS, iNOS), recently a
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mitochondrial NOS (mtNOS) has been identified [54]. mtNOS is encoded by nuclear DNA and
probably translocates to mitochondria. Contributing to RNS production, mtNOS may correlate with
apoptosis after stroke and it is considered a key factor of reperfusion injury [54]. Nitrosative stress
induces protein misfolding and aggregation that can contribute to mitochondrial fragmentation

[3]. The impairment of the mitochondrial fission-fusion dynamics leads to neurotoxicity [3].

Mitochondria are extremely dynamic organelles able to modify their shape, size and
localization through highly regulated mechanisms of fission, fusion and transport along
microtubules [45]. The primary function of this dynamism is the distribution of mitochondria into
daughter cells during cell division [55] [56]. The role of mitochondrial fusion is the exchange of
metabolites, membranes and mitochondrial DNA (mtDNA) between two adjacent mitochondria
[55]. The mitochondrial fusion is considered a QC mechanism that allows the salvage of a damaged
mitochondrion through the fusion with a healthy mitochondrion [56]. In neurons, mitochondrial
fission is crucial for the transport of these organelles along axons and dendrites [57]. Synapses
require mitochondria for the supply of ATP and the regulation of Ca®* concentration for
neurotransmission [57]. The imbalance of fusion/fission dynamics can compromise the
mitochondrial function and transport resulting in impaired neurotransmission and cell death [57].
Indeed, mitochondrial fission has a fundamental role in the segregation of dysfunctional
mitochondria ensuring their removal by mitophagy [55]. While physiological or mild levels of
mitophagy may favor the neuronal survival by avoiding the release of apoptotic molecules from
mitochondria, high levels could be fatal for the cell and may exacerbate the ischemic injury [55].
Mitochondrial oxidative stress may contribute to mitochondrial dysfunction and cell death [55]. In
this regard, it has been shown that oxidative stress up-regulates Drpl expression, a protein
involved in mitochondrial fission, resulting in mitochondrial fragmentation and cell death [55].
Mitochondrial fission has been correlated to ischemic cell death. Studies have shown that the
prevention of mitochondrial fission may avoid the apoptotic cell death by reducing cytochrome ¢

release [55].

Mitochondrial QC ensures the survival of the cell on three levels. At protein level,
chaperones and proteases allow the restoration of the correct protein folding or degradation of
mitochondrial damaged proteins [58]. The upper phase of QC is the organelle level involving
fusion, fission and mitophagy ensuring the restoration of impaired mitochondria or removal of

mitochondria irreversible damaged [58]. The third phase is the cellular level characterized by
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extremely damaged mitochondria and the release pro-apoptotic molecules in the cytoplasm,
which can induce apoptotic cell death that can affect the neighboring cells [58]. In addition,
autophagy contributes to cell death after stroke [59]. These downstream cell death events may be
further exacerbated by progressive mitochondrial dysfunction during chronic stroke in the

absence of any therapeutic intervention.

2.4 — Mitochondria and inflammation in stroke

Inflammation plays a fundamental role in all the phases of ischemic cascade involving both

innate and adaptive immune-cell responses leading to neuronal cell death [3].

Recently it has been reported that mitochondria have a central role in inflammation in
stroke [3]. According to endosymbiotic hypothesis of mitochondrial origin, mitochondria retain
features of their bacterial ancestry that may trigger inflammatory response from the cell host [3]
[60]. Mitochondrial ROS can enhance host defense and inflammation [3]. Oxidative stress can
induce mtDNA fragmentation that can be released in cytosol where it can activate the toll-like
receptor 9 (TLR9) [3]. Activated TLR9 triggers the NF-kB signaling pathway including the expression
of pro-inflammatory proteins, such as tumor necrosis factor-a (TNF- a) and Interleukin (IL)-6 [3]. In
addition, the mtDNA can activate the nucleotide-binding domain (NOD)-like receptor protein 3
(NLRP3) inflammasome on the outer mitochondrial membrane causing the cleavage of pro-IL-1B
and pro-IL-18 by caspase-1, thereafter resulting in pyroptotic cell death [3] [60]. Mitochondrial

dysfunction, induced by increase of ROS, can trigger inflammation and cell death [3].
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Regenerative medicine and stem cells

According to the National Institutes of Health (NIH), “Regenerative medicine is the process
of creating living, functional tissues to repair or replace tissue or organ function lost due to age,
disease, damage, or congenital defects. This field holds the promise to regenerate damaged
tissues and organs in the body by stimulating previously irreparable organs to heal themselves.
Regenerative medicine also empowers scientists to grow tissues and organs in the laboratory and

safely implant them when the body cannot heal itself” [61].

The idea of wound repair and organ regeneration has captured the human imagination
since the time of the ancient Greeks. Examples are the many-headed Hydra myth, whose two new
heads grew up for every one that Heracles cut off, and the myth of liver of Prometheus, devoured
by a ravenous eagle each night, but regenerated every morning [62]. Aristotle (384—322 BC) noted
that the tails of lizards and snakes, as well as the eyes of swallow-chicks, could regenerate which
he reported his observations in the books “Generation of animals” and “The history of animals”

[63].

While much interest in regenerative medicine disappeared in the medieval era, the
Enlightenment period (late 17th century to the end of 18th century) was the first significant
milestone in the history of regenerative medicine. In 1744, Abraham Trembley investigated
hydra’s robust regenerative capability in that each half of the hydra regenerated into a complete

new hydra, providing the first glimpse into the cellular regenerative potential [64].

The first stem cell research was Harrison’s experiment on nerve fiber development in 1907,
more specifically in 1910 [65] [66]. Interested in knowing how the nerve fibers grew, he cultivated
a sample of neural progenitor cells into a droplet of frog lymph [65] [66]. Harrison observed that
these progenitor cells differentiated in fully formed nerve cells in vitro, producing the first in vitro

cultures of stem cells, in particular of neural stem cells [65] [66] [67].

In modern-day medicine, research work involving stem cells and organ regeneration
started in the 1950s with the first attempts at bone marrow transplantation in animal models.
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These pioneering studies paved the way for human bone marrow transplantation, a therapy now
widely used for the treatment of various blood disorders [68] [69]. This new therapeutic strategy
revealed the existence of stem cells that regenerated adult tissues. Presently, regenerative
medicine is a major focus of research not only to find therapies but also to understand basic
biology and the pathogenesis of disease. Recent advances in stem cell isolation and cell growth
and development have helped scientists to identify and culture specific cell types for regeneration
of tissues in various disorders such as Parkinson’s (PD), Alzheimer’s (AD), or diseases of the heart,

muscles, lung, liver, and other organs [70].

Stem cells are clonogenic cells capable of both self-renewal and multilineage
differentiation [71]. The first genetic evidence that stem cells exist came from the studies of Till,
McCulloch, Wu, Becker and Siminovitch focusing on blood-forming (hematopoietic) stem and

progenitor cells [72] [73] [74].

Stem cells are defined simply as cells respecting three basic criteria: self-renewal, clonality,
and potency [70]. First, stem cells renew themselves throughout life, in that the cells divide to
produce identical daughter cells and thereby maintain the stem cell population [70]. Second, stem
cells have the capacity to undergo differentiation to become specialized progeny cells [70]. When
stem cells differentiate, they may divide asymmetrically to yield an identical cell, as well as a
daughter cell that acquires properties of a particular cell type, for example, specific morphology,
phenotype, and physiological properties that categorize the cell as belonging to a particular tissue
[70]. The third property of stem cells is that they may renew the tissues that they populate [70].
Specific tissue compartments may contain cells that satisfy the definition of “stem cells”, and the

rate at which stem cells contribute to replacing cells varies throughout the body [70].

3.1 - Stem cells source and classification

Stem cells can be classified into 5 groups according to their differentiation potenial:
totipotent or omnipotent, pluripotent, multipotent, oligopotent, and unipotent [75]. Based on
their origin, stem cells can be grouped into five categories: embryonic, fetal, perinatal and adult
(resident or tissue-specific). Embryonic and iPSCs are pluripotent, and fetal and perinatal are, in

general, multipotent, whereas adult stem cells are usually oligo- or unipotent Figure 2) [11].
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Different stem cell types can potentially be used for clinical studies, including ESCs, isolated
from the inner cell mass of blastocysts; iPSCs which are adult somatic cells reprogrammed to
pluripotency; neural stem cells (NSCs), ESCs- or iPSCs-derived or isolated from fetal or adult brains;

MSCs, stem cells isolated from fetal, perinatal or adult tissues.

The hierarchy of stem cells
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Figure 2. The hierarchy of the stem cells.

3.1.1 — Embryonic stem cells

ESCs are pluripotent stem cells derived from the inner cell mass of blastocyst stage
embryos grown in culture within 5 days of fertilization of the oocyte [76] [77]. Human ESCs
(hESCs), theoretically, can differentiate into almost all tissues of the human body, but they cannot
form the extraembryonic tissues necessary for complete development, such as the placenta and
membranes. ESCs are therefore distinct from the totipotent fertilized oocyte and blastomere cells,

which are harvested from the first divisions [78].
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However, hESCs have limitation for use. The principal limitation is an ethical problem
because hESCs are isolated from the embryoblast or inner cell mass destroying the fertilized
human embryo [78]. These ethical issues are debated around the world and hESCs-based research
is regulated differently from one country to another. HESCs for research purposes are allowed in
many European countries [79]. In United Kingdom, new hESC lines can be derived from
supernumerary in vitro fertilization (IVF)-derived embryos, as well as after therapeutic cloning (or
somatic cell nuclear transfer) [80]. On the contrary, in other countries, including Italy, all the hESC-
based research is prohibited [79]. The Italian law on medically assisted fertilization (Law 40/2004)
prohibits the use of human embryos for research purposes, as well as the production of embryos
through the somatic cell nuclear transfer technique [81]. However, Italian scientists can import
hESC lines from abroad but its use is highly limited by lack of oversight regulation and national
funding research on hESCs [81]. In United States, several states have complete bans in hESC lines
production and limits on usage of lines created prior to August 9, 2001 [82]. On the other hand,

other states, including California, Florida and Texas, support ESC research [82].

Beside ethical concerns, hESC-based therapy is highly controversial for safety issues [83].
The pluripotency of hESCs could make them the best choice of stem cells for tissue repair at wide
range allowing to generate cell types from all the three germ layers [83]. However, this same
plasticity makes hESCs highly tumorigenic. hESCs are immortal because they express high levels of
telomerase, which ensure that the telomere ends of the chromosomes are preserved at each cell
division and the cells do not become senescent [83]. Studies have shown that teratoma formation

is between 33-100% in hESC-transplanted immunodeficient mice [84] [85].

3.1.2 — Induced pluripotent stem cells

iPSCs are somatic cells reprogrammed to the pluripotent state [86]. In 2006, Takahashi and
Yamanaka successfully reprogrammed mouse somatic cells (such as fibroblasts) by using a cocktail
of four transcription factors (OCT4, SOX2, KLF4 and MYC) that were named “Yamanaka factors”
[87]. One year later, two research groups generated iPSCs from human fibroblasts [88] [89]. iPSCs
are very similar to hESCs in terms of karyotype, phenotype, telomerase activity and differentiation
capacity [86].

IPSC represent an important discovery in regenerative medicine showing the possibility to

generate cells similar to hESCs without destruction of embryos and, therefore, avoid ethical
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concerns [83] [86]. Moreover, since iPSCs are generated from somatic cells from the same patient
who will receive the transplant, there is no risk of immune rejection after their transplantation
[83] [86]. However, similar to the transplant concern with hESCs, teratoma formation is the main

safety issue on iPSCs clinical use [83] [86].

3.1.3 — Fetal stem cells

Recent interest in human fetal stem cells (hFSCs) derived from aborted fetal tissues [90]
because of the potential to harvest different stem cells. Fetal-derived hematopoietic stem cells
(HSCs), fetal MSCs and fetal NSCs are the most investigated FSCs [90]. FSCs therapeutic potential is
higher compared to the adult stem cells [90]. In addition, the pre-immune status of early FSCs

might reduce the risk of reject in transplantation [90].

Fetal neural tissue is one of the main sources of NSCs for replacement therapy in the
injured nervous system, with fetal NSCs transplantation has shown effective in several brain-injury
models [90]. Clinical studies have also been performed with human fetal neural tissue
transplantation in neurodegenerative disorders resulting in symptomatic improvement [90] [91].
However, deleterious side effects were associated with the fetal grafts, and logistical issues
accompanied such approach, specifically for the need to harvest up to six fetuses to treat one

patient [91].

Notably the hFSCs overcome the ethical issues associated with hESCs, because aborted
fetuses are discarded [92]. However, use of fetal tissue is not totally exempted from ethically
controversies because it is associated with voluntary interruption of pregnancy which many
people object to [92] [93]. Accordingly, the documented side effects, limited supply of fetal tissue,

and ethical concerns have led to a search for alternative sources of stem cells for clinical uses.

3.1.4 — Neural stem cells

The discovery that adult neurogenesis occurs throughout life in animals and then in

humans led to rapid recognition of the therapeutic potential of NSCs [94] [95].

NSCs are undifferentiated cells with both self-renewal and capacity to differentiate in
neurons, astrocytes, and oligodendrocytes [94] [95]. Adult neurogenesis is restricted, under
physiological conditions, to two specific ‘neurogenic’ brain regions: the subgranular zone (SGZ) in
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the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) of the lateral
ventricles [94] [95]. The new neurons generated in the SVZ migrate through the rostral migratory
stream (RMS) to the olfactory bulb where they become interneurons [94] [95]. However, it was
shown that neurogenesis also occurs in supposed “non-neurogenic” regions such as the striatum,

which is adjacent to the lateral ventricle wall and the subcortical white matter [96] [97].

In contrast to fetal NSCs, studies of adult NSCs are limited because the only source for NSCs
cultures from adult brain are small pieces of tissue biopsy from patients undergoing epilepsy
surgery or traumatic temporal lobe decompression [97]. Despite this logistical limitation, the
successful isolation and expansion of viable adult NSCs from the rodent and human brain within a
short postmortem interval suggests that postmortem NSCs could potentially become an
acceptable alternative stem cell source [98]. However, very few studies have used biopsy sampling
from post-mortem patients because of delicate ethical, social, and legal implications, as well as
various still-unresolved questions about cell viability of stem cells harvested from aged and

diseased tissues due to global ischemia after death [98] [99] [100] [101].

Olfactory bulb also contains NSCs and this finding opens up the possibility to isolate NSCs
from non-biopsied source, which is obviously preferable to the highly risky surgical collection of
intracerebellar NSCs [102]. For instance, the use of olfactory bulb-derived NSCs could be
advantageous for treating diabetes with an autologous transplantation strategy before the disease
progresses [103]. This advanced collection of stem cells from the olfactory bulb could become an

attractive source of NSCs for autotransplantation for neurodegenerative diseases.

