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THE MAGBBRIS PROJECT

The present doctoral thesis has been carried out within the framework of a European
project titled “MAGnetic Biomaterials for Brain Repair and Imaging after
Stroke (MAGBBRIS)” (Figure 1).
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Figure 1. MAGBBRIS graphical abstract and project consortium.



The project was founded in the 2017 call within the EuroNanoMed III programme,
by 6 different European funding agencies including the Instituto de Salud Carlos III
(AC17/00004) at the Neurovascular Research Laboratory, for a duration of 36
months. Our research group was the coordinator of the MAGBBRIS consortium,
made up by 6 partners, involving multidisciplinary materials scientists, biomedical

and clinical researchers together with industrial partnership (Table 1).

Table 1. MAGBBRIS project consortium.

Institution . . Funding Organisation,
. Principal Investigator
(partner number, *coordinator) Country
Vall d’Hebron Institut de Recerca Anna Rosell Instituto de Salud Catlos
(VHIR) (1%) a Rose ITT (ISCIII), Spain

Ministry of Economy and
Anna Roig Competitiveness
(MINECO), Spain

Agencia Estatal Consejo Superior de
Investigaciones Cientificas (CSIC) (2)

University of Artois, Faculty Jean Perrin

5 Fabien Gosselet Agence Nationale de la

Recherche (ANR), France

Ospedale San Raffacle, Istituto di Ministero Della Salute

Ricovero e Cura a Carattere Scientifico Maria Picchio
(IRCCS) (4) (IMH), Italy
Polish National Center for
Pure Biologics Ltd (5) Filip Jelen Research and Development

(NCBR), Poland

Institute of experimental physics, Slovak

Slovak Academy of
Academy of Sciences (SAS) (6)

Peter Kopeansky Sciences (SAS), Slovakia

The aim of the project was to promote tissue repair in the context of ischaemic stroke
by taking advantage of nano-biomaterials to deliver therapeutic growth factors
secreted by endothelial progenitor cells (EPCs). In order to achieve so, a novel non-
invasive local regenerative treatment was proposed to enhance vascular remodelling
by the EPCs-secretome encapsulated into polymeric biodegradable and
biocompatible nanocapsules (NCs), labelled with magnetic nanoparticles and

fluorescent tags allowing their retention and tracking.

Our major roles within the project were to coordinate the consortium and conduct

the experiments for EPCs-secretome production, nanocapsules delivery and



magnetic retention validation for 7z vitro (cell cultures) and 7z vivo (pre-clinical stroke

model) applications, which are part of the results presented in this doctoral thesis.

The specific work packages defined within the proposal, which relate with the work

conducted in this Doctoral Thesis, are described in Table 2.

Table 2. MAGBBRIS work packages.

Partners

WP1. Nano-biomaterial synthesis and magnetic targeting

Milestones: desctiption of EPCs-secretome and well-characterised PLGA-
fluorescent/magnetic nanocapsules. Magnet device design based on focused magnets 1,2, 4,6
wearable for stroke patients

WP2. Functional validation of the therapeutic nanocapsules

Milestones: in vitro and in vivo safety of the theranostic biomaterial 1,2,3,4

WP3. Secretome/biomaterial production, validation and industrialisation

Milestones: manufacturing process at industry standards and product validation All

WP4. Imaging brain responses and magnetic tracking

Milestones: protocols for MRI and OI of biomaterial delivery and 7 vivo evaluation
of biomaterial efficacy. Proving a successful delivery of magnetic nanocapsules with 1,2,4,6
focused magnets

WP5. Coordination, management and dissemination

Milestones: web page creation, results’ dissemination and publications. All

WP = work package, PLGA = poly(lactic-co-glycolic acid), MRI = magnetic resonance imaging, OI = optical
imaging.






ABSTRACT

Stroke remains a leading cause of death and disability worldwide. Hence there is an
urgent need to develop therapeutic strategies beyond acute recanalisation. However,
this therapeutic development is hampered by a highly complex pathophysiology,
added to the challenge of brain drug delivery. In this regard, endothelial progenitor
cells (EPCs)-secretome represents a promising cell-free therapy for post-stroke
neurovascular repair. Furthermore, mechanical thrombectomy for recanalisation has
opened the window to brain drug delivery, which could be further improved by

nanomedicine.

This doctoral thesis aimed to enhance brain targeting and neurovascular repair in the
context of cerebral ischaemia, through the endovascular delivery and magnetic
retention of BEPCs-secretome encapsulated in biocompatible and biodegradable

polymeric nanocarriers.

The proposed nanocarriers have been functionalised with superparamagnetic iron-
oxide nanoparticles (SPIONs) and fluorescent tags for magnetic retention and
magnetic resonance/fluorescent molecular imaging (MRI/FMI), respectively. An
exhaustive study of their biodistribution by MRI/FMI has shown a great advantage
of the intraarterial route combined with magnetic retention through focused magnet
devices, to safely enhance brain targeting in a mouse model of cerebral ischaemia.
And, importantly, it has been demonstrated that the nanocarriers remain in the target
ischaemic brain up to one week, easing the sought-after sustained release of cargo
therapeutic factors. Furthermore, the EPCs-secretome has been successfully
encapsulated into the polymeric nanocarriers, as seen through both total and specific
EPCs-secretome cargo proteins, and the pro-angiogenic therapeutic effects were
preserved after the encapsulation-release process, as demonstrated in endothelial cell
culture 7z vitro models.

The present study demonstrates the advantage of the therapeutic application of

EPCs-secretome through this selective nanotargeted approach against the equivalent



free treatment at similar doses. The results presented herein suggest that hyperacute
endovascular delivery of free EPCs-secretome, at the tested dose, might exacerbate
the acute post-ischaemic brain damage along with an increased neuro-inflammatory
response, while ubiquitously enhancing brain angiogenesis. In contrast, the
nanotargeted treatment could selectively enhance brain angiogenesis in the target
peri-infarct brain, in the absence of the aforementioned detrimental effects.

As preliminary steps towards the translation of the proposed therapeutic approach
to the clinical setting, large animals with gyrencephalic brains and an ex o
humanised vascular model were also used. The present study demonstrates the safety
and feasibility of endovascular delivery for brain nanotargeting in pigs, and the
efficacy of endovascular delivery and magnetic retention in an ex »zz0 model adapted

to the human vascular anatomy and biodynamics.

In summary, this doctoral thesis places the use of polymeric magnetised nanocarriers
through endovascular delivery as a promising approach to enhance specific brain
targeting of multiple therapeutic agents, such as EPCs-secretome, which could be

implemented in the context of mechanical thrombectomies in the clinical scenario.



RESUM

L’ictus isquemic segueix sent a dia d’avui una de les principals causes de mortalitat i
discapacitat a nivell mundial. Aixi doncs, és essencial desenvolupar estrategies
terapeutiques més enlla de la recanalitzacié aguda. Tanmateix, la cerca de noves
terapies es veu limitada per I'elevada complexitat dels processos fisiopatologics
derivats de lictus i pel repte que suposa I’arribada d’agents terapeutics al cervell. En
aquest sentit, 1"as dels factors secretats per cel-lules progenitores endotelials
(secretoma d’EPCs) representa una estratégia prometedora per promoure la
reparacié neurovascular la qual estalviaria els riscos associats a les terapies cel-lulars.
Paral-lelament, la trombectomia mecanica per a la recanalitzacié aguda després de
Iictus ha obert una nova possibilitat per administrar farmacs directament al cervell, 1

aquest abordatge podria millorar significativament gracies a la nanomedicina.

I’objectiu d’aquesta tesi doctoral ha estat augmentar 'arribada de farmacs al cervell
per promoure la reparacié neurovascular després de lictus isquémic mitjancant
I’administraci6 intraarterial i el direccionament magnetic del secretoma d’EPCs en

nanocapsules polimeriques biocompatibles i biodegradables.

Les nanocapsules emprades per a aquest estudi han estat modificades per incorporar
nanoparticules de ferro superparamagnetiques (SPIONs) i marcatges fluorescents
per al seu direccionament magnétic i monitoratge mitjangant les técniques d’imatge
per ressonancia magnetica i per fluorescencia molecular, respectivament. L’estudi
exhaustiu de la biodistribucié d’aquestes nanocapsules per mitja de les tecniques
esmentades ha demostrat, en un model d’ictus isquémic en ratolins, que la ruta
intraarterial en combinacié amb el direccionament magnctic presenta un gran
avantatge per augmentar de forma segura I’arribada al cervell.

A més, s’ha observat Pacumulacié de nanocapsules a la regi6 cerebral infartada fins
a una setmana després de 'administracio, fet que afavoriria I'alliberament sostingut
dels factors terapéutics encapsulats. Per altra banda, aquest treball ha demostrat, a

través de l'estudi tant del contingut proteic total com de factors especifics, la



possibilitat d’encapsular aquest secretoma i preservar la seva funcié pro-angiogenica
un cop alliberat, tal com s’ha demostrat en models 7z vztr0 de cel-lules endotelials.

El present estudi demostra P'avantatge terapeutic de la implementacié d’aquest
abordatge nano-dirigit per a 'administracié del secretoma d’EPCs, enfront de la
terapia lliure. Els resultats que es mostren aqui suggereixen que 'administracié
endovascular hiperaguda del secretoma d’EPCs, a la dosi testada, podria exacerbar el
dany cerebral post-isquémic, juntament amb una resposta neuro-inflamatoria
incrementada i, per altra banda, promouria la formacié de nous vasos sanguinis de
manera ubiqua. En canvi, el tractament equivalent nano-dirigit permetria
I'angiogenesi selectiva al teixit subjacent a 'infart sense els efectes nocius observats
amb el tractament lliure.

Com a pas previ cap a la translacié de I'abordatge terapéutic proposat, s’han utilitzat
porcs com a models d’animals grans amb cervells girencefals (propers a 'huma) aixi
com un model ex vzivo de Parbre vascular huma. Per una banda, s’ha pogut comprovar
la seguretat de ladministracié endovascular i la seva eficacia per al nano-
direccionament al cervell en porcs. Finalment, el direccionament de nanocapsules
administrades per via intraarterial i retenci6 amb camp magnetic també ha estat
demostrat per I'ds en humans, en un model que simula I'anatomia i biodinamica

humanes.

En conjunt, els resultats obtinguts en aquesta tesi doctoral posicionen I'ds de
nanocapsules magnétiques per via intraarterial com una estratégia prometedora per
augmentar P'arribada de farmacs de forma especifica al cervell, com per exemple el
secretoma d’EPCs. Aquesta estrategia es podria implementar en el context clinic

actual, amb 1’Gs de la trombectomia mecanica.
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1.1. Stroke

1.1.1. Definition, global burden and risk factors

The term ‘stroke’ covers a broad spectrum of cerebrovascular pathological
conditions characterised by a disrupted blood flow and consequent infarction or
haemorrhage in the central nervous system (CNS), attributable to a vascular
obstruction (ischaemic stroke) or a non-traumatic focal bleeding (haemorrhagic
stroke) in the brain parenchyma or ventricular system (intracerebral haemorrhage)

or in the subarachnoid space (subarachnoid haemorrhage).'”

Stroke is at present the second leading cause of death and disability worldwide, with
over 13 million incident cases and 5.5 million deaths per year. Amongst the
European countries members of the World Health Organisation (WHO), stroke is
responsible for more than 1 million annual deaths, a 15% of which are premature,
before the age of 65 years.” Haemorrhagic stroke presents a higher mortality rate, but
ischaemic stroke is the most common type, accounting for more than 80% of all

strokes.>*

Stroke is a heterogeneous and multifactorial disease with a large variety of additive
risk factors and aetiologies, the majority of which are also common for haemorrhagic
stroke’. The most important modifiable risk factors are hypertension, smoking,
diet, physical inactivity, hyperlipidaemia, diabetes mellitus, alcohol consumption, and
cardiovascular causes. Major non-modifiable risk factors include age, sex,
race/ethnicity, and genetics, although the latter is increasingly considered as a
potentially modifiable risk factor. The sex-related risk depends on age; however,
overall women suffer more strokes due to a longer life span. Monogenic disorders
accounting for approximately 1-5% of all strokes include conditions such as
CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy),  sickle cell or Fabry diseases, mitochondrial

encephalomyopathy, lactic acidosis, and stroke-like episodes), hereditary cerebral
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amyloid angiopathy, or Marfan syndrome. Finally, genetic variants can contribute
y glopathy, y y, &

directly or indirectly to the risk of stroke through other stroke risk factors.”’

This doctoral thesis has been focused on the study of ischaemic stroke, so in the

interest of brevity, the term ‘stroke’ will be preferably used from now on.

1.1.2. Classification and diagnosis

Beyond the former classification, ischaemic stroke can be subdivided according to
the aetiology and vascular distribution (Table 3). Stroke aetiology is considered to
affect prognosis, outcome, and management, and is therefore crucial in acute stroke
diagnosis. The Trial of Org 10172 in Acute Stroke Treatment (TOAST) is a system
developed to categorise stroke into 5 subtypes based on clinical features and brain,
cardiac and extra-cranial arteries imaging, angiography, and laboratory assessments™’.
Classification according to the vascular distribution is based on the Oxfordshire
Community Stroke Project (OCSP) criteria, which divide ischaemic stroke in 4

categorties and can be used to predict clinical outcomes'.

Table 3. Ischaemic stroke classification.

According to the aetiology (TOAST criteria)

Large-artery Large vessel disease (atheroscletosis of cervical/proximal intracranial
atherosclerosis vessels). 30-43% of cases. >50% stenosis or occlusion of a major
brain/cortical artery. Infarcts >15 mm (cortex, cetebellum, brainstem,
subcortical regions).
Cardioembolism Arterial occlusions from cardioembolic sources. 20-31% of cases.
Magnetic resonance imaging (MRI): restricted diffusion in multiple
and often bilateral vascular territories.

Small-vessel occlusion Infarcts of <20 mm, without evidence of other disorders (vascular

(lacunar infarcts) disease, vasospasm, or cardioembolism). 10-23% of the cases.

Stroke of other Rare causes: non-atherosclerotic vasculopathies, hypercoagulable

determined aetiology states, hematologic disorders, right-to-left vascular shunts, or arterial
dissections.

Stroke of undetermined Multiple causes or no causes found.

aetiology (cryptogenic)

Based on the vascular distribution (OCSP classification)

Lacunar infarcts (LACI)
Total anterior circulation infarcts (TACI)

Partial anterior circulation infarcts (PACI)

Posterior circulation infarcts (POCI)

18



Furthermore, according to the presence or absence of acute neurological
dysfunction, cerebral infarcts can be classified as strokes or silent cerebral infarcts,
respectively. Awakening with or acute onset of focal neurologic symptoms (limb or
facial weakness and/or hemiparesis, limb paraesthesia, dysphasia, headache, and eye
movement or visual deficits) is the hallmark of stroke diagnosis.” On the other hand,
transient ischaemic attacks (TIAs) are characterised by an episode of sudden
focal neurological dysfunction caused by focal brain ischaemia, but are distinguished
from ischaemic stroke by the absence of brain infarction and symptoms duration of
less than 24 hours. In this regard, evidence of acute infarction can be determined

either from a symptom duration for more than 24 hours or brain imaging."'

Neuroimaging is crucial to distinguish between ischaemic and haemorrhagic
strokes, since the latter is also characterised by acute onset of focal symptoms."
Apart from guiding the diagnosis of acute stroke, neuroimaging can also provide
information on the aetiology.” The current American Stroke Association/American
Heart Association (ASA/AHA) guidelines recommend emergency brain evaluation
for all patients with suspected acute stroke on first arrival to a hospital before
initiating any specific therapy, including non-contrast computed tomography (CT)
and MRI." The latter is also crucial to exclude stroke mimics, which are conditions
that lead to an acute onset of neurological deficits that can be confused with the
common symptoms of stroke and therefore represent a significant proportion of

hospital stroke admissions."

An important aspect to consider in acute stroke management is time upon
neurological symptoms onset, given the medical emergency and as it may determine
the treatment eligibility criteria. Several public awareness campaigns have used
mnemonics to help identifying key stroke signs to reduce the time from onset to
treatment, such as the acronym FAST (Face, Arms, Speech, and Time) implemented
by the British Department of Health."” Efforts have also been put in hastening
intervention upon symptoms onset in primary care. The ‘Recognition of stroke in

the emergency room’ (ROSIER) is a stroke recognition scale designed for its use by
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physicians in emergency departments. It is more complete than the FAST tool,

including the distinction from stroke mimics."

Finally, the most commonly used scales to assess the motor and neurological deficits
are the National Institute of Health Stroke Scale (INTHSS) for eatly stroke severity,
and the modified Rankin Scale (mRS) which is commonly applied to evaluate

stroke functional recovery.'""

1.2.  Stroke pathophysiology

Upon stroke onset, a complex and time-dependent cascade of events is triggered,
which can be broadly divided into the following stages: (i) acute, (ii) subacute, and

(iti) chronic (Figure 2).

Cell death

Inflammation/
Functional improvement

scarring SO N

Pathophysiological
processes

\ 4

Acute Subacute Chronic
(hours-7 days) (7 days-months) (>6 months)

Phase

Figure 2. Chronology of the different pathophysiological phases of stroke. Figure
adapted from Dobkin et al. (2016).17

Acute events that may be detrimental for the infarct progression are however
essential to promote neurorestorative processes in delayed stages. In this sense, the
timely regulation of these pathophysiological mechanisms is crucial for the final
outcome. The following sections will focus on the major pathophysiological events
occurring within the acute and subacute phases, which lie within the scope of this

thesis.
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1.2.1. Acute phase

Vessel occlusion causes a depletion of oxygen and glucose supply to the brain,
inducing an ischaemic cascade of events that lead to massive cell death through
necrotic, apoptotic and autophagy mechanisms (Figure 3). Depending on the extent
and duration of hypoperfusion, the tissue that is supplied by the occluded vessel is
differentiated in an area of irreversible damage (infarct core), a surrounding area of
hypoperfused but salvageable tissue (penumbra), and hypoperfused tissue but not

threatened under normal circumstances (oligaemia).”*'

STROKE

X

Focal cerebral hypoperfusion J

1 O,, glucose, ATP

Excitotoxicity

> Inflammation I;

Pro-inflammatory
mediators

Glutamate, T Ca?*

Oxidative stress

Free radicals

v
[ Microvascular injury ]7—{ BBB disruption J

CELLDEATH [
-

g BRAIN DAMAGE g

Figure 3. The ischaemic cascade. Figure adapted from Lakhan et al. (2009).22

The earliest events leading to cell death upon stroke are oxidative stress and
excitotoxicity. The interruption of nutrients’ supply to the brain impairs energy-
dependent ion transport pumps and re-uptake of excitatory amino acids, namely
glutamate, which prompts calcium (Ca*") influx through the activation of N-methyl-
D-aspartate (NMDA) receptors. The resulting intracellular Ca** accumulation

triggers the digestion of proteins, lipids and nucleic acids, and disrupts the
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mitochondrial function causing more energy depletion, activation of caspase-
dependent cell death pathways and production of reactive oxygen species (ROS) that
in its turn amplify the ischaemic cascade. Intracellular Ca®* accumulation is also
accompanied by sodium (Na*") and chloride influx, causing cytotoxic oedema, while
energy depletion is further worsened by neuronal and glial membrane

depolarisations, altogether expanding the infarct core.”*"***

The production of ROS leads to the release of pro-inflaimmatory cytokines and
chemokines and the expression of leukocyte adhesion molecules in endothelial cells
(ECs), mediating the attraction and infiltration of leukocytes into the brain
parenchyma. Additionally, complement system activation further contributes to
adhesion molecule upregulation, chemotaxis and leukocyte activation. These
infiltrating leukocytes facilitate the clearance of debris in the infarcted area, but also
release cytotoxic mediators that exacerbate the inflammatory cascade, worsening
the brain damage. In parallel, dying cells release damage-associated molecular
patterns (DAMPs), which induce the activation of microglia and further release of
pro-inflaimmatory cytokines that amplify the inflaimmatory response.”*” Together
with inflammation and the microvascular injury caused by oxidative stress, the
elevation of matrix metalloproteinases (MMPs), which degrade components of the
extracellular matrix, contribute to blood-brain barrier (BBB) leakage and thus

increased infiltration of immune cells.?*?’

In contrast to the neuro-inflammatory burst following stroke, the release of pro-
inflammatory mediators to the circulation leads to a systemic inflammation that is
later counteracted by the so-called stroke induced immunosuppression, which

increases the risk of systemic infections that worsen the overall functional recovery.”

Importantly, in addition to the high complexity of this wave of interrelated events,
many of these mechanisms are known to have controversial functional roles after
stroke, in the sense that a harmful contribution to infarct expansion may be

counterbalanced by the participation in delayed repair processes.
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For instance, the immune system is known to play a dual role by resolving the post-
ischaemic inflaimmation and contributing to delayed neuroregeneration processes,
aside from the aforementioned lesion-amplifying effects. For example, in the late
acute phase, the infiltrating pro-inflammatory macrophages (M1 macrophages) shift
to anti-inflammatory (M2 macrophages), the latter contributing to the clearance of
necrotic debris and releasing trophic factors that facilitate angiogenesis and axonal
outgrowth in the subacute and chronic phases.”””” Another example for mechanisms
acting as a double-edged sword are MMPs, such as MMP-2 or MMP-9, which aside
from causing a deleterious disruption of the BBB, are also key mediators in delayed
remodelling.”’ Moreover, peri-infarct astrocytes undergo morphological changes and
upregulation of the glial fibrillary acidic protein (GFAP), a process known as reactive
astrogliosis, forming a glial scar that separates the ischaemic core from the
surrounding healthy tissue. This mechanism also has a controversial role, as on one
hand, reactive astrocytes may limit axonal regeneration through different inhibitory
factors, but may also prevent infarct expansion and participate in subacute repair by
isolating the injured site from the viable tissue and producing or recycling

neurotrophic factors, respectively.”

1.2.2. Subacute phase

In addition to the abovementioned mechanisms leading to cell death and brain
damage, endogenous repair processes also take place in response to stroke, most

especially during the subacute phase.

This is reflected in some degree of spontaneous recovery in the weeks to months
following stroke in human patients, although this recovery is often insufficient and
largely variable.” On the other hand, it must be noted that this functional
improvement may also arise from compensation mechanisms, which are alternative
strategies to overcome a dysfunction and resume daily tasks independently, such as

the use of the unaffected limb.*
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In the recent past decades, relevant scientific breakthroughs such as the discovery of

7 and neurogenesis®™* have brought about great

post-natal vasculogenesis
paradigm shifts that contributed to a better understanding of the undertlying
mechanisms for stroke recovery and leveraged the emergence of therapeutic

strategies aiming at the enhancement of endogenous neurorepair processes.

These processes, occurring both in the infarct surrounding and remote areas*, are
strongly interrelated and include neuronal plasticity, neurogenesis, angiogenesis,
oligodendrogenesis and white matter remodelling, amongst others, altogether

providing an optimal environment that facilitates brain tissue repair.*
1.2.2.1. Neurogenesis

Neural stem cells (NSCs) originate from two main neurogenic niches, the
subventricular zone (SVZ) in the lateral ventricles (LV), and the subgranular
zone (SGZ) in the dentate gyrus (DG) of the hippocampus. In the healthy brain,
NSCs from the SVZ migrate through the rostral migratory stream (RMS) into the
olfactory bulbs (OBs), where they mature to interneurons that contribute to olfactory
functions, while NSCs originating in the SGZ migrate and differentiate into the

43,44

granular cell layer (GCL) of the DG, contributing to spatial memory (Figure 4).

After cerebral ischaemia, NSCs are activated by diverse stimuli that enhance
endogenous neurogenesis and alter the migration pattern of neuroblasts towards the
injured site to replace the damaged neural cells, including neurons, ependymal cells,
astrocytes, and oligodendrocytes.”* This ectopic migration is mediated through NSCs
chemokine receptors that respond to chemokines released in the injured tissue, such
as the stromal cell-derived factor 1 (SDF-1)/C-X-C motif chemokine receptor 4
(CXCR4) pathway.”
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Subventricular zone

Subgranular zone

Figure 4. Neurogenic niches in the adult mouse brain. In the SVZ, quiescent neural
stem cells (type B) become activated and give rise to amplifying cells (Type C). Type C
cells generate neuroblasts (Type A), which migrate to the OB along the RMS, where they
become mature interneurons. In the SGZ, activated NSCs in the inner molecular layer
(IML) (Type 1) generate amplifying neural precursor cells (Type 1I). Type 11 cells become
neuron-committed intermediate progenitors (Type 11I), and differentiate to granule cells
(G) in the GCL, with dendritic arborisation in the IML and axonal projection to CA3.
BV = blood vessels; E = ependymal cells. Figure adapted from Fontan-Lozano et al.