Recently, it was shown that ultrasonic aspirate samples, discarded as biological waste
following epileptic surgery, represent another valuable source of neural progenitors cells (NPCs)

and they could be similarly used for autologous transplantation [104].
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4

Mesenchymal stem cells

The MSCs are considered the most important cell type for regenerative medicine and are
the most widely studied in preclinical and clinical trials [105] [106] [12]. Their advantages for
clinical application include easy isolation and high in vitro yield with elevated genomic stability,
high plasticity and differentiation potential as well as few ethical implications [12] [105] [106]. In
addition, great interest in these cells is due to their ability to modulate inflammation and to
promote cell growth and differentiation [12] [105] [106]. Compared to ESCs and iPSCs, MSCs do
not form teratomas after transplantation, ensuring safety to the host [12] [105] [106]. MSC is the
designation commonly applied to the plastic-adherent cells isolated from different tissues: fetal
[107] [108] [109]; adult (bone marrow [110], adipose tissue [111], dental pulp [112], endometrium
[113], menstrual blood [114], peripheral blood [115], salivary gland [116], skin and foreskin [117]
[118], synovial fluid [119] muscle [120], corneal stroma [121], heart [122], lung [123]); and
perinatal (placenta, chorionic and amniotic membranes [124], amniotic fluid [125], umbilical cord

[126] and umbilical cord blood [127]).

The isolation of multi-potent stromal cells from the bone marrow, by Friedenstein in the
1970, led to keen interest in the field of MSCs biology. This was the first report to show that the
mesenchyme of a tissue could harbor mesenchymal progenitor/stem cell properties whose
potency can be validated in vitro and in vivo [128]. The term “MSC” was popularized in the early
1990s by Caplan, considered the father of MSCs [129] [130]. The Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy proposed three criteria to define
MSCs: adherence to plastic, specific surface antigen (Ag) expression and multipotent
differentiation potential [131]. First, MSCs must be plastic-adherent when maintained in standard
culture conditions using tissue culture flasks [131]. Second, 295% of the MSCs population must
express CD105, CD73 and CD90 [131]. Moreover, these cells must lack expression (5/2% positive)
of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA (human leukocyte antigen) class Il. Third,
the cells must be able to differentiate to osteoblasts, adipocytes and chondroblasts under

standard in vitro differentiating conditions [131].
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MSCs point to a wide range of immunological functions [105]. In particular, it has been
demonstrated that MSCs have the capacity to suppress T cell activation and proliferation [105].
Moreover, MSCs modulate the innate function of monocytes, macrophages, natural killer (NK)
cells, and dendritic cells (DCs) [105] [132]. Notably, human MSCs are hypoimmunogenic because
they express low levels of MHC (major histocompatibility complex) class | and lack expression of
MHC class I, indicating that MSCs may potentially avoid immune-rejection in allotransplantation
[133]. In addition, MSCs do not express the co-stimulatory molecules CD40, CD40L, CD80 or CD86
required for effector T cell induction, and they secrete immunomodulatory and anti-inflammatory
molecules, such as IL-10, indoleamine 2, 3-dioxygenase (IDO), prostaglandin E2 (PGE2) and
hepatocyte growth factor (HGF) [133]. Therefore, this immunomodulatory function has promoted
use of MSCs in transplantation. However, recent studies have debated the immune-privileged
status of MSCs, highlighting the necessity of comparisons between autogeneic and allogeneic

MSCs [134].

Bone marrow-derived MSCs (BM-MSCs) are considered the gold standard in MSC biology.
However, although BM-MSCs are the most studied and well-documented, they have limitations
such as an invasive isolation procedure and a high risk of bacterial and viral contamination [135].
In addition, donor age variations among samples leads to differences in the initial yield of isolation
as well as in proliferative and differentiation capabilities [135] [136]. These factors can affect
reproducibility between different bone marrow isolates [136]. Moreover, BM-MSCs have
limitation in terms of cell numbers, requiring the need for expansion in vitro, which may trigger

the risk of loss of stemness properties and induction of artifactual chromosomal changes [136].

The adipose tissue has recently emerged as an alternative source of MSCs. Compared to
the bone marrow, the adipose tissue is a rich source of MSCs with up to 10-fold higher yield of
MSCs [105] [111]. More recent publications demonstrated that adipose tissue-derived MSCs (AD-
MSCs) might also have higher immunomodulatory and immunosuppressive potential in vitro as
compared to BM-MSCs [111]. Despite its plentiful nature, an invasive procedure is still required to

collect the adipose tissue [105] [111].

Most recently, MSCs have been isolated from extra-embryonic tissues which offer more
advantages than embryonic, fetal and adult stem cell sources [137]. Perinatal tissues as a source of
stem cells are appealing because they are routinely discarded at delivery and could be stored and

used for useful clinical purposes [137]. The extracorporeal nature of these tissues facilitates
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isolation, eliminates risks for patients connected with adult stem cell isolation and circumvents
ethical concern [137]. Most importantly, the volume of extra-embryonic tissues is comparably
greater than all the other stem cell sources that, together with an ease of in vitro expansion,
increases the number of stem cells that can be isolated [137]. MSCs have been isolated from
placenta, chorionic and amniotic membranes [124], amniotic fluid [125], umbilical cord [126] and
umbilical cord blood [127]. Perinatal MSCs are used in both pre-clinical and clinical studies [137]
[138] [139] [140] [141]. The ability to harvest viable stem cells from adipose tissues, or for that
matter any tissue source, should entail a rigorous set of studies to reveal the optimal safety and

efficacy of these cells for transplantation therapy in a disease-tailored condition.
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Umbilical cord: a pivotal source of MSCs

The umbilical cord (UC) is the link between mother and fetus during pregnancy [15]. UC
connects the placenta to the uterus and allows the flux of nutrients, oxygen and waste products to
and from the fetus [15]. At term, the human UC is about 40—60 cm long, with a girth of 1-2 cm
[15]. UC is anatomically a simpler tissue than bone marrow, adipose tissue or placenta and this
characteristic, together with other properties which will be described here, makes it a pivotal

source of MSCs.

5.1 — Structure of the human umbilical cord

The UC consists of two arteries and one vein surrounded by a connective tissue called
“Wharton’s jelly” (WJ) and outer single layer of amniotic epithelium [15]. The umbilical arteries
carry deoxygenated blood from the fetus to the placenta, while along the umbilical vein there is a
flux of oxygenated and nutrient-rich blood from the placenta to the fetus [15]. The umbilical
vessels comprise only a tunica intima and media, but lack tunica adventitia unlike other vessels of
similar diameter in the human [15]. WJ is considered to play the adventitial roles of vascular

support and contractile function [15].

W1 is first described by Thomas Wharton in 1656 [142] and consists of an amorphous
substance composed by glycosaminoglycans (GAGs) and collagen. Hyaluronic acid is almost 70% of
the GAGs, whereas the sulphated GAGs (such as keratansulphate, heparan sulphate, chondroitin-
4-sulphate, chondroitin-6-sulphate and dermatan sulphate) are less abundant [143]. Different
types of collagens are observed in umbilical cord stroma, such as collagen type |, Ill, IV and VI
[144]. Two different types of cells are dispersed in WJ: myofibroblasts and fibroblast-like MSCs
(also known as WI-MSCs) [15] [145]. These cells are responsible for the deposition of the
extracellular matrix (ECM), which is the main component of WJ. The main role of WJ is to prevent
the compression, torsion and bending of the enclosed vessels during movement of the fetus in the

womb [15]. Notably, WJ contains no other blood or lymph vessels and is not innervated and it is
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thought that it serves as a surrogate lymphatic system [15]. Therefore, the role of the WJ is not
simply mechanical, but its functions seem to be more complex. Interestingly, the lack of
vascularization within WJ means that the umbilical cord environment is relatively hypoxic and it
has given rise to the hypothesis that the stromal cells are adapted to limited nutrient and oxygen
supply [146]. This ability of WJ-MSCs could allow them to survive in ischemic environments after
transplantation allowing them to confer beneficial effects to the injured tissue or organ, such as
the stroke brain. These potential therapeutic properties of WJ-MSCs require further investigations

[146].

5.2 — Wharton'’s jelly MSCs are all the same?

W] as effective source of MSCs was examined in the ‘90s with the reports by McElreavey et
al. [147] who first isolated fibroblast-like cells from human UC, then by Takechi et al. [148] who
phenotypically characterized these cells. Even though the WJ-MSCs have been studied since nearly
30 years, there is little consensus on both the cellular population of WJ and the anatomical
structure of this tissue. This conundrum is mainly due to the lack of a standard cellular isolation

method.

Notwithstanding cell isolation standardization shortcoming, laboratory evidence supports
the hypothesis that WJ consists of three different anatomical regions - perivascular, intermediate
and cord lining or subamniotic - with distinctive characteristics and reasonably specific cellular
populations (Figure 3) [15]. WJ-MSCs are not distributed uniformly within the UC stroma, but they
are more numerous in the perivascular area and more spread out moving towards the amniotic
epithelium [15]. The distribution of the MSCs within the UC reflects also the structure of WI:
densest in the perivascular and subamniotic area, and thinnest with clefts in the intermediate

stroma [144].

Moreover, a differential distribution pattern of the various ECM proteins has been shown
in different zones of umbilical cord. In particular, collagen type IV is expressed abundantly in the
basement membrane of the amniotic epithelium and in the perivascular area, but weakly in the
intermediate WJ [144]. Collagen type Il and type VI are also present in all the UC stroma, but with
an increase positivity moving from the vessels towards the amniotic epithelium [144]. In addition,

type | collagen, but also type lll, is the most abundant form in the intervascular stroma [143].
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Instead, collagen type VIl is restricted to the epithelial basement membrane [144]. Interestingly,
UC stroma composed of collagen X, laminin and fibronectin plays important roles in peripheral
nerve regeneration [149]. Moreover, recently we reported that the fibronectin network created by
the WJ-MSCs, together with other extracellular proteins identified by mass spectrometry analysis,
exerts key function in the ex vivo expansion of hematopoietic stem/ progenitors cells [150]. In
addition to a structural and mechanical role, the ECM proteins of UC stroma create a complex
network serving as a reservoir of growth factors, proteases and signaling proteins involved in cell

proliferation, adhesion, migration, and differentiation activities [150].

The non-perivascular cells within the umbilical cord are thought to be derived from a
perivascular lineage and that they simply migrated away from the vessels to the amniotic
epithelium [151]. This hypothesis is supported also by the process of fibrotic repair and wound
healing in which endothelial cells migrate from the vessels to the injured site in promoting its
regeneration [152]. Another hypothesis is that the UC cells correspond to various stages of
fibroblast committed towards myofibroblast differentiation [144]. In addition, some studies
showed that the MSCs within the umbilical cord display different characteristics depending on the
region from which they are extracted [144] [153]. Notably, UC presents two different embryonic
origins: arising from the connection between stalk and allantoic mesenchyme, and from the

enveloping amniotic membrane [154].

Amniotic Epithelium
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Figure 3. Structure of the umbilical cord (Davies et al. 2017).
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However, whether the phenotypes of MSCs within the WJ are equivalent or different is still

not clear due to different reasons:

1) Even though all the UC cells show the typical characteristics of the MSCs in surface
phenotype, plastic adherence and multipotency, there is still no specific marker or set of

markers allowing the distinction between different populations [153].

2) The expression pattern of the MSCs derived from the various compartments of the UC
remains not well-defined with contradictory results in literature. The perivascular stem
cells are positive for CD14, CD106 and CD117 in some studies, but negative in others [155].
Similarly, it was reported that the subamnion MSCs are positive for CD34, CD45 and SOX2
in one study, but negative in another [155]. Similarly, the MSCs isolated from cultured
whole UC pieces (MC) were shown positive for CD106 and CD117 in one report and
negative in another [155]. These discrepant results are obtained also for the MSCs derived
from the intermediate stroma based on several markers such as CD10, CD45, CD54, CD105,
CD106 and CD117 [155]. Discrepancies are also present in the phenotype profile of the
MSCs derived from the whole umbilical cord stroma [155]. Even more enigmatic is that
proteins such as CD113 and CD235a, exhibited by MSCs harvested from the whole UC

stroma, are not detected in MSCs derived from any of the single compartments [155].

3) The MSCs isolation method is not standardized across the studies. Two different methods
exist (enzymatic and explant) and various degrees of heterogeneity are employed for
harvesting the cells from the UC. Different methods have been employed for the isolation
of the MSCs from the various compartments of the UC. Briefly, these methods include: (a)
the culture of entire UC pieces containing a mixed population of MSCs [150]; (b) separation
of the WJ from the cord lining with a razor blade or scraping off it with a scalpel [156]
[157]; (c) squeezing out the enzymatically digested WJ with forceps without removal of
vessels and cord lining [158]; (d) separation of the WJ from the cord lining after removal of
the blood vessels [156]; (e) after removal of the vessels, enzymatic digestion of the W)
without separating it from the cord lining [159]; (f) the isolation of perivascular MSCs shed
out from the blood vessels and culturing them with or without tying the ends into loops
[160] [161], (g) culturing separately the perivascular population of MSCs of the umbilical

arteries and the vein [161]; (h) collection of a suspension endothelial and subendothelial
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4)

MSCs after gentle compression of the intact UC with the vein previously filled on both sides
with collagenase [126]; (i) separation of the subamniotic stroma from the amniotic
epithelium with enzymatic digestion [162]; (j) culturing the cord lining without separating
the subamniotic stroma from the amniotic epithelium, but placing the inner or the outer
layer faced down on the culture plate to allow only the cells of one side to detach and then
growing in culture [157] [163]. This wide variety of isolation methods means that the

comparison of cell populations isolated across studies is hardly feasible.

The enzymatic method increases the yield of cell isolation digesting the UC ECMs.
However, different types of enzymes and enzyme mixes have been used (see review by
Conconi et al.) [155]. Each research group used different types of collagenase (I, I, IV) with
or without hyaluronidase type I, trypsin or dispase Il [155]. Enzymes concentration and
incubation times are also variable between the studies [155]. In particular, the
concentration of collagenase type | ranged from 1lug to 500mg per ml, while the
hyaluronidase type Il from about 0.03 pg to 1mg per ml [155] [164] [165]. Also the
digestion time is highly variable from 10 minutes to 24 hours [155] [166] [167] [168]. A
reason for this wide variability in the digestion protocols is that the longer incubation
periods on equal amount of enzymes could allow a more efficient digestion of the tissues
enriching the amount of isolated cells. In the same way, higher concentrations of enzymes,
or the use of enzymes mixes, could allow a lesser time of incubation to reach the higher
isolation efficiency. Nevertheless, longer times and higher concentrations of enzymes could
decrease the cell viability. However, this relationship does not seem very consistent across
the protocols since different research groups used the same concentration of enzymes
with different incubation times (i.e. collagenase type | at Img/ml for 4 hours or for a range
of 18-24 hours [160] [169]) or the same incubation time for different enzymatic
concentrations (i.e. 0.5mg and 1mg per ml of collagenase type |, both for a range of 18-24
hours [160] [170]). Moreover, different culture media are used such as DMEM-LG, DMEM-
HG, DMEM/F12, aMEM, aMEM/F12, M199, RPMI 1640, DF-12, supplemented with fetal
bovine serum (FBS, concentrations from 1 to 20%), fetal calf serum (FCS, 10 or 20 %),
human serum or umbilical cord blood serum [155]. In addition, some groups supplemented

the medium with growth factors [155]. Therefore, this wide heterogeneity and
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inconsistency about the isolation methods and MSCs culture conditions contributes to a

lack of clarity about the characteristics of the different MSC populations in the UC.

5.3 — Characteristics of MSC populations within the Wharton’s Jelly

In view of the reasons mentioned above, to compare MSCs obtained from the different
regions of the WIJ is very difficult. However, all the UC-derived MSCs (UC-MSCs) meet the
characterizing criteria of Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cell Therapy [131]. In particular, UC-MSCs express the MSCs-associated markers
CD105, CD73 and CD90 and lack the hematopoietic surface antigens such as CD14, CD34, CD38,
CD45, and CD133 [155]. Notably, the UC-MSCs show low levels of class | HLA and lacking of class Il
HLA linked to their immunotolerance in transplantation [155]. In culture conditions, UC-MSCs are
plastic adherent and share a fibroblast-like morphology, as well as a high proliferation rate and
multipotent differentiation potential [155]. The UC-MSCs can be classified as perivascular (PV), W)

and cord lining (CL)-MSCs according to their anatomical localization in the UC.