(2020) and Lim et al. (2016).4647

However, the number and regenerating capacity of these cells is insufficient, and this
potential can be further impaired with age or under certain pathological conditions.*
Depending on the severity and the location of stroke, the ischaemic insult can alter
the viability or the cell fate of NSCs. For instance, hypoxia triggers a switch from

8

neurogenesis to astrogliosis through enhanced Notch signalling.* Moreover,
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although the beneficial neurogenic response seems clearer in the SVZ, hippocampal
neurogenesis has been suggested to potentially exert a detrimental role in post-stroke

recovery due to maladaptive responses.*”

In this light, a range of mechanisms have been explored in the attempt to protect the
NSCs and potentiate neurogenesis, by targeting relevant pathways such as the
phosphatidylinositol-3kinase (PI3K), Wnt/B-catenin, Sonic Hedgehog (SHH), and
Notch signalling.**

1.2.2.2. Oligodendrogenesis and white matter remodelling

The neurogenic niche in the SVZ also gives rise to oligodendrocyte precursor cells
(OPCs) which, after brain ischaemia involving the white matter, proliferate and
migrate to the peti-infarct area in order to become myelinating oligodendrocytes.”
The formation and maintenance of myelin sheaths by mature oligodendrocytes is
essential to isolate neuronal axons, provide metabolic support and facilitate rapid
transmission of axon potentials.”® Other than the obvious beneficial role of
oligodendrogenesis for neuroregeneration, neuronal activity also regulates OPCs
proliferation and differentiation through excitatory and inhibitory inputs.”” On the
other hand, OPCs seem to be neuroprotective through the release of insulin-like
growth factor-1 (IGF-1).” A reciprocal crosstalk between both elements is therefore
essential for brain repair. Nonetheless, mature oligodendrocytes also impede neural
regeneration through neurite outgrowth inhibition mediated by myelin associated
inhibitors such as Nogo A.”* This highlights the importance of molecular and cellular

timely modulation during stroke recovery.
1.2.2.3. Angiogenesis

New blood vessels can be formed by three mechanisms: (i) vasculogenesis, which
occurs during and after embryogenesis by the differentiation of angioblasts and
endothelial progenitor cells (EPCs), respectively, (ii) angiogenesis, resulting from the

sprouting of new vessels from pre-existing capillaries, and longitudinal extension of
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pre-existing vessels (intussusception), and (iif) arteriogenesis, in which vessels

become covered by pericytes and vascular smooth muscle cells to form arteries.”

Angiogenesis is a key feature for post-stroke recovery and neuronal reorganisation,
and has been related to improved survival and functional outcome in both patients

and animal models.>®

°" Early after stroke, new blood vessels are formed in the peri-
infarct regions. This process involves the coordinated remodelling of the
extracellular matrix, extension of ECs behind tip cells and participation of pericytes,
under the coordinated effect of growth factors and cytokines. Amongst the main
angiogenic factors are the transforming growth factor-g (TGF-f), platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF). Amongst them, VEGF is the most potent hypoxia-

inducible angiogenic factor.’®>

Although the formation of new blood vessels seems clearly beneficial for stroke
recovery, it is important to consider the risk associated to vascular remodelling in
terms of BBB disruption, oedema and haemorrhagic transformation, and the fact

that neovascularisation may also lead to immature non-functional vessel formation.®

As earlier pointed out, the repair processes taking place in the subacute phase after
stroke are strongly interrelated and should be therefore understood as a whole. The
neurovascular unit is a relatively recent concept in neuroscience that accounts for
the relationship between ECs, pericytes, neurons, astrocytes, microglia, and the
extracellular matrix. All of these components gather together as an anatomical and

functional whole to maintain the BBB integtity, and regulate cerebral homeostasis.®'

In this regard, there is a close interplay between angiogenesis and the
abovementioned processes of neurogenesis and oligodendrogenesis. ECs are known
to play a key role in the SVZ and SGZ neurogenic niches through the release of
growth factors that maintain their neurogenic potential, while the migration of
neuroblasts and OPCs towards to the ischaemic injury occur in chains along vascular

32,626

tracks.”*% Moreover, neurogenesis and angiogenesis are casually linked through the

27



Introduction

so-called neurovascular niche, and several angiogenic factors such as VEGF have

shown neuroprotective and axonal growth boosting effects.*"*

1.2.2.4. Brain plasticity

Brain plasticity and reorganisation are induced during the subacute phase after
stroke, in both the peri-infarct and remotely-connected regions. The mechanisms
behind brain remodelling include dendritic spine turnover, altered neuronal
excitability, and formation of functional neuronal connections. These events are
driven by changes in gene expression and cellular responses, which lead to axonal
sprouting, synapse formation, changes in synaptic strength and contralateral
compensation.” The time-course of these events takes places within different
overlapping phases, including inflammation and injury resolution, diaschisis by de-
afferentiation and secondary remote lesions, tissue repair, and compensation

processes (Figure 5).

Peri-infarct
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Figure 5. Endogenous plasticity in subacute stroke. Figure adapted from Joy et al.
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Such processes are tightly related to functional improvement and successful
rehabilitation in stroke patients. Hence, multiple restorative strategies have been
focused on the stimulation of post-stroke brain plasticity. However, the window of
plasticity is limited and these processes diminish as stroke progresses from the
subacute to the chronic phase, when there is little recovery potential. Besides, atypical
reorganization and recovery patterns may also occur due to a maladaptive plasticity,
which limits recovery after stroke. It is therefore important to tackle these aspects in

order to selectively and efficiently boost these mechanisms.***’

1.3. Current stroke treatments

1.3.1.  Recanalisation therapies

Nowadays, brain tissue reperfusion through thrombolysis with tissue plasminogen
activator (tPA) and mechanical thrombectomy (MT) for large vessel occlusions
(LVO) are the standard of care for acute ischaemic stroke."” Furthermore, in the
recent years tenecteplase (TINK) has also emerged as an alternative to tPA for LVO

strokes, in which tPA is less effective.®®

Given the narrow time-window (4.5 h upon stroke onset), risk of haemorrhagic
transformation and insufficient performance of tPA in LVO strokes, endovascular
thrombectomy has been in the spotlight of acute stroke management over the past
years.” The use of MT started more than 10 years ago” as an improved
revasculatisation strategy against intraarterial (i.a.) plasminogen activators’"’> and has
been refined with the mechanical clot removal. MT is now increasingly used
throughout developed countries, with substantially improved devices showing
successful recanalisation rates within the first 6 hours after symptoms onset.”””"’
Furthermore, the ASA/AHA guidelines have extended this time window up to 24 h

in patients that meet specific eligibility criteria as demonstrated in the DAWN or

DEFUSE clinical trials.""™"
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Stroke is a medical emergency where the benefit of these recanalisation therapies is
strongly time-dependent. It is estimated that the average infarct progression upon
LVO is around the loss of 2 million neurons per minute.” Therefore, early diagnosis
and treatment initiation are key factors influencing the final outcome. In this regard,
acute stroke care organisation from pre-hospital care to tertiary stroke centres has
greatly improved over the past years with the use of telemedicine, mobile stroke units
and the implementation of protocols that optimise the workflow and minimise

treatment delay.”'

1.3.2. Rehabilitation therapies

Despite the tremendous advances in acute stroke management, only 25% of all cases
are eligible for thrombolysis, while 10-12% are suitable for endovascular treatment.*'
Furthermore, of those patients that are successfully treated, many remain disabled,

and the only approved therapy beyond the acute phase is neurorehabilitation.”

Neurorehabilitative training strategies include task specific or unspecific paradigms
such as physical exercise or rehabilitative physiotherapy, the latter being the
therapeutic standard. These can be supplemented with upcoming therapeutic

strategies such as brain-computer interfaces or artificial intelligence.”

It has been suggested that intensive, high dose or prolonged rehabilitation may
enhance the therapeutic benefit.*>** However, recovery after stroke is a complex,
dynamic, and multifactorial process that is influenced by the interplay amongst
genetic, sociodemographic and clinical factors, which highlights the importance of a
better understanding and standardisation of post-stroke recovery treatments.”” In
this sense, large-scale and rigorous clinical trials in the field of stroke rehabilitation
are scarce and have been introduced only recently and, therefore, there is still a lack
of consensus amongst rehabilitative therapies and thorough understanding of the

underlying mechanisms for stroke recovery.”*

30



1.4. Pre-clinical stroke models

It is noteworthy that in the particular field of ischaemic stroke, the therapeutic
progress in acute recanalisation resulted from clinical trials rather than from animal
studies. However, this advance was fuelled by the previous implementation of
recanalisation therapies in myocardial infarction and, importantly, despite the
enormous advances in acute management, stroke remains a major cause of death and
long-term disability worldwide. Plus, this impact is estimated to rise in the near future
due to the increasing life-expectancy.” Furthermore, we are struggling to address the
unmet needs of functional recovery beyond the acute stage, when the only approved
therapy is neurorehabilitation, and pharmacological development is hampered by the

great complexity of this disease.

Against this backdrop, animal stroke models are intended to mimic the
heterogeneous nature of clinical stroke with a high reproducibility and
standardisation, adding the possibility of directly analysing the tissue of interest to
provide insight into the pathological and therapeutic response mechanisms, and are
therefore essential for pre-clinical stroke research.”” A major drawback of animal
stroke models has been the poor translation from pre-clinical studies into successful
clinical trials. For this reason, the Stroke Therapy Academic Industry Roundtable
Roundtable (STAIR) established in 1999 a series of guidelines for pre-clinical stroke
models, which were thereafter updated in order to facilitate the translation of
neuroprotective and neurorestorative drugs to human studies.* In the same vein, the
ARRIVE guidelines (Animal Research: Reporting of Iz vivo Experiments) were
developed in 2010 to improve the reporting of animal research, and have also been

updated afterwards to improve the reporting of research involving animals.”

At present, there are different approaches to model stroke, by experimentally
inducing stroke in either healthy young animals or in aged animals presenting relevant
comorbidities, as well as using models that exhibit spontaneous stroke development.
Ideally, a successful translation from bench to bedside requires animal models that

accurately reflect the clinical situation, therefore selecting an appropriate animal
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model is crucial. However, clinical stroke is extremely diverse, and for this reason
pre-clinical studies should be carried out in different animal models before jumping
to the clinical scenario.”’ A large variety of animal species have been used, including
mice, rats, rabbits, pigs, cats, dogs, and non-human primates. Rodents are currently
the most widely used, given the advantages for ethical regulations, low cost, easy
monitoring of physiological parameters and reproducible surgical manipulation.
Specifically, mice and rats are the most used as these can be genetically modified,
which facilitates the study of pathophysiological and drug molecular mechanisms.
Anatomically, despite presenting a lysencephalic brain, in contrast to the human
gyrencephalic brain, they also present a complete circle of Willis, as well as the

anterior and posterior circulation territories, as in humans.”"”

Cerebral ischaemia models can be permanent or transitory, and can also be
classified as global, when the blood flow is reduced in the whole brain, focal, when
the blood flow obstruction is restricted to a specific brain region, or multifocal,
characterised by a patchy cerebral blood flow obstruction. This section will focus on

focal models, as this particular group lies within the scope of this thesis (Table 4).”

For focal cerebral ischaemia models, middle cerebral artery (MCA) occlusion is
the most common approach, due to its accessibility and because it is one of the most

frequently affected arteries in human ischaemic stroke.”’
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1.5. Experimental therapeutic strategies for stroke

As earlier mentioned, the benefits of recanalisation treatments are incomplete. In this
light, alternative repetfusion strategies, such as aptamer systems,”

sonothrombolysis with magnetic microbubbles®™

and magnetically enhanced
thrombolysis with iron nanoparticles,” are being studied to increase the safety and

efficacy of thrombolysis.

Beyond recanalisation, neuroprotection has emerged as a promising strategy to limit
infarct damage and/or peri-infarct expansion. A large effort has been put into this
field over the past decades, but out of more than 1000 putative neuroprotective
therapies, none have been approved in the clinical setting to date.’ In this regard,
the change of perspective from the neuron as a single-target to the neurovascular
unit as a whole, together with the emerging strategy to tackle multiple mechanisms
and the incorporation of guidelines for rigorous pre-clinical testing, are paving the
way for the implementation of such treatments. Amongst the neuroprotective
compounds that are being tested in clinical trials are the following: uric acid as an
antioxidant (NCT008603606), nerinetide as an inhibitor of protein-protein
interactions of the postsynaptic density protein 95 (PSD95) (INCT02930018,
NCT04462536), otaplimastat to block the MMPs pathway (NCT01757795,
NCT02787278, NCT04479449), cytoprotection through activated protein C and
analogues (NCT02222714, NCT00533546), ApTOLL as a toll-like receptor 4
(TLR4) antagonist (NCT04742062, NCT04734548), and selective i.a. hypothermia
(NCT05032781, NCT04554797) or Ca** channel blockage with verapamil
(NCT02235558, NCT03347786).”

Alongside to improving the success of recanalisation and protecting the penumbral
tissue, there is a flagrant need to enhance post-stroke recovery. In this regard,
different neurorestorative strategies are being studied to stimulate and amplify the

endogenous restorative mechanisms by means of pharmacological or cell-based
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approaches, together with strategies complementary to rehabilitation such as activity

and cognitive-based training, robotics and brain-computer interface systems.***

The combination of pharmacological interventions with rehabilitation has been
proposed as a promising restorative strategy, on the basis that treatments enhancing
plasticity require physical and behavioural training to strengthen functionally relevant
networks. This has been tested with drugs acting on neurotransmitters such as
fluoxetine, amphetamine, or dopamine, although clinical trials have been largely
negative.” Other promising multifaceted strategies with an impact on different
regenerative mechanisms include, amongst others, the use of non-coding ribonucleic

acids (RNAs)” and brain stimulation to modulate the excitability of a target area.*

Many studies have focused on the use of specific growth factors, such as brain-
derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF),
IGF-1, bFGF, erythropoietin (EPO) or granulocyte colony-stimulating factor (G-
CSF), involved in intrinsic regenerative processes, or compounds targeting relevant
molecular pathways such as the blockage of Nogo A to promote axonal sprouting.
However, there is a lack of a clear clinical benefit so far. Although some of the
abovementioned factors are known to be both neurotrophic and pro-angiogenic,
some experimental therapies promoting a specific regenerative process have turned
out to be detrimental for other mechanisms.""”'"" As earlier pointed out, the
pathophysiological mechanisms after stroke are orchestrated by the interplay
between multiple cell types, thus neurorepair therapies should promote

simultaneously neurogenesis, angiogenesis, myelinogenesis and neural plasticity.

Overall, novel therapeutic approaches for a disease of such complexity as stroke
should tackle multiple mechanisms in each pathophysiological stage to enhance
stroke recovery. Growing knowledge leads to a multimodal strategy combining
refined protocols for a rapid acute stroke diagnosis and treatment allocation with
selective and timely appropriate neuroprotective and neurorestorative treatments for

the foreseeable future.
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1.5.1.  Cell-based therapies

In the past recent decades, cellular therapies have been in the spotlight of stroke
research due to their potential multifaceted benefits for neuroprotection,
neuroregeneration and immune system modulation.'”>'” Cell-based treatments can
be broadly divided into endogenous strategies to stimulate existing cells, such as the
growth factors mentioned above, or exogenous administration of stem or
progenitor cells, expecting their differentiation into functional brain cells to replace
the damaged tissue. It should be highlighted that the benefits of the latter may result
from a combined mechanism, given that exogenous stem/progenitor cells contribute

to restorative effects partly through a paracrine effect.”

Endogenous strategies present the advantage of avoiding the adverse effects of
exogenous therapies such as immune rejection, but the existing stem cell niches are
limited in number and may be affected with age and/or comorbidities, as well as by
the ischaemic injury, as previously discussed. Moreover, although large cell numbers
can be obtained through ex vivo expansion, exogenous cell administration has been

hampered by difficulties in the engraftment and specific phenotype differentiation.

Additionally, a number of clinical trials have been conducted to assess the safety and
efficacy of exogenous stem cell therapies using a variety of cell types from
haematopoietic, mesenchymal and neural lineages, different doses, delivery routes
and treatment time points after stroke (Figure 6). However, the outcomes are
inconsistent and the underlying mechanisms remain largely unknown.'"*'% In this
regard, induced pluripotent stem cells (iPSCs) therapies, which avoid immune
rejection and controversial ethical issues, and represent an advantage against the
limited potential of endogenous stem cell niches under certain conditions, have
become an appealing cell replacement strategy for stroke. In the past recent years,
the refinement of specific cell differentiation protocols, together with cutting-edge
tools to corroborate the engraftment and functionality of the transplanted cells, are

paving the way towards the clinical application of cell-based therapies for stroke.'”’
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Figure 6. Cell-based therapies for stroke. Cellular therapies are a promising
therapeutic approach for stroke due to their neuroprotective and neurorestorative
effects, and immune system modulation. Despite their potential benefits, there are
current unmet challenges such as the choice of the cell type, dose, and transplantation
route, or the definition of eligible patients. MNCs: mononuclear cells, MSCs:
mesenchymal stem cells, DPSCs: dental pulp stem cells; ESCs: embryonic stem cells;
iPSCs: induced pluripotent stem cells; iv.: intravenous; i.a.. intraarterial; i.c.:

intracerebral; i.n.: intranasal.

It should also be highlighted that the beneficial effects of cell therapies are more
likely to arise from a paracrine mechanism promoting survival or regeneration of
pre-existing brain cells, rather than a direct incorporation to replace the damaged
cells.' In this light, cell-based but cell-free therapies focused on the
administration of stem cell-derived secretomes have become an appealing strategy

for stroke neurorepair.
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Additional hurdles for cellular engraftment and tissue regeneration are liquefactive
necrosis in the infarct core and glial scar formation. Biomaterials-based therapies
may represent a promising tool to address these issues. With this approach, the
liquefactive cavity could incorporate biomaterials such as hydrogels or living
scaffolds to replace the missing stroma, attract endogenous cells and deliver growth
factors or cells. This selective administration would ease regeneration by bridging the
lesion with the healthy tissue, and could help overcoming the off-target problems of

systemic delivery, a matter that will be discussed in more detail hereinafter.'”

1.5.2. Endothelial Progenitor Cells (EPCs)

Endothelial Progenitor Cells (EPCs) were first identified by Asahara and colleagues
in 1997 as cluster of differentiation (CD)-34-positive MNCs with endothelial
characteristics. These cells were isolated from adult peripheral blood and showed the
capacity to differentiate into ECs and contribute to adult neoangiogenesis.""” This
insight shifted the paradigm that vasculogenesis involving progenitor cells was
restricted to embryogenesis. Thereafter, EPCs became a focus of study in the field
of regenerative medicine given their role in neovascularisation and vascular repair.
Nonetheless, ambiguities around their identity and functions, as well as their limited

numbers, have hindered their clinical application.""

The most widely accepted phenotypic definition of EPCs considers the co-
expression of the stem and endothelial cell-surface markers CD34 and VEGF
receptor 2 (VEGFR2). However, during the past decades, the term EPCs has been
used to describe a wide range of cell types exhibiting phenotypes between the
haematopoietic and endothelial lineages.'” This lack of consistency has been
attributed to the low frequencies of these cells in the bloodstream, and the different

methods used for their isolation and immunophenotyping.''"!">!"*
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Figure 7. Methodology used to study EPCs. Enumeration of EPCs, defined as
circulating angiogenic cells (CACs) in blood is performed using flow cytometry. Cell
culture/colony assays allow the isolation of well-defined cell populations with vaso-
reparative properties such as endothelial colony forming cells (ECFCs) and myeloid
angiogenic cells (MACs). Figure adapted from Bhatwadekar et al. (2010) and Medina et
al. (2017).115.116

In general, two approaches have been used to isolate EPCs from peripheral blood:
(i) n vitro cell culture and colony assays and (ii) flow cytometry-based assays (Figure
7). Two distinct populations can be obtained using the former protocols depending
on the culture time, which were initially named as “early EPCs” and “late EPCs” or
“outgrowth endothelial cells (OECs)”, one being haematopoietic, and the other
endothelial, respectively.'"" To avoid confusion in defining both cell populations,
Medina and colleagues proposed the alternative terms “myeloid angiogenic cells
(MACGCs)” and “endothelial colony forming cells (ECFCs)”, instead of early and late

116

EPCs, respectively.

MACs show pro-angiogenic features through paracrine mechanisms but are unable

to form new vessels, and exhibit a phenotype similar to M2 macrophages. Instead,
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ECFCs show the ability to form blood vessels both 7z vitro and in vive, and express
the markers CD31, CD105, vascular endothelial cadherin (VE-Cadherin)/CD144,
CD146, von willebrand factor (vWF), VEGFR2 and ulex europacus agglutinin 1
(UEA-1), but not CD45 nor monocyte markers, and are fully committed to the
endothelial lineage. In the same line, Yoder and colleagues established the definition
of EPCs based on the following criteria: (1) circulating cells with clonogenic capacity,
(i1) a restricted differentiation towards an endothelial lineage, (iii) showing the ability
to form blood vessels both 7z vitro and (iv) 7n vivo, and (v) displaying vessel repair

capacities.'>!"¢

The characterisation of EPCs has been improved using flow cytometry considering
homogeneously highly expressed and stable markers (i.e., CD146, CD144, CD105,
CD31), and heterogeneous and unstable markers (i.e., CD34, c-kit, CD133)"", yet

there is still no consensus for a unique combination of EPC markers.

Regarding the origin of EPCs, these have been traditionally thought of as bone
marrow (BM)-derived cells that mobilise after an ischaemic event towards the sites
of vascular injury. However, other authors have reported to fail in obtaining ECs

from the BM culture, which suggests an alternative niche in the vessel wall.'"®

Despite these unresolved questions, there is a growing body of evidence that places
EPCs as a promising therapeutic avenue for stroke recovery. A number of pre-
clinical studies have shown that the administration of EPCs after cerebral ischaemia
promotes angiogenesis, vascular repair, neuronal regeneration, neuroprotection, and
both short- and long-term functional improvement. '*'* However, there are only 6
completed or ongoing studies registered at the U.S. National Library of Medicine
(ClinicalTrials.gov) testing the therapeutic capacity or diagnostic and prognostic
value of EPCs in ischaemic stroke patients (NCT02605707, NCT01468064,
NCT02980354, NCT02157896, NCT01289795, NCT03218527)."* Furthermore,
cell-based therapies may lead to adverse effects, such as microemboli or immune
rejection'”” and, although several clinical trials have proven the safety of stem cell

therapies for stroke, no clear efficacy has been proven to date.'”
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In this light, novel stem cell-based approaches are being investigated for the
treatment of stroke, such as the use of cell-derived growth factors, mitochondria,

extracellular vesicles, or micro-RNAs (miRNAs).'* "

1.5.2.1. EPCs-derived secretome

As eatlier stated, the benefits of stem cell therapies are also likely to arise from a
paracrine mechanism. In this regard, EPCs are known to release pro-angiogenic
factors, such as SDF-1, IGF-1, hepatocyte growth factor (HGF), G-CSF, VEGF,
endothelial nitric oxide synthase (eNOS), and inducible nitric oxide synthase (iNOS),

and several cytokines, amongst many others.'"*

It is reasonable to think of a potential therapeutic effect of EPC-secretome involving
multiple molecular pathways and cell types, considering the large variety of
biologically active substances. Most of these factors can promote ECs proliferation
and reduce apoptosis, and are also involved in the regulation of endogenous
progenitor cells recruitment, vascular growth, and remodelling."”” Hence, EPC-
secretome has been used as a therapeutic strategy in several pre-clinical models such
as in hind-limb ischaemia, showing improved hind-limb perfusion and muscle
function through neovascularisation and vascular maturation'”, and in cerebral
ischaemia, showing improved functional outcome through vascular remodelling.'”
Aside from its well-known pro-angiogenic capacity, different studies have reported
protective and regenerative responses through other mechanisms involving immune

regulation or remyelination."”*'*

1.6.  Brain drug delivery

1.6.1. 'The blood-brain barrier

Overcoming the challenge of brain drug delivery is an ongoing struggle and this

represents an obstacle for CNS diseases drug development.