5.3.1 — Perivascular MSCs

The perivascular region contains almost the 45% of the cells in the WJ [15]. The arterial
perivascular tissue is about 600 microns, while it is thicker around the vein, up to 2,000 microns
[15]. The perivascular MSCs (PV-MSCs) express CD29, CD44, and CD54, but lack Oct-4 [155].
Moreover, they express CD10 - a marker of WJ-MSCs, but not of amnion or arterial smooth muscle
layers — that supports the hypothesis that PV-MSCs and WJ-MSCs may have the same origin [155].
Interestingly, Schugar et al. showed that the PV-MSCs express CD146, a marker of pericytes which
may be an origin for MSCs [171]. In addition, the perivascular origin of the UC-MSCs is also
supported by the finding of Xu et al. showing the expression of CD146 is higher in PV-MSCs than
WJ-MSCs [172]. Recently, an analysis of PV-MSCs secretome showed the presence of proteins such
as HSP27, Galectin 1, Semaphorin 7A, plasminogen activator inhibitor-1 (PAI1) and glia-derived
nexin (GDN), which have all been implicated as possessing neuroprotective actions [173].
Moreover, PV-MSCs expressed cardiomyocyte markers such as cTnT, MYH6, SIRPA, and CX43,
factors know to influence cardiomyocyte reprogramming and differentiation, which are key

factors shown to contribute to an improved cardiac function in a mouse model of acute
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myocardial infarction (AMI) [166] [174]. In addition, PV-MSCs may modulate inflammatory
response, regulating the switch from infiltration of pro-inflammatory to anti-inflammatory
macrophages at the infarct site in an AMI mouse model, probably due to the secretion of IL-10

[175].

5.3.2 — Wharton’s jelly MSCs

Wharton’s jelly MSCs (WJ-MSCs) are the most studied UC cells. WJ-MSCs fit the minimal
criteria for MSCs and their mesenchymal features have been confirmed by the expression of
specific lineage cytoskeletal markers, such as aSMA and vimentin [176]. WJ-MSCs are a primitive
source of stem cells with stem cell characteristics between ESCs and more mature adult stem cells
in the developmental hierarchy. Indeed, ESC markers, such as Oct- 3/4, SSEA4, nucleostemin, SOX-
2, and Nanog, have been detected [177] [178] [179]. Interestingly, the La Rocca group
demonstrated for the first time that WJ-MSCs express both isoforms of Oct-4 (A and B) and Oct-1
[180]. However, despite these primitive characteristics, no teratoma formation has been reported
on transplantation of WJ-MSCs in several animal models [181]. Interestingly remarkable, WJ-MSCs
express a high percentage of tumor suppressor genes as compared to other classes of MSCs [181].
Furthermore, WJ-MSCs have the intrinsic ability to secrete factors that can result in cancer cell
growth inhibition and/or apoptosis, which are critical therapeutic features when contemplating

cell-directed cancer therapy [181].

WJ-MSCs are well-known for their immunomodulatory properties (see reviews by our
group and Parolini’s group in the book “Placenta: the tree of life”) [14]. Notably, it has been
demonstrated that WJ-MSCs, like the placental cells, express the HLA-G6 isoform that plays a role
in the immune tolerance against the fetus during pregnancy [182]. Moreover, WJ-MSCs lack both
CD80 and CD86 costimulatory factors that induce T cell activation and survival [182]. Therefore,
the concomitant presence of HLA-G and the lack of CD80 and CD86 suggests that WJ-MSCs are
particularly suitable for cell-based therapy with minimal the risk of acute rejection [182].
Moreover, the anti-inflammatory and immunomodulatory role of WJ-MSCs is supported by the
cells ability to secrete several cytokines and other factors such as NO, IDO, hemeoxygenase 1
(Hmox1), transforming growth factor-B (TGF-B), TNF a, PGE2, leukemia inhibitory factor (LIF), IL-2,
IL-6, IL-8, IL-10, IL-12, IL-15, monocyte chemoattractant protein 1 (MCP-1), macrophage

inflammatory protein (MIP-1B), RANTES and others [183] [184].
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WIJ-MSCs possess great differentiation potential; in fact, they can differentiate into
mesodermic but also ecto- and endodermic lineages. It has been shown that WJ-MSCs express the
NSC marker neuron-specific enolase (NSE) and neuronal proteins including neuron-specific class Il
beta-tubulin, neurofilament M and tyrosine hydroxylase, a marker for catecholaminergic neurons
after neural induction [185]. Moreover, WJ-MSCs can differentiate to cells that express astrocyte
(GFAP) and oligodendrocyte (CNPase, MBP, 04, A2B5, GalC) markers [186]. Interestingly, also
naive WJ-MSCs displayed neural progenitor cell markers such as Nestin and Musashi-1 and mature
neural markers including MAP-2, GFAP and MBP [187]. Furthermore, they can differentiate into
Schwann-cell lineage in vitro indicating that they may contribute to nerve repair in clinical
applications [188]. In addition, the transplantation of WJ-MSCs improved the neurological function
and the cortical neuronal activity in a rat brain ischemia/reperfusion model [189]. These beneficial
effects may be related to the capacity of the transplanted cells to differentiate into glial and
neuronal cells, but also into endothelial cells [190]. WIJ-MSCs also afford endodermic
differentiation potential (see review by our group) [191] [192]. In particular, it has been shown
that WJ-MSCs form mature pancreatic islets responsive to glucose challenge and express all the
islet hormones [193]. Moreover, it has been shown that WJ-MSCs constitutively express some

markers of hepatic lineage, such as albumin, a-fetoprotein, and cytokeratin-19 [194].

The therapeutic potential of WJ-MSCs is not only due to their differentiation ability, but
also to their secreted factors. WJ-MSCs express growth factors involved in neuroprotection,
neurogenesis and angiogenesis, such as neurotrophin-3 (NTF3), epidermal growth factor (EGF),
heparin-binding epidermal growth factor (HBEGF), midkine (MDK), brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF),
granulocyte colony stimulating factor (G-CSF), vascular endothelial growth factor (VEGF) and many

others [195].

5.3.3 - Cord lining MSCs

The cord lining membrane (subamniotic) MSCs (CL-MSCs) fit the minimal criteria defining
MSCs and express mesenchymal cytoskeletal markers aSMA and vimentin [196]. However, it is
noteworthy that the expression of CD14 demonstrated by Kita et al. is a receptor for
lipopolysaccharide and its binding protein is expressed in monocytes and macrophages [196].

CD14 may function as a sensor for CL-MSCs to detect bacteria, which might explain how CL-MSCs
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can home to injured/infected sites [196]. The immunosuppressive characteristics of these cells can
be also due to the expression of HLA-E, HLA-G and IDO [197], and even though their expression is

relatively low, it can be upregulated by IFNy —induction [197].

CL-MSCs possess both embryonic stem cells and epithelial cells proprieties. As for the WJ-
MSCs, the CL-MSCs also express pluripotent markers, such as Nanog, Oct-4, and SSEA-4 [198]. CL-
MSCs may be a progenitor of amniotic epithelium. Indeed, it has been shown that CL-MSCs
express cytokeratins (CKs) CK7, CK14 and CK19; MUCIN1, whose function is to protect the
epithelium by binding to pathogens; additionally, they express CD151, which is involved in

epithelial cell-to-cell adhesion, and p63, an adult epithelial stem cell marker [198].

CL-MSCs display a pluripotent differentiation feature. Indeed, together with adipogenic,
chondrogenic and osteogenic differentiation potential, CL-MSCs can differentiate into cardiac cells
as evidenced by the expression of cardiac markers desmin, alpha sarcomeric actin, myosin heavy
chain (MHC), troponin T and connexin 43 [199]. In addition, they differentiated into neural cell
types, expressing typical neural markers of GFAP, NG2, nestin, MAP-2, B-tubulin Ill, CNPase and 04
[199].

42



6

Stem cells repair mechanisms

There are two major schools of discipline in stem cell mediated repair mechanisms in brain
damage caused by injury or neurodegenerative disorders. The first concept supports the idea that
stem cells implanted into the brain directly replace dead or dying cells by neuronal differentiation
and reconstruction of the damaged synaptic circuitry (“cell replacement”, Figure 4A). The second
argues that transplanted stem cells secrete neurotrophic factors, anti-inflammatory substances
and anti-oxidative stress molecules that indirectly rescue the injured tissue and stimulate the

neurogenesis (“bystander effects of stem cells”, Figure 4B).

® Trarsplanied stem cells ® Trareplanted stam cells ® Trarsplanted stem cells
# Dying host cels @ MNeurotrophic factors @ Host stem cells
@ Deadhost cells @ Ars.inflammatory substances

@ Anti.oxidative siress molecules

FIGURE 1 | Multiple mechanisms underlying stem cell therapy. (A) Cell molecules by the transplanted cells, which subsequently rescue spared host
replacement entails that transplanted cells replace dead or dying host cells, cells or stimulate neurogenesis. (C) Stem cel-paved biobridges show that
which would require neuronal differentiation of stem cells and reconstruction transplanted cells form a biological pathway, enriched in MMPs, and ferries
of the damaged synaptic circuitry. (B) By-stander effects involve secretion of newly born host stem cells from the neurogenic niche SVZ to the injured host
neurotrophic factors, anti-inflammatory substances, and anti-oxidative stress tissue.

Figure 4. Stem cell repair mechanisms (Tajiri et al. 2014).

Much emphasis is currently placed on the stem cells environment, referred to as it’'s the
cells’ “niche”. A niche is a subset of tissue cells and extracellular substrates, which in vivo
promotes the existence of the stem cells in the undifferentiated state. The niche
microenvironment regulates the growth and differentiation of stem cells [200]. Tajiri and
colleagues proposed a third stem-cell mediated repair mechanism in brain injury [200]. They
observed the capacity of transplanted stem cells to harness a “biobridge” between the neurogenic

niche and the site of brain injury, enabling long-distance migration of host neurogenic cells and,
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consequently, initiating endogenous repair mechanisms (Figure 4C) [200] [5]. Importantly, it
suggests the clinical significance of exploiting this novel stem cell-mediated concept of brain repair
for the treatment of brain injury and other neurological disorders [5]. In this regard, neural
disorders, presenting a site of cellular degeneration that is physically separated from the area of
the brain that could aid in the recovery of dead tissue or lost cells, may benefit from a deeper

understanding on the concept of stem cell-paved biobridge [5].

6.1 — Mitochondrial transfer as novel stem cell repair mechanism

Recently, a novel mechanism underlying the therapeutic action of stem cells has been
proposed to involve the transfer of healthy mitochondria into damaged cells. It has been reported
that mitochondrial transfer can rescue the stressed cells, reprogram the differentiated cells,
restore the loss of mitochondrial function in recipient cells, promote cell survival, reduce

inflammation, exert neuroprotection and support angiogenesis [8] [9].

As mentioned above, mitochondrial dysfunction is a crucial event in stroke. In addition,
mitochondrial impairment is also associated with several degenerative diseases like PD and AD
and others disorders such as ischemic heart diseases, cardiomyopathy, lung diseases, and brain
injury [8] [9]. Therefore, the therapeutic application of mitochondrial transfer as a regenerative
medicine mechanism may pave the way for an innovative stem cell repair strategy. In 2006, Spees
et al. first reported the mitochondrial transfer from BM-MSCs to adenocarcinomic human alveolar
basal epithelial cells (A549 cell line) restoring the respiratory function of the recipient cells [201].
Since then, several studies have shown the mitochondrial transfer from different type of donor
cells (e.g. BM-MSC, iPSC-MSC, AD-MSC, WIJ-MSC, endothelial progenitor cells (EPCs) and
astrocytes) to various recipient cells (e.g. A549 cell line, pulmonary alveoli, epithelial cells,

cardiomyocytes, cardiomyoblasts, macrophages, neurons, endothelial cells, etc) [8] [9].

Mitochondria can be released through TNT formation, gap junctions, microvesicles, cell
fusion and transfer of isolated mitochondria (Figure 5) [9]. It has been shown that the
mitochondrial Rho-GTPase 1 (Mirol) regulate the movement of mitochondria on microtubules [8]
[9]. The down-regulation of Miro 1 results in reduction of TNT formation, while the increase of this

motor-adaptor protein leads with an enhanced rescue potential [8] [9]. MSCs are efficient
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mitochondrial donors, likely owing in part to MSCs expressing higher levels of Mirol than the

poorer mitochondrial donors, lung epithelial cells and fibroblasts [8].

Different Modes of Mitochondria Transfer
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Figure 5. Modalities of mitochondrial transfer (Paliwal 2018).

Despites the growing knowledge about the mechanisms of mitochondrial transfer, the
reason why cells donate their own organelles is still unclear. Different hypothesis have been
proposed about the signals that trigger the transfer of mitochondria [9]. Oxidative stress of
damaged cells might induce neighbor cells to donate mitochondria [9]. Damaged cells can release
stress signals including damaged mitochondria, mtDNA and mitochondrial products that are
characterized as damage associated molecular patterns (DAMPS) [9]. Notably, mtDNA released by
cells with mitochondria dysfunction can be engulfed by MSCs that subsequently enhance
mitochondrial biogenesis for mitochondrial donation [9]. Interestingly, ROS released by stressed
cells can trigger mitochondrial donation from healthy cells [9]. Indeed, superoxide derived from
NOX2 released by acute myeloid leukemia cells stimulates mitochondria transfer from BM-MSCs
through TNT [9]. In addition, it has been shown that mitochondrial transfer from astrocytes to
neurons is mediated by the Ca?* dependent mechanism of CD38/cyclic ADP ribose signaling
pathway that promotes neuroprotective effects and recovery after stroke [202].

45



Mechanisms underlying the uptake and holding on to the transferred mitochondria are
even less clear. Mitochondria are inherited only from the mother, except in rare cases of paternal
inheritance leakage [203]. The first phenomenon of mitochondria transfer known is during
fertilization. While mitochondria of spermatozoon enter the oocyte, the paternal mitochondria are
immediately eliminated by ubiquitin-proteasome pathway [203]. That the mitochondria of
spermatozoon are already ubiquitinated suggests that a signal may determine their degradation
from the oocyte [203]. It speculated that in the context of mitochondria transfer between a
healthy donor cell and a damaged recipient cell their ubiquitination sites could be somehow
masked and therefore not recognized like “alien” [203]. The eventual fate of donated healthy

mitochondria in the recipient cell is still unresolved and warrants further investigation.