Brain targeting is hindered mainly by the tight brain capillaries in the BBB. The BBB,

which is comprised by microvascular ECs, pericytes and astrocytes, represents the
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largest interface for blood-brain exchange. It acts as a physical barrier due to the
presence of tight junctions (TJs) between adjacent ECs and the absence of
fenestration and pinocytic activity of these cells, which is essential to isolate brain
parenchymal cells from neurotoxic molecules, pathogens and circulating blood cells,

thus maintaining brain homeostasis.

Molecules can cross the BBB through a paracellular pathway (between adjacent cells,
by passive diffusion) or a transcellular pathway (through the cells, by either passive
diffusion, receptor-mediated transport or transcytosis) (Figure 8). Only small
molecules that are lipid soluble can cross the BBB, while most macromolecules are
unable to penetrate the brain endothelium. Nonetheless, even small lipophilic drugs
encounter multiple barriers that hamper their delivery in the CNS, such as active
efflux mechanisms or degradative enzymes. Furthermore, high lipid solubility may

be accompanied by an increased accumulation in off-target tissues.'*!

1.6.2. Strategies for brain drug delivery

To meet the challenge of efficient brain drug delivery, many efforts have been put to
develop new approaches that improve brain targeting, either by disrupting or

circumventing the BBB.

The following sections describe some of the foremost strategies investigated thus

far, depicted in Figure 8.
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Figure 8. Different mechanisms for brain drug delivery, including A) overcoming
the BBB through modification of the drugs’ physicochemical properties to adapt to the
different mechanisms of BBB crossing (1: paracellular pathway, 2: transcellular lipophilic
pathway, 3: transport proteins, 4: receptor-mediated transcytosis, or 5: adsorptive
transcytosis), or through selective BBB opening, B) using selective administration
routes, and C) directing the drug with carriers (biological vectors or nanocarriers).

TJ: tight junction; EC: endothelial cell; BBB: blood-brain barrier; FUS: focused
ultrasound; CED: convection enhanced delivery. Figure adapted from Haumann et al.

(2022) and Ahlawat et al. (2020)142143

1.6.2.1. Physicochemical modifications of the therapeutic agent

Molecular weight, lipophilicity, polar surface area, hydrogen bonding, and charge, are
the key physicochemical parameters that determine the ability of passive diffusion of
a given compound through the BBB. Thus, a reasonable method to improve brain
drug delivery is to select therapeutic compounds based on these parameters. It has

also been attempted to add modifications to optimise these features, although
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modifying the physicochemical properties of the drugs can secondarily influence off-
target biodistribution, and non-specific binding to plasmatic proteins as well as in
brain tissue. For this reason, although several studies have proven an enhanced brain
drug delivery following this approach, this was not reflected into an increased

efficiency.'*
1.6.2.2. Selective BBB opening

A common approach that has been studied to overcome the BBB is the use of
permeability enhancers, or non-invasive techniques to temporarily open the BBB
in order to facilitate drug penetration into the brain. Different BBB opening
approaches are being currently studied, including microbubble-mediated focused
ultrasound,*'* convection enhanced delivery,'"’ or the use of nanoagonists'** and

hyperosmolar drugs such as mannitol. ¥

Although promising, especially in the field of brain tumours, some of the
aforementioned strategies have raised neuro-inflaimmatory-related safety concerns
that should be carefully considered in the context of the pathophysiology of stroke.'”
In this line and as previously mentioned, the ischaemic cascade following stroke leads
to a BBB leakage and potential breakdown. This process, beginning with a
hyperacute phase of enhanced permeability (4-6 h after ischaemia), followed by a
delayed BBB opening (2-3 days after stroke), could represent a window of
opportunity for brain drug delivery. Taking advantage of this biphasic BBB opening,

a recent study achieved a selective accumulation of intravenously administered

liposomes into the ischaemic mouse brain.""
1.6.2.3. Biological vectors

Although generally viruses cannot passively cross the BBB, these can transfect a
given gene into the targeted cells with a high efficiency. Therefore, viral vectors
represent a candidate strategy to target the brain. However, they present several
limitations such as safety issues mostly related to immunogenicity, high production

cost and manufacturing difficulties. Stereotaxic injection and administration into the
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cerebrospinal fluid are the most common routes for viral vectors, but these are
invasive and have been related to serious adverse effects, while intravenous (i.v.)
administration requires high doses and is related to potential off-target delivery.'* In
order to face this challenge, a recent study described the combination of selective
BBB opening with microbubble-mediated focused ultrasound and an adenovirus

vector gene therapy, as an effective method to enhance brain delivery.'”

On the other hand, exosomes are very attractive drug carriers given their non-
immunogenic nature and intrinsic paracrine function across the BBB and within the
brain. Exosomes are small extracellular vesicles, secreted by cells as single-membrane
lipid bilayer vesicles, which can deliver a variety of biological molecules, such as
nucleic acids, proteins, lipids, and carbohydrates.”"* Exosomes ate particularly
attractive for brain drug delivery, since they can be modified to express targeting
moieties through surface chemical modification or via genetic engineering of the
exosome-producing cells. The former strategy was tested in a study which
demonstrated the efficacy of surface-modified exosomes administered intravenously
to target the ischaemic brain region in a mouse MCAO model."” Furthermore,
exosomes seem to have different tissue tropisms depending on their cell type of
origin, therefore a promising strategy could be to use an appropriate cell source. In
this light, a recent study demonstrated enhanced therapeutic efficacy of NSCs-
derived extracellular vesicles compared to mesenchymal stem cells-extracellular

vesicles in 2 mouse thromboembolic stroke model.'*

1.6.2.4. Nanocarriers

Nanoparticles are organic or inorganic materials that have at least one of their
dimensions in the nanometer range, and can be used as drug delivery carriers.”” They
are particularly suitable candidates to improve brain drug delivery due to their size,
ability to undergo surface modification, and their potential to load a large variety of
molecules, which can be protected from clearance and degradation, and delivered

with a selective, controlled and sustained release.'*>'*® For these reasons, nanocarriers
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have been widely used during the past decades to enhance brain targeting, showing

promising results.'*

There is currently a large variety of nanocarriers that offer multiple properties for

tailor-made therapies. Amongst others, organic nanocarriers include nanogels,

micelles, lipid-based nanocarriers, dendrimers, and polymeric nanoparticles. The

latter can be obtained either from synthetic biodegradable polymers, such as

poly(lactic-co-glycolic acid) (PLGA), or from natural macromolecular systems, such

as chitosan, polysaccharides, or gelatin. Inorganic nanocarriers include metal-

based nanoparticles such as gold and iron oxide (which possess superparamagnetic

properties and are useful as contrast agents), or ceramic materials such as carbon and

silica, amongst others (Figure 9).

159

ORGANIC

g
Polymeric

Polymersome Dendrimer

Polymer micelle Nanosphere

Precise control of NP
characteristics
Payload flexibility

Easy Surface modification

Possible aggregation and toxicity

N
Lipid-based

Y

%

SH
Lipid NP

) A

.’V\ Qil

T

Emulsion

Simple formulation with diverse
physicochemical properties
High bioavailability

Payload flexibility

Low encapsulation efficiency

\@% bt /}
)

INORGANIC

) @ o

Silica NP

Qe

Iron oxide NP Gold NP

Quantum dot

Unique electrical, magnetic and
optical properties

Size, structure and geometry
variability

Suitable for theranostics

Toxicity and solubility limitations

Figure 9. Types of nanocarriers and advantages/disadvantages of the most

commonly used in nanomedicine. NP: nanoparticles. Figure adapted from Mitchell

etal. (2021).160

46



Nanocarriers can cross the BBB in multiple ways, including paracellular and

! However, nanomaterials

transcellular diffusion, efflux transport, or transcytosis.
inherently accumulate rapidly after injection in highly perfused reticulo-endothelial
system tissues such as the lungs, liver and spleen, limiting their bioavailability in target
organs such as the brain.'”” Due to this accumulation in filtering organs, many
strategies have been focused on adding affinity moieties to increase tissue specificity,
but have been hindered by numerous challenges. Additional limitations associated
with the use of these nanoparticles include low transfection efficiency, batch-to-
batch variability, poor drug loading capacity, and particle-particle aggregation which
difficult their handling.'” Also, nanocarriers can result in rapid immune-mediated
reactions, which have been mechanistically related to the so-called complement
activation related pseudo-allergy (CARPA), leading to severe or even fatal
consequences. This reaction varies across different species, for example, a study
showed an efficient macrophage evasion in murine serum through nanoparticles
engineering, which in contrast triggered an extensive complement activation in
human serum. Therefore, from a translational perspective, it is of great importance
to use appropriate and diverse pre-clinical models in order to predict these responses

in humans. !¢+

Despite the aforementioned challenges, the use of nanocarriers has become an
appealing therapeutic and diagnostic tool for multiple diseases including stroke, a

matter that will be discussed hereinafter.
1.6.2.5. Administration routes

Local intraventricular or intracerebral stereotactic injections allow direct
parenchymal brain drug delivery, and have been also explored in combination with
other techniques such as convection enhanced delivery. However, these are invasive

techniques, and therefore alternative strategies are being explored.'”'®®

The intranasal route has emerged as promising non-invasive route, which allows a

direct delivery of therapeutic agents from the nose to the brain through the olfactory
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and trigeminal nerve pathways. It presents the advantage of bypassing the BBB and
circumventing the first-pass metabolism, but it is limited by a low tolerable
administration volume, low permeability to hydrophilic drugs and low protein brain
delivery efficiency.'"” Novel strategies aiming at improving this administration route
include its combination with the aforementioned microbubble-mediated focused

ultrasound.!”

The extensive use of mechanical thrombectomy in acute stroke management has also
opened a new avenue for intraarterial drug delivery to reach the brain vasculature.
Taking advantage of this selective route, neuroprotective or neurorestorative
treatments could be directly administered in the affected brain regions, partially
bypassing filtering organs, thus helping to overcome a significant drawback of
systemic drug delivery.'”"'” In this regard, this administration route has already been
used in stroke clinical trials to administer autologous stem cells,'"” drugs such as
verapamil'™ or to induce cerebral hypothermia by administering cold isotonic

saline.!”

1.7. Nanomaterial-based treatments for stroke

To date, only few more than 20 nanomedicines are approved by the U.S. Food and
Drug Administration (FDA), including lipid-based, polymeric and inorganic
nanomaterials, and none has reached the clinical setting in the field of stroke.'*'"
However, advanced nanosystems are emerging as novel promising tools.
Nanoparticles hold a promising theranostic potential for stroke, by increasing the
bioavailability and delivery of a given treatment to the ischaemic brain, but also
improving stroke diagnosis through molecular brain imaging (Figure 10). Moreover,

the timing of nanomaterials administration could be adapted to the eatlier mentioned

stroke biphasic BBB leakage, to further enhance brain drug delivery.'”

Nanomaterials have been used to improve stroke diagnosis and prognosis by using
clinically-relevant neuroimaging techniques, such as superparamagnetic iron oxide

nanoparticles (SPIONSs) as contrast agents for MRI, or gold nanoparticles for CT
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imaging. Furthermore, multiple nanomedicine-based strategies have also been used
as therapeutic tools cither to enhance thrombolysis in ischaemic stroke, to limit
bleeding in haemorrhagic stroke, or to enhance neuroprotection and

neurorepair.'”*'"*'"

Amongst the diversity of tools that nanotechnology offers, nanocarriers are
particularly interesting due to their capability to add different moieties for a tailored
functional mechanism. Aside from the application of SPIONSs as contrast agents for
MRI, these have also been used to enhance brain targeting through magnetic

180,181

retention, as well as to enhance thrombolysis through hyperthermia or

182,183

magnetically-guided mechanical drilling.

A v .

4 - @.‘ Micelle
NG e -

)
Polymer . Membrane coated
Y : Liposome < alyage §
nanoparticle nanoparticle how 77
pehumBra [/ Exosome

® e

N

2
. Dendrimer
S

' Inorganic

Endothelial / ;
nanoparticle

cells /

Erythrocyte Platelet Fibrin

Figure 10. Nano-drug delivery systems for stroke. A large variety of nanocarriers are
being investigated at different stages after stroke, from acute reperfusion to
neuroprotection and tissue repair, including liposomes, dendrimers, nanopatticles, and

exosomes, amongst others. Figure adapted from Li et al. (2021).184

Together with liposomes, and more recently mesoporous silica nanoparticles,
polymeric nanocarriers are particularly ideal candidates as delivery vehicles for
stroke therapy, due to their biocompatibility, biodegradability and good sustained-

release profiles.'™

They present diverse drug loading methods, including
encapsulation within the core, entrapping in the polymer matrix, chemically

conjugated to the polymer or bound to the surface, and have been extensively used
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to deliver oligonucleotides, proteins, and small-molecule drugs to treat stroke. The
most common forms of polymeric nanocarriers are nanocapsules, consisting of
cavities surrounded by a polymeric membrane or shell, and nanospheres, which are

solid matrix systems.'"

Polymeric nanocapsules hold a promising potential to
improve stroke therapy, as demonstrated by pre-clinical evidence. In this regard, a
recent study proved the advantage of PLGA nanocapsules to increase brain delivery
and therapeutic efficacy of the cargo drug. This particular study took advantage of
the pathophysiological SDF-1/CXCR4 axis after stroke, by using surface coating

with membranes derived from NSCs overexpressing CXCR4, which evidences the

multiple strategies that nanomedicine can offer to improve stroke therapy.'®

The present work has been focused on the use of polymeric nanocapsules, therefore
the terms ‘nanocapsules’ and ‘nanocarriers” will be interchangeably used, and the

abbreviation ‘NCs’ will be indistinctly referred to both terms from now on.
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1.8.  Thesis rationale and hypothesis

Stroke remains a leading cause of adult disability, thus there is an urgent need to
develop therapeutic strategies beyond acute recanalisation. As earlier pointed out,
this therapeutic development is hampered by the high-complexity of stroke, added
to the challenge of brain drug delivery. In this regard, a multimodal drug delivery

approach might be more effective than a single drug delivery method.

To face the aforementioned challenges, and in light of the therapeutic potential of
EPCs-secretome as a cell-free therapy tackling multiple biological processes, we
sought to study its benefits through a guided targeting and controlled release. The
aim of the present work is to administer EPCs-secretome in polymeric
nanocarriers, through endovascular delivery and magnetic retention, under the
hypothesis that the combination of these strategies might be a feasible approach to

improve specific brain targeting and neurovascular repair after stroke.
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Objectives

The objectives of the present doctoral thesis are the following:

1.

To validate the pro-angiogenic effects of stroke patients-derived EPCs-

secretome in endothelial cells 7z vitro.

To assess the feasibility and efficiency of EPCs-secretome encapsulation into
magnetic PLGA nanocapsules for the subsequent release of functional

factors.

To enhance brain targeting of the proposed nanoformulation in a mouse
model of cerebral ischaemia, taking advantage of the endovascular route and
improving the magnetic retention in the ischaemic target area, while

monitoring the biodistribution and potential toxicity.

To study the short-term effects of hyperacute endovascular administration

of free or encapsulated EPCs-secretome after cerebral ischaemia.

To study the neurovascular repair potential of hyperacute endovascular
treatment with free or nanotargeted EPCs-secretome after cerebral

ischaemia.

To assess the translational feasibility of the endovascular-nanotargeted
approach in large animals with gyrencephalic brain and larger
vessels/capillatries, and in an ex vwo humanised vascular model using a

magnet designed for human use.
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Materials and Methods

3.1. EPC-secretome, Nanocarriers and Magnet devices

3.1.1. EPCs isolation

Human EPCs (hEPCs) were isolated from the peripheral blood of a stroke patient
(man, 606 years, blood sampling for EPCs-isolation at 24 h post-ischaemic stroke) as
previously described'” and stored in liquid nitrogen until use. The donor did not
present any known malignant, infectious, or other neurological diseases than stroke,

which were exclusion criteria for the EPCs collection.

Briefly, blood was collected in EDTA tubes by venous puncture, and Ficoll gradient
(1.078 g/L) was used to isolate human MNCs. Isolated cells were seeded in
fibronectin-coated 12-well plates at a density of 10 cells/well. Cells were cultured in
a 5% COz incubator at 37°C with complete endothelial growth medium (Endothelial
Cell Growth Medium-2 (EGM-2) SingleQuots Supplements and Growth Factors;
Lonza) containing endothelial cell basal medium (EBM) supplemented with 10%
fetal bovine serum (FBS), and the following commercial kit’s factors: human
endothelial growth factor (hEGF), VEGF, human basic fibroblast growth factor
(hFGF-b), recombinant IGF-1 (R3-IGF-1), gentamicin and amphotericin-B (GA-
1000), heparin, hydrocortisone and ascorbic acid. After 3 days in culture, non-
adherent cells were discarded and the medium was changed every other day. Colonies
of OECs appearing 10-20 days after seeding were further expanded.
Immunophenotyping of EPCs was confirmed by vWF (Dako), UEA-1 (Sigma-
Aldrich), CD34 (Santa Cruz) and VEGFR2 (Santa Cruz). The same outgrowth

expanded EPCs were used in all studies.

3.1.2. Secretome collection and concentration

For secretome production, hEPCs (107 cells) were resuspended in 25 ml. of
complete EGM-2-10% FBS and seeded in a T175 flask (175 cm?). After 96 h, EPCs
were trypsinised and split in three T300 flasks (300 cm?). For every T300 flask, 2x10’
cells were seeded in 70 mL of complete EGM-2-10% FBS medium. After 72 h, EPCs
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were trypsinised, resuspended (2.5x10° cells) in 1 L of EGM-2-10% FBS, and seeded
in a CF10 flask Nunc™ EasyFill™ Cell Factory™ Systems, culture area 6320 cm’
in 10-layers). After 96 h (100% confluence), the EGM-2-10% FBS medium was
discarded and cells were rinsed with phosphate buffered saline (PBS). Next, cells
were incubated in 1L of basal Dulbecco's Modified Eagle's Medium (DMEM) for
washing, which was discarded after 1 h and replaced with 1 L. of EBM. After 24 h,
the secretome containing EPCs-released factors, also referred as the EPCs
conditioned medium (CM) was collected and filtered/concentrated. In the interest

of brevity, the terms secretome and CM will be used interchangeably from now on.

Both CM and fresh protein-free EBM (control) were filtered through a 0.22-pm
vacuum filter to remove cells and debris. Centricon Plus-70 filters (3 kDa Ultracel-
PL membrane, Millipore) were filled with CM/EBM and centrifuged (3,500 x g) at
4°C for 60 min. The concentrated CM (cCM) or EBM (cEBM) were recovered by
centrifuging in collection mode at 1,000 x g for 1 min. Finally, the protein content
was determined by Bradford assay and frozen at -80 °C in low-protein binding tubes.
All experiments with secretome-loaded NCs have been carried out with the cCM, so
the abbreviation NC-CM will be used from now on. Both EBM or cEBM have been
used for experimental purposes, however only cEBM was used for encapsulation, so

the abbreviation NC-EBM will also be also used in the interest of clarity.

3.1.3. Nanocarriers synthesis and characterisation

The nanocarriers were synthesised and characterised in collaboration with the
Group of Nanoparticles and Nanocomposites of Dr. Anna Roig at ICMAB-
CSIC within the framework of the MAGBBRIS project.

PLGA NCs were synthesised by a double emulsion solvent evaporation method and
functionalised with SPIONs and/or fluorescent tags (cyanine 5 (Cy5) or cyanine 7.5
(Cy7.5)), and their size and dispersion characteristics were measured by dynamic light
scattering, as previously described.'® Briefly, SPIONs were embedded in the PLGA

shell by adding oleic acid-coated SPIONs, with an average diameter of 9 nm, in the
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PLGA organic phase during the first emulsification. Modified PLGA-Cy5/7.5 was

also added in the organic phase in addition to the commercial PLGA.

For encapsulation, 50 pL. of either deionised water (MilliQ®, Merck Millipore), cCM
or the corresponding cEBM were added during the aforementioned double emulsion
solvent evaporation method for a single NCs batch (NC-W, NC-CM or NC-EBM,
respectively). Variable protein concentrations are obtained for each secretome batch
production so, in order to load a standard secretome concentration for all NC-CM
batches, the cCM was lyophilised in a freeze dryer (Lyoquest — Telstar®) for 72 h at
-80°C. Then, the lyophilised cCM was reconstituted in MilliQ® deionised water to

obtain a final concentration of 15 mg/mlL for encapsulation.

The obtained NCs suspension in trehalose aqueous solution was lyophilised and
stored at 4°C with desiccant silica gel until each experimental use. The NCs were
freshly dispersed at the desired concentration before use, vortexed for 1 min and

sonicated in an ultrasound bath for 3 min at 83.3 W/L and 48 kHz.

Details of the different NC batches used in this study are listed in Table 5.

Table 5. Summary of the nanocarriers used for all studies.

Z-Average (nm) Polydispersity index (PdI)
PLGA_SPION_ Cy7.5_H:0 (n=10)
Mean 274.9 0.18
SD 35.6 0.09
PLGA_SPION_ Hz0 (n=4)
Mean 266.8 0.15
SD 14.4 0.02
PLGA_SPION_Cy5_H20 (n=5)
Mean 248.4 0.17
SD 11.6 0.03
PLGA_SPION_Cy5_EBM (n=13)
Mean 295.5 0.23
SD 61.4 0.10
PLGA_SPION_Cy5_CM (n=10)
Mean 3121 0.24
SD 32.0 0.05
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3.1.4. Secretome encapsulation efficiency and release

Lyophilised NCs encapsulating ¢cCM as well as cEBM as a control were fully
dissolved in dimethyl sulfoxide (DMSO) at 100 mg/mlL. and sonicated during 3 min
at 42 kHz to ensure full lysis of the polymer and total release of the protein content.
Total protein content was determined directly using the CBQCA protein
quantitation kit (Invitrogen™ ref. C6667), which determines the protein
concentration based on the production of fluorescent products measurable at an
excitation/emission wavelength (Aex/Aem) of 450 nm/550 nm, respectively, via non-
covalent interaction between CBQCA and primary aliphatic amines of proteins. This
highly sensitive fluorescence-based method showed compatibility with DMSO,
SPION:Ss, detergents and other substances which interfere with many commonly used
protein determination methods. The protein contents in the NC lysates were
measured and calculated based on the difference in the fluorescence with the control
and a calibration curve drawn with standard albumin solutions. The total protein
content was also measured in the secretome used for encapsulation. All

determinations were performed in duplicate for each NC batch.

In order to determine specific EPCs-secretome-proteins’ content, a configurable
multiplexed ELISA was used in cEBM/cCM-loaded NCs, lysed as desctibed above
(Human Magnetic Luminex Assay, LXSAHM-06, Luminex code MIGFbCTe, R&D
systems). The following analytes were selected and multiplexed, based on previous
proteomics analyses of the EPCs-secretome composition: VEGF, GM-CSF,
Angiogenin, and Pentraxin 3 (PTX-3). Angiogenin protein levels were also
determined in a single-plex ELISA (Human Angiogenin Quantikine ELISA Kit,
DANOO, R&D systems).

The experimental protein loading content was expressed as pg of total protein per
mg of NC (pug/mg), or as pg of a specific protein per mg of NC (pg/mg). The

encapsulation efficiency (EE%) was calculated as follows:

EE% = Experimental CM loading/Nominal CM loading x 100
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The biological function of EPCs-CM after collection/concentration, lyophilisation,
encapsulation, and release was evaluated and compared to the function prior to
processing. To do so, NC-CM or NC-EBM were resuspended in EBM (2 mg/mL),
and incubated at 37°C on rotation. After 48 h, the solution containing the NCs-cargo
release in EBM was collected, centrifuged at 14000 rpm to remove PLGA and
SPIONSs, and the supernatant was used for 7z vitro cell culture experiments, described

hereinafter.

3.1.5. Magnet devices

The magnet devices used for the present study were designed and
characterised by the Institute of Experimental Physics at the Slovak Academy
of Sciences, in collaboration with Dr. Peter Kopcansky within the framework

of the MAGBBRIS project.

To study the advantages of an external magnetic field for specific brain targeting of
the magnetised NCs, two different iron-neodymium-boron (FeNdB) magnets were
constructed considering the mouse brain anatomy: permanent Magnet 1 (M1) and
focused Magnet 2 (M2), together with non-magnetic pieces serving as controls,

differing on the final size: Fake 1 (F1) and Fake 2 (F2).

M1 consists of a circular FeNdB permanent magnet of 5x2 mm covered by a soft
iron yoke and a biocompatible polymer support frame (the final size of the device
was 8x3 mm). M2 consists of a focused FeNdB magnet with a 2x1 mm matrix of
submagnets covered with nickel and a thin biocompatible polyurethane/epoxy film,
with a final cylindrical shape of 6x3 mm. F1 and F2 were manufactured as M1 and

M2, respectively, except for a brass core instead of FeNdB.

A focused magnetic device prototype was also designed adapted to the human
anatomy (M3), as a wearable magnet for patients. M3 was constructed using a
patented technology with GIAMAG® (GIAnt MAgnet field Gradient) and consists
of a curved focused magnet with a matrix of 16 partial magnets covered in gold (40

mm of diameter).
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3.1.5.1. Validation for magnetic retention

The spatial distribution of the magnetic field and magnetic force of M1 and M2 was
characterised with the standard QUICKFIELD software. The modelling was
calculated in the plane 3 mm over the surface of the magnet devices. The magnetic
field induction and magnetic field gradient of the magnet devices M1 and M2 were
measured by 3D Hall probe. The magnetic force was calculated according to the

distance from the centre of the magnet at 3 mm in height from the surface.

To test the efficacy of magnetic targeting of the magnet devices, a dust magnetic
targeting test was performed. Ferrimagnetic magnetite microparticles (10 um average
diameter) were dispersed in mineral oil and each magnet device was placed at the
centre to test the covered distance of magnetic attraction of the magnetic

microparticles.

The magnetic targeting efficacy was then validated for the focused magnet (M2) with
a simple chicken egg model and MRI by tracking the position of an injected magnetic
fluid. The magnetic fluid was prepared with magnetite particles (10 nm average
diameter) covered by polyethylene glycol, dissolved in a physiological salt-based
solution at a concentration of 0.305 mg/mlL. The MRI measurements were
performed by using a 7 T BioSpec Bruker system. T2*-weighted images (T2*WT)
were acquited by Multi Gradient Echo pulse sequence by using the following
parameters: repetition time (TR) = 881 ms, starting echo time (TE) = 3 ms, echo-
spacing = 3.41 ms (for 10 different TE), flip angle (FA) = 50°, 23 coronal slices of 1
mm slice thickness and 0.5 mm gap, field of view (FOV) = 70 x 58 mm, matrix size

= 256 x 256.

The magnetic field and magnetic force for M3 were measured according to the
distance from surface and distance from centre of the magnet. The magnetic field
and force were measured in the X-Y-Z axis by 3D Hall Probe (connected to a
Gaussmeter GM-08). A semiautomatic X-Y scanner (Magscan) adapted with a

microcontroller Arduino was used, and the Z axis was manually adjusted.
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3.2. Cell culture in vitro studies

3.2.1. Experimental design and cell types

In order to study the potential pro-angiogenic effects of EPCs-secretome, we
assessed cell proliferation and tubulogenesis upon treatment in both mouse/human,

and endothelial progenitor/mature cells.

Mature immortalised cell lines from the human or mouse cerebral microvasculature
(hCMEC/d3 cells and bEnd.3 cells, respectively), were used as models of mature
brain endothelial cells."™ ' As models of EPCs, human OECs obtained from
peripheral blood of a healthy donor (man, 59 years, as described in section 3.1.1, and
mouse OECs obtained from FVB mouse spleens (Jackson Laboratories, USA), as

191,192

described elsewhere, were also used.

hCMEC/D3 cells were maintained in EGM-2, containing EBM supplemented with
2% FBS, and 1:2 of the commercial kit’s factors hEGF, VEGF, hFGF-b, R3-1GF.1,

heparin, hydrocortisone and ascorbic acid, and whole GA-1000 aliquot.

bEnd.3 cells were maintained in DMEM-High glucose-pyruvate (Gibco™)
supplemented with 10% FBS and penicillin/streptomycin (Gibco™).

Both human and mouse OECs were maintained in EGM-2, containing EBM
supplemented with 10% FBS and whole aliquots of the abovementioned bullet kit:
hEGF, VEGF, hFGF-b, R3-IGF.1, GA-1000, heparin, hydrocortisone and ascorbic

acid.

hCMEC/D3 and bEnd.3 cells were seeded in collagen type I-coated flasks (25 cm?),
while OECs were seeded in fibronectin-coated flasks (25 cm?) and incubated at 37°C
and 5% CO;in complete medium, which was changed every 2-3 days. For cell
passage, all cells were washed with sterile Dulbecco’s PBS (DPBS), treated with 1
mL of trypsin and incubated for 5 min at 37°C to disperse the cells. After, cells were

centrifuged in the corresponding complete medium at 1500 rpm for 4 min. After
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centrifugation, the cell pellet was resuspended with fresh complete medium and

seeded correspondingly.

3.2.2. Endothelial proliferation assays

Mature ECs or OECs were seeded in collagen I-coated 24-well plates or fibronectin-
coated 48-well plates, respectively, in their corresponding complete medium, at the
desired density. When reaching a confluence of 80%, complete medium was replaced
with the corresponding treatment diluted in non-concentrated basal medium
(without growth factors nor FBS): (i) cEBM: concentrated EBM, (ii) CM: EPC-
secretome obtained as described above (section 3.1.2), (iif) NC-CM: CM-loaded NC
obtained as described above (section 3.1.3), or (iv) released CM: NC-CM cargo
release, obtained as described above (section 3.1.4). A control condition (pure non-

concentrated basal medium) was included in all cases.

Cell viability was measured at 24 h/48 h after treatment, using colotimetric assays
through tetrazolium salts’ metabolisation. The 3-(4-5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay was used for all cases except for the
experiments testing NC-EBM or NC-CM release treatment to avoid nanomaterial
interference, for which the Cell Counting Kit-8 (CCK-8, Dojindo Molecular
Technologies, CK04) was used instead.

Briefly, after 60 min to 120 min incubation with the corresponding dye solution, the
absorbance of the resulting formazan crystals diluted in DMSO was determined at
590 nm (MTT), and the absorbance of hydrosoluble formazan was determined in
the cell culture supernatant at 450 nm (CCK-8). All conditions when run in
duplicates, and cell viability was referred as the percentage compared with the control

basal medium condition (n=>4).
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3.2.3. Endothelial tubulogenesis assays

An in vitro Matrigel© (BD Biosciences, USA) model resembling the extracellular
matrix was used to evaluate the role of EPCs-secretome on the angio-vasculogenic

functions of mouse or human OECs.

Briefly, OECs were seeded into p-slides (u-Slide Angiogenesis Glass Bottom,
IBIDI®) previously coated with cold Matrigel at 37°C for 15 min (to allow
polymerisation). After 16-18 h, 2 representative images per well were acquired using
an inverted microscope (Eclipse TS100, Nikon) at 4X magnification. Finally, the
number of loops (circular vessel-like structures), total tube length (perimeter of
complete rings) and covered area were automatically measured using the WimTube
software from Wimasis Image Analysis®. A control condition was included in all
cases, and all conditions were run in triplicates. The results are expressed as a

percentage versus the control condition (n=7).

3.2.4. Endothelial nanocarriers uptake

In order to evaluate the potential uptake of NC-CM by mature brain ECs or OECs,
a temporal uptake profile was performed in hCMEC/d3 cells or mouse OECs,

respectively, as follows.

Briefly, cells were cultured and seeded as previously described, and treated with 50
ug/mlL of freshly sonicated Cy5-labelled NC during 6, 24 or 48 h. After, cells were
stained with the lipophilic DiOC dye (1:200, D275, Invitrogen) for 5 min at 37°C,
washed twice in complete EGM-2, then washed twice in DPBS and fixed for 15 min
in PFA 4%. Finally, the cells were washed twice in DPBS-Tween, and mounted in
Fluoroshield mounting medium with DAPI (F6057, Sigma). Images were acquired
at the different conditions using a Zeiss LSM890 confocal microscope at 63X oil

magnification.

67



Materials and Methods

3.3. In vivonanocarriers delivery and cerebral ischaemia

All procedures were approved by the Ethics Committee for Animal Experimentation
of the Vall d’Hebron Research Institute and Universitat Autonoma de Barcelona
(protocol numbers CEEA 70/18 and 4784) and conducted in compliance with the
Spanish legislation and in accordance with the Directives of the European Union.
C57BL/6JRj (C57) and Balbc AnNRj (Balbc) adult male mice (23.7£1.5 g and
23.8%1.2 g, respectively, 7-9 weeks old), purchased from Janvier laboratories (Saint
Berthevin, France), were used for the present study. Mice were housed in groups and
kept in a climate-controlled environment on a 12 h light/dark cycle, and both food
and water were available ad /ibitum. The total number of animals included for each
study and exclusion criteria are listed in the following section and summarised in
Table 6. All 7z vivo experiments are reported according to the ARRIVE 2.0 guidelines

to the best of our possibilities.89

3.3.1. Experimental design
Biodistribution study 1: administration route

To first study the biodistribution of the NC following systemic or endovascular
routes and the influence of the first magnet device for brain targeting, randomly
assigned naive Balbc mice were injected either intravenously (n=16) or intraarterially
(n=10) with the 1.6 mg biodistribution dose of Cy7.5-NC-W (as described in section
3.3.3). Each i.v./i.a. group was further randomly divided into the M1 and the control
F1 groups. The fake/magnet devices were implanted for 30 min after the NCs
administration and fluorescent molecular imaging (FMI) 7z vivo images were acquired
at 30 min, 1 h and 3 h post-injection. After the last acquisition, mice organs were

obtained for ex vivo FMI, as described in section 3.3.4 (Figure 11).
Biodistribution study 2: magnet effect

To further investigate the influence of the magnetic field on the NCs brain retention,

naive Balbc mice receiving the 1.6 mg biodistribution dose of Cy7.5_NC-W
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intraarterially were randomly assigned into the M1 (n=7) and the control F1 (n=8)
groups, implanted and administered as mentioned above. A single image acquisition
was conducted at 3 h post-injection when the brain was removed and divided into

cortical and subcortical regions for the ex vivo FMI acquisition (Figure 11).

Biodistribution 1 Biodistribution 2
i.v. Fake 1 (n=8) / Magnet 1 (n=8)
i.a. Fake 1 (n=8) / Magnet 1 (n=7)
i.a. Fake 1 (n=5) / Magnet 1 (n=5)
V iv/ia. Cy7.5 NC-W (Bd) V ia. Cy7.5_NC-W (Bd)
v v

I — -
F1/M1 F1/M1
300 1h 3h 300 1h 3h

A A
FMI in vivo FMI in vivo

Figure 11. Schemes of the experimental design for Biodisttibution studies 1-2,
using healthy Balbc mice receiving 1.6 mg ia./iv. Cy7.5-labelled NC-W (Bd =

Biodistribution dose).

Biodistribution study 3: enhanced magnet effect in cerebral ischaemia

Next, we studied the biodistribution of the NC after hyperacute i.a. administration
in the MCAO model, with magnetic retention by two magnet devices with different
magnetic fields. A total of 16 C57 mice receiving the 0.8 mg therapeutic dose of
Cy7.5_NC-W intraarterially were randomly divided into the two magnet groups (M1
and M2) and a control fake F2 group. The magnet/fake devices were removed after
3 h before the first FMI acquisition time point which was repeated at 48 h post-
injection. After the last image acquisition organs were obtained for ex viwo FMI

(Figure 12).
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Biodistribution 3

6 i.a. Fake 2 (n=5) / Magnet 1 (n=5)/ Magnet 2 (n=6)

¥ ia. Cy7.5_NC-W (T2)

——
4

¢ o y ) F2/M1/M2 3h 48 h
mcao ¥ A A
[ FMI in vivo ]

Biodistribution 4

‘ i.a. Fake 2 (n=8) / Magnet 2 (n=9)

V ia. Cy7.5_NC-W (T2)

>

€ F2iM2 3h 48 h
mcao 0 A A
[ FMI in vivo ]

Figure 12. Schemes of the experimental design for Biodistribution studies 3-4,
using ischaemic C57 mice receiving 0.8 mg i.a. Cy7.5-labelled NC-W (Td = Therapentic
dose).

Biodistribution study 4: NCs brain distribution in cerebral ischaemia

MRI was performed to further characterise the retention and spatial distribution of
the NCs in the brain after hyperacute i.a. administration in the MCAO model, with
magnetic retention by the M2 device, which showed a better performance in the FMI
Biodistribution study 3. A total of 17 C57 mice receiving the 0.8 mg #herapentic dose of
Cy7.5_NC-W intraarterially, were randomly divided into the M2 and the control F2
groups, implanted and administered as in Biodistribution study 3. A single in vivo MRI
was cartied out at 48 h post-injection using a BioSpec 70/30 USR scanner with a 7

T horizontal magnet (Bruker BioSpin, Ettlingen, Germany) equipped with a 72 mm
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inner diameter linear volume coil as a transmitter and a mouse brain surface coil as
a receiver (Figure 12). High-resolution T2-weighted and high-resolution T2*-
weighted images were acquired to visualise the ischaemic lesion and the
hypointensities representing the SPION-labelled NCs, respectively (see section
3.3.5).

Safety study

To assess the safety of hyperacute endovascular NCs administration after cerebral
ischaemia, a total of 26 C57 ischaemic mice were randomly assigned into 2 groups:
the vehicle group receiving 150 plL of saline with a fake magnet (FF1) (n=13), and the
treatment group receiving the 0.8 mg zherapentic dose of NC-W in 150 pL of saline
with a magnet (M1) (n=13), following the protocols of pre-clinical stroke and
endovascular administration, described in sections 3.3.2 and 3.3.3. Both groups were
followed for 48 h, when blood was collected from the right ventricle in EDTA tubes
for biochemical analysis (see section 3.3.8) and animals were euthanised under deep
anaesthesia by cervical dislocation to dissect the brain for 2,3,5-triphenyltetrazolium
chloride (TTC) staining and intracerebral haemorrhage evaluation (see section

3.3.11).

A separate group of C57 ischaemic mice (n=8), receiving the 0.8 mg therapentic dose
of NC-W intraarterially, were followed for 4 weeks when under deep anaesthesia
blood was collected from the right ventricle in EDTA tubes for biochemical analysis.
Plasma control samples were also included from naive C57 mice (n=8) and ischaemic
C57 mice without treatment followed at 48 h (n=4) and at 4 weeks (n=8) (Figure

13).
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Safety

48 h follow-up: Non-treated (n=4) / i.a. Vehicle + Fake 1 (n=13)* / i.a. NC-W + Magnet 1 (n=13)*
4 weeks follow-up: Non-treated (n=8) / i.a. NC-W + Magnet 1 (n=8)

TTC & plasma
V i.a. NC-W (74) analysis Plasma analysis l
T —

FUMIM2 ) 48 h 4 wks

L Sy K S
60 30°
MCAO *Behavioural tests

Figure 13. Scheme of the experimental design for the Safety study; using ischaemic

C57 mice receiving 0.8 mg i.a. NC-W (Td = Therapeutic dose).

Biodistribution study 5: secretome brain release upon hyperacute i.a. NC-CM

administration after cerebral ischaemia

To study whether the cargo secretome was efficiently delivered to the ischaemic
brain upon hyperacute ia. NC-CM administration after cerebral ischaemia
(Biodistribution dose), a total of 7 mice were followed for 3 h and euthanised to analyse

the secretome proteins in brain homogenates (Figure 14).

Biodistribution 5

6 ia._ Magnet 2 (n=7)

v ia NC-CM (8

€O M2 3h

MCAO 30

Figure 14. Scheme of the experimental design for Biodistribution study 5, using

ischaemic C57 mice receiving 1.6 mg i.a. NC-CM (Bd = Biodistribution dose).
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Biodistribution study 6: long-term therapeutic NC biodistribution in cerebral

ischaemia

To study the biodistribution along time following the protocol of choice for
therapeutic application (i.a. administration of the 0.8 mg therapeutic dose of Cy5_NC-
CM, and 3 h magnetic retention with M2), a total of 14 C57 mice were randomly
divided into the short-term (48 h post-administration) and long-term (7 days after

administration) groups for 7z vzvo and ex vivo FMI (Figure 15).

Biodistribution 6

fa._ Magnet 2
48h follow-up (n=6) / 7 days follow-up (n=8)

V i.a. Cy5_NC-CM (74) [ FMI in vivo / ex vivo [ FMI in vivo / ex vivo
1 1 I} 1
p M2 3h 48 h day 7
MCAO 30

Figure 15. Scheme of the experimental design for Biodistribution study 6, using
ischaemic C57 mice receiving 0.8 mg i.a. Cy5-labelled NC-CM (Td = Therapentic dose).

Efficacy study 1

To study the therapeutic efficacy of EPCs-CM encapsulation into magnetic PLGA
NCs and hyperacute endovascular administration after cerebral ischaemia, the
nanotargeted CM was evaluated together with the non-encapsulated free-secretome
(f-CM). To emulate the equivalent therapeutic dose of the NC-CM after encapsulation-
administration-release, an estimated dose of 7 ug of f-CM was calculated based on
the 15 mg/ml concentration of the cCM for encapsulation, and the estimated drug

loading in the nanocarriers (section 4.2.2 and Table 8).

To assess the short-term efficacy, a total of 35 C57 ischaemic mice were randomly

assigned into 3 groups: the vehicle group receiving 150 pl. of saline (n=12), a
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treatment group receiving the 0.8 mg therapentic dose of NC-CM in 150 pl. of saline
with a magnet (M2) (n=10), and a treatment group receiving 7 ug of {~CM in 150 pL.
of saline (n=13); Figure 16.

Efficacy study 2

To assess the long-term efficacy, a total of 28 C57 ischaemic mice were randomly
assigned into 3 groups: the vehicle group receiving 150 pl. of saline (n=10), a
treatment group receiving the 0.8 mg herapentic dose of NC-CM in 150 pl. of saline
with a magnet (M2) (n=9), and a treatment group receiving 7 ug of {-CM in 150 uL
of saline (n=9); see Figure 16. The safety of the therapeutic Cy5_NC-CM and {-CM
was also assessed in animals from Efficacy studies 1 and 2 through the evaluation of

plasma toxicity markers (see section 3.3.8).

Efficacy 1
‘ i.a._Vehicle (n=12), i.a._ Magnet 2 (n=10), i.a._{~-CM (n=13)
V i.a. Vehicle
V i.a. Cy5_NG-CM (74)
V i.a. f-CM
Il 1 Il 1
M2
<4—5,> — 3 h 24 h 48 h
30
MEAO [ Behavioural tests ]
Efficacy 2

6 i.a._Vehicle (n=10), i.a._ Magnet 2 (n=9), i.a._{-CM (n=9)

V i.a. Vehicle

V ia. Cy5 NC-CM (74)
VY i.a. fCM
/] 1 / I [l 1 I LI

M2 3h 24 h 48 h 1 wk 2 wk

M4c51;o 30’ A A
Behavioural tests + Daily BrdU i.p. injection

Figure 16. Scheme of the experimental design for Efficacy studies 1and 2, using
ischaemic C57 mice receiving 0.8 mg of i.a. Cy5-labelled NC-CM (Td = Therapentic dose)
or 7 pug of f-CM.
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3.3.2. MCAO surgery

C57 mice were subjected to 60 min MCAO by introducing an intraluminal filament
through the right internal carotid artery (ICA), as described elsewhere.'”” All animals
were anesthetised with isoflurane via facemask (5% for induction, 1.5% for
maintenance in air, 79% N2:21% O,). Body temperature was maintained at 37°C
using a self-regulated heating pad connected to a rectal probe. Mice eyes were
protected from corneal damage during surgery using an ophthalmic lubricating
ointment (Lipolac™; Angelini Farmaceutica, Barcelona, Spain), and analgesia
(subcutaneous buprenorphine 0.1 mg/kg; Divasa Farma-Vic S.A., Barcelona, Spain)
was given before starting the surgical procedure and daily during the first 5 days after
the surgery to minimise their pain and discomfort. Additionally, 0.5 mL of saline
were daily administered subcutaneously for post-surgical recovery during the first 5
days. Nutritionally fortified water gel (DietGel Recovery®, ClearH20®, Portland,
ME, USA) was given to mice from Biodistribution study 4, Safety study (long-term) and

Elfficacy study 2 one week prior to surgery for habituation and was available ad /ibitum

after surgery to facilitate food intake and favour mid-term survival.

After surgical exposure of the right common carotid artery (CCA) bifurcation into
the external carotid artery (ECA) and the ICA, a silicone-coated nylon monofilament
(Doccol Corporation, Sharon, MA, USA, reference number: 602256PK10Re) was
introduced through the ECA and directed towards the ICA to occlude the MCA.
Occlusion was monitored by laser doppler flowmetry using a flexible fibreoptic
probe (Moor Instruments, Devon, UK) placed on the surface of the distal MCA
branch, and confirmed by the decrease of the registered cerebral blood flow (CBF)
>80% (100% being considered as the pre-ischaemia CBF value). After occlusion,
animals woke up and were re-anesthetised for reperfusion 60 min later as described
above by removing the monofilament. Only animals recovering >80% of CBF after

filament removal were finally included.
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3.3.3. Administration route and magnetic retention

Systemic i.v. administration through the tail vein and i.a. administration through the
ICA of the NCs dispersed in saline (either 1.6 or 0.8 mg/animal, corresponding to
the biodistribution and therapeutic doses, respectively) were conducted. The therapeutic dose
is based on the corresponding iron load for the recommended doses of the FDA-

approved iron Endorem® for human use.'

The surgical procedure for the i.a. administration was protocolled in the intraluminal
MCAO model by cannulating the ECA 30 min after reperfusion under anaesthesia
as described above, with a polyimide micro-catheter (0.2-0.22 mm outside diameter,
0.14-0.15 mm inside diameter; MicroLumen, Oldsmar, FL) directed towards the ICA
and connected to an infusion pump (PHD 2000 Advance Syringe Pump, Harvard
Apparatus, Holliston, Massachusetts, US) at an infusion rate of 75 mL/min, total
volume 150 mL (Figure 17). Non-ischaemic animals underwent the same surgical
procedure as for the intraluminal MCAO model except that the micro-catheter was
introduced through the ECA without previously occluding the MCA. Note that the
pterygopalatine artery was permanently sutured in all cases to avoid perfusion
towards off-target areas. The cortical CBF was registered before, during and after i.a.
administration of the NCs as described above and according to the experimental
design in each group. On the other hand, for i.v. administrations a volume of 150
mL of the NCs suspension was administered using a 25G needle through the lateral

tail vein after vessel dilatation using a heat lamp.

For magnetic retention of the administered NCs, the magnet/fake device was
implanted prior to administration, under anaesthesia, on the right (ipsilateral)
hemisphere and attached to the skull with superglue. The skin was closed over the
device using a surgical glue (Histoacryl®) and was removed after the corresponding

magnetic retention time.
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Figure 17. Endovascular-ICA administration of functionalised NCs. Scheme of
the subcutaneous magnet implantation and the surgical procedure for ia. NCs

administration.

3.3.4. Fluorescent Molecular Imaging (FMI)

FMI was performed to characterise the NC batches fluorescence 7 vitro and to track
the NCs biodistribution 7z vive and ex vivo in single organs, using a Xenogen IVIS®
spectrum imaging system (Perkin Elmer, Waltham, MA) for Cy7.5-labelled NCs, and
an IVIS® Lumina LT Series III imaging system (Perkin Elmer, Waltham, MA) for
Cy5-labelled NCs. All acquisition settings are detailed in Table 7.

For in vitro FMI, a seties of concentrations ranging from 0.1 mg/mL to 1.5 mg/mL
of Cy7.5/Cyb5-labelled NC in 100 pL of saline were prepared for each batch in a 96-

well plate and imaged as detailed above.

The general protocol for the 7z vivo biodistribution studies started with mice being
anesthetised with isoflurane via facemask (5% for induction, 1.5% for maintenance
in 95% O,) and images being acquired at different time points post-injection
according to each experimental design in dorsal and ventral views of the whole body.
Between 7n vivo image acquisitions mice recovered from anaesthesia in temperature-

controlled recovery cages.
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Animals from Biodistribution studies 1-3 were euthanised by cervical dislocation under
anaesthesia after the last 7z vivo acquisition and brain, heart, lungs, liver, spleen,
kidneys and bladder were dissected for the ex vivo FMI. Animals from Biodistribution
study 6 were euthanised under anaesthesia by exsanguination followed by transcardial
perfusion with cold saline after the last zz vivo acquisition and brain, lungs, liver,
spleen and kidneys were dissected for the ex vivo FMI. Animals from the Pilot study in
pigs (section 3.3.18) were euthanised by i.v. sodium thiopental injection and the brain
was removed for the ex vvo FMI. All organs were imaged in dorsal and ventral views.