6.2 — Mitochondrial transfer-based stem cell therapies for stroke

Targeting the mitochondria may be a potent approach for the treatment of stroke. Several
studies have proposed strategies like activation of the redox state and energy sensor SIRT1 (NAD-
dependent deacetylase sirtuin-1), modulation of mitochondrial fission and fusion, purinergic
treatment, reduction of electron leakage and increasing ATP production with methylene blue,
detoxyfing SOD mimetics, use of antioxidants, as well as calories restriction and exercise [204].
Since the report of successful mitochondrial transfer, mitochondrial-based stem cell therapy has
been considered as a feasible treatment of stroke. Hayakawa and coworkers demonstrated the
mitochondria transfer between astrocytes and neurons in an in vitro and in vivo model of stroke
resulting in neuroprotection and neurorecovery after the ischemic insult [202]. In 2018, the same
research group demonstrated mitochondrial transfer from EPCs to brain endothelial cells through
extracellular vesicles in an in vitro study [205]. Interestingly, mitochondria transfer stimulated
angiogenesis and restored endothelial tightness in an in vitro model of stroke. Recently, our group
reported that mitochondria isolated from brains of stroke animals have recovered their OXPHOS
capacity after transplantation of EPCs compared to those stroke animals that received vehicle
infusion [10]. In addition, the transfer of exogenous mitochondria via in-situ injection or systemic
administration reduced cell death and improved the motor performance of stroke rats [206].
These studies taken together support the potential of replacing dysfunctional mitochondria by
mitochondrial transfer between stem cells and ischemic cells as a novel strategy for the treatment

of stroke.
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6.3 — Evidence of UC-MSCs mitochondrial transfer

The ability of UC-MSCs to transfer healthy mitochondria to damaged cells may be an
equally effective option to treat diseases characterized by mitochondrial dysfunction. Chen et al.
showed that UC-MSCs downregulated autophagy and consequently reduced apoptosis activated T
cells of systemic lupus erythematosus (SLE) patients through mitochondria transfer [207]. In a
separate study, Lin and coworkers co-cultured WJ-MSCs with mtDNA-depleted human 143B
osteosarcoma cells (p° cells) [208]. WJ-MSCs were able to transfer mitochondria to the p° cells and
restore the expression of mtDNA-encoded proteins, recover oxygen consumption and respiratory
control, as well as the activity of all the ETC mitochondrial complexes including the complex V-
inhibitor-sensitive ATP production shifting the energetic metabolism [208]. Subsequently, the
same research group tested the use of WIJ-MSCs for the treatment of myoclonus epilepsy
associated with ragged-red fibers (MERRF), a maternally inherited mitochondrial disease
characterized by a mutation in mtDNA [209]. Their findings showed that WJ-MSCs transferred
healthy mitochondria to the MERRF cybrid cells resulting in improvement of mt.8344A>G
mutation ratio, ROS level, oxidative damage, mitochondrial bioenergetics, mitochondria-
dependent viability, balance of mitochondrial dynamics, and resistance against apoptotic stress
[209]. Equally a key finding is that WJ-MSCs transferred mitochondria only to the damaged cells
but not in the healthy ones suggesting the existence of “help me” signals from the damaged cells

recognized from the stem cells [209].

In summary, UC-MSCs may be a promising source of healthy mitochondria for the

treatment of mitochondrial dysfunction-related diseases and, potentially, for stroke.
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AIMS OF THE PROJECT

The aim of this project is to characterize the MSCs populations of the human UC based on
their potential benefits for stem cell treatment in experimental model of stroke. The hypothesis is
that UC-MSCs confer therapeutic effects via cell replacement, bystander effect, stimulation of
endogenous repair mechanisms and repair of mitochondrial function. To achieve these objectives,

this study has been divided in 2 steps characterized by 2 different MSC isolation procedures (Figure
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Figure 6. Experimental design.

UC: Umbilical cord, MSC: mesenchymal stem cells, UC-MSC: umbilical cord MSC, PV-MSC: perivascular MSC, WJ-MSC: Wharton's
jelly MSC, CL-MSC: cord lining MSC, 2D -PAGE: two-dimensional polyacrylamide gel electrophoresis), HPLC/MS: high performance
liquid chromatography coupled with mass spectrometry, OGD: oxygen-glucose deprivation, PBS: phosphate buffered saline.

STEP 1: An explant method without separation of the different anatomic regions of the UC
was used for the isolation of a “mixed” population of MSCs called UC-MSCs (Figure 6).
Subsequently, a mass spectrometry-based proteomic analysis of cell lysates, by using high
performance liquid chromatography coupled with mass spectrometry (HPLC/MS), allowed the
characterization of cellular proteins of UC-MSCs. In addition, a two-dimensional polyacrylamide
gel electrophoresis map (2D-PAGE MAP) of cell lysates was performed by identification of selected
2D-PAGE protein spots with HPLC/MS. Moreover, the identification of some proteins was

validated by 2D Western blot (2D-WB) and immunohistochemistry.
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STEP 2: Considering the emerging evidence of three different MSC populations in the
human UC, a unique isolation method was used in order to isolate and characterize PV-, WJ- and
CL-MSCs (Figure 6). The three UC-MSC populations were characterized by morphological and
immunocytochemical analyses. A Cell Energy Phenotype test was performed by using a Seahorse
Analyzer to characterize the energetic metabolic profile of the three MSC populations.
Furthermore, PV-, WJ- and CL-MSCs were subjected to oxygen and glucose deprivation (OGD)
followed by reperfusion (R) to mimics the ischemic condition. Thereafter, a cell viability assay
(Calcein AM Staining) and a Seahorse XF Cell Mito Stress Test were performed in both control and
after OGD/R to assay the mitochondrial function of PV-, WJ- and CL- in both normal and ischemic

conditions.
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MATERIALS AND METHODS

Isolation and culture of whole umbilical cord MSCs

Umbilical cords (n= 9) were obtained immediately after full-term births, after normal
vaginal delivery or cesarean section. All samples were obtained after mothers’ informed consent
and treated in accordance with the tenets of the Declaration of Helsinki and local ethical
regulations. Umbilical cords were stored aseptically in cold saline and then cellular isolation
started within 6 h from partum. The whole umbilical cord MSCs (UC-MSCs) isolation was
performed as previously described by La Rocca et al. [180]. Briefly, the cords were washed in 1x
PBS in order to remove bloodstains and then rinsed in warm HBSS (Gibco) supplemented by 2x
antibiotics/antimycotics (Gibco). Subsequently, the umbilical cord was cut into small pieces of
about 1.5 cm length. The cord pieces were sectioned longitudinally to expose the WJ and some
incisions were made on the inner matrix with a sterile scalpel to expose a wider area of tissue.
Vessels were not removed from the matrix. The cord sections were transferred to 6-well plates
(Corning), one cord piece for each well, with the WJ in contact with the plastic surface of the
culture plates, and covered completely with culture medium. The isolation and subculture of cells
were made using DMEM low-glucose (Sigma), supplemented with 10% FBS (fetal bovine serum
gold, PAA), 1x NEAA (non-essential amino acids, Sigma), 1x antibiotics—antimycotics (Gibco), and 2
mM L-glutamine (Sigma). The isolation method did not use proteases to detach cells from the
embedding matrix, but employed an explant method, based on cell migratory ability of the MSCs.
UC fragments were grown in the culture medium for 15 days in presence of 5% CO; at 37°C, with
medium changed every second day. Cellular exit from the UC and attachment to the plastic
surface of the tissue culture slide was monitored by phase-contrast microscopy. Finally, after 15
days of culture, the remnants of the UC fragments were removed from the wells, and cells
attached to wells were cultured until reaching the confluence. After reaching confluence, cells

were removed from flasks with TrypLE Select (Invitrogen) and were cultured for up to 6 passages.
Immunohystochemistry

For immunohistochemistry (IHC) analysis, 4.0 um formalin-fixed paraffin-embedded UC

tissue sections were stained. Sections were first deparaffinized and rehydrated in ethanol. The IHC
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assay was performed using the ICC/IHC “Histostain Plus 3rd Gen IHC Detection” kit (Invitrogen).
The primary antibodies used for this study are diluted with saponin 0.1% in PBS 1x and they are
listed in the Table 1. Nuclei were stained with Harris Hematoxylin Solution DC (DC Panreac). The
glasses were mounted with Leica CV Mount. The observation of the sections was performed at the

automated upright microscope Leica DM5000 B.

Table 1. List of primary antibodies used in IHC analysis.

Antigen Clone Host Clonality Supplier Dilution
MMP-2 H76 rabbit polyclonal SantaCruz 1:100
MMP-3 1b4 mouse monoclonal SantaCruz 1:25
MMP-9 EP1255Y rabbit polyclonal AbCam 1:100
MT-MMP-1 H72 rabbit polyclonal SantaCruz 1:100
TIMP-1 G6 mouse monoclonal SantaCruz 1:25
TIMP-2 3A4 mouse monoclonal SantaCruz 1:25

Separation of proteins by two-dimensional electrophoresis

For the 2D-PAGE of UC-MSCs, 50 ug of total proteins were loaded for the following silver
staining and 100 pg for the western blotting of 2D gels.

Proteins extraction and quantization

Protein extraction from UC-MSCs was performed using 8M urea/50mM Tris-HCI (pH 8) in

which was added fresh protease inhibitor.

Proteins quantification was performed using the DC Protein assay (BioRad). After

determination of the concentration of each sample, they were stored at -20°C until use.
Isoelectric focusing

In the first-dimension run, isoelectric focusing (IEF), proteins were separated according to
their isoelectric point (pl) on immobilized pH gradient (IPG) strips. In this study, two 7-cm IPG
strips with nonlinear pH gradient and two 7 cm IPG strips with linear pH gradient were used:
Immobiline™ DryStrip pH 3-5.6 NL (GE Healthcare), ZOOM® Strip pH 3-10 NL (Invitrogen),
Immobiline™ DryStrip pH 6-11 (GE Healthcare), ZOOM® Strip pH 4-7 (Invitrogen). Prior to IEF, each
IPG strip for each condition was previously rehydrated with rehydration solution (8 M urea, 2%
w/v CHAPS, 0.5% v/v IPG buffer (Amersham), 0.002% bromophenol blue (1% stock solution),

double-distilled water), to which was added fresh dithioerythritol (DTE). Samples were diluted in
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this solution and allowed to enter IPG strips for 1 h at room temperature, using the ZOOM®
IPGRunner™ Cassette (Invitrogen). The first-dimension run included six steps at various voltages
(‘step and hold’ or ‘gradient’) at different times: (i) hold at 30 V for 720 min, (ii) hold at 100 V for
15 min, (iii) gradient 100 V to 300 V for 30 min, (iv) hold at 300 V for 20 min, (v) gradient 300 V to
3000V 60 min and (vi) hold at 3000 V for 150 min.

2D-SDS-PAGE

After IEF, protein-separated IPG strips were equilibrated with SDS (sodium dodecyl sulfate)
equilibration solution (6 M urea, 75 mM Tris—HCI pH 6.8, 29.3% glycerol, 2% SDS, double-distilled
water), then processed to obtain two buffers, one containing DTE as reducing agent (Buffer A) and
one containing iodoacetamide (IAA, which alkylates reduced sulfurs) and bromophenol blue
(Buffer B). Equilibrated IPG strips were used for the 2D run using 12% SDS-PAGE gels. The 2D run
comprised two subsequent steps at different constant currents and different times: 10 mA gel -1
for 10 min; and 20 mA gel -1 for 120 min. The Zoom Dual Power adapter (Life Technologies) was

used for both first- and second-dimension runs.
Silver staining and 2D map creation

After 2D electrophoresis, the gels were fixed and stained with the MS compatible
Eriochrome black T (EBT) - silver staining method as previously described [210]. The gels were
stored in distilled water until use. Stained gels were digitalized to create a 2D map of whole-cell
lysate of the UC-MSCs. The Melanie 2D gel analysis software was used to compare images as well

as analyze resulting data.
Identification of 2D gels protein spots by mass spectrometry
Excision and de-staining of the protein spots

Protein spots were processed by using mass spectrometry analysis in order to identify the
proteins and build a 2D-PAGE map. In particular, selected protein spots were excised from the
silver stained 2D gels by scalpel, transferred to sterilized 0.5 ml tubes and stored in -20° C until
use. The de-staining of the protein spots was performed using the Destainer A and the Destainer B

of the SilverQuest™ Silver Staining kit (Invitrogen).
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In-gel digestion

After de-staining, the protein spots were dehydrated with 100% acetonitrile (ACN) to allow
the absorption of trypsin solution. For protein digestion, 10 uL of 6.7 ng/uL trypsin (Sequencing
Grade Modified Trypsin, porcin, Promega) in 140 pl of ammonium bicarbonate 0.05 M pH 8.2, was
added to each sample and incubated overnight at 37°C, according to published procedure [211].

The extract peptide digestion products and extracted gel pieces were stored at -20°C until use.
High performance liquid chromatography and electrospray mass spectrometry

Reverse Phase HPLC (RP-HPLC) separation and MS analysis were performed using UltiMate
3000 RSLCnano System (Dionex) combined with LTQ Orbitrap XL™ Hybrid lon Trap-Orbitrap Mass
Spectrometer (Thermo) via electrospray ionization (ESI) interface (Thermo). The chromatographic
separation was on a Discovery BIO Wide Pore C18 column (15 cm x 2.1 mm, 5 um). Sequential
elution of peptides was accomplished using a flow rate of 50 ul min -1 and a linear gradient from
solution A (0.1% formic acid, FA) to 98% of solution B (80% ACN; 0.08% FA) in 70 minutes. The
gradient elution program was as follows: 0-2 min 98:2 (%A:%B, v/v), 2-4 min 85:13, from 4 to 50
min gradient from 85:13 to 50:50, 50-54 min 2-98, 54-59 min 2:98, 59-60 min 98:2, 60-70 min
98:02 (Figure 7). The column temperature was set at 25°C and the sample tray temperature was
maintained at 4°C. For all experiments, a sample volume of 15 ul was loaded by the autosampler
using 0.3 ml short thread autosampler vials (Sigma Aldrich). For MS detection, the ESI source was
operated in the positive mode and ran with Xcalibur 2.0 software (Thermo Fisher). High purity
nitrogen was used as the sheath and the auxiliary gas, while high purity helium was used as the

collision gas.
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Figure 7. Gradient elution program for RP-HPLC/MS analysis of UC-MSCs 2D gels spots-derived peptides.

Whole-cell lysate analysis by mass spectrometry

After reaching confluence, UC-MSCs were detached from flasks with Tryple Select
(Invitrogen) and centrifuged at 4°C for 5 minutes at 1100 rpm. Then, the pellets were stored at -
80°C until use. Protein extraction from UC-MSCs was performed using 8M urea/50mM Tris-HCI (pH

8) in which was added fresh proteases inhibitor.
Protein quantification was performed using the DC Protein assay (BioRad). After

determination of the concentration of each sample, they were stored at -20°C until use.

In solution digestion

The digestion step was performed adding Trypsin/Lys-C Mix (Promega) to 50ug of proteins

at a 25:1 protein/protease ratio (w/w), following the manufacturer's instructions.

Peptides enrichment and desalting

Peptides, obtained after the digestion, were concentrated and desalted with Pierce C18
Spin Columns (Thermo Scientific) following the manufacturer’s instructions. Thereafter the
samples were lyophilized and suspended in an appropriate buffer (0.1 % FA) for subsequent

applications.
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RP-HPLC/MS analysis

The peptides mixtures derived from the whole-cell lysates of UC-MSCs were identified by
RP-HPLC/MS with the same method used for the 2D gels spots proteins as described above.
However, a necessary adjustment of the ACN chromatography gradient was introduced. The
gradient was extended to 120 minutes for whole-cell lysates. Since these samples were
constituted by peptides derived from a mixture of several proteins, a longer chromatographic run
was needed to allow a more efficient separation of the peptides as well as a more successful
identification. The gradient elution program was as follows: 2 min 98:2 (%A:%B, v/v), 4 min 87:13;
95 min gradient from 87:13 to 50:50, 104 min 2:98, 109 min 2:98, 110 98:2, 120 min 98:2 (Figure

8).