Table 7. FMI acquisition settings.

Excitation wavelength (nm) Emission wavelength (nm)
Cy7.5-1abelled NCs=

In vitro 710 820
In vivo 710 820
Ex vivo 745 820
Cy5-labelled NCsP

In vitro 640 732
In vivo 640 732
Ex vivo 640 732

aXenogen IVIS® spectrum imaging system
bIVIS® Lumina LT Series ITI imaging system

3.3.4.1. FMI analysis

Background control animals who did not receive fluorescent NCs were also imaged
in each i wvivo and ex wvivo FMI acquisition for background measures. For
quantification, circular regions of interest (ROIs) were manually drawn surrounding
the fluorescence signal and total radiant efficiency (TRE; [photons/s]/[uW/cm?])
was measured using the Living Image software (Perkin Elmer, Waltham, MA) and
corrected by the TRE from the corresponding ROI in the background control
animal. More specifically, for the 7z vivo analysis, brain and abdominal ROIs were
drawn on the dorsal and ventral images, respectively, and for the ex vivo analysis,

ROIs of each dissected organ were drawn in both dorsal and ventral positions (mean
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values of both views were used for the analysis). All images were analysed blinded to

the treatment group.

3.3.5. Magnetic Resonance Imaging (MRI)

Mice were anesthetised with isoflurane via facemask (5% for induction, 0.5-1.5% for
maintenance in 1 L/min O,) with respiratory frequency monitoring, and a
recirculation water heating system integrated into the scanner bed was used to
control the body temperature. T2-weighted fast spin-echo images were initially
obtained in axial, sagittal and coronal planes to be used as reference images using the
following parameters: effective echo time (TEeff) = 36 ms, TR = 2s, echo train
length (ETL) = 8, FOV = 1.92X1.92 cm2, matrix = 128x128, and slice thickness =
1 mm. Then, coronal high-resolution MRI sections were determined over a 9.3 mm
block starting at the olfactory bulb and towards the cerebellum. High-resolution
T2WI (HR-T2WI) were acquired using a fast spin-echo sequence with ETL = 8,
TEeff / TR = 60 ms / 4.2’ s, FOV=1.6x1.6 cm2, matrix = 256x256, 17 contiguous
slices with slice thickness = 0.5 mm and 0.05 mm gap between them. High-resolution
T2¥WI (HR-T2*WI) were acquired using a spoiled gradient-echo sequence with
TEeff / TR = 10.5 ms / 350 ms, FA = 40°, FOV = 1.6x1.6 cm2, matrix = 320x320,
17 slices covering the same brain region as in HR-T2WI with slice thickness = 0.5

mm and 0.05 mm gap between them.
3.3.5.1. MRI analysis

The superparamagnetic properties of the SPIONs embedded in the surface of the
nanocarriers show good performance as transverse relaxation (T2) contrast agents,
thus facilitating their tissue tracking as hypointense signal spots. To quantify the
signal of NCs present in the brain after endovascular-ICA administration, ROIs were
drawn dividing the cortical and subcortical areas of the ipsilateral and contralateral
brain hemispheres on the T2*WI. After a standardised pre-processing of the images,

the number, area, and average size of the NC hypointense signals within each ROI
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were analysed using the particle analysis tool from the Image] software, blinded to

the treatment group.

3.3.6. Functional tests

Neurological deficits were evaluated in mice from Safety study and Efficacy studies 1 and
2 by a researcher blinded to the treatments with a score based on a composite
neurological scale”"* at 24 h, 48 h, 1 week and 2 weeks after MCAO (according to
each experimental design). The neurological score ranges from 0 (healthy) to 39 and
represents the sum of the general deficits (0-13): hair [0-2], ears [0-2], eyes [0-3],
posture [0-3] spontaneous activity [0-3]; and focal deficits (0-26): body symmetry [O-
2], gait [0-4], climbing on a surface held at 45° [0-3], circling behaviour [0-3], front
limb symmetry [0-4], compulsory circling [0-3], whiskers response to a light touch
[0-4] and gripping of the forepaws [0-3].

The forelimb force was also assessed in the animals from Safery study and Efficacy
studies 1 and 2 with the grip strength test as previously described."”” The forelimb
force was assessed as follows: habituation to the test was performed one day prior
to the surgery to avoid neophobic behaviours and the grip strength was measured
before the surgery and at 24 h, 48 h, 1 week and 2 weeks after MCAO (according to
each experimental design). The grip strength score was recorded as the mean of 6

repeated measures.

3.3.7. Tissue sampling and processing

All animals were euthanised under deep anaesthesia by exsanguination followed by
transcardial perfusion with cold saline, except mice from Biodistribution studies 1, 2, and

3, which were euthanised by cervical dislocation.

Brain, liver and spleen were collected from animals in Biodistribution study 4, fixed with
10% formalin, paraffin-embedded and sliced in 5 mm-thick sections with a

microtome to confirm the presence of NC in the brain ex vzvo (see sections 3.3.9 and

3.3.10).
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For Safety study and Efficacy study 1 the brains were collected and freshly sliced in 1
mm-thick coronal slices for infarct volume and haemorrhage evaluation (see section
3.3.11). The TTC-stained brains from Efficacy study 1 were separated into the
ipsilateral and contralateral hemispheres for homogenisation and brain vessels

isolation, by following the protocol detailed in section 3.3.12 (Figure 18).

CL
BRAIN DISSECTION I

Bregma Total brain
) R CL : 1L homogenates
i i ~) ] (ELISA)

o o

’ Brain vessels
— T fraction
TTC-staining (WB)

Figure 18. Dissection and processing of the brains collected in the short-term

Efficacy study 1.

The brains from Biodistribution study 5 were separated into the ipsilateral and
contralateral hemispheres for homogenisation and brain vessels isolation, by

following the protocol detailed in section 3.3.12.

For Biodistribution study 6, the brain was fixed in 4% paraformaldehyde overnight at
4°C before cryoprotection with 30% sucrose. The brain was then frozen and
embedded in optimal cutting temperature (OCT), sliced in 12 pm-thick coronal

sections with a cryostat and stored at -80°C until use.

For Efficacy study 2 the brain was dissected to collect a 1 mm-thick coronal slice
starting at the bregma anatomical point as the core of the infarct tissue,'” and the
ipsilateral and contralateral hemispheres were separated, snap-frozen in liquid
nitrogen and stored at -80°C until use. The remaining anterior and posterior brain
fractions were fixed in 4% paraformaldehyde overnight at 4°C before cryoprotection

with 30% sucrose. The brain fractions were frozen and embedded in OCT, sliced in
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12 um-thick coronal sections with a cryostat and stored at -80°C until use. The
coronal slices were obtained serially starting from the respective posterior and

anterior sides adjacent to the 1 mm-thick coronal slice previously collected for

homogenates (Figure 19).

BRAIN DISSECTION

CL IL

Tissue homogenates
(ELISA)

PFA-fixed, OCT-embedded

(Immunofluotescence, Fluoro-Jade-C)

Figure 19. Dissection and processing of the brains from the long-term Efficacy

study 2. Scheme (upper left) of the dissection of the ischaemic brain into a coronal slice

83



Materials and Methods

for homogenates (0 to -1 from bregma; upper right), and anterior and posterior brain
fractions for tissue staining in the SVZ and hippocampal regions (below). PFA:
paraformaldehyde, OCT: optimal cutting temperature, 1L: ipsilateral, CL contralateral,

C: cortex, CC: corpus callosum, SC: subcortex. Asterisk showing the infarcted tissue.

3.3.8. Plasma biochemical analysis

Venous blood obtained from the right ventricle by cardiac puncture and collected in
EDTA tubes was centrifuged (1,500 x g, 10 min at 4°C) to obtain plasma, which was
stored at -80°C until analysis. Hepatic/pancreatic/renal toxicity was assessed by the
plasmatic levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), creatine kinase (CK), a-amylase, lipase, creatinine, urea, and Na** using an
Olympus AU5800 clinical chemistry analyser. Haemolysed, icteric and lipaemic
plasma samples were rejected from the analysis of the biochemical parameters

described above.

3.3.9. Prussian blue staining

To indirectly confirm the presence of the NCs in the brain, we performed a specific
staining for ferric iron as part of the SPIONSs of the NCs. After deparaffinisation
and rehydration, the sections were stained with a Prussian blue iron stain kit
(Polysciences Inc, USA) following the manufacturer’s protocol except for that
potassium ferrocyanide:hydrochloric acid (HCI) mix solution was kept for a total of
40 min and nuclear Fast Red for 1 min. Images were acquired after dehydration and
mounting with DPX medium (Ref. 06522, Sigma-Aldrich, St. Louis, USA) with a
transmitted light microscope (Leica, Germany) and an automatic slide scanner

(PANNORAMIC MIDI 11, 3DHISTECH Ltd, Hungary).

3.3.10. Lectin vessel staining

To confirm the distribution of NCs in brain micro-vessel structures at 48 h after
ischaemia and i.a. administration (as seen by Prussian blue staining in Biodistribution

study 4), the vasculature was stained in consecutive brain slices from mice euthanised
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at 48 h post-administration (Biodistribution study 6) with lectin-fluorescein
isothiocyanate (FITC) as follows. After thawing and rehydration, the sections were
incubated for 2 h with lectin-FITC from Lycopersicon esculentum (Ref. L0401,
Sigma-Aldrich, Germany) diluted 1:200 in PBS-1% Tween20 (PBS-T). After
dehydration and mounting with Fluoroshield mounting medium with DAPI (F6057,
Sigma), images were acquired with a confocal laser scanning microscope (LSM980,

Zeiss, Germany).

3.3.11. Infarct volume and intracerebral haemorrhage evaluation

Ischaemic C57 mice from the Safety study were euthanised at 48 h after administration
post-reperfusion by cervical dislocation. Brains were removed, sliced in 1 mm thick
coronal sections and stained with TTC (Sigma, St.Louis, MO, USA) in saline at room
temperature (RT) for 15 min. Infarct volumes were quantified by a treatment-blinded
researcher with the Image] software and corrected by oedema as previously
described.” The number and extent of haemorrhagic events was determined by 3
independent treatment-blinded raters using a semi-quantitative method adapted
from the ECASS classification as described elsewhere® by giving 0 to 4 scores as
follows: 0 = absence of haemorrhage, 1-2 = increasing grades of haemorrhage
infarction (HI1 and HI2), and 3—4 = homogeneous parenchymal haematomas of
increasing grades (PH1 and PH2). The haemorrhage volume was also quantified with

Image] following the same protocol as for the infarct volume.

3.3.12. Brain vessels isolation

The TTC-stained brain sections from Effzcacy study 1 were processed to obtain a total
brain and a vascular-enriched fraction, as described in section 3.3.7 (Figure 18). The
ipsilateral and contralateral hemispheres of the brain samples from Efficacy study 1
were homogenised and processed separately to obtain the corresponding i) total
brain homogenate fraction, and ii) a vascular-enriched fraction. The vascular-
enriched fraction was isolated following a protocol previously described,”" modified

as follows.
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Each brain hemisphere was homogenised in 2 mL of cold sucrose buffer (0.32 M
sucrose (Sigma-Aldrich), 5 mM Hepes (Gibco)) using a Dounce homogeniser (55
times with A and 25 times with B pestle). The homogenate was transferred into a 15
mL tube together with 1 mL of buffer used to rinse the homogeniser. The final 3
mlL homogenate was centrifuged (10 min, 1,000 x g, 4°C), after keeping 100 pL as
the total fraction. After centrifugation, the pellet was used to obtain the vascular-
enriched fraction, and the aforementioned centrifugation was repeated after
resuspending the pellet in 3 mL of sucrose buffer. The new pellet was then
resuspended in 1 mL of sucrose buffer and centrifuged (10 min, 400 x g, 4°C),
repeating this step twice. The final pellet was lysed in 150 mL of RIPA lysis buffer
(Sigma-Aldrich) containing protease inhibitors (1% phenylmethanesulfonyl fluoride-
PMSF (Sigma-Aldrich), 0.5% aprotinin (Sigma-Aldrich), and 0.5% Phosphatase
inhibitor cocktail-3 (Sigma-Aldrich)) for 15 min at 4°C and then centrifuged (15 min,
15,000 x g, 4°C) to obtain the final supernatant as the vascular-enriched fraction.
The vascular-enriched fraction was used to evaluate BBB junctional proteins’
expression (section 3.3.12), while the total brain fraction was used to assess neuro-

inflammatory markers (section 3.3.13).

3.3.13. Western blot

The protein content from the brain vessels fraction, obtained as described in the
previous section, was determined by the bicinchoninic acid (BCA) assay (Thermo
Scientific™, IL, USA). A total amount of 20 pg of protein was mixed with 4x
Laemmli Buffer (BioRad Cat#1610747) and 10% of 2-mercaptoethanol, heated at
95°C for 5 min. Then, the samples were subjected to electrophoresis (200 V, 45 min)
in 10% (VE-Cadherin and zonula occludens 1 (ZO-1)) or 12% (Claudin-5 and
Occludin) polyacrylamide electrophoresis gels and transferred (100 V, 1 h) into
nitrocellulose membranes (AmershamTM ProteinTM Premium 0.45 pM
#10600003) using the BioRad CriterionTM Blotter (100 V, 1 h). Next, membranes
were blocked for 1 h with 5% of skimmed milk in Tris-buffered saline containing

0.1% Tween20 (ITBS-T) and 3% of normal goat serum (Sigma-Aldrich #G6767), and
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incubated overnight at 4°C on a shaker with the following antibodies (1:1,000 in
TBS-T): anti-Claudin-5 (Ab15100), anti-Occludin  (Ab31721), anti-ZO-1
(Ab216880), or anti-VE-Cadherin (Ab33168). The membranes were then washed 3
times with TBS-T and incubated with a horseradish peroxidase-conjugated
secondary antibody (goat anti-rabbit, Dako/Agilent Technologies) at 1:8,000 for 1 h
at RT with gentle agitation. Finally, all membranes were washed 3 times with TBS-T
and briefly incubated (5 min at RT) with the ECLTM Western Blotting detection
reagent (Amersham, RPN22306) to visualise the chemiluminiscence signal using the
WB Imaging System Azure c600 (Azure Biosystems). A molecular weight marker
(Precision Plus ProteinTM All Blue standards, BioRad #1610373) was also run for
reference values. Following the immunoblots of desirable targets, membranes were
rinsed 3 times (10 min) and blocked for 30 min with 5% of skimmed milk in TBS-
T. Afterwards, the membranes were stained with Coomassie Blue solution
(Coomassie Blue R250 0.1% diluted in water/methanol/acetic acid (5:4:1)) for 1 min,
and rigorously rinsed with a solution containing water/methanol/acetic acid (5:4:1)
until removal of Coomassie Blue’s excess. Finally, the membranes were dried and

images were obtained using the WB Imaging System Azure c600 (Azure Biosystems).

The software Totall.ab TL 100 1D gel Analysis was used for quantification of the
relative immunoblots densities of the target proteins. Optical densities of the
Coomassie Blue-stained membranes for total protein measurements were quantified
using Image]. A standard mathematical correction was used based on the total
protein to compensate for variability within samples (Bio-Rad Laboratories, Inc), as
follows. A random reference lane was selected on the blot. Then a normalisation
factor was determined for each sample by dividing the signal from the reference lane
by the different sample lanes. This normalisation factor was then applied to the
protein of interest in the tested samples by multiplying the optical density from the

target protein by the corresponding normalisation factor.
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3.3.14. Multiplexed enzyme-linked immunosorbent assays (ELISA)

A configurable multiplexed ELISA was used to investigate the inflammatory state in
the brain samples (total homogenate fraction) collected 48 h after i.a. treatment with
vehicle, NC-CM or f-CM (n=10/group) in ischaemic mice from the short-term
Efficacy study 1 (MILLIPLEX® Mouse High Sensitivity T' Cell Magnetic Bead 11-plex
Panel, MHSTCMAG-70K, MilliporeSigma). The following cytokines were
multiplexed:  granulocyte-macrophage colony-stimulating factor (GM-CSF),
interferon-gamma (IFNYy), interleukin (IL)-1o (IL-1ar), IL-13, 1L-4, 1L-6, IL-10, C-X-
C motif chemokine ligand 1/keratinocyte-derived chemokine (CXCL1/KC),
monocyte chemoattractant protein 1 (MCP-1), CXCL2/macrophage inflammatory

protein 2 (MIP-2), and tumour necrosis factor o (TNF).

For the brain homogenates (bregma coronal slice) from ischaemic mice at 2 weeks
after receiving i.a. vehicle, NC-CM or £-CM (n=6-7/group, long-tetm Efficacy study
2), a configurable multiplexed ELISA was used to investigate angiogenesis-related
proteins (MILLIPLEX ® MAP Kit Mouse Angiogenesis/Growth Factor Magnetic
Bead Panel, MAGPMAX-24K, MilliporeSigma). The following cytokines were
multiplexed: Angiopoietin-2, G-CSF, EGF, 1L-6, Endoglin, Endothelin-1, FGF-2,
HGEF, soluble CD31 / platelet endothelial cell adhesion molecule (sCD31/PECAM-
1), MCP-1, SDF-1, and VEGF-A.

Both the total brain fraction for the neuro-inflimmation multiplex (short-term
Efficacy study T) and the brain homogenates for the angiogenesis multiplex (long-term
Efficacy study 2) were processed in lysis buffer (50 Mm Tris-HCI, 150 mM NaCl, 5
mM CaCly, 0.05% Brij35, 0.02% NaNj3, 1% Triton-X-100) containing protease
inhibitors (1% PMSF, 0.5% aprotinin (Sigma-Aldrich)), for 15 min at 4°C and then

centrifuged (15 min, 15,000 x g, 4°C) to obtain the final supernatant.

All the results were analysed in duplicate with Luminex technology in a MAGPIX™
instrument, and samples with a coefficient of variation > 20% were excluded. In all

cases, data were corrected by the amount of total protein determined by BCA assay.
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3.3.15. Singleplex ELISA

A singleplex ELISA was used to determine the presence of Angiogenin (Human
Angiogenin Quantikine ELISA Kit, DANOO, R&D systems), as a component of the
administered EPCs-secretome, and the presence of urokinase-type plasminogen
activator (uPA) (DUPAOO, R&D SYSTEMS, MN, USA), as an alternative EPCs-CM
component. The total brain homogenates and brain vessel fractions obtained from
Biodistribution study 6 were tested with the Angiogenin ELISA, while brain
homogenates from naive mice were tested with the uPA ELISA in order to discard

mouse uPA cross-reactivity.

All samples were processed in lysis buffer, as described in section 3.3.14. All the
results were analysed in duplicate and the optical densities were measured in a
Synergy Mx microplate reader (BioTek Instruments Inc, USA). Samples falling under
the range of the standard curve or with a coefficient of variation > 20% were

excluded.

3.3.16. Immunofluorescence

To label dividing cells, mice from Efficacy study 2 received daily single intraperitoneal
injections of 5-Bromo-2’-deoxyuridine (BrdU, 50 mg/kg in saline, B9285, Sigma-
Aldrich, USA) beginning at 24 h after MCAO and until euthanasia. Before
cuthanasia, mice were injected with Dylight 594-labelled tomato lectin (40
ug/mouse, DL-1177, Vector Laboratories, USA), which was allowed to circulate for
10 min to label functional blood vessels prior to exsanguination and intracardiac

saline perfusion.

A minimum of 3 serial coronal sections were obtained between 0 and +1 from
bregma, in the corresponding SVZ region, and a minimum of 3 serial coronal
sections between -1 and -2 from bregma, in the corresponding hippocampal regions.
Immunostaining with antibodies for proliferating cells (1:100 rat anti-BrdU; ab6320,
Abcam, UK), and neuroblasts (1:200 rabbit anti-doublecortin, DCX; ab207175,
Abcam, UK) was performed as follows.
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The sections were thawed at RT for 30 min and transferred to PBS-T for hydration
for 5 min. Then, cells were permeabilised with 0.3% PBS-Triton X-100 for 5 min.
BrdU-stained sections were pre-treated with 2 M HCI-PBS for 1 h to open the
deoxyribonucleic acid (DNA) structure and neutralised with 0.1 M borate buffer for
10 min. The sections where then blocked for 1 h in PBS-T blocking buffer containing
1% bovine serum albumin (BSA) and 5% goat serum. Primary antibodies were
applied in blocking buffer overnight at 4°C and the slices were washed 3 times for 5
min at RT in PBS-T, followed by 1 h incubation at RT with the following secondary
antibodies (1:500 in blocking buffer): Alexa Fluor 488 goat anti-rabbit IgG, and
Alexa Fluor 405 goat anti-rat IgG.

The slices were finally washed 3 times for 5 min at RT in PBS-T, and mounted in
Vectashield™ Antifade Mounting Medium (Vector Laboratories, USA). The whole
coronal slices were imaged with the digital scanner Pannoramic 250 FLASH (3D
HISTECH). For quantification, the DCX+, BrdU+ or Lectin+ fluorescence areas
were measured in the ROIs defined within the peri-infarct cortical and subcortical

regions (Figure 19) using Image] and expressed as um®.

3.3.17. Fluoro-Jade C staining

Fluoro-Jade® C (FJC) staining was used to label degenerating neurons in mice from
Elfficacy study 2. A minimum of 3 serial coronal sections were obtained between 0 and
+1 from bregma, in the corresponding SVZ region (Figure 19), and stained with the
FJC ready-to-dilute staining kit (Biosensis), following the manufacturer’s protocol
modified as follows. Briefly, the sections were thawed at 60°C for 1 h and transferred
to 80% ethanol containing 1% sodium hydroxide in distilled water for 5 min and
then washed in distilled water for 2 min. For fluorescent background blocking and
contrast optimisation, the sections were then treated with 5% potassium
permanganate for 10 min and washed in distilled water for 2 min. The sections were
stained in 5% FJC in distilled water for 10 min, washed in distilled water for 2 min,

the nuclei were stained with Fluoroshield mounting medium with DAPI (F6057,
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Sigma), and washed 3 times in distilled water for 1 min. The slices were finally dried
at 60°C for 10 min, cleared in xylene and mounted with DPX medium (Ref. 06522,
Sigma-Aldrich, St. Louis, USA). The whole coronal slices were imaged with the
digital scanner Pannoramic 250 FLASH (3D HISTECH).

3.3.18. Pilot endovascular delivery study in pigs

A pilot study was conducted in order to assess the feasibility of endovascular NC
delivery in pigs, as a large animal model with a gyrencephalic brain, resembling the
human brain anatomy. For this purpose, the pigs were reused from a previous
interventional training course. The animals were kept under general anaesthesia for
the entire duration of the intervention and subsequent pilot experiment, and were
cuthanised without recovery. All the procedures were approved by the Ethics
Committee for Animal Experimentation of the Vall d’Hebron Research Institute
(VHI; registration number 92/17) and conducted in compliance with the Spanish
legislation and in accordance with the directives of the European Union

(2010/63/EU).

For the pilot study, hybrid female pigs (Large White x Landrace) were used (30-35
Kg; around 3 months old), purchased from the animal centre A. M. Animalia Bianya
S.L. (Girona, Spain), entered in the register of breeding centres, suppliers and users
of laboratory animals with the number G9900009 (GLP n°® BPL80SCAT). The
animals were previously acclimated to our facilities and housed in conventional pens
tor 7-10 days, with ad /ibitum water and fed 2 times a day with conventional pig’s diet.
The animals were housed with other pigs, and the pen’s temperature was maintained
at 21£2°C. The relative humidity ranged from 40-60%, air renovation consisted of
10-15 air changes per hout, and the photoperiod was 12:12 h day/night. All animals
were subjected to a clinical examination by the VHIR veterinary team, and
underwent a fasting of 12 h prior to surgery, maintaining free access to water with

diluted sucrose.
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The endovascular delivery of NCs was performed as follows. A micro-catheter was
introduced through the femoral vein, directed towards the CCA and placed at the
ascending pharyngeal artery, proximal to the rete mirabile, in order to administer

Cy7.5/Cy5-labelled NC towards the MCA vascular territory.

Two different doses of Cy7.5-labelled NCs were tested in a preliminary experiment
(40 mg or 80 mg in 50 mL of saline; n=1/group), administered at a controlled
infusion rate of 1 L/min. Ten mL of saline were finally infused in order to recover
the nanomaterial from the catheter’s dead volume. After infusion, the animals were
euthanised by i.v. sodium thiopental (2 g) injection, and the brain was removed for

ex vivo FMI.

Since the highest dose was tolerable, a second experiment was performed in pigs
receiving 80 mg of Cy5-labelled NCs in 50 mL of saline (n=3) at 1 L/min, plus 10
mL of saline to recover the NCs. Venous blood samples from the jugular vein were
collected before, during (at 10, 20 and 30 min), and at the end of the infusion
(approximately 5 mL per time point). After infusion, the animals were euthanised by
1.v. sodium thiopental (2 g) injection, and the brain was removed for ex vzvo FMI. The
brain of an additional pig without NCs administration was also used for background

measurements.

TRE was quantified on ROIs manually drawn for the ipsilateral and contralateral
brain hemispheres, corrected by their control animal. The blood samples were
centrifuged (1,500 x g, 15 min, 4°C) to collect the serum, which was used to measure
the circulating NCs fluorescence at different time points after endovascular
nanocarriers delivery. Briefly, 100 ul. of each serum sample were distributed in
duplicates in 96-well plates, and the fluorescence was measured in a microplate
fluorescence reader (hex/Aem 650 nm/750 nm; Synergy Mx microplate reader,
BioTek Instruments Inc, USA). All values were corrected by the basal serum

fluorescence.
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3.4. Ex vivomagnetic retention in a humanised model

In order to assess the feasibility and efficacy of NCs endovascular delivery followed
by magnetic retention for possible human use, a preliminary ex vivo experiment was
conducted using a three-dimensional (3D)-printed human-based vascular model and

the human magnet prototype M3.

These experiments were carried out in collaboration with the Stroke

Laboratory (VHIR), with the help of Dr. Marc Ribé and Jiahui Li.

3.4.1. 3D printing

Briefly, neurovascular model manufacturing comprises the following steps: (i)
medical image segmentation to generate the 3D geometry of the vascular anatomy,
(i) mesh modelling to prepare a printable anatomical model, (iii) 3D printing
configuration, and (iv) post-printing processing. The 3D supra-aortic model used for

the present study was constructed as follows.

DICOM data from iv. contrast computed tomography scans from anonymous
patients, provided by the Neuroradiology unit at the Hospital of Vall d’Hebron, were
imported and loaded in the 3DSlicer software to obtain the preliminary 3D geometry
of the model, through opacity threshold segmentation. Then, using the Autodesk
Meshmixer software, the 3D geometry was simplified into anatomically relevant
vessels for mechanical thrombectomy, that is to say, carotid arteries (CCAs, ECAs,
ICAs), MCAs, anterior carotid arteries (ACAs), anterior communicating artery
(ACoA), vertebral arteries (VAs), basilar artery (BA), posterior cerebral arteries
(PCAs), and posterior communicating arteries (PCoAs). The proximal and distal
segments were also adapted to create connection points of the model to the flow
loop system, and 1 mm thickness was added to the vessel walls to provide
consistency. Finally, mesh errors were corrected, and the virtual model was exported
from Autodesk Meshmixer to PreForm to configure the printing material, resolution,
optimal geometry orientation, and support structure for 3D printing. The model was

printed with commercially available photopolymer clear resin (FormlLabs, Boston,
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MA, USA) at a resolution of 100 um with a Form 3 Printer (FormILabs, Boston, MA,
USA). For post-printing processing, the support structures were removed from the
model, which was then immersed in isopropyl alcohol and exposed to 305 nm UV

light at 60°C for 20 min.

A temporal bone was also 3D-printed using the same methodology, using the
scaffold material Durable (Formlabs, Boston, MA, with a final average thickness of

4.46 mm (3.5-9.86 mm).

3.4.2. Micro-catheter-guided infusion and monitoring

Briefly, the magnet was attached to a 3D-printed temporal bone, close the MCA
territory, and an artificial bloodstream was created within the vascular model as a
closed circuit connected to a peristaltic infusion pump. A constant flow of 580
mL/min was set based on the CBF distribution within the vascular tree represented
in our vascular model (receiving approximately an 82% of the total CBF, which is

202

approximately 710 mL/min).

Cyb5-labelled magnetic nanocarriers were infused through endovascular delivery with
a micro-catheter guided towards the MCA. Specific magnetic retention in the
targeted ipsilateral MCA of the nanocarriers was evaluated by FMI at 1 h after

infusion.

3.5. Statistical analysis

Statistical analyses were performed using the GraphPad Prism 6 and SPSS softwares.
The sample size of the Safety study was determined in a pilot study (n=4-5/group) by
power analysis based on the infarct volume as primary outcome measure, using the
software Ene 3.0 (GlaxoSmithKline SA), at 80% of statistical power and to a
significance level of 5%. Randomisation of the experimental groups was generated
using the standard = RAND() function in Microsoft Excel. All values are expressed
as mean®SD or median (InterQuartile Range, IQR) according to the normal or non-

normal distribution of the represented variable, respectively. The normality of
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continuous variables was assessed using the Shapiro-Wilk test (n<30) or
Kolmogorov-Smirnov test (n=30). Normally distributed variables were analysed
using t-test, one-way or two-way ANOVA (followed by Tukey’s multiple
comparisons post hoc test, or the Dunnet’s multiple comparisons post hoc test for
the Efficacy studies vs. Vehicle, and for the cell culture 7z vitro studies vs. cEBM). To
analyse a dose-dependent effect in the cell culture iz vitro studies (normally-
distributed variables), a one-way ANOVA followed by a post hoc test for linear trend
was performed. The Mann-Whitney U-test or Kruskal Wallis test (followed by
Dunn’s multiple comparisons post hoc test) were used for non-normally distributed
variables. For the cell culture zz vitro studies, the abovementioned analyses were
performed considering the treatment conditions within a single experimental set-up
as paired samples. Pearson’s 2 test or Fisher exact test were used for categorical
variables. Correlations were evaluated using Pearson’s or Spearman’s coefficient for
normally or non-normally distributed variables, respectively. Body weight values
monitored for the long-term Efficacy study 2 were analysed by a generalized least
squares model. Extreme values were excluded prior to data analyses using the outliers
ROUT method (Q=1%). The significant level was set at P<0.05 at a 95% confidence

level.
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4.1. Angiogenic effects of EPCs-secretome on endothelial cells

A previous study, published by our group, demonstrated that EPCs-secretome
obtained from ischaemic stroke patients EPCs in a high-scale production manner

promoted angiogenic effects on mature ECs i vitro (Annex IT).*"

For the present work, we first aimed to confirm the pro-angiogenic effects of stroke
patients EPCs-secretome, also obtained in a high-scale production manner, in both

mouse/human and mature ECs/OECs.

Our results confirmed that stroke EPCs-secretome promotes both mouse and
human mature brain ECs proliferation, and this effect is consistent amongst different

secretome batches (P<0.05 vs. control basal media for all measures; Figure 20A).

An increase in both mouse and human OECs proliferation was also observed when
treating with EPCs-secretome 7 vitro at 10 pg/mL up to 50 pg/mL in mouse OECs
(P<0.05 vs. cEBM at the respective dose for all measures), and at 50 pg/mL up to
250 pg/mL in human OECs (P<0.05 vs. cEBM at the respective dose for all
measures). Moreover, this effect was dose-dependent for both mouse and human
OECs (post hoc for linear trend P<0.0001; slope/R*=19.48/0.8612, and
slope/R*=8.056/0.6465, respectively). It should be highlighted that cEBM at the
corresponding doses showed a dose-dependent decrease in mouse OECs viability
(post hoc for linear trend P=0.0318; slope/R*=-1.895/0.14306), although this effect
was not statistically significant for human OECs (post hoc for linear trend P=0.2710;
slope/R*=-0.6254/0.0226). Even then, treatment with concentrated basal medium
containing EPCs-secreted factors enhanced endothelial cell proliferation, as

described above (Figure 20B).

It is noteworthy that the endothelial proliferative effects of human EPCs-derived
secretome were higher in mouse-derived endothelial cells than human cells, since

higher doses of secretome were required to significantly increase cell proliferation

(Figure 20B).
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Figure 20. EPCs-secretome from stroke patients promotes mature ECs and
OECs proliferation in both mouse- and human-derived cells inn vitro. A) Graphs
showing mouse ECs (bEnd.3 cells) and human ECs (hCMEC/d3 cells) proliferation,
measured by the cell viability MTT assay at 24 h after treatment with different cCM
batches (25 pg/ml; n=4). B) Graphs showing mouse OECs and human OECs
proliferation, measured by the cell viability MTT assay at 24 h after treatment with
increasing doses (1 pg/mL to 50 ug/mL or 250 ug/mlL, respectively) of a single cCM
batch (n=7-13). All data are represented as mean®SD. *P<0.05, **P<0.01, **P<0.001.
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Next, we aimed to evaluate the angio-vasculogenic capacity of both mouse and

human OECs i vitro after treatment with stroke patients-derived EPCs-secretome.

Our results showed that EPCs-secretome at a dose of 25 pg/ml. increased the
tubulogenic capacity of mouse OECs zz vitro in terms of tube length (perimeter of
complete rings; P=0.0096 vs. cEBM), and total number of loops (circular vessel-like
structures; P=0.0235 vs. cEBM); see Figure 21.
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Figure 21. EPCs-secretome from stroke patients enhances the vasculo-
angiogenic capacity of mouse OECs in vitro. A) Representative micrographs and
automated analysis by Wimasis Image Analysis®, used for quantification. B) Graphs
representing the tube length (left) and total loops (right); n=7. All data are represented
as mean®SD. ¥*P<0.05, **P<0.01.

The same effect was observed in human OECs, although to a lesser extent and, in
the same line with the proliferation results described in the section above, a higher
concentration of EPCs-secretome was needed in order to promote the tubulogenic
capacity of human-derived cells. Specifically, treatment with EPCs-secretome at a

dose of 50 pg/mL increased the tube length, although not reaching statistical
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significance (P=0.0956 vs. cEBM). In contrast, the same dose did show a significant

increase in the total loops compared to the control cEBM (P=0.0437); Figure 22.
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Figure 22. EPCs-secretome from stroke patients enhances the vasculo-
angiogenic capacity of human OECs in vitro. A) Representative micrographs and
automated analysis by Wimasis Image Analysis®, used for quantification. B) Graphs

representing the tube length (left) and total loops (right); n=7. All data are represented
as meantSD. #P<0.10, *P<0.05.

4.2. EPCs-secretome encapsulation

4.2.1. Angiogenic effects after EPCs-secretome encapsulation

Seizing the advantages of PLGA nanocapsules to encapsulate a large variety of
molecules and undergo surface modification, we used magnetic PLGA nanocarriers,
previously described by our group (Annex II)'®, to encapsulate and deliver EPCs-
secretome towards the ischaemic brain by external magnetic retention. This
approach would potentially improve the specific targeting of the therapeutic EPCs-

secretome and promote neurovascular repair in the context of cerebral ischaemia.
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First, we addressed whether the encapsulation and release of EPCs-secretome was

feasible and efficient, while maintaining the abovementioned biological functions.

As described above (sections 3.1.3 and 3.1.4), the secretome was lyophilised and
reconstituted at the desired concentration (15 mg/mL) to optimise the therapeutic
factors’ encapsulation. In order to evaluate the pro-angiogenic potential of EPCs-
secretome after the process of lyophilisation, encapsulation and release, NC-CM or
their control NC-EBM were resuspended in EBM at a concentration of 2 mg/mlL,
and incubated at 37°C, on rotation, in the attempt to reproduce the physiological
conditions of the nanomaterial in circulation after 7z vivo administration. After 48 h,

we collected the released factors and assessed the angiogenic functions 7 vitro

(Figure 23A).

Our results showed that EPCs-secretome preserved its biological function in
promoting the proliferation of mouse OECs, as compared to the pre-lyophilised
secretome. Specifically, both pre- and post-lyophilised secretome increased the
proliferation of mouse OECs at 5 and 25 pg/mlL (P<0.05 vs. cEBM at the respective
concentration for all measures). Furthermore, no differences were observed between
the cell proliferation after treating with EPCs-secretome before and after

lyophilisation (P>0.05 for both treatment doses); Figure 23B.

Additionally, the secretome factors preserved their function after the encapsulation-
release process, as demonstrated by an increase in the proliferation of mouse OECs
after treatment with the 48 h-released factors (P=0.0011 vs. NC-EBM release);
Figure 23C.

Finally, the released factors after 48 h also enhanced the 7z vitro tubulogenic capacity
of mouse OECs, by increasing both the total loops number and total tube length

(P=0.0002 and P=0.0057 vs. NC-EBM release, respectively); Figure 23D.
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Figure 23. EPCs-secretome preserves its pro-angiogenic biological functions

after processing for encapsulation in PLGA nanocarriers and subsequent release.
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A) Scheme of the release process iz vitro mimicking physiological conditions. Graphs
representing the proliferation of mouse OECs after treating with B) pre- and post-
lyophilised EPCs-secretome (n=6) and C) with the released factors after 48 h at the
conditions depicted above (n=06). D) Representative micrographs and automated
analysis by Wimasis Image Analysis®, and graphs representing the 7 vifro vasculo-
angiogenic capacity of mouse OECs receiving the 48 h released factors from NC-CM,
in terms of number of loops (left) and tube length (right); n=5. All data are represented
as meantSD. **P<(0.01, ***P<0.001. cCM: secretome pre-lyophilisation; cCM-LYO:
secretome post-lyophilisation; r-NC-EBM/CM: released factors after 48 h from cEBM-

or cCM-loaded nanocartiers, respectively.

We also sought to study whether NC-CM treatment could promote endothelial
mature/progenitor cell proliferation 7z vitro. We tested increasing concentrations of
NC-CM and none promoted the proliferation of neither mouse OECs nor human
brain ECs (P>0.05 vs. cEBM at the respective concentration for all measures);

Figure 24.

In addition, we observed a cytotoxic effect at increasing concentrations of both
EBM- and CM-loaded NC, in both mouse OECs and human ECs, at the highest
concentrations of 1,000 mg/mL and 2,000 mg/mL (P<0.05 vs. pure EBM for all
measures), showing an average cell viability percentage vs. EBM below 55 % for both
cell types treated with NC-EBM and NC-CM, at 1,000 mg/mlL and 2,000 mg/mL;
Figure 24. Therefore, we were technically unable to prove the therapeutic effect of

NC-CM when treating with the whole nanoformulation in the tested cell lines.

The PLGA nanocarriers used for the present study were designed to target the
ischaemic brain through magnetic retention. However, no additional moieties were
incorporated onto the PLGA shell for a BBB specific transport mechanism. Yet, we
aimed to evaluate whether endothelial cells, as the first barrier for brain delivery, were
able to uptake these NCs 7 vitro. Our results show that, indeed, endothelial cells

(both mature brain ECs and OECs) uptake the nanocarriers, presumably by
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endocytosis, as the co-localisation of the NC fluorescent tag (Cy5) with internal

membranes staining (DiOC) suggests (Figure 25).
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Figure 24. Effects of NC-CM on the proliferation of mouse OECs and human
brain ECs. A) Graphs showing mouse OECs proliferation, measured by the cell
viability CCK-8 assay at 48 h after treatment with increasing concentrations of NC-CM
(50 to 2,000 pg/ml; n=4). Below, representative micrographs showing mouse OECs in
culture without (0 pg/mL) and treated with 500 pg/mL, at 48 h after treatment. B)
Graphs showing human brain ECs proliferation, measured by the cell viability CCK-8
assay at 48 h after treatment with increasing concentrations of NC-CM (50 to 2,000
ug/mL; n=4). Below, representative micrographs showing hCMEC/d3 cells in culture
without (0 ug/mL) and treated with 500 ug/mlL, at 48 h after treatment. All data are
represented as median (IQR). **¥P<0.01 vs. EBM, ***P<0.001 vs. EBM, ****P<(.0001
vs. EBM.
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DAPI / DiOC / Cy5-labelled NC

Figure 25. Temporal NC-CM uptake by mature brain ECs and OECs.
Representative confocal micrographs showing the cellular uptake of Cy5-labelled NCs
by hCMEC/d3 cells (above) and mouse OECs (below), at 6 h, 24 h and 48 h. Cell
membranes were stained by the lipophilic dye DiOC (green), and nuclei stained with
DAPI (blue). Scale bar: 10 pm.

4.2.2. Encapsulation efficiency

Previous studies have proven the versatility of PLGA nanocarriers for encapsulation
ot adsorption of different proteins.””**” However, in light of the large amount of
factors in the EPCs-secretome, the composition of which has been previously
described by our group (Annex II),*” we aimed to determine the protein loading of
NC-CM through quantification of total protein and specific representative EPCs-

released proteins (T'able 8).

Our results demonstrate the ability of PLGA nanocarriers to encapsulate different

proteins, with a total protein loading of 5.3+1.9 pg per mg of NCs.
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Table 8. NC-CM encapsulation efficiency and drug loading.

Drug loading (pg/mg NC) EE%
Multiplexed ELISA for specific proteins
VEGF 7.5%£2.7 48.2125.8
PTX-3 142483 .
GM-CSF 45%1.8 29.4%20.9
Angiogenin 21.7+3.4 54.9£35.8
Singleplex ELISA for specific proteins
Angiogenin 27.1%19.1 49.8425.1
CBQCA protein quantitation kit
Total protein 5,300£1870 41.1£13.3

All data are represented as meantSD; n=4-8. EE% could not be calculated for PTX-3 due to pre-
encapsulation CM protein measurement falling out of the range of the standard curve.

Taking into account both specific and total proteins, our EPCs-secretome
encapsulation process into PLGA nanocarriers showed an average encapsulation

efficiency of approximately 45%.

However, the encapsulation efficiency was different amongst proteins (ranging from
29.4£20.9% for GM-CSF to 54.9135.8% for angiogenin), probably due to their

different molecular weights and chemical-structural properties.

Importantly, the drug loading/encapsulation efficiency measured for angiogenin by
two different techniques showed similar results, proving the reliability of the used

methods (Table 8).

4.2.3. Nanocarriers characterisation for 7in vivo studies

The magnetic PLGA nanocarriers used for the present study were further

functionalised with fluorescent tags (Cy7.5 or Cy5) for zn vivo imaging purposes.

The different Cy7.5- and Cy5-labelled NC batches used in this study presented a
similar linear dose-dependent fluorescent signal (Total Radiant Efficiency, TRE)
when imaged ex vivo although Cy5-labelled NCs displaying a higher signal-to-noise
ratio, resulting in higher TRE values (Figure 26).
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Figure 26. Cy7.5/Cy5-labelled NC batches fluorescence in vitro. A) Representative
FMI images of increasing Cy7.5-NC concentrations in saline (0 mg/mL to 1 mg/mL).
Graph representing the quantification of TRE on ROIs for each plate well at increasing
NC concentrations, corrected by the TRE from the corresponding control well (saline).
B) Representative FMI images of increasing Cy5-NC concentrations in saline (0 mg/mL
to 1.5 mg/mL). Graph representing the quantification of TRE on ROIs drawn for each
plate well at increasing NC concentrations, corrected by the TRE from the

corresponding control well (saline).

4.3. Endovascular administration of magnetised nanocarriers to

enhance brain delivery after stroke

4.3.1. Administration route and magnetic retention

Our results showed a significant increase of the 7z vivo brain TRE at all the acquisition
time points after i.a. administration compared to the i.v. route, both in the absence
(F1) or presence (M1) of an external magnetic field (P=0.0062, P=0.0062 and
P=0.0016 for F1 at 30 min, 1 h and 3 h post-injection, respectively and P=0.0025,
P=0.0025, P=0.0025 for M1 at 30 min, 1 h and 3 h post-injection, respectively); see
Figure 27.
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Figure 27. Biodistribution after NCs administration showing the advantage of

the i.a. route for brain targeting in naive mice. A) Scheme of the Biodistribution study
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1 and representative 7z vivo FMI images at 3 h after i.v./i.a. NC injection. B) Graphs
showing the TRE quantification on brain (left panel) and abdominal (right panel) ROIs
from in vivo FMI acquisitions at 30 min, 1 h and 3 h after NCs administration. All data
are shown as mean®SD, except the graphs showing the TRE in the brain ## vive, which

are shown as median (IQR). **P<0.01, n.s.: non-significant.
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Figure 28. Biodistribution after NCs administration showing the advantage of
the i.a. route for brain targeting in naive mice. A) Scheme of the Biodistribution study
1 and representative ex vivo FMI images at 3 h after i.v./i.a. NC injection. B) Graphs
showing the TRE quantification on brain, lungs, heart, liver, spleen, kidneys, and bladder
ROIs from the ex vivo FMI acquisition without magnetic retention (left; F1) or with

magnetic retention (right; M1). All data are shown as mean*SD. *P<0.05, **P<0.01.
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Figure 28 also shows the significant NC signal increase in the brain ex vivo at 3 h
post-injection of animals receiving ia. infusions vs. iv. (P=0.0016 for F1 and
P=0.004 for M1). Specifically, the brain fluorescent signal at 3 h after ia.
administration was increased 2.53%0.95 times 7 vivo and 5.6520.96 ex vivo. Absolute
fluorescence values were similar between administration routes in the abdominal
region at all the 7# vivo acquisition time points (Figure 27) and ex vivo in all organs
(except the brain) at 3 h post-injection (Figure 28), and did not change in the

presence of a magnetic field (P>0.05 for all measures).

However, when comparing the individual relative fluorescence in the abdominal
region (as the TRE percentage on the abdominal ROIs versus the total TRE from
all the ROIs drawn in iz vivo FMI acquisitions) we found that it was significantly
reduced in the ia. administration vs. the iv. route (P=0.0109, P=0.0062 and
P=0.0031 for F1 at 30min, 1 h and 3 h post-injection, respectively and P=0.0025,
P=0.0025, P=0.0025 for M1 at 30min, 1 h and 3 h post-injection, respectively; see
Figure 29), and was also reduced in the liver ex vivo in the endovascular route with

the magnet M1 (P=0.0012); see Figure 29.

As shown in Figure 27, no differences were observed in the retention of the NCs in
the whole brain when implanting the magnet M1 for 30 min (P>0.05 for M1 vs. F1
for both administration routes). However, when dissecting the cortical and
subcortical tissue we observed a significant increase (P=0.0382; Figure 30) in the
brain fluorescence in the ipsilateral cortex when the magnetic field was applied by
M1, in areas under the influence of the magnetic field. Furthermore, a NC signal
increase in the ipsilateral cortical and subcortical tissue was observed compared to

the corresponding contralateral (P<0.05 for all measures; see Figure 30).
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Figure 29. Biodistribution after NCs administration showing the advantage of
the i.a. route decreasing off-target accumulation. A) Graphs showing the
quantification of the TRE percentage on the abdominal ROIs versus the total TRE from
all the ROIs drawn for each animal from 7# vivo FMI acquisitions at 30 min (left) and 1
h (right) after NCs infusion. B) Graphs showing the quantification of the TRE
percentage on the abdominal ROIs versus the total TRE from all the ROIs 7 vivo (left),
and on the liver ROI versus the total TRE from all the organ ROIs ex vzvo (right), at 3 h
after NC administration. All data are shown as median (IQR), except the TRE

percentage on the liver ex vivo, showed as mean®SD. *P<(0.05, *¥P<(0.01.
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Figure 30. Brain nanocarriers distribution after MCAO and i.a. administration in
naive mice, showing the improved cortical NC brain targeting with the
permanent magnet (M1). A) Scheme of the Biodistribution study 2 and representative
images ex vivo FMI of the ipsilateral (IL)/contralateral (CL) cortical (C) and subcortical
(SC) brain regions at 3 h after i.a. NC injection. C) Graphs showing the corresponding
quantification. Data shown as median (IQR). *P<0.05, **P<0.01, ***P<0.001.

4.3.2. Safety of hyperacute endovascular administration of magnetised
nanocarriers after cerebral ischaemia

Adverse events have been previously described after i.a. cell administration such as

172206207 1y this regard, it should be

micro-occlusions or increased mortality rate.
highlighted that the average size of the nanomaterial used in the present study was
273.21%34.7 nm, within an acceptable range to avoid embolisation complications.
Our protocol for the endovascular administration of NCs for brain targeting through
the ICA in mice only transiently reduced the CBF at moderate levels for the first 10
min post-administration (34.8%£29.2% CBF reduction); see Figure 31B.