Gradient 2
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Figure 8. Gradient elution program of RP-HPLC/MS analysis of UC-MSCs whole-cell lysates -derived peptides.

Data analysis

The raw data was processed using Proteome Discoverer version 1.4 (Thermo Scientific).
MS/MS spectra were sequentially searched with Sequest HT and MS Amanda, both set against
Homo sapiens database using the following parameters: full trypsin digest with maximum 2 missed

cleavages, fixed modification carbamidomethylation of cysteine (+57.021 Da), variable
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modification oxidation of methionine (+15.995 Da) and phosphorilation of tyrosine, serine and
threonine (+79.966 Da). Precursor mass tolerance was 10 ppm and product ions fragment ion
tolerance was 0.8 Da. Peptide spectral matches were validated using Percolator. In this study, in
order to make the identification significant, proteins identified by Proteome Discoverer with 2 3

peptides were considered.
Bioinformatics analysis

In order to confirm the identified proteins, in silico analysis was carried out using the

SWISS-2DPAGE database of the online ExPASy Proteomics Server [212] (http://www.expasy.org)

and the UniProt database [213] (http://www.uniprot.org). The Melanie 2D gel analysis software

was used for comparing images as well as analyzing resulting data.
For functional analysis of the proteomics data, the Database for Annotation, Visualization

and Integrated Discovery (DAVID) (v 6.8, https://david.ncifcrf.gov/) was applied [214].

2D Western blot

Gels obtained from 2D gel electrophoresis were incubated in transfer buffer (Tris 25 mM,
Glycin 190 mM, Methanol 20%) for 30 min and then blotted on Hybond ECL nitrocellulose
membranes (Amersham) at 0,35 A for 1 hour in wet conditions. To check for success of transfer,
the membranes were stained with the Ponceau Red (2% Ponceau S in 30% trichloracetic acid and
30% sulfosalicylic acid) and the gels with Coomassie Blue (a mixture of water/acetic acid/methanol
with the addition of Coomassie Brilliant Blue R-259 0,2 % in weight). After antigen blocking for 1 h
with 3% BSA in 0.05% Tween-20 Tris-buffered saline (T-TBS) pH 7.6, membranes were exposed
overnight at 4°C to specific primary antibodies listed in Table 2. All antibodies were diluted in
antibody buffer (1% BSA, 0.05% T-TBS). Membranes were then incubated with specific horseradish
peroxidase (HRP)-labeled secondary Abs, Goat Anti-Mouse 1gG Antibody (Millipore), for 1 hour.
They were exposed to chemo-luminescent substrate (Immobilon Western, Millipore) for 5 min and

then developed in a dark room on Hyperfilm ECL (GE Healthcare).

Table 2. List of the antibodies used in 2D Western blot analysis.

Antigen Clone Host Clonality Supplier Dilution
B7-H3 G12 mouse monoclonal SantaCruz 1:800
Galectin 1 - mouse monoclonal AbCam 1:1000
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Isolation and culture of MSCs from different regions of umbilical cord

Umbilical cords (n=2) were purchased from Zen-Bio and they were obtained after mothers’
informed consent, immediately after full-term births with normal vaginal delivery. The isolation of
MSCs from perivascular, WJ and cord lining regions of the umbilical cord was performed as
previously described [161] [164] [196]. In particular, an enzymatic method was chosen for the
isolation of PV-MSCs in order to increase the cellular harvested yield around the vessels, according
to Sarugaser et al. [164]. On the other hand, an explant method was performed for the isolation of
both WJ- and CL-MSCs, according to Kita et al. and Mennan et al. [161] [196]. For all the three
cellular types, the culture was made using DMEM low-glucose (Sigma), supplemented with 10%
FBS (Gibco), 1x NEAA (Sigma) and 1x antibiotics—antimycotics (Gibco) and replaced every 2—3 days
until the cells were ready for sub-culture (complete medium).

In summary, the UCs were washed in 1x PBS in order to remove bloodstains and then
rinsed in warm HBSS (Gibco) supplemented by 2x antibiotics/antimycotics (Gibco). Subsequently,
the UC was cut into pieces of about 5-6 cm length and then carefully sectioned longitudinally to
expose the WJ and the blood vessels.

For the isolation of PV-MSCs, the three vessels were isolated using forceps and scalpel and
placed in 40 ml of HBSS supplemented with 100 U/mL Type | Collagenase and 0.01 U/mL
Hyaluronidase in a 50 mL Falcon tube and left to digest in for 4 hours at 37°C. After the digestion
was completed, all the vessels were removed from the suspension using forceps. The suspension,
containing the cells, was centrifuged at 285 g for 10 minutes. Subsequently, the supernatant was
discarded and the cellular pellet was treated with 50 ml of 0.8% ammonium chloride and
incubated at room temperature for 5 min to lyse the erythrocytes. After that, the tube was
centrifuged for 10 min at 285 g and the supernatant was discarded. The cells, obtained from the
perivascular region of each umbilical cord, were counted and plated in one T-75 tissue culture
flask with complete medium and put it in 5% CO, incubator at 37°C.

After removing the vessels, the remaining cord was cut in smaller pieces with a length of
about 1.5 cm and each piece was placed in a wall of a 6walls culture plate with complete medium
and incubated overnight in 5% CO, at 37°C. The following day, the WJ absorbed the complete
medium containing phenol red and, thus, it can be distinguished from the CL that is about 1mm
width. The WJ was separated from the CL from each piece of umbilical cord by using a scalpel. The
collected WJ was plated in a wall of a 6walls culture plate and each piece of the remaining CL was

plated in a wall of other 6walls plate with the sub-amnion side touching the bottom of the wall to
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allow the sub-amnion cellular exit and attachment to the culture plate. The WJ and CL were
cultured with complete medium changed every 2-3 days over for 15 days in culture, and the
cellular exit from both tissues, as well as the attachment to the plastic surface of the tissue culture
plate, was monitored by phase-contrast microscopy. After 15 days, the WJ and CL tissues were

removed and the attached cells were cultured until reaching the confluence.

The isolated cells were subcultured until passage 4 for all the three cellular types.
Morphological analysis was performed by observing the cells at the phase contrast microscope

Olympus.
Immunocytochemistry

Cells were seeded at the density of 1X10* cells /cm2 in 8 wells chamber slides and cultured
for 2 days. Subsequently the cells were fixed with 4% paraformaldehyde in PBS (phosphate
buffered saline) for 20 min at room temperature. After a wash with PBS, 0.1% Triton X-100 (w/v) in
PBS was added and kept incubated for 5 min to allow the permeabilization. After rinsing with PBS,
nonspecific binding was blocked by incubating 3% normal goat serum (Invitrogen 50-062Z) in 0.1%
Triton-X100 in PBS for 1h at room temperature. Each primary Ab was diluted in blocking buffer
and incubated with samples overnight at 4°C. Dilution of each primary Ab is specified in Error! Not
a valid bookmark self-reference.. After 3 washes (5 min for each wash) with PBS, secondary Abs
were added for 1h at room temperature (Error! Not a valid bookmark self-reference.). Then,
additional 3 washes were performed, each 5 minutes with PBS, then the slides were mounted with
Antifade Mounting Medium with DAPI (Vectashield HardSet H-1500) and fluorescent images were

collected using a Zeiss microscope.

Table 3. Antibodies used for the immunofluorescent staining.

Antigen Host Clonality Supplier Code Dilution
CD90 Rabbit Monoclonal Abcam AB133350 1:100
CD73 Mouse Monoclonal Abcam AB54217 1:500
Oct4 Rabbit Polyclonal Abcam AB19857 1:400
CD146 Rabbit Monoclonal Abcam AB75769 1:100
CD14 Mouse Monoclonal Abcam AB181470 1:100
Goat anti-mouse 1gG H&L | Goat Polyclonal Abcam AB150117 1: 500
alexa fluor 488

Goat anti-rabbit 1gG H&L | Goat Polyclonal Abcam AB150080 1: 500
alexa fluor 594
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Oxygen-glucose deprivation/reperfusion

PV-, WJ- and CL-MSCs were seeded at the density of 10,000 cells/ cm? and cultured until
reaching confluence. The cells were exposed to OGD/R to mimic the ischemic condition following
stroke as previously described [215]. Briefly, after the removal of the growth medium, the cells
were exposed to PBS and placed in an anaerobic chamber (Plas Labs) containing nitrogen (95% N)
and carbon dioxide (5% CO,) for 15 min at 37°C. Finally, the chamber was sealed and incubated for
90 min at 37°C (hypoxic—ischemic condition). OGD was terminated by removal of PBS, and addition
of the growth medium, the cell cultures were then reintroduced to the regular 95% O, and 5% CO,

incubator (normoxic condition) at 37°C for 24 h, which represented a model of “reperfusion.”
Measurement of cell viability

Measurement of cell viability was performed using fluorescent live cells assay. Both control
and OGD/R treated cells were incubated with 1 uM Calcein-AM (Trevigen) for 30 minutes in the
regular 95% 0O, and 5% CO, incubator at 37°C. The green fluorescence of the live cells was
measured by the EnSpire Multimode Plate Reader (Ex/Em = 490/520; Perkin Elmer). In addition, a

morphologiacal analysis was performed using a phase contrast microscope (Olympus).
Seahorse assay

The Seahorse XF96 Analyzer allows a sensitive kinetic measure of the oxygen consumption
rate (OCR), and the extracellular acidification rate (ECAR). OCR is the rate of the decrease of
oxygen concentration in the assay medium and, therefore, it is an indicator of mitochondrial
respiration. ECAR corresponds to the rate of increase in proton concentration (or decrease in pH)
in the assay medium and, therefore, it is a measure of the rate of glycolysis. In this study, the Cell

Energy Phenotype test and Cell Mito Stress test assays were performed.
Cell Energy Phenotype test

The Agilent Seahorse XF Cell Energy Phenotype Test measures mitochondrial respiration and
glycolysis under baseline and stressed conditions, showing the three key parameters of cell energy

metabolism: Baseline Phenotype, Stressed Phenotype, and Metabolic Potential (Figure 9).
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The Baseline phenotype corresponds to the OCR and ECAR of cells at starting assay
conditions, while the Stressed phenotype represents the OCR and ECAR of cells under an induced
energy demand (specifically, in the presence of stressor compounds). The Metabolic potential is
the percentage increase of stressed OCR and ECAR over the corresponding baseline OCR and

ECAR, and measures the cells' ability to meet an energy demand via mitochondrial respiration and

glycolysis.

Oxygen Consumption Rate (OCR)
Miochondrial Respiration

Queescenl

XF Cell Energy Phenotype Profile
= -

|| Aerobic

Energetic

Gycolytic

Glycolysis

|

There are four possible
energy phenotypes thata
cell can use.

Quiescent: The cell is not
very energetic for either
metaboelic pathway
Energetic: The cell utilizes
both metabolic pathways.
Aerobic: The cell utilizes
predominantly
mitochendrial respiration.

Glycolytic: The cell utilizes
predominentlyglycolysis

Extracellutar Acidification Rate (ECAR)

Figure 9. Seahorse XF Cell Energy Phenotype Profile showing the 4 possible cellular energy phenotypes (www.agilent.com).

PV-, WJ- and CL-MSCs were seeded into the Seahorse XF96 Cell Culture Microplates
(Agilent) at the cell density of 10,000 cells/cm? and cultured until confluence. Prior to the start of
the Seahorse XF Cell Energy Phenotype test, a sensor cartridge was hydrated in Seahorse XF
Calibrant (Agilent) following the manufacturer’s instruction (Agilent). On the day of the assay, the
cells were washed once and incubated in XF Seahorse Base Medium DMEM (Agilent)
supplemented with 10 mM glucose, 1 mM sodium pyruvate, and 2mM L-glutamine. The XF
Seahorse Base Medium DMEM was prepared following the manufacturer’s instruction (Agilent).
Even though the Agilent protocol suggests two washes, the cells were rinsed only one time to
avoid the risk of detaching the cells from the plate. After calibration of the Seahorse XF96
Analyzer, the sensor cartridge was removed from the instrument and Seahorse XF96 Cell Culture
Microplate was inserted. For all the three types of cells, the OCR and ECAR readings were taken
over time under basal conditions and after the addition of mitochondrial inhibitors Oligomycin

(1uM) With the
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simultaneous injection of these stressor compounds two events occurred: Oligomycin inhibited
ATP production by the mitochondria and, consequently, there was a compensatory increase in the
rate of glycolysis. FCCP depolarized the mitochondrial membrane that increased the OCR because

the mitochondria attempted to restore the mitochondrial membrane potential.

In addition, Hoechst 33342 (Fluka, Biochemika) at the concentration of 1:3000/well was
added and the absorbance was measured with EnSpire Multimode Plate Reader (Ex/Em = 358/461
nm; Perkin Elmer) for the normalization of the Seahorse data. The total run was 1 hour and 12
minutes and the run protocol is described in Table 4. Results were exported by using the Seahorse
Wave 2.4 XF-96 software and the data obtained were normalized to the absorbance (abs) per well

and expressed in pmol/min/abs.

Table 4. Seahorse XF Cell Phenotype Test Run Protocol.

Command Time (min) Port Drug

Calibrate

Equilibrate 12

Mix (x 5)* 3

Measure (x5)* 3

Inject A Oligomycin + FCCP
Mix (x5)** 3

Measure (x5)** 3

Inject B Hoechst 33342
End protocol

*After the equilibration, the baseline step consisted of 5 “mix and measure” cycles.

**After the injection of Oligomycin + FCCP, 5 “mix and measure” cycles were performed.

Cell Mito Stress Test

The Agilent Seahorse XF Cell Mito Stress Test measures key parameters of mitochondrial
function by directly measuring the OCR of cells. Through the serial injections of inhibitors of
mitochondrial ETC, the Seahorse XF Cell Mito Stress Test measures basal respiration, ATP
production, proton leak, maximal respiration, spare respiratory capacity, and non-mitochondrial

respiration (Figure 10).
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Figure 10. Seahorse XF Cell Mito Stress Test profile of the key parameters of mitochondrial respiration (www.agilent.com).

The drugs (oligomycin, FCCP, and a mix of rotenone and antimycin A) were sequentially
added to measure ATP production, maximal respiration, and non-mitochondrial respiration,
respectively. By using these parameters and basal respiration, proton leak and spare respiratory
capacity were then calculated. Oligomycin inhibited ATP synthase (complex V), FCCP uncoupled
oxygen consumption from ATP production, and rotenone and antimycin A inhibited complexes |

and lll, respectively.

The basal respiration measured the energetic demand of the cell under baseline conditions

and modulated proton leak pathways.
ATP production approximated the mitochondrial respiration sensitive to oligomycin.

The proton leak measured the rate of mitochondrial respiration uncoupled with ATP
production and it can be a sign of mitochondrial injury or a normal physiological mechanism

regulating the mitochondrial ATP production.

The maximal respiration corresponded to the maximum OCR that the cell can achieve after

adding FCCP. The mitochondrial ETC was stimulated by FCCP to work at its maximum capacity
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determining a rapid oxidation of sugars, fats, and amino acids, altogether simulating a

physiological energy demand.

The spare respiratory capacity represented the difference between the basal and maximal

respiration showing the capacity of a cell to meet an increased energy demand.

PV-, WJ- and CL-MSCs were seeded into the Seahorse XF96 Cell Culture Microplates
(Agilent) at the cell density of 10,000 cells/cm? and cultured until confluence. The cells were
exposed to OGD/R as described above. Prior to the start of the Seahorse XF Cell Energy Phenotype
test, a sensor cartridge was hydrated in Seahorse XF Calibrant (Agilent) following the
manufacturer’s instruction (Agilent). The day of the assay, the cells were washed one time and
incubated in XF Seahorse Base Medium DMEM (Agilent) supplemented with 10 mM glucose, 1 mM
sodium pyruvate, and 2mM L-glutamine. The XF Seahorse Base Medium DMEM was prepared
following the manufacturer’s instruction (Agilent). For both control and OGD/R conditions, OCR
and ECAR readings were taken over time under basal conditions and after the addition of

mitochondrial inhibitors (1 uM oligomycin, 1 uM FCCP and 0.5 uM rotenone/antimycin).

In addition, Hoechst 33342 (Fluka, Biochemika) was added at the concentration of
1:3000/well. The absorbance was measured with EnSpire Multimode Plate Reader (Ex/Em =
358/461 nm; Perkin Elmer) and the nuclei count was performed with a fluorescent phase contrast

microscope (Olympus) for the normalization of the Seahorse data.

The total run was 1 hour and 24 minutes and the run protocol is described in Table 5.
Results were exported by using the Seahorse Wave 2.4 XF-96 software and the data obtained for

each condition were normalized to the cell number per well and expressed in pmol/min/cells.

Table 5. Seahorse XF Cell Mito Stress Test Run protocol.

Command Time (min) Port Drug
Calibrate

Equilibrate 12

Mix (x 3)* 3

Measure (x3)* 3

Inject A Oligomycin
Mix (x3)** 3
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Measure (x3)** 3

Inject B FCCP

Mix (x3)** 3

Measure (x3)** 3

Inject C Rotenone/Antimycin
Mix (x3)** 3

Measure (x3)** 3

Inject D Hoechst 33342

End protocol

*After the equilibration, the baseline step consisted of 3 “mix and measure” cycles.

**After the injection of Oligomycin, FCCP and Rotenone/Antimycin follow 3 “mix and measure” cycles.
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RESULTS

UC-MSCs 2D-PAGE map

In order to create a 2D-SDS-PAGE protein fingerprint map of UC-MSCs, 50 ug of total
proteins extract were resolved into 7 cm IPG strip having a pH range of 3-5.6 and subsequently
separated on the basis of mass using 12% SDS-PAGE in second dimension (Figure 11). A total of 70
protein spots were excised from the gel and enzymatically digested. Subsequently, they were
processed for HPLC/MS analysis and 17 spots were identified. The results of the 40 proteins
identified were reported in Table 6. The proteins identified with mass spectrometry are indicated

in the figure by using the Melanie 2D gel analysis software (Figure 12).

pH3-56 >

—— e

A 4\.‘\\

—

Figure 11. Silver-stained 2D gel of UC-MSCs proteome. 50 pg of total proteins extract of UC-MSCs were separated by IEF in a 7-cm-
long IPG strip containing a nonlinear pH gradient 3-5.6, followed by SDS-PAGE in a 12% gel.
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Figure 12. 2D map of UC-MSCs proteome. 17 spots were identified by using RP-HPLC/MS analysis and they are indicated in the
figure by using the Melanie 2D gel analysis software. For each identified spot, the name of the identified protein (red), the number
of the spot (blue), the pl and the molecular weight in Dalton (green) and the Uniprot accession number (white) are indicated.
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Table 6. Identified proteins in UC-MSCs proteome with RP-HPLC/MS analysis of 2D gel protein spots.

# Spot Protein Uniprot entry | Coverage | Peptides MW pl
1 ATP sintetase sub 3 P06576 27.79% 8 56.5kDa |5.4
2 GRP 75 (HSPA9) P38646 10.46% 5 73.6 kDa |5.2
4 Actin a P68133 32% 42 kDa
Actin B P60709 41% 12 41.7 kDa |5.18
Actiny P63267 41% 4.8 kDa
5 Actin B P60709 29% 12 41.7 kDa |5.22
Actiny P63267 19% 41.8 kDa
7 UCHL1 P09936 56.05% 6 24.8 kDa |5.46
8 Glutathione S transferase P09211 69.48 % 9 23.3kDa |5.43
UMP-CMP Kinase P30085 18.37% 3 22.2 kDa |5.57
9 Cofilin 1 P23528 36.68% 5 18 kDa 8.2
15 Myosin 6b P60660 55% 10 17 kDa 4.56
24 Vimentin BOYJC4 22.04% 9 49.6 kDa |5.25
26 Annexin Al P04083 12.43 % 3 38.7kDa |7
28 GRP 78 P11021 12.39% 5 76 kDa 4,98
36 Heat shock cognate 71 (HSPA8) A8K7Q2 11.71% 4 45.3 kDa |5.64
Heat shock cognate 71 (HSPAS) E9PNE6 9.60% 4 54.9 kDa |5.68
Heat shock cognate 71 (HSPA8) E9PKE3 7.66% 4 68.8 kDa |5.52
Heat shock cognate 71 (HSPA8) P11142 7.43% 4 70.9 kDa |5.52
41 Peroxiredoxin-2 P32119 37.88% 8 21.9 kDa |5.97
49 GRP 60 P27797 73.38% 21 48.1 kDa |4.44
54 Tropomyosin B chain Q5TCU3 57.04% 18 32.8 kDa |4.68
Tropomyosin B chain P07951 45.42% 16 32.8 kDa |4.70
Tropomyosin B chain Q5TCU8 40.06% 16 36.7 kDa |4.78
Tropomyosin al chain P09493 24.65% 8 32.7kDa |4.74
Tropomyosin a3 chain P06753 22.81% 8 32.9kDa |4.72
Tropomyosin a3 chain J3KN67 22.81% 8 33.2KDa (4.77
Tropomyosin 1 (alpha) isoform CRA_f |Q6ZN40 21.47% 8 37.4kDa |4.72
Tropomyosin al chain B77596 14.18% 5 31.7 kDa |4.89
56 Tropomyosin a4 chain P67936 68.95% 22 28.5 kDa |4.69
Tropomyosin B chain P07951 23.24% 10 32.8 kDa |4.70
Tropomyosin B chain Q5TCU3 23.24% 10 32.8 kDa |4.68
Tropomyosin B chain Q5TCU8 20.50% 10 36.7 kDa |4.78
Tropomyosin 1 (alpha) isoform CRA_m |FSH7S3 20.41% 7 28.7 kDa |4.82
Tropomyosin al chain HOYK48 20.16% 7 28.6 kDa |4.77
Tropomyosin al chain B7Z596 18.18% 7 31.7 kDa |4.89
Tropomyosin al chain P09493 17.61% 7 32.7kDa |4.74
Tropomyosin 1 (alpha) isoform CRA_f | Q6ZN40 15.34% 7 37.4kDa |4.72
62 Heat shock cognate 71 (HSPAS) A8K7Q2 19.27% 5 45.3 kDa |5.64
Heat shock cognate 71 (HSPA8) E9PNE6 15.8% 5 549 kDa |5.68
Heat shock cognate 71 (HSPAS8) E9PKE3 12.6% 5 68.8 kDa |5.52
Heat shock cognate 71 (HSPAS) P11142 12.23% 5 70.9 kDa |5.52

Name of the identified protein, number of 2D gel spot, number of peptides identified and percentage of sequence protein coverage

by HPLC/MS analysis, Uniprot entry, molecular weight (MW) in kiloDalton (kDa) and isoelectric point (pl) are shown for each

identified protein.
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Immunomodulatory and anti-inflammatory properties of the UC-MSCs.

UC-MSCs can modulate the inflammation. In particular, these cells can reduce the pro-
inflammation cytokines and chemokines, and increase anti-inflammation molecules [14]. These
anti-inflammatory properties of UC-MSCs indicate that these cells are a pivotal source of

transplantable stem cells with reduced risk of immune-rejection.

A major finding here is that immunomodulatory proteins Galectin-1 (Gal-1) and B7-H3 were

detected in western blot experiments conducted on 2D-SDS-PAGE gels (2D-WB, Figure 13).

Gal-1 is a key regulator of such immune responses as T-cell homeostasis and survival [216].
Gal-1 is a lectin with a sequence of 135 amino acids, with a molecular weight of 14.7 kDa, and a
carbohydrate recognition domain responsible for B-galactoside binding [216]. The glycosylated
form of Gal-1 is about 29 kDa [216]. Interestingly, three spots at 14.7 kDa and one at 29 kDa were
detected in 2D-WB analysis of UC-MSCs cell lysate (Figure 13A). The three spots at 14.7 kDa
correspond to different post-translational modifications. In order to investigate the structure of
Gal-1, a mass spectrometry of analysis of UC-MSCs whole cell lysate was conducted. Gal-1 was
identified in mass spectrometry analysis with the 73.33% of protein sequence coverage.
Additionally, two post-translational modifications were detected: cysteine (C)
carbamidomethylation (cysteine residues: C6, C12 and C15) and methionine oxidation (methionine
residue M9) (Table 7). The carbamidomethylation on cysteine is a fixed modification of 2D-SDS-
PAGE. Mass spectrometry was initiated after treatment with IAA and revealed that cysteine and
methionine residues in proteins were both sensitive to reversible oxidation and reduction
reactions. Based on the literature, the reduced form of Gal-1 has been shown to be critical for its
inflammatory and pro-apoptotic activity, while oxidized Gal-1 has been reported to promote
neurite outgrowth and enhance axonal regeneration in peripheral and central nerves [216]. In
addition, during axonal regeneration, cytosolic oxidized Gal-1 is secreted in extracellular space,
which induces macrophages to secrete an axonal regeneration promoting factor that influences
Schwann cells, fibroblasts and perineuronal cells [216]. Taken together, these results show that
the immunomodulatory and neuroregenerative functions of UC-MSCs could be linked to the
cytosolic Gal-1. However, further analysis will be needed to better identify the corresponding gel

spots of 2D-WB to determine its post-translational modifications.
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The second immunodulatory protein identified by using 2D-WB is B7-H3 (Figure 13), which
belongs to the B7 superfamily, a group of molecules that co-stimulate or down-modulate T cell
responses [217]. The functional role of B7-H3 is controversial. This receptor was originally
described as a potent costimulatory molecule and inducer of interferon y (IFN-y) in human T cells
[218]. On the other hand, B7-H3 has been shown to potently and consistently down-modulate
human T cell responses by decreasing the expression of IL-2 [217] [219]. These opposite effects
could be explained by the existence of four different isoforms of B7-H3 produced by alternative
splicing. Indeed, isoform 2 has been shown to enhance the induction of cytotoxic T-cells and
selectively stimulate IFN-y production in the presence of T-cell receptor signaling [218]. For the
first time in UC-MSC, La Rocca’s research group demonstrated in both undifferentiated and
chondrogenic-like cells the presence of B7-H3 in both immunohistochemistry and RNA level [13].
Here, 2D-WB confirmed the expression of B7-H3 in UC-MSCs at protein level revealing two spots
at 57.2 kDa and one bigger spot at about 100 kDa that corresponded with the glycosylated form of
the protein (Figure 13B). The four isoforms of the human B7-H3 have a molecular weight of 57.23,
33.79, 52.76 and 57.16 kDa respectively [213]. In order to avoid concerns about the identification
of B7-H3 isoforms, the antibody used in this study was specific for an epitope common to all the
four isoforms, mapping between amino acids 82-107 near the N-terminus of B7-H3 of human
origin (see Materials and Methods section). The 2D-WB result showed that UC-MSCs expressed
only the isoform 1 of B7-H3. However, the expression of isoform 4 cannot be excluded because it
varies from isoform 1 for only 70 Da and this extremely minimal difference could not be clearly
delineated in the 2D-WB. Notwithstanding, the presence of two spots at about 57.2 kDa could be
post-translational modifications of isoform 1 or both the isoform 1 and 4 of B7-H3. Further
investigations with mass spectrometry are in progress to identify the protein structure of B7-H3 in

UC-MSCs.
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Figure 13. 2D-WB detection of immunomodulatory selected proteins B7-H3 and Galectin 1. 100 ug of total proteins extract of UC-
MSCs were separated by IEF in a 7-cm-long IPG strip containing a linear pH gradient 4-7 followed by SDS-PAGE in a 12% gel. A)
Galectin-1, B) B7-H3.

Table 7. Identification of Galectin-1 in UC-MSCs whole-cell lysate by mass spectrometry.

P09382 Galectin-1 73,33
1 LNLEAINYMAADGDFK 1784,86
2 EAVFPFQPGSVAEVCITFDQANLTVK  C15(Carbamidomethyl) 2867,44
3 LNLEAINYMAADGDFK M9(Oxidation) 1800,85
4 FNAHGDANTIVCNSK C12(Carbamidomethyl) 1647,76
5 DSNNLCLHFNPR C6(Carbamidomethyl) 1486,69
6 LNLEAINYMAADGDFKIK 2026,04
7 DGGAWGTEQR 1076,48
8 SFVLNLGK 877,51
9 VRGEVAPDAK 1041,57
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Proteomic analysis of UC-MSCs cellular proteins

Cell lysates were collected and analyzed by using mass spectrometry. In this study, in order
to make the identification significant, only the proteins identified with > 3 peptides were

considered.

Furthermore, a GO analysis of UC-MSCs control cell lysates was performed to know the
regenerative potential of these cells. Several proteins identified were related to neurogenesis;
gliogenesis; neuron and glia differentiation; axonogenesis; synaptic signaling; neurotransmitter
transport; myelination; learning or memory; adult behavior; angiogenesis; blood vessel
development and morphogenesis; endothelial cell migration; regulation of cell death; response
hypoxia, oxidative stress and pH; immunomodulation; ECM organization and remodeling; these
proteins are listed in

Table 8. UC-MSCs express neural markers and neurotrophic markers, as well as factors that
promote angiogenesis and remodeling of ECM that could be advantageous for neurovascular unit
repair. In addition, several proteins identified with HPLC/MS indicating these proteins’ relevance
to immunomodulatory and anti-inflammatory properties of UC-MSCs. Moreover, the UC-MSCs
ability to survive in ischemic conditions could be ascribed to identify proteins involved in response
to oxidative stress, hypoxia and pH variations as well as the different proteins involved in the
regulation of programmed cell death. Altogether, these protein readouts support the potential

role of UC-MSCs for the treatment of stroke.

These findings support the beneficial potential of UC-MSCs in regenerative medicine, in

particular stem cell therapies for CNS diseases including stroke.
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Table 8. GO analysis of UC-MSCs cell lysates













Extracellular matrix remodeling potential of the UC-MSCs.

Proteomic analysis of lysates identified several proteins involved in ECM organization and
remodeling (

Table 8). Recently, the focus of many studies on MSCs is the connection between cells and
matrix signals. Matrix metalloproteases (MMPs) and tissue-specific inhibitors of metalloproteases
(TIMPs) are crucial for matrix remodeling processes, a key step towards regeneration. MMPs are a
family of zinc-dependent proteolytic enzymes involved in the degradation of ECM components
[220]. They are regulated by several MMP-specific inhibitors called TIMPs from TIMP-1 to TIMP-4.
MMPs aid in the differentiation of MSCs into different lineages (adipogenic, chondrogenic,
osteogenic and endothelial differentiation). Moreover, MSCs express MMPs and TIMPs to regulate
different processes such as angiogenesis, proliferation, migration [221]. Moreover, MMPs and
TIMPs are involved in BBB opening and neuroinflammation in stroke as well as in promoting stem
cells endogenous repair mechanisms [5] [222].