Furthermore, no differences were observed in the mortality rate between ischaemic
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mice receiving NCs or vehicle intraarterially (21.1% and 27.3%, respectively
(P=0.727); see Figure 31C. Importantly, we observed a trend (P=0.091) between
the total iron load dose and the mortality rate amongst ischaemic C57 mice receiving
NCs intraarterially, which alerts us on potential harms of the use of certain

nanomaterials.

The safety study also showed that the body weight loss after MCAO was similar
amongst NCs and vehicle groups and within the expected values (Figure 31D). Our
results also showed no significant differences in the functional outcome, infarct
volume nor haemorrhagic transformations, as measured by the ECASS classification,

number of haemorrhages and haemorrhage volume (P>0.05 for all measures)

(Figure 31D, E, F).

Potential systemic toxicity of the endovascular-ICA administration of NCs was
studied at 48 h and 4 weeks after MCAO (Table 9) and no significant differences in
the levels of ALT, lipase, creatinine, urea and Na’" were observed amongst groups

(P>0.05 for all measures).

Only AST (an unspecific liver marker, also indicative of muscular injury) was
increased at 48 h vs. the Naive group (P=0.031 and P=0.031 for Vehicle and NC
groups, respectively) and CK, a muscular injury-related enzyme, was increased at 48
h in the NC treatment vs. the Naive group (P=0.027). Importantly, the increased
levels of AST and CK in the vehicle and NC groups returned to normal levels at 4
weeks (P>0.05 for all comparisons), thus confirming the muscle injury-related
increased levels of AST and CK acutely after the surgical intervention in the MCAO

model.

Finally, regarding the pancreatic markers, the levels of a-amylase were increased at
48 h after the ischaemia compared to the Naive group (P=0.0025 for the NC group),
returning to normal levels at 4 weeks (P=0.0005 vs. the NC group at 48 h post-
ischaemia). On the other hand, plasma lipase levels were decreased at 48 h compared

to the Naive group, regardless of the treatment (P=0.011 and P=0.0002 for the
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vehicle and NC groups, respectively). And importantly, the levels at 4 weeks were
similar amongst groups and compared to the Naive condition levels (P<0.05 for all
measures), while the levels at 4 weeks were significantly increased in all groups
compared to their respective levels at 48 h (MCAO controls P=0.0024 and NC-
treated ischaemic mice P=0.0016), indicating an alteration related to the MCAO

model, but not to the treatment.

Table 9. Plasmatic toxicity markers from the Safety study.

MCAO + MCAO +
Naive MCAO . . .
(n=8) Vehicle i.a. NC i.a.
48 h 4 wk 48 h 48 h 4wk
@%TL) 37.7416.7 38.8416.2 43.6424 46.9429.5 46.3+14.1 25.5+12.4
+ +
AST (UI/L) 13514767 32041531 12124652 442'0;333'9 BTSEL 0074199
+
CK (UI/L) 4069+1542 4945152  289.2%175.7  818.0+256.7 973‘1;447'8 292.4+65.3
Creatinine |, ) 0.09+0.02 0.0940.01 0.0840.03 0.08+0.02 0.08+0.03
(mg/dL)
Oz 51.5+9.3 41.540.7 2942.7 39.3+6.5 40.3+11.9 34+8
(mg/dL)
2+
Na 142.441.5 151.643.1 145.2+1.5 148.8+4.9 146.5+6.6 145435
(mmol/L)
- + +
* (‘%‘;%“ 1,856+147.4 20904527 1,978.82382 23873797 2001513339 1.857.3440.7
i + + + +
(LIIJI;?S Ca8i134 2840 82,*26.6 38.7*,*43.5 34;3*;37 63,*13.6

Data represented as mean£SD. *P<0.05 vs. Naive, **P<0.01 vs. Naive, ***P<0.001 vs. respective 48 h group
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Figure 31. Safety of hyperacute i.a. NCs administration after MCAO and

magnetic targeting. A) Scheme of the experimental design of the short-term Safery

117



Results

study (C-F; n=13/group). B) CBF monitoring during and after i.a. administration of NCs
(Td, n=06). C) Mortality rate amongst treatment groups. D) Graphs showing neuroscore
and grip strength (GS) measurements, and body weight follow-up. E) Haemorrhages
evaluation by visual classification according to ECASS criteria represented as the
percentage of animals classified into each category (above), haemorrhage volume and
haemorrhage counts (below). F) Graphs showing total infarct volume and percentage,
and representative TTC-stained brains used for quantification. All data are represented
as meantSD, except data represented in haemorrhage volume/count and neuroscore

graphs, showing the median IQR). n.s.: non-significant.

4.3.3. Magnetic field modelling to improve brain nanomaterial retention

We investigated the magnetic properties of the two FeNdB magnets designed as NC
retention devices for the mouse brain, a permanent magnet (M1) and a focused
magnet (M2). Experimental measurements of the spatial magnetic field distributions
at different distance from the surface of the M1 and M2 showed that the magnetic
force decreases as an inverse square law with the distance, displaying a higher
magnetic force within the first 3 mm from the surface. However, M2 displays a 2.5-
fold increase of the maximum values of the magnetic field and 5.5-fold increase of
the magnetic force compared to M1, which is in agreement with the theoretical
modelling of the magnetic field distribution of both magnet prototypes (Figure 32A-
B). Finally, the magnetic retention capacity of both magnets was validated by means
of a dust magnetic targeting test (Figure 32C), which was further confirmed for the
focused magnet (M2) using a chicken egg model for MRI tracking of an injected

magnetic fluid under the influence of the magnetic field (Figure 32D).
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Figure 32. Characterisation of the magnet devices: magnetic field, magnetic force
and magnetic targeting validation. A) Spatial distribution by computational
modelling of the magnetic field and spatial distribution of the magnetic force for M1
(left) and M2 (right) at 3 mm above the magnet surface. B) Graph showing the magnetic
field (B; dotted lines) and magnetic force (B*dB; straight lines) of M1 (black) and M2
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(red) at 3 mm above the magnet surface, measured by 3D Hall probe. C) Image (above)
of M1 and M2 devices and illustrative image (below) of the dust effectivity test of
magnetic targeting of ferrimagnetic magnetite microparticles (MP) for M1 and M2. D)
T2*WI for the tracking of a magnetic fluid under the influence of the focused magnet
M2 at 45 min after injection in a chicken egg model, indicating the injection and magnet

implantation sites.

Next, we aimed to prove the z vivo effectiveness of M1 and M2 devices on magnetic
brain targeting after hyperacute endovascular NCs administration at the calculated
therapentic dose after cerebral ischaemia by FMI (Figure 33A). Our results show a
significant 2.42%0.78-fold increase of 7z vivo NC signal reaching the brain region at 3
h only by the M2 device compared with the F2 control (P=0.0209). This advantage
was maintained at 48 h post-injection 7 vivo (2.5610.53-fold increase, P=0.0001) and
confirmed ex vivo (2.16%0.8-fold increase, P=0.0398). On the other hand, the M1
device showed a 1.72%0.51-fold increase in brain NC signal 7z vivo at 48 h post-
injection compared to the F2 control, although not significant (P=0.055).
Importantly, M2 device showed 1.49£0.31 times more brain NC signal at 48 h than
M1 in vive (P=0.0182). In parallel, FMI values were similar in the abdominal region
in vivo at 3 h and 48 h post-injection and ex vivo in all organs (P>0.05 for all measures,

Figure 33B).
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improved NC brain targeting with different magnetic devices and superior
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petformance of the focused magnet (M2). A) Scheme of the experimental
Biodistribution study 3. B) Representative 7z vivo FMI images at 3 h and 48 h after i.a. NCs
administration and graphs showing the corresponding quantification on brain and
abdominal ROls, corrected by their control animal. C) Representative ex vzvo FMI images
3 h after i.a. NC administration and graph showing the quantification of TRE on ROIs
from organs imaged by FMI ex vivo after the last iz vivo acquisition. Data are shown as

meantSD. #P<0.10, *P<0.05, ***P<0.001.

Importantly, no associations between NC batch fluorescence and treatment group
were observed, discarding batch-dependent biased results for the FMI data described

above (Figure 34).
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Figure 34. Cy7.5-labelled NC batches fluorescence in vitro: distribution of NC
batches amongst in vivo Biodistribution studies 1-3. A) Correlation between TRE
on brain ROIs quantified by EMI 7z vivo at 3 h after Cy7.5-NCs injection and the TRE
quantified by FMI 7z vitro of the corresponding Cy7.5-NC batch at 0.1 mg/mlL. B)
Correlation between TRE on brain ROIs quantified by FMI 7 vivo at 3 h after Cy7.5-
NC injection and the TRE quantified by FMI 7 vitro of the corresponding Cy7.5-NC
batch at 1 mg/ml..

From a translational perspective, we aimed to confirm the results by MRI, a clinically-
relevant technique, to better define the spatial brain distribution of the NCs after M2
implantation using the T2 relaxation properties of the SPIONSs; see Figure 35. In

accordance with the results observed by FMI, a significant increase in the particles

122



Results

count was observed in the ipsilateral cortex when the M2 device was implanted vs.

the F2 control (P=0.0125), thus confirming the success in magnetic retention of the

NCs in the brain cortex.
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Figure 35. Spatial brain distribution of the NCs after i.a. administration and
magnetic retention with the improved focused magnet (M2) in the MCAO model.
A) Scheme of the Biodistribution study 4. B) Representative brain T2*WI 48 h after i.a.

NCs administration and graphs showing the corresponding particle analysis of the
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hypointense signals attributed to SPIONSs in ipsilateral (IL)/contralateral (CL) cortical
(C) and subcortical (SC) regions. Data represented as median (IQR). #P<0.10, *P<0.05,
**P<0.01, #*P<0.001.

Finally, a specific Prussian blue staining was conducted to confirm the MRI findings,
to identify the location of ferric iron of the nanomaterial in tissues. Spleen slices were

28 and liver slices were also stained to confirm the

used as ferric iron-stain controls
presence of NCs in tissues, as they typically accumulate in the liver. Representative
images of liver and spleen from animals receiving NCs intraarterially in the presence

of M2 magnetic retention are shown in Figure 36.

Area 1 Area 2 Area 3

Liver

Spleen

Figure 36. Verification of NCs staining by Prussian blue. Liver and spleen slices
were stained as controls of NCs stain and endogenous ferric iron, respectively. Upper

insets show magnified positive signals. Scale bar: 30 pm.

Brain slices from mice receiving NCs intraarterially, in the presence of M2 magnetic
retention, showed extensive positive staining in the ipsilateral brain hemisphere,
predominantly in micro-vessel-like structures, while the presence of ferric iron in the
contralateral hemisphere was negligible, matching with the FMI and MRI results (see

Figure 37).
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Contralateral ‘ Ipsilateral

Ipsilateral

Contralateral

Figure 37. Verification of NCs brain distribution by Prussian blue ferric iron
staining (contained in the SPIONS). Staining on brain shows a major and extensive
signal in the ipsilateral hemisphere; note that most positive stain corresponds to micro-

vessel-like structures in saline-perfused brains. Scale bar: 20 pm.
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4.4. Endovascular-nanotargeted EPCs-secretome treatment after

cerebral ischaemia

4.4.1. Short-term efficacy after hyperacute endovascular administration of

free or nanotargeted EPCs-secretome in ischaemic mice

In light of the previous results proving a safe brain targeting improvement through
hyperacute i.a. NCs administration and magnetic targeting (M2), we next aimed to
evaluate whether the endovascular administration of nanotargeted EPCs-secretome

was feasible, safe, and promoted neurovascular repair after cerebral ischaemia.

Considering the hyperacute treatment timing to take advantage of the i.a. route after
mechanical reperfusion, a first group of ischaemic mice receiving vehicle, NC-CM
with magnetic retention (M2) or f-CM (n=10-13/group), was followed for 48 h in
order to evaluate the short-term therapeutic efficacy (Efficacy study 7). The results

obtained are detailed in the following sections.
4.4.1.1. Short-term functional outcome and brain damage

Our results showed no significant differences amongst groups in the functional
outcome, body weight loss, nor mortality, during the first 48 h after MCAO (P>0.05

for all measures; Figure 38).

As described above, the results obtained in the Safery study did not show adverse
events related to hyperacute i.a. NCs administration in the context of cerebral
ischaemia. It should be highlighted that the average size of the NCs when
encapsulating cCM or cEBM was slightly larger than the NC-W (312.1£32.0 and
295.5161.4 vs. 266.2£28.8, respectively). However, we did not observe an increased
infarct size nor haemorrhagic transformations in the NC-CM group compared to the
vehicle group (P>0.05 for all measures; Figures 39 and 40). On the contrary, a slight
increase in the cortical infarct percentage was observed in the f-CM group (P=0.096
vs. Vehicle; Figure 39). Yet, f-CM-treated mice did not show an increased risk of

haemorrhagic transformation, as measured by the ECASS score, and haemorrhages
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count and volume (P>0.05 vs. Vehicle for all measures). There was however a slight
correlation between the cortical haemorrhages and infarct volumes in the f-CM

group, yet not reaching statistical significance (r=0.4262, P=0.1467, Figure 40).
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Figure 38. Functional outcome after hyperacute i.a. NC-CM or {-CM
administration after MCAO and NCs magnetic targeting (M2). A) Scheme of the
experimental design of the short-term Efficacy study 1. B) Graphs showing neuroscore
and grip strength (GS) measurements, and body weight follow-up. C) Mortality rate after
NC-CM or f-CM endovascular administration. All data are represented as median (IQR).

n.s.: non-significant.
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Figure 39. Infarct size after hyperacute i.a. NC-CM or f~-CM administration after
MCAO and NC magnetic targeting (M2) (Efficacy study 1). A) Representative
TTC-stained brains used for quantification (left) and graph showing the total infarct
percentage (right) B) Graphs showing the infarct percentage in the cortical and

subcortical brain regions. All data are represented as mean®SD. n.s.: non-significant.
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Figure 40. Haemorrhagic transformation after hyperacute i.a. NC-CM or f-CM
administration after MCAO and NC magnetic targeting (M2) (Efficacy study 1).
A) Graphs representing the cortical (Ctx; above) and total (below) haemorrhage count
and volume. B) Haemorrhages evaluation by visual classification according to ECASS
criteria represented as the percentage of animals classified into each category. C)
Correlation between the cortical (Ctx) haemorrhage and infarct volumes. Data

represented as median (IQR). n.s.: non-significant.
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4.4.1.2.  Effects of free or encapsulated EPCs-secretome on the BBB and

the neuro-inflammatory response after cerebral ischaemia

The early administration of pro-angiogenic factors after cerebral ischaemia, such as
VEGTF, has been related to an increased BBB leakage, coupled with an enhanced risk
of haemotrrhagic transformation and increased infarct size.”” Taking this into
account and after observing an increased cortical infarct size in the group receiving
free EPCs-secretome, we sought to evaluate the BBB through the expression of
different junctional proteins in isolated brain vessels (Figure 41), and the neuro-
inflammatory response through the expression of cytokines/chemokines in total

brain homogenates (Table 10/Figure 42).

Our results suggest that the hyperacute i.a. treatment with f~-CM might affect the
junctional proteins’ expression in the BBB (as seen by the reduced expression of
some TJs proteins, while this effect is not induced when the secretome is

administered encapsulated (NC-CM) (Figure 41).

Specifically, the expression of Claudin-5 was decreased in the contralateral brain
vessels from mice receiving £-CM (P=0.0003 vs. Vehicle), while no differences were
observed in the NC-CM group (P>0.05 vs. Vehicle) The same observations were
found for ZO-1 which was significantly reduced in the contralateral brain vessels
from f-CM-treated mice (P=0.0117 vs. Vehicle), overall pointing to an off-target
effect of the EPCs-secretome when given freely, but avoided when administered in

the PLGA NCs.
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Figure 41. Effect of hyperacute i.a. NC-CM or f~-CM administration on BBB
junctional proteins. A) Representative images used for western blotting analysis of
Claudin-5, Occludin, ZO-1 and VE-Cadherin. B-E) Graphs representing the exptression

of claudin-5, occludin, ZO-1 and VE-Cadherin corrected by Coomassie-stained total
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protein, in the ipsilateral (IL; above) and contralateral (CL; below) brain blood vessels,
respectively. All data are represented as mean®SD, except for ipsilateral ZO-1 values,
which ate represented as median (IQR). kDa: kilodaltons, n.s.: non-significant, #P<0.10,
*P<0.05, **P<0.001.

Next, a multiplexed ELISA was performed to evaluate the inflammatory response in
the brain at 48 h after cerebral ischaemia and hyperacute i.a. treatment with vehicle,
NC-CM or f-CM. The results from all the multiplexed molecules are presented in
Table 10, and those showing a significant difference amongst treatment groups are

represented in Figure 42.

First, the levels of several pro-inflaimmatory cytokines (IL-6, KC, and MCP-1) were
significantly increased in the ischaemic brain compared to the healthy hemisphere,
regardless of the treatment (P<0.0001 vs. contralateral for all measures), confirming

the acute inflammatory response in the ischaemic brain.

Furthermore, only the f-CM-treated mice presented increased levels of MIP-2 in the
ipsilateral brain compared to the healthy brain (P=0.034), and a slight yet not
significant increase in the ipsilateral levels of GM-CSF and TNF« compared to the

contralateral (P=0.131 and P=0.126, respectively).

Importantly, the treatment with f-CM elevated the ipsilateral brain levels of GM-CSF
and TNFa compared to the vehicle group (2.14-fold increase, P=0.0046, and 1.53-
fold increase, P=0.0224, respectively).

In contrast, the brain levels from all of the chemokines/cytokines investigated were
similar between NC-CM-treated mice and those receiving vehicle, both in ipsilateral

and contralateral brain homogenates (P>0.05 for all measures vs. Vehicle).
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Table 10. Brain levels of neuro-inflammatory molecules at 48 h after cerebral

ischaemia and hyperacute i.a. treatment with free/nanotargeted EPCs-secretome.

. ANOVA FCM

Markers Vehicle f-CM JK-W vs. vs.
(pg/mg) (pg/mg) (pg/mg) (P-value) Ve.hlcle Ve.hlcle
(adj. P-v) (adj. P-v)
Ipsilateral brain
GM-CSF 25.9112.7 26.0+16.0 55.4122.6 0.0036 >0.999 0.0046
IFNy 5.02%£3.53 4.8213.44 6.0412.61 0.6663 0.9870 0.7023
IL-1a 379.84229.8 290.6+£199.9 449.7£295.8 | 0.3544 0.5722 >0.999
IL-18 8.60£3.93 6.06£3.06 8.4213.65 0.3152 0.4151 >0.999
114 0.71%£0.26 0.5410.32 0.88%0.36 0.0361 0.1976 0.7481
IL-6 438.§>;_"*>3k52.7 313.213*2*28.57 619:;_"*100.9 01506 >0.9999  0.3905
IL-10 33.7+18.0 26.2+18.6 48.61£25.7 0.0373 0.6690 0.2307
CXCL1/KC 163121414 127.7873.6 - 170.5E88.6 | (3880 0999 03046
MCP-1 13182673 HGTETT  AT0AEI99 1 o570 50999 05062
CXCL2/MIP-2 34.0%£13.0 27.4+10.6 46'7f18'3 0.0178 0.4847 0.1043
TNFu« 4.05+1.48 3.13%£1.71 6.18%£2.07 0.0021 0.4127 0.0224
Contralateral brain

GM-CSF 31.91182  365+203  42.8429.0 | 0.4827  0.8663  0.4660
IFNy 3.72%£2.15 5.2813.56 6.2314.40 0.4162 0.5411 0.4571
IL-1a 265.51126.7 251.0£137.9 337.84241.2 | 0.9114 >0.999 >0.999
IL-18 6.6212.74 6.5713.15 6.412.0 0.973 0.9990 0.9666
I1L-4 0.64£0.26 0.66%£0.48 0.69£0.34 0.8323 >0.999 >0.999
IL-6 21.3%+13.0 26.8+18.4 35.5118.4 0.1087 0.6857 0.0718
IL-10 27.6x14.4 29.7+18.3 37.0£18.2 0.4304 >0.999 0.4168
CXCL1/KC 24.1%6.6 26.0£10.1 33.6x11.6 0.2325 >0.999 0.2846
MCP-1 39.61£28.7 33.4%+15.9 40.9%+18.7 0.6750 >0.999 >0.999
CXCL2/MIP-2 28.4%+10.7 26.0£10.6 30.219.4 0.6647 0.8361 0.8987
TNFu 3.48%1.50 3.4711.44 4.811.8 0.1411 0.9999 0.1629

Data represented as meantSD. *P<0.05 vs. respective contralateral, ****P<0.0001 vs. respective
contralateral. Adj. P-v: adjusted P-value.
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Figure 42. Effects of hyperacute i.a. NC-CM or f-CM administration on the brain

inflammatory status at 48 h after cerebral ischaemia. Graphs representing neuro-
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inflammatory molecules differently expressed amongst ipsilateral (IL)/contralateral (CL)
brains or amongst treatment groups (n=10/group). All data are expressed as pg of
protein per mg of total protein, and represented as median (IQR), except MIP-2 and
TNFa, which are represented as meantSD. #P<0.10, *P<0.05, **P<0.01,
#+P<(0.0001 (the colours represent comparisons between brain hemispheres within

each treatment group, respectively).

4.4.2. Long-term efficacy after hyperacute endovascular administration of

free or nanotargeted EPCs-secretome in ischaemic mice

It should be noted that we were unable to confirm the efficient arrival of nano-
encapsulated EPCs-secretome proteins in the brain (Biodistribution study 5). The
optical densities from the tested samples (brain homogenates and brain vascular
fractions from ischaemic mice at 3 h after acute i.a. NC-CM administration), fell
under the limit of detection of the technique (data not shown), probably due to the low
amount of single specific proteins loaded in the biodistribution dose of 1.6 mg of NC-
CM. Furthermore, the samples were not tested with the uPA ELISA given the cross-
reactivity detected with the mouse-derived protein in the brain samples of non-

treated mice (data not shown).

Despite this, we aimed to evaluate the long-term therapeutic efficacy in ischaemic
mice at 2 weeks after receiving hyperacute i.a. vehicle, NC-CM with magnetic

retention (M2) or £-CM (n=9-10/group; Efficacy study 2).
4.4.2.1. Long-term NCs biodistribution

First, in order to study the nanomaterial biodistribution beyond the acute phase, two
different groups of ischaemic mice receiving i.a. NC-CM with magnetic retention
(M2) were followed for 48 h or 1 week, respectively, when NC-CM biodistribution

was assessed by 7z vivo and ex vivo FMI (Biodistribution study 6; Figure 43).

The Cy5-NC signal was still detectable in the brain at 1 week after administration,

but also in off-target organs, as seen both by 7 vive and ex vivo FMI (Figure 43).
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Figure 43. Biodistribution after i.a. NC-CM administration and magnetic
targeting (M2) in ischaemic mice showing the NCs clearance at 1 week after
administration. A) Scheme of the experimental design of Biodistribution study 6. B)
Representative iz vivo FMI images at 48 h and 1 week after i.a. NCs administration and
graphs showing the corresponding TRE quantification on brain and abdominal ROIs

corrected by their control animal. C) Representative ex vivo FMI images at 48 h and 1
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week after i.a. NCs administration and graph showing the quantification of TRE on
ROIs from all organs corrected by their control animal. Data are shown as median

(IQR). #P<0.01, *+P<0.001.

Nevertheless, a significant clearance of the NCs signal was observed when
comparing the 7z vivo and ex vivo TRE values at 1 week vs. 48 h. Specifically, our
results showed a significant 2.04-fold decrease of the 7z vivo NCs signal reaching the
brain region, and a significant 2.92-fold decrease of the 7# vivo NCs signal reaching
the abdominal region at 1 week vs. 48 h (P=0.0007 and P=0.0027, respectively). Ex
vivo, a significant decrease of the TRE was also observed in all of the organs
investigated at 1 week vs. 48 h post-administration (Brain: 4.07-fold, P=0.0007;
Lungs: 2.94-fold, P=0.0007; Liver: 6.85-fold, P=0.0007; Spleen: 3.09-fold, P=0.0127;
Kidneys: 2.21-fold; P=0.0127). Furthermore, the Cy5-labelled NCs fluorescence co-
localised with vessels (stained with FITC-conjugated lectin), as seen in ex o

perfused brain slices at 48 h after i.a. NCs administration (Figure 44).