Proteomic analysis identified MT-MMP1 and TIMP-3 in UC-MSCs lysates (

Table 8). In order to further validate the expression of MMPs and TIMPs in the UC-MSCs,
IHC experiments were performed. UC-MSCs have shown high expression of MMPs and low

expression of TIMPs (Figure 14).

Figure 14. Expression of different MMPs and TIMPs in UC sections. aSMA is used as positive control. Magnification 40x.
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Characterization of the three MSCs populations of UC

In view of accumulating evidence of the existence of three different populations of MSCs in

UC as well as the necessity of a phenotypic characterization with a greater clarity of their

properties, we next embarked in isolating PV-, WJ- and CL-MSCs from UC as described in the

Methods section. The number of cells obtained from 2 human UCs is shown in Table 9. The

morphological analysis is shown in Figure 15. Immunofluorescence staining showed that they all

expressed mesenchymal markers CD90 and CD73 (Figure 16). In addition, PV-MSCs expressed

CD146, WIJ-MSCs expressed Oct4 and CL-MSCs expressed CD14, according with confirmed

previous findings by Sarugaser et al. 2009, Kita et al. 2010 and Shaikh et al. 2012 [164] [196] [223].

Table 9. Number of cells at PO at confluence.

WJ-MSCs 10.7x 10° 14.55x 10° 25.25x10°

PV=perivascular; CL = cord lining; WJ = Wharton'sjelly.

PERIVASCULAR MSCs

arteries

WHARTON'S JELLY MSCs
J/\v/. T

CORD LINING MSCs

S e
o T 2 v,

amniotic epithelium

Figure 15. Morphological analysis of the three MSC populations of the UC. Magnification 20x.
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Figure 16. Immunolocalization of CD90, CD73, Oct4, CD146 and CD14. Magnification 20x. Bar 50um.
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Mitochondrial function of PV-, WJ- and CL-MSCs

Because UC is composed only of three blood vessels, the UC-MSCs are likely adapted to
survive in a relatively hypoxic and glucose-poor environment advancing the concept of beneficial
potential of these cells for the treatment of ischemic pathologies such as stroke. A direct
consequence of oxygen and glucose deprivation during stroke is impaired function of
mitochondria that contributes to cellular death. Emerging findings of mitochondria transfer
provide the basis for the replenishment of healthy mitochondria as a strategy for the treatment of

stroke.

In order to understand the metabolic energy profile and mitochondrial function of PV-, WI-
and CL-MSCs, Cell Energy Phenotype and Cell Mito Stress tests were performed by using the
Seahorse XF96 Analyzer. The first step was to analyze the metabolic energy profile of the three

UC-MSCs populations (upper part of Figure 17).

XF Cell Energy Phenotype Test revealed that all 3 UC-MSCs populations displayed a
comparable metabolic phenotype (Figure 18). In addition, the metabolic profile of PV-, WJ- and CL-
MSCs is quiescent as evidenced by undifferentiated MSCs exhibiting low levels of mitochondrial

activities and high levels of glycolytic activities [224].

In order to assay the mitochondrial function of PV-, WJ- and CL-MSCs in ischemic
conditions, a Cell Mito Stress test was performed to in both normal and after OGD/R (lower part of
Figure 17). Seahorse XF Cell Mito Stress test showed that all 3 UC-MSCs cellular populations have a
comparable mitochondrial respiration in both normal and after OGD/R conditions demonstrating

their ability to survive in ischemic conditions (Figure 19).

In addition, a cell viability test showed that all 3 UC-MSCs cellular populations displayed
good survival and also efficient proliferation following OGD/R further demonstrating their
property to survive in ischemic conditions (lower part of Figure 17 and Figure 20). These results
demonstrate the adaptive capacity of PV-, WJ- and CL-MSCs under OGD conditions. This capacity
to survive is probably due to their robust mitochondrial function. The three populations of UC-

MSCs could be a potential source of mitochondria-based stem cell therapy for stroke.
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Experimental design
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Figure 18. Seahorse XF Cell Energy Phenotype Test performed by using a Seahorse XF96 Analyzer. Oligomycin 1uM, FCCP 1uM.
OCR: oxygen consumption rate. ECAR: extracellular acidification rate.
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Figure 19. Seahorse XF Mito Stress test shows PV-, WJ- and CL-MSCs in both normal and after OGD/R conditions. OCR: oxygen
consumption rate. 1uM Oligomycin, 1uM FCCP, 0.5uM Rotenone + Antimycin A.
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Figure 20. Cell viability tested by using Calcein AM stain in both control and after OGD/R conditions. Magnification 10x, bar
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DISCUSSION

Cerebrovascular diseases, such as stroke, result from blood vessel occlusion leading to focal
tissue loss and death of endothelial cells and multiple neural populations, referred to as
neurovascular unit. Recent evidence suggests the central role of mitochondria dysfunction in the
progression of ischemic damage [7]. Following oxygen and glucose deprivation, the mitochondrial
function is impaired resulting in exacerbation of excitotoxicity, failure of energetic metabolism,
oxidative stress, inflammation and neural death. Ischemia, edema and other factors, can cause

damage to the surrounding intact tissue [6].

Recently, stem cell-based therapies have been identified as promising strategies for the
treatment of stroke [225]. Stem cell repair mechanisms include (1) cell replacement, (2) bystander
effect via secretion products and (3) stimulation of endogenous stem cells proliferation and
migration from the neurogenic niche to the injured site [6] [226]. (4) New evidence indicates the
transfer of healthy mitochondria from stem cells to ischemic cells as a novel encouraging strategy

for the stem cell-based therapy of stroke [7] [6].

UC-MSCs are a promising cellular source for the treatment of stroke due to their self-
renewal and multipotent differentiation potential, immunomodulatory and anti-inflammatory
properties, as well as ease of collection procedures without ethical concerns [14] [227]. Since UC-
MSCs receive blood supply only from three vessels, these cells are normally adapted to survive in a
relatively hypoxic and glucose poor environment leading to the hypothesis that these cells may
have a beneficial potential for the treatment of ischemic pathologies, such as stroke [15].
Laboratory studies showed that UC-MSCs isolated by distinct regions of the UC seem to have
different characteristics [155]. However, it is not still clear whether a MSC population of the UC

may have a better therapeutic potential than other stem cells.

The goal of this project is to characterize the MSCs of human UC with a focus on each stem
cell repair mechanism mentioned above. In particular, this study revealed that UC-MSCs have anti-
inflammatory, neurogenic and angiogenic properties, as well as potential abilities to promote
proliferation and migration of NSCs from the neurogenic niches to the ischemic region and

protection against ischemic damage via mitochondrial function.
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The evolution of ischemic brain damage is strongly affected by an inflammatory reaction
that involves soluble mediators, such as cytokines and chemokines, and specialized cells activated
locally or recruited from the periphery [228]. Inflammation contributes to the progression of tissue
damage. UC-MSCs present low immunogenicity and anti-inflammatory proprieties and they can
modulate the immune system response by cytokines, growth factors, as well as the lack of co-
stimulatory molecules. This study demonstrated that UC-MSCs expressed Gal-1 and B7-H3 as
revealed by 2D-western blot and mass spectrometry-based proteomic analyses of UC-MSCs
lysates. Gal-1 has recently been identified as a key molecule that plays important roles in the
regulation of neural progenitor cell proliferation in two neurogenic regions: the SVZ of the lateral
ventricle and the SGZ of the hippocampal DG [229]. Gal-1 has been shown to promote neurite
outgrowth in peripheral and central nerves [229]. In the normal adult mouse brain, endogenous
Gal-1 is expressed in these SVZ GFAP-expressing astrocytes and regulates the proliferation of
endogenous neural stem/progenitor cells (NSPCs) in the SVZ through its carbohydrate binding
ability [229]. However, the effect of Gal-1 on the proliferation of NSPCs after brain injury has not
been studied yet. This endogenous protein is potentially involved in ischemia-driven neurogenesis
and thus is potentially applicable as a new drug in regenerative therapy of stroke [230]. B7-H3
belongs to the B7 superfamily, a group of molecules that costimulate or down-modulate T cell
responses. In the presence of strong activation signals, B7-H3 potently and consistently down-
modulated human T cell responses by decreasing the expression of IL-2 [217]. For the first time,
La Rocca et al. demonstrated in both undifferentiated and chondrogenic-like cells the presence of

B7-H3 (CD276) in UC-MSCs [13].

In this study, Gal3BP was identified in UC-MSCs lysate. Gal3BP is a lectin galactoside-binding
binding soluble protein that modulates Gal-1 and Gal-3. It has been shown to drive the

of different immune cells [231]. In addition, Gal3BP induces VEGF secretion and promotes
angiogenesis [232]. Serum level of Gal-1, and Gal-3 were upregulated in large artery
atherosclerotic stroke patients, while no difference between patients and controls was reported
serum level of Gal3BP [233]. Gal-3, a key player in inflammation in stroke and other neurological
diseases, has been identified in UC-MSCs lysates (

Table 8) [234]. Galectin-12 has been also identified in UC-MSCs lysates (

Table 8). Gal-12 has been shown to be involved in regulating growth, differentiation,

lipolysis, and inflammation. In addition, Gal-12 has been reported as a key player in regulation of

84



glucose homeostasis and energetic metabolism [235]. Indeed, galectin-12-deficient mice showed a
high metabolic rate, as indicated by higher oxygen consumption in galectin-12-deficient
adipocytes compared to controls [235]. Despite the controversial role of galectins in inflammation
and cancer progression, further investigation about galectins in the context of brain repair is

needed.

Several proteins involved in immunomodulation during pregnancy have been identified in UC-
UC-MSCs such as PZP, pregnancy-specific beta-1-glycoprotein 1 (PSG1), PSG4, IDO1 and IDO2 in
cell lysates (

Table 8).

PZP is a glycoprotein which is functionally and structurally related to A2M, also identified in UC-
UC-MSCs lysates (

Table 8). PZP has been suggested as a key protein in protecting the fetus from attack of

maternal immune system by inhibition of T cell proliferation and IL-2 production [236].

Moreover, pregnancy-specific glycoproteins PSG1 and PSG4 have been found in UC-MSCs lysate
lysate (

Table 8). PSGs have immunoregulatory, pro-angiogenic, and anti-platelet functions. In
particular, PSG1 may promote immune tolerance, affect trophoblast function, and angiogenesis in

the pregnant uterus through induction of TGFB1 and VEGFA [237].

Furthermore, IDO1 and IDO2 are implicated in maternal-fetus tolerance through the
tryptophan catabolism, an essential amino acid obtained through the diet [238]. The action of
IDO1 leads to tryptophan depletion, but also to the production of tryptophan degradation
products that have been shown to irreversibly suppress T-cells, B-cells and NK cells proliferation in
vitro while DCs remained unaffected contributing to DC tolerogenesis through increased
recruitment of regulatory T-cells (Treg) [239]. In CNS, IDO1 has been associated with suppression
of neural inflammation. In particular, the expression of IDO1 can be induced in microglial cells by T
helper cells that release IFNy, triggering a negative feedback loop to decrease neural inflammation
in autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis [240]. IDO2 has
been suggested essential for IDO1-dependent induction of Treg, which was defective in mice

genetically deficient in IDO2 [241].
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In summary, these anti-inflammatory and immunomodulatory proprieties make UC-MSCs
a good candidate to the cellular therapy of CNS diseases, such as stroke for at least two reasons.
First, UC-MSCs’ secreted factors could reduce progression of the damage by reducing the anti-
inflammatory response. Second, the tolerogenic propriety of the UC-MSCs could reduce the risks

of immune-rejection in transplantation.

MMPs and TIMPs have been implicated in neuroinflammation and BBB disruption, but also
in the remodeling of ECM that allows the migration of NSCs from neurogenic niches to the injure
site promoting endogenous repair mechanisms [220]. In this study, immunohistochemistry and
mass spectrometry analyses showed expression of MMPs (MT-MMP1, MMP-2, MMP-3 and MMP-
9) and TIMPs (TIMP-1, TIMP-2 and TIMP-3) in UC-MSCs.

By regulating the integrity and composition of the ECM structure, these enzyme systems
play a pivotal role in the control of signals elicited by matrix molecules, which regulate cell
proliferation, differentiation and cell death [222]. Regulation of MMP expression and activation is
very complex and tightly controlled. MMPs are synthesized as zymogens and are secreted into the
extracellular space as inactive zymogens [220]. ProMMPs are activated by disruption of the zinc-
thiol interaction between the catalytic site and the pro-domain [220]. The pro-peptide of the
zymogen has to be proteolytically cleaved by other MMPs or proteases for an MMP to be active.
For instance, pro-MMP-9 is activated in MMP-9 by MMP-2 and MMP-3 [220]. Pro-MMP-2 is
activated in MMP-2 by MT1-MMP in a complex with TIMP-2 [220]. The activities of MMPs are
regulated by tissue inhibitors of MMPs (TIMPs) [220]. Four members of this family have been
characterized [220]. In particular, TIMP-2 inhibits MMP-2, whereas TIMP-1 is a MMP inhibitor with

specificity for several MMPs [220].

During neuroinflammation and ischemia, molecular cascades are initiated with the purpose
of removing damaged cells and preparing the brain for repair [222]. Early after the injury,
constitutive proteases are activated and begin the process of disassembling the extracellular
matrix, opening the BBB, and initiating cell death by apoptosis [222]. The second stage of injury
involves MMPs in processes of angiogenesis and neurogenesis [222]. In this second phase,
treatment with MMP inhibitors may interfere with repair [222]. Remodeling of the ECM
characterizes the third phase when gliosis forms impenetrable scar tissues that block the regrowth
and re-projection of axons [222]. The action of the MMPs on the basal lamina and tight junction

proteins (TJPs) in endothelial cells is the final common pathway for opening of the BBB, which
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allows cells to enter the CNS and attack invading organisms [222]. This is probably a protective
mechanism during CNS infection, but when no infection exists, this inflammatory response

contributes to tissue damage [222].

The two major inducible MMPs that have been identified in the neuroinflammatory
response are MMP-3 and MMP-9, which are associated with a significant opening of the BBB [222]
[242]. Endothelial cells are positive mainly for MMP-9, pericytes express MMP-3 and -9, while
astrocytes express MMP-2 and MT1-MMP in the endfeet that surround the endothelial cells [222]
[242]. This pattern of MMPs facilitates the opening of the BBB in inflammation, but also allows for
the gradual changes in the extracellular matrix that are most likely on going and may involve the
action of the MMP-2/MT1-MMP complex remodeling the matrix to prevent excessive build-up
[222] [242]. In the reperfusion model, there is an early increase in MMP-2, which is transient, but
results in the early reversible opening of the BBB [222] [242]. MMP inhibitors have been used in a
number of animal studies to block BBB injury, reduce infarct size and cell death [222] [242].
However, the same inhibitors blocked neurogenesis and neurovascular remodeling during delayed
phases after stroke [222] [242]. These results underscore the complexity of the effects of MMPs
during ischemic brain injury, ranging from detrimental effects during the early phases after stroke

to beneficial roles at later stages [222] [242].

Improvements in drug design and increased understanding of the timing of MMP
expression should improve our therapeutic options with MMPs and MMPs inhibitors. A key
feature supporting the efficacy of exogenous stem cell transplantation may be the ability of
exogenous cells to alter the expression of MMPs and extracellular matrix metalloproteinases
(ECMs), facilitating the creation of a biobridge between the neurogenic and ischemic sites [243].
Recent work in the setting of traumatic brain injury (TBI) has shown that transplanted exogenous
MSCs are able to guide the migration of endogenous cells from the neurogenic site to the area of
injury in the cortex via a biobridge paved with MMPs and ECMs [243]. This migration observed in

the transplanted rats corresponded to a nine-fold increase in MMP-9 expression and activity [5].

In this study, not only MMPs and TIMPs, but also several other proteases and proteases
inhibitors were identified by mass spectrometry analysis of UC-MSCs. MMPs are members of an
extended family of metazicins which also includes “a disintegrin and metalloproteases” (ADAMs)
and “ADAMs with ThromboSpondin motifs” (ADAMTS) [244]. Here, MT1-MMP, ADAMTS-like

protein (ADAMTSL)-1 and ADAMTSL-4 have been identified in proteomic analysis of UC-MSCs
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lysates. Although their functions are still little-known, ADAMTSL-1 and ADAMTSL-4 have an
important role in ECM. ADAMTSL-4 is a biomarker that allows distinguishing cardioembolic stroke

from large vessel stroke [245].

In summary, the preliminary results of this study, in regards to the expression of MMPs and
TIMPs as well as ADAMs, ADAMTSs and Serpins, showed that the UC-MSCs could promote the
endogenous repair mechanisms. Future studies should be done to better understand the useful
proprieties of UC-MSCs. Future objectives will include zymography assay to evaluate if the MMPs,
expressed by UC-MSCs, are in inactive or active zymogen form. Moreover, in vivo study should be

done to evaluate the effects of the UC-MSCs and their secretion products on stroke.

Alongside the bystander effect, literature data support the neural and angiogenic differentiation
differentiation potential of UC-MSCs [186] [195]. Here in this study, several proteins involved in
neurogenesis, gliogenesis, axonogenesis, neuron and glia differentiation, synaptic signaling,
myelination, learning, memory and adult behavior as well as blood vessel development and
morphogenesis, angiogenesis and endothelial cell migration were detected in UC-MSCs cell
lysates. Different CNS receptors have been identified in UC-MSCs cell lysates such as 5-
hydroxytryptamine (serotonin) receptor 2C (HTR2C), acid sensing ion channel subunit 1 (ASIC1),
cholinergic receptor nicotinic alpha 3 subunit (CHRNA3), dopamine receptor (DR) D1, DRD4,
gamma-aminobutyric acid receptor subunit pi (GABRP), glutamate ionotropic receptor kainate
type subunit 3 (GRIK3), glutamate metabotropic receptor (GRM) 8, glycine receptor alpha 3
(GLRA3), unc-5 netrin receptor (UNC5) A and UNC5C (

Table 8). These phenotypic evaluations of UC-MSCs reveals that expression markers.

In addition, UC-MSCs produced different neurotrophic factors and factors associated with
neurogenesis and differentiation such as fibroblast growth factor (FGF) 12, GDNF, mesencephalic
astrocyte derived neurotrophic factor (MANF), microcephalin (MCPH1), NMDA receptor
synaptonuclear signaling and neuronal migration factor (NSMF) and neuroblast differentiation-

associated protein AHNAK (AHNAK).

GDNF is a member of the TGF-B family that promotes survival and recovery of mature
neurons under pathological conditions such as ischemia, hypoxia, and oxidative stress [246] [247].
Several studies have shown that infusion of GDNF enhances neurogenesis after stroke by

activation of several survival signals and inhibition of death signals such as caspase-9 and -3 [248]
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[249]. In addition, ischemia increases NOS activity, which can be attenuated by GDNF suggesting
also an import role of GDNF against oxidative stress [250]. Administration of GDNF protein, or
GDNF overexpression, has been reported to reduce brain infarction and restored locomotor
activity in stroke rats [251] [252]. Similar neuroprotective effects have been found after
transplantation of GDNF containing cells to the stroke brain [253]. Recently, WJ-MSCs grafts were
observed to significantly increase GDNF expression in the host brain in an animal model of stroke

[254].

In a similar fashion, MANF has been shown to be upregulated in the glial cells under focal
cerebral ischemia, and increased by several endoplasmic reticulum stress inducers and nutrient
deprivation in cultured primary glial cells suggesting a neuroprotective role after stroke [255]. In

addition, post stroke MANF administration promoted functional recovery in stroke animals [256].

Protein kinase C gamma (PRKCG) is expressed exclusively in neurons of the brain and spinal cord
cord [285]. Here, PRKCG was detected in UC-MSCs cell lysates supporting their neurogenic
potential (

Table 8). Several studies have reported increasing levels of PRKCG after stroke associated
with detrimental effects after ischemia, but mediated beneficial signaling processes during

reperfusion injury [257].

Furthermore, in UC-MSCs cell lysates expressed cell-surface and soluble proteins
semaphorins (SEMA-3A, 3G, 4C and 5C) and their receptors plexins (PLXN-A4, B2 and B3) involved
in regulation of axon guidance and development of neuronal connectivity as well as cell—cell
interactions, differentiation, morphology and function. However, SEMA-3A increases vascular
permeability and inhibits angiogenesis leading to deleterious effects after ischemia, SEMA-3G

promotes angiogenesis [258] [259].

Angiogenesis, neurogenesis and synaptic plasticity are the main processes implicated in
neurorepair [260]. Besides neural markers mentioned above, UC-MSCs express proteins are
involved in angiogenesis and BBB protection including angiopoietin (ANGPT) 4, ANGPT-like 3
(ANGPTL3) angiomotin (AMOT), angio associated migratory cell protein (AAMP), myeloid
growth factor (MYDGF), PSG1 and vascular endothelial growth factor receptor 3 (VEGFR3) (

Table 8).
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ANGPT4 promotes endothelial cell survival, migration and angiogenesis [261]. ANGPTL3 is
primarily known for its key role in lipid metabolism, and drugs targeting ANGPTL3 are currently
tested in phase 1 and 2 studies on metabolic disorders [262]. Of note, ANGPTL3 has been shown

to induce endothelial cell adhesion and in vivo angiogenesis [262].

AMOT is an angiostatin-binding protein that promotes endothelial cell migration and
angiogenesis and participates in the assembly of endothelial cell-cell junctions [263]. In addition,
AMOT has been shown as a component of the Hippo pathway with tumor-suppressing function
through the inhibition of YAP and TAZ oncoproteins, suggesting its essential role in tight junction
integrity and stabilization of endothelial cell-cell contacts [264] [265]. Interestingly, two AMOT
isoforms have been identified, AMOT-80 and AMOT-130, and both are expressed in CNS in which

drive spine maturation [266].

Moreover, AAMP promotes angiogenesis and can be regulated by astrocytes, leading to
the hypothesis that the regulation of extracellular AAMP in endothelial cells by astrocytes may

support the angiogenesis of the nervous system [267].

Another identified protein in UC-MSCs is MYDGF which has been reported to promote
cardiac myocytes survival and angiogenesis following myocardial infarction by inhibition of cardiac
myocytes apoptosis and reducing infarct size [268]. MYDGF may be another active growth factor

involved in tissue repair after ischemic injury.

Furthermore, VEGFR3 promotes proliferation, survival and migration of endothelial cells,
and regulates angiogenic sprouting [269] [270]. The activation of VEGFR-3 signaling in response to
oxidative stress promotes endothelial cell survival protecting against ROS-induced cell damage
[271]. In addition, VEGF-C/VEGFR-3 signaling has been reported to act directly on NSCs by
regulating adult neurogenesis in SVZ of the brain [272]. The upregulation of VEGFR3 has been
shown in SVZ astrocytes and immature neurons after focal ischemia, suggesting that VEGFR-3 may

be involved in promoting neurogenesis after ischemic stroke [273].

As noted above, UC is supported from three blood vessels only and, therefore, the UC-
MSCs are adapted to survive in a low oxygen and glucose environment leading to the hypothesis
that can be one of the best sources for the treatment of ischemic diseases [15]. Mitochondria
dysfunction is a direct consequence of oxygen and glucose deprivation during stroke and impaired
mitochondria contributes to oxidative stress, neuronal death and inflammation [3]. Emerging
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evidence of mitochondria transfer from stem cells to ischemic cells paved the way for
mitochondrial-based stem cell therapy of stroke [10] [7] [6]. Although several studies have shown
that the regulation of energetic metabolism is critical for the MSCs functions and
proliferation/differentiation dynamics, few studies have been focused on the energetic
metabolism and mitochondrial function of the UC-MSCs [146] [224] [274]. In addition, growing
evidence suggests the existence of three different populations of UC-MSCs (PV-, WJ- and CL-MSCs)
[15]. However, whether a population is superior to another is not still clear [155]. Likewise,
whether the different anatomical distance from the vessels of the three MSCs population in the
UC might result in a different energetic metabolism and in a growing resistance and survival
capacity in a poor oxygen and glucose environment has not been investigated. With this gap in
knowledge, PV-, WJ- and CL-MSCs were isolated from human UCs in order to understand (1) the
energetic metabolism profile, (2) the mitochondrial function and (3) their survival capacity in both

normal and after ischemic/reperfusion conditions.

The energy metabolism profiling of the three UC-MSC populations was performed by using
a Seahorse XF96 Analyzer (Figure 18 and Figure 19). Studies in BM-MSCs showed that these cells
displayed a glycolytic metabolism in undifferentiated state, while a switch to OXPHOS metabolism
occurred during the differentiation [224]. These studies were performed with different methods
including the measure of mitochondrial mass, determination of mtDNA copy number, western blot
analysis of glycolytic and mitochondrial enzymes, assay of the expression of mitochondrial
biogenesis-associated genes, measurement of intracellular ATP content, OCR measurement by
using the 782 OxygenMeter and quantization of radioactive labeled glucose [224] [275] [276]. Past
studies have used the Seahorse analyzer for OCR measurement in differentiated AD-MSCs and
iPSC-derived mesenchymal progenitor cells [277] [278] [279]. A study analyzed the UC-MSCs
metabolism by measuring the dissolved O, and pH values in the culture medium using the SFR-

Shake Flask Reader [146].

Here, for the first time, the energetic metabolism of the three populations of MSCs of
human UC was analyzed by using the Seahorse Analyzer. The Seahorse Analyzer allows a real time
measure of OCR and ECAR in baseline condition and after the injection of drugs. The results of the
XF Cell Energy Phenotype Test showed that PV-, WJ- and CL-MSCs are characterized by a similar
energetic metabolism (Figure 18). In particular, the three MSC types exhibited a quiescent

phenotype. Thus, PV-, WJ- and CL-MSCs maintained both mitochondrial and glycolytic activities at
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low levels. Under stress conditions (Oligomycin + FCCP injection) the three types of MSCs
displayed an increase in the glycolytic pathway likely to balance the reduction of mitochondrial
respiration. Moreover, a Seahorse XF Cell Mito Stress test was performed in both normal and after
OGD/R to analyze the mitochondrial activity of PV-, WJ- and CL-MSCs in ischemic conditions (Figure
19). Although the OCR undergoes a slight decrease in OGD/R groups, all the three UC-MSC
populations showed a comparable robust resistance and adaption to ischemic conditions as also
demonstrated by the cell viability test. Indeed, the survival of cells was not affected by OGD/R
treatment but surprisingly the number of the cells increased suggesting a powerful ability of all the
UC-MSCs to survive in ischemic conditions (Figure 20). Taken together, these results demonstrate
the adaptive capacity of PV-, WJ- and CL-MSCs to ischemic environments due to their maintained
mitochondrial function. Thus, the three populations of UC-MSCs might be a promising source of
mitochondria for mitochondrial stem cells-based therapy of stroke. All three types of UC-MSCs
displayed a similar energetic metabolism and mitochondrial function. Both Seahorse tests showed
that PV-MSCs showed the highest OCR values suggesting a superior mitochondrial activity in these
cells. A further support of this result is the more consistent reduction of OCR of PV-MSCs after
OGD/R compared to WJ- and CL-MSCs (Figure 19). CL-MSCs were the cells least affected by OGD/R
condition (Figure 19), suggesting their robust survival in ischemic environment. Further
investigations are needed to better understand whether these slight but significant differences
among the three UC-MSCs are due to a different number of healthy mitochondria in the cells
and/or to better adaptation of mitochondria to ischemic conditions. Despite these limitations, UC-

MSCs appear to afford more effective protection against ischemic reperfusion injury.
Arguably, UC-MSCs expressed several proteins involved in protection against ischemia and
oxidative stress as demonstrated by the proteomic analysis showed in

Table 8. These protective systems include different HSPs (heat shock proteins, HSPA12A,
HSPA1L, HSPA4, HSPA8, HSPB1, HSPB6, HSP90AA1, HSPO9OAB1 and HSPA9), antioxidant enzymes
(glutathione S-transferase pi 1, Prxs (PRDX1, PRDX2, PRDX4, PRDX5, PRDX6, probable glutathione

peroxidase 8, SOD1, SOD2, Trx domain-containing protein 12, Trx, Trx-dependent peroxide

reductase mitochondrial), hypoxia inducible factor (HIF) 3A and hypoxia up-regulated 1 (HYOU1).

HSPs and antioxidant enzymes can reduce the oxidative stress and the ROS-associated

damage in ischemic pathologies including stroke [280]. HIF induces genes involved in cell survival
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and protection in response to hypoxia, indicating its neuroprotective effects on stroke in pre-

clinical studies [280].

In summary, these build of evidence shows several benefits of UC-MSCs including
differentiation potential, anti-inflammatory properties, neuro- and angioprotective abilities, anti-
oxidative and hypoxia, making them a promising cellular source for stem cell-based treatment of
CNS diseases including stroke. In addition, UC-MSCs have an elevated capacity of survival and
adaption to OGD/R conditions due to their energetic metabolism and mitochondrial function
suggesting that all three types of UC-MSCs could be an effective source of healthy mitochondria

for stem cell-based therapy in ischemic pathologies.
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CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, this study characterized the UC-MSCs at proteomic, histologic and metabolic
level, providing compelling evidence of a promising potential for the use of UC-MSCs in the
treatment of CNS diseases, specifically stroke. In particular, UC-MSCs express several neural
markers, immunomodulatory molecules, neuro- and angioprotective factors including proteins
that promote neurogenesis, angiogenesis, as well as molecules involved in ECM remodeling and
BBB protection. In addition, some of these factors are secreted suggesting a strong by-stander
effect of UC-MSCs. Moreover, the Seahorse analysis performed for the first time in PV-, WJ- and
CL-MSCs of the human UC showed that the three MSC populations have a peculiar energetic
metabolism profile. The great capacity of survival under ischemic conditions of the three UC-MSCs
due to their mitochondrial function suggests that these UC-MSCs may represent an effective

donor cells for mitochondrial-based stem cells therapy of stroke.

Three objectives were pursued. First, a proteomic analysis of the single UC-MSC
populations was performed to analyze the potential biological differences among specific MSC
sources, allowing us to better assess the optimal cell source. The preliminary results of this study
showed UC-MSC expression of MMPs and TIMPs, suggesting that the UC-MSCs could promote
endogenous repair mechanisms possibly through enhancing extracellular matrices. Finally, the
results of the energetic metabolism of PV-, WJ- and CL-MSCs built the foundation for a
mitochondrial-based stem cell therapy for stroke. Future studies geared towards translating these
laboratory findings to clinical application will focus on mitochondrial transfer from PV-, WJ- and

CL-MSCs into ischemic cells, which may prove therapeutic for stroke.
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