Ipsilateral Contralateral

DAPI / Lectin-FITC / Cy5-labelled NC

Figure 44. Ex vivo Cy5-NCs fluorescence showing ipsilateral accumulation in
micro-vessels at 48 h after i.a. administration and magnetic retention (M2). Scale
bar: 500 um. Upper insets show magnified blood vessel (lectin-FITC) with positive Cy5

signal.
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4.4.2.2. Long-term safety and functional outcome

Potential systemic toxicity arising from the endovascular administration of NC-CM
or f-CM was studied in the animals from Efficacy studies 1 and 2, at 48 h and 2 weeks
after MCAO (Table 11).

The levels of ALT were slightly increased in the NC-CM group at 2 weeks compared
to its respective levels at 48 h (P=0.0627). Importantly, though, no differences were
observed in the levels of ALT between treatment groups at any of the time points
analysed (P>0.05 for all measures). In the same line, the levels of AST were similar
between treatment groups at all the time points (P>0.05 for all measures). On the
other hand, AST levels were decreased at 2 weeks vs. 48 h in all groups receiving
vehicle, NC-CM or f-CM (P=0.004, P=0.0057, and P=0.0016, respectively).
Moreover, CK levels were increased in the f~-CM group vs. the vehicle control group
at 48 h (P=0.0498), but no differences were observed at 2 weeks between treatment
groups (P>0.05). A significant decrease was observed in the CK levels at 2 weeks vs.
48 h in the f-CM group (P=0.0068), and in the group receiving NC-CM, although
not reaching statistical significance (P=0.0743). No differences were observed
instead between the levels of CK at the different time points in the vehicle group

(P>0.05).

The results observed in the AST and CK levels are in line with those reported in the
Safety study (section 4.3.2, Table 9), indicating an acute muscular injury likely related
to the surgical procedure, which is resolved at a later stage. However, it should be
highlighted that, as described above, this acute muscular injury was exacerbated in

the f-CM group.

Regarding the markers of renal function, no differences were observed in the plasma
urea levels in the NC-CM vs. the vehicle group, at any of the time points analysed
(P>0.05 for all measures), and no differences were found in neither the vehicle nor

the NC-CM group between their respective time points (P>0.05 for all measures).
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However, the urea levels were slightly increased in the group receiving f-CM
compared to the vehicle group, at 48 h (P=0.0970). These increased levels in the f-
CM group were however normalised at 2 weeks, although not reaching statistical
significance (P=0.068), and the values at 2 weeks were similar amongst groups
(P>0.05 for all measures). Furthermore, no differences were observed between time
points nor amongst treatment groups in the plasmatic Na** levels (P>0.05 for all

measures).

Finally, regarding the pancreatic markers, no significant differences were found in
the levels of a-amylase nor lipase amongst treatment groups at any of the time points
analysed (P>0.05 for all measures), although a significant decrease was detected in
a-amylase at 2 weeks in the NC-CM group vs. its respective 48 h levels (P=0.0349).
On the other side, lipase levels were increased at 2 weeks in all treatment groups
compared to their respective levels at 48 h (Vehicle p=0.0028, NC-CM P=0.0029, {-
CM P=0.0042), indicating an alteration related to the surgical procedure, but not to
the treatment. Furthermore, these results are in line with those reported in the Safery

study.

Table 11. Plasmatic toxicity markers from the Efficacy studies 1and 2.

MCAO + MCAO + MCAO +
Vehicle f-CM
48 h 2 wk 48 h 2 wk 48 h 2 wk
ALT 46.6126.1
+ + + + +
QL) 27.749.8 43.04295  30.8+17.5 Y 2041156  43.04303
+ + +
AST UI/L) 16664369  11O0EB qgg4hg07 87922 yg904355 978921
+ + +
CK(U/L) 28394902 2757%1165 3as6xizry  -0787> 42287 21447842
Urea 34.0%7.6 26.144.8
+ 0147 Q + +9
gy 88E5T 29.147.9 28.0+3.4 31.249.4 ” .
2+
Na 139.542.4 1412431 1381429  1427+41  139.8+32  141.7443
(mmol/L)
- +
* ("{‘}I"/V}"Sse 183244418 2110.62948.6 2079.74660.6 > 20F2508 5167344807 2000548617
i + + +
ﬁ}?;‘i‘;’ 27.749.4 639250 27.0%6.7 62.0:£27.7 21.445.0 7122358

Data represented as mean®SD. #P<0.10 vs. Vehicle, #P<0.10 vs. respective 48 h group, *P<0.05 vs.
respective 48 h group, **P<0.01 vs. respective 48 h group.
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The body weight changes and mortality were similar during the 2 weeks following
MCAO and hyperacute i.a. treatment with either vehicle, NC-CM or {-CM (P>0.05;
Figure 45B). Also, no major changes were observed in terms of functional outcome
during 2 weeks of follow-up amongst treament groups, yet some modest variations
were found in the functional recovery patterns over time within treatment groups,

which are described below (Figure 45C).

An overall significant difference was indeed observed in the neuroscore along time,
regardless of the treatment (P<0.0001). Specifically, a significant improvement in the
neuroscore was observed at 1 week compared to 24 h in the f-CM group (P=0.0431)
and in the NC-CM, although not reaching statistical significance (P=0.1066), but not
in the group receiving vehicle (P=0.2703). At 2 weeks, a significant improvement
was observed in all vehicle, NC-CM and f-CM groups (P=0.0467, P=0.0201, and
P=0.0006 vs. 24 h, respectively). However, no overall significant differences were
observed in the neuroscore based on the treatment (P=0.1242). Despite this, and
although it did not reach statistical significance, the neuroscore was higher at 24 h
and 48 h in the group receiving £-CM, but not significantly (P=0.1546 and P=0.1276
vs. Vehicle, respectively). The grip strength measurements also showed overall
significant differences along time, regardless of the treatment (P<0.0001).
Specifically, the forelimb strength decreased at 48 h in the groups receiving vehicle
or £-CM, but did not change in the NC-CM group (P=0.001, P=0.0332, and
P=0.3937 vs. 24 h, respectively). This forelimb strength decrease was also observed
at 1 and at 2 weeks in all vehicle, NC-CM and f-CM groups (P<0.0001, P=0.0021,
and P=0.0002 at 1 week vs. 24 h, respectively; P<0.0001, P<0.0001, and P=0.0002

at 2 weeks vs. 24 h, respectively).
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Brain angiogenesis was evaluated through lectin functional vessels-staining in the
anatomical SVZ and hippocampal areas, as representative anterior and posterior
brain infarcted regions, respectively. Overall, brain angiogenesis was enhanced in
ischaemic mice at 2 weeks after receiving either encapsulated (NC-CM) or free (f-
CM) EPCs-secretome (Figures 46-49). Nonetheless, some relevant differences
regarding the specific regions of enhanced vascular density were observed amongst

both treatments, which are described below.
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Figure 46. Cortical peri-infarct angiogenesis in the anterior ischaemic brain.
Representative cortical (Ctx) micrographs from lectin immunofluorescence used for
quantification (scale bar: 50 pm), in the peri-infarct (PI) and contralateral (CL) anterior
infarcted brain region from ischaemic mice at 2 weeks after receiving i.a. vehicle, NC-
CM with magnetic targeting (M2), or -CM (long-term Efficacy study 2; n=8-9/group).
Graphs represent the lectin-positive area in the depicted ROIs for each region. All data

are represented as mean®SD. #P<0.10, *P<0.05.
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Our results show that peri-infarct cortical vessel density was significantly

increased in f~-CM-treated animals, both in the anterior and posterior infarcted brain

(P=0.0352, and P=0.0052 vs. Vehicle, Figures 46 and 48, respectively). Surprisingly,

the vessel density of f-CM-treated animals was slightly increased also in the

contralateral cortical tissue, both in the anterior and posterior regions of study

(P=0.0594 vs. Vehicle, and P=0.0253 vs. Vehicle, Figures 46 and 48, respectively).

In contrast, no differences were seen in the vessel density in the peri-infarct nor the

contralateral subcortical brain tissue, in neither NC-CM nor £-CM treated animals

(P>0.05 for all measures; Figures 47 and 49), except for the ipsilateral subcortex in

the posterior brain region of f-CM-treated mice (P=0.0366 vs. Vehicle; Figure 49).
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Figure 47. Subcortical peri-infarct angiogenesis in the anterior ischaemic brain.

Representative subcortical (SC) micrographs from lectin immunofluorescence used for

quantification (scale bar: 50 pm), in the peri-infarct (PI) and contralateral (CL) anterior

infarcted brain region from ischaemic mice at 2 weeks after receiving i.a. vehicle, NC-

CM with magnetic targeting (M2), or £-CM (long-tetm Efficacy study 2, n=8-9/group).

Graphs represent the lectin-positive area in the depicted ROIs for each region. All data

are represented as mean®SD. n.s. non-significant.
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Finally, peri-infarct cortical vessel density was not increased in the anterior
ischaemic brain of NC-CM-treated animals (P>0.05 vs. Vehicle), however it did
promote angiogenesis in the peri-infarct cortical posterior brain (P=0.0262 vs.
Vehicle) and, importantly, there was no off-target increase in vessel density, as seen

in f-CM-treated mice (see Figures 46-48).
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Figure 48. Cortical peri-infarct angiogenesis in the posterior ischaemic brain.
Representative cortical (Ctx) micrographs from lectin immunofluorescence used for
quantification (scale bar: 50 um), in the peri-infarct (PI) and contralateral (CL) postetior
infarcted brain region from ischaemic mice at 2 weeks after receiving i.a. vehicle, NC-
CM with magnetic targeting (M2), or £-CM (long-tetm Efficacy study 2; n=7-9/group).
Graphs represent the lectin-positive area in the depicted ROIs for each region. All data

are represented as meantSD. #P<0.10, *P<0.05, **P<0.01.
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Figure 49. Subcortical peri-infarct angiogenesis in the posterior ischaemic brain.
Representative cortical (Ctx) micrographs from lectin immunofluorescence used for
quantification (scale bar: 50 um), in the peti-infarct (PI) and contralateral (CL) postetior
infarcted brain region from ischaemic mice at 2 weeks after receiving i.a. vehicle, NC-
CM with magnetic targeting (M2), or £-CM (long-tetm Efficacy study 2, n=7-9/group).
Graphs represent the lectin-positive area in the depicted ROIs for each region. All data

are represented as mean®SD. ¥*P<0.05, n.s.: non-significant.

In order to identify potential molecules involved in the underlying mechanisms of
the EPCs-secretome pro-angiogenic effects described above, a mouse angiogenesis
multiplexed ELISA was performed. For this purpose, brain homogenates from the
ischaemic and corresponding contralateral tissue were obtained from representative
samples of the same mice in which angiogenesis was studied (n=6-7/group, long-
term Efficacy study 2). The results from all the multiplexed molecules are presented in

Table 12.
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Table 12. Brain levels of angiogenesis-related molecules at 2 weeks after cerebral

ischaemia and hyperacute i.a. treatment with free/nanotargeted EPCs-secretome.

. ANOVA fFCM
Markers Vehicle f-CM JK-W vs. vs.
(pg/mg) (pg/mg) (pg/mg) (P-value) Vehicle ~ Vehicle
(adj. P-v) (adj. P-v)

Ipsilateral brain

+ +
85.3¥23.0 68.04241 88.5¥33.0

15.6£16.1 11.7£6.9 19.8£17.6

Angiopoietin-2 0.3530 0.4246 0.9689

G-CSF : - ; 08675  >0999  >0.999
EGF 137225 127829 1295261 (0566 07520 0.8267
iy 654830 588£206 5904255 | (oo Snoog 099
Endoglin 20941208 156.6E1210 254331 | (0 1 209
Endothelin1 2201067 ygiao71 20064 1 o513 o422 08116
FGE2 124324063 AD.SE063 1218668 | 02035 gotas a1
HGF 230535971 2402526457 p433 147746 | 09427 09523 0.9249
D3t 1003£365 9688423 1258274 | (g (oo g
MCPA RUB BTH2S TS0 | oo 03756 094cs
SDF-1 24784692 22514713 18024650 | 02500 07796  0.1851
VEGF-A 1082028 089+022 0914018 | 03234 02818 03721

Contralateral brain

Angiopoietin-2 57.9£11.0 54.2114.7 532435 0.7422 0.7792 0.6862

G-CSF 2.02+1.33 1.45%0.72 1.84£1.55 0.7006 0.8940 0.8833
EGF 8.561+1.76 7.49%+1.39 8.41%£1.55 0.4244 0.3856 0.9808
IL-6 3.33£0.66 3.18%0.74 2.87£0.75 0.5424 0.9050 0.4544
Endoglin 82.6+27.1 69.9+29.2 76.0123.3 0.3664 0.3818 >0.999
Endothelin-1 1.41£0.28 1.34£0.45 1.2840.21 0.8008 0.8989 0.7318
FGF-2 1028.2+162.4 982.0£153.5 1084.9+268.1 | 0.6561 0.8821 0.8404
HGF 1666.5+199.5 1667.1£345.1 1794.2£586.7 | 0.8191 >0.999  0.8103
sCD31 60.1+6.5 60.7+5.5 56.3+9.4 0.5233 0.9830 0.5771
MCP-1 14.2+6.0 15.918.1 8.80£2.32 0.0545 >0.999  0.1026
SDF-1 200.7£38.2  197.5+50.7 163.5125.6 0.2326 0.9853 0.2204
VEGF-A 0.92%0.2 0.80£0.20 0.84%0.11 0.3669 0.3097 >0.999

Data represented as mean+SD. #P<0.10 vs. respective contralateral, *P<0.05 vs. respective contralateral,
*P<0.01 vs. respective contralateral, ****P<(.0001 vs. respective contralateral. Adj. P-v: adjusted P-value.
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Most of the angiogenesis-related molecules showed increased levels in the ipsilateral
brain hemisphere at 2 weeks after cerebral ischaemia, compared to the contralateral
brain, which is indicative of a spontaneously-active repair in the post-ischaemic brain.
Specifically, all molecules shown in Table 12 except SDF-1 and VEGF-A, were
increased in the infarcted brain of vehicle-treated mice (P<0.05 vs. contralateral for
all measures). However, the levels of angiopoietin-2, endothelin-1, and MCP-1 were
not significantly different in the ipsilateral brain of NC-CM treated mice, as seen in
vehicle- and f-CM-treated mice (P>0.05 for all measures vs. contralateral). On the
other hand, the group receiving f-CM showed an increased ipsilateral expression of
the same molecules as the vehicle-treated group (P<0.05 vs. contralateral for all
measures), except for FGF-2, which did not reach a statistically significant difference

(P=0.078 vs. contralateral).

Furthermore, it should be highlighted that a marked correlation was found between
the overall ipsilateral brain levels of endothelin-1 and angiopoiein-2 (r=0.8901,
P<0.0001), MCP-1 and angiopietin-2 (r=0.4992, P=0.0296), and MCP-1 and
endothelin-1 (+t=0.5986, P=0.0068). The same association was found between the
overall contralateral brain levels of endothelin-1 and angiopoiein-2 (r=0.9190,
P<0.0001), MCP-1 and angiopietin-2 (r=0.7510, P=0.0002), and MCP-1 and
endothelin-1 (r=0.6954, P=0.0009).

Despite the increased vessel density observed predominantly in the peri-infarct
cortical brain tissue of NC-CM and f-CM-treated mice, we failed to detect differences
in the brain levels of angiogenesis-related proteins, at 2 weeks after cerebral
ischaemia and treatment (P>0.05 vs. vehicle for all measures). Only a trend was
observed in the contralateral levels of MCP-1, which were slightly decreased in the

f-CM group (P=0.1026 vs. vehicle).
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We also sought to study whether free or encapsulated EPCs-secretome therapy had

an effect on neurogenesis, assessed by neuroblasts immunofluorescence staining

(DCX+ cells) and proliferative cells (BrdU+ cells) in the SVZ (Figure 50) and SGZ

(Figure 51). However, we failed to detect significant differences between treatment

groups (P>0.05 for all measures).
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Figure 50. SVZ neurogenesis at two weeks after cerebral ischaemia. Composition

of representative micrographs for DCX (green) and DAPI (blue) showing proliferative

neuroblasts in the SVZ in each treatment group (long-term Efficacy study 2; n=7-

9/group). Graphs represent the quantification of DCX-positive and BrdU-positive areas

in both the ipsilateral (above) and contralateral (below) SVZ. All data are expressed as

meantSD, except DCX-positive area and BrdU-positive area in the contralateral SVZ,

which are represented as median (IQR). n.s.: non-significant.
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DCX+ neuroblasts were observed in both the SVZ and hippocampal SGZ of the

DG of all ischaemic mice, and co-staining with BrdU+ cells indicated that most of

these cells were also under proliferation (Figures 50 and 51). However, neither the

amount of neuroblasts expressed as DCX-positive area in the SVZ or the DG, nor

the proliferative cells expressed as BrdU-positive area in the SVZ, were different

between groups (P>0.05 for all measures; Figures 50 and 51). However, the

proliferative cells, quantified as the BrdU-positive area in the ipsilateral DG were

significantly increased in f-CM-treated mice (P=0.0253 vs. Vehicle; Figure 51).
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Figure 51. Hippocampal DG neurogenesis at two weeks after cerebral ischaemia.

Graphs represent the quantification of DCX-positive and BrdU-positive areas in both

the ipsilateral (above) and contralateral (below) hippocampal DG. All data are expressed

as median (IQR). n.s.: non-significant, *p<0.05.
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Next, we evaluated neural degeneration in the SVZ anatomical brain region at 2
weeks after cerebral ischaemia and treatment, by means of Fluoro-Jade C staining.”"
Our results showed that hyperacute i.a. treatment with NC-CM reduced the cortical
neurodegeneration at 2 weeks after the ischaemic event (P=0.0783 vs. Vehicle), while
no differences were observed in the f~-CM group (P>0.05 vs. Vehicle). Furthermore,
the subcortical and total FJC-positive area was similar amongst groups (P>0.05). It
should be highlighted that the mechanisms for which FJC stains degenerating

neurons remain unclear, and several authors suggest an unspecific labelling of resting

or activated astrocytes and microglia.*'"
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Figure 52. Fluoro-Jade C staining showing neurodegeneration at two weeks after
cerebral ischaemia. A) Representative images showing neurodegenerating brain areas
as FJC-positive regions in the ipsilateral brain (SVZ anatomical region), in all treatment
groups (long-term Efficacy study 2; n=6-7/group). B) Graphs showing the quantification
of cortical, subcortical or total FJC-positive area. All data are represented as mean®SD,

except the cortical FJC-positive area, which is represented as median (IQR). #P<0.10.
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4.5. Translational feasibility of endovascular delivery and magnetic

retention for nanomaterial brain retention

4.5.1. Endovascular nanocarriers delivery in naive pigs

A
“ i.a._NC 40 mg (n=1)
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Figure 53. Pilot study to assess the translational feasibility of endovascular NCs
delivery in healthy adult pigs receiving different doses of Cy7.5-labelled NCs
(n=1/group). A) Scheme of the experimental design, with an angiography insert
showing the micro-catheter (u-C) position for endovascular infusion, proximal to the
rete mirabile (RM). B) Brain ex vivo FMI images at 1 h after i.a. NC administration. IL:

ipsilateral.
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As previously mentioned, the administration of nanomaterials has raised safety
concerns related to infusion reactions leading to cardiopulmonary complications,

associated with complement activation (CARPA).

For this reason, a preliminary experiment was performed in order to determine the
optimal NCs dosage prior to the pre-clinical testing of the proposed
nanoformulation in large animals (Figure 53A). Traditionally, the aforementioned
reaction is prevented by controlling the administration at slow infusion rates. In this
light, a first dose of 40 mg of Cy5-labelled NC-W and an infusion rate of 0.8 mg/min
were determined based on the recommended infusion rate described in the literature
(1 mg/min), while ensuring a reasonable duration of the intervention for translational

purposes.”'”

No adverse reactions were observed during the intervention in terms of arterial
pressure, respiratory nor heart rate alterations. Furthermore, the NCs fluorescence
was detectable in brain by FMI ex vivo at 1 h after the start of the infusion, especially

in the right ipsilateral brain hemisphere (Figure 53B).

Next, we tested a higher dose (80 mg) in order to enhance the NCs brain delivery
while maintaining the intervention duration and flow rate, for which the
nanomatetial infusion rate was increased to 1.6 mg/min. Again, no adverse reactions
were observed during the intervention, and the NCs fluorescent signal was higher in

the brain as seen by FMI ex vivo (Figure 53B).

Since the highest dose was well tolerated and led to a higher NC brain accumulation,
a new group of animals receiving endovascular Cy5-labelled nanocarriers were
monitored for systemic NCs availability and brain targeting by ex vivo FMI (Figure
54A). Our results showed that the endovascular administration of NCs was
successful to target the brain, showing a preferential ipsilateral accumulation (Figure
54B-C). However, no significant differences were observed between the ipsilateral

and contralateral TREs (P>0.05); Figure 54C.
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Figure 54. Pilot study to assess the translational feasibility of endovascular NC

delivery in healthy adult pigs receiving the highest dose (80 mg) of Cy5-labelled

NC (n=3). A) Scheme of the experimental design, with an angiography insert showing

the micro-catheter (u-C) position for endovascular infusion, proximal to the rete

mirabile (RM). B) Ex vzvo FMI images of the brain in dorsal, ventral and coronal views,
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at 1 h after i.a. NCs administration. C) Graphs showing the quantification of TRE on
ROIs from the ipsilateral (IL) and contralateral (CL) brain (left), corrected by their
control animal, and the ratio between IL and CL brain TRE (right). D) Graph showing
the serum fluorescence during and after endovascular NC infusion, corrected by the
basal fluorescence before NCs administration. All data are represented as mean®SD.

#P<0.10, *P<0.05 (vs. Basal serum fluorescence).

We also measured the Cy5 fluorescence in serum obtained from blood samples
collected before, during and after NCs infusion (Figure 54D). The fluorescence was
detectable at all the time points during the infusion, but was almost negligible early
after the end of administration. Specifically, the TRE was significantly higher in the
serum collected at 10 min after the start of the infusion (P=0.0103 vs. basal TRE),
and although the NCs fluorescence was also detected at 20 and 30 min, the difference
in the TRE values was not statistically different from the basal TRE (P=0.0767 and
P=0.0858, respectively). Finally, the serum fluorescence at the end of the infusion
did not differ from the basal TRE (P=0.8455), indicating that the NCs are rapidly

cleared from the system circulation after administration.

4.5.2. 3D vascular model

As a preliminary step for the translation of the proposed therapeutic approach to the
clinical setting, we also tested the efficacy of a magnet adapted for human use (M3)
to guide the nanocarriers towards a region of interest in a 3D-printed humanised
vascular model. The magnet was attached to a 3D-printed temporal bone, close the
MCA territory, and an artificial bloodstream was created at a constant flow rate of
580 ml./min, as desctibed above. The endovascular delivery of the magnetised

nanocarriers was performed with a micro-catheter guided towards the MCA (Figure

55).
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B Temporal bone )

Magnetic force (T?/m)

Figure 55. Experimental set-up for endovascular NCs delivery and magnetic
retention in a humanised vascular model. A) Scheme of the design and image of the
focused magnet (M3) adapted to the human anatomy (above), and graphs showing the
magnetic field and magnetic force for M3, measured by Magscan, according to the
distance from the surface and centre of the magnet (below). B) 3D-printed vascular
model, temporal bone and M3 position for micro-catheter (asterisk) guided NCs
infusion and magnetic retention towards the MCA. PCA: posterior cerebral artery, BA:
basilar artery, ECA: external carotid artery, VA: vertebral artery, MCA middle cerebral

artery, ICA: internal carotid artery, CCA: common carotid artery.

Specific magnetic retention was successfully achieved in the target ipsilateral MCA,
as seen by FMI at 1 h after infusion (Figure 56), with a significantly higher TRE in
the ipsilateral MCA territory compared to the contralateral MCA (P=0.0443).

155



Results

A ~()
i.a._NC Magnet 3 (n=4)

V ia. Cy5_NC-W (10 mg)

FMI

Cy5-NC
2 2§ =

CONTROL
2

=
~

[N RN RN RN

Ctrl CL-MCA

0.2
x10°

* Radiant Efficiency
250+ <« 85 (p/sec/cm?/sr) /
o § - WW/cm?)
k) 200 ) 6-
] Q o
© o
. 150 I )
4 6 2
W
M 100
o i o R
B 50 =k
=
0 T T
il &
s >
g &

Figure 56. Endovascular infusion of Cy5-labelled NCs and magnetic retention
towards the MCA in a humanised 3D-vascular model. A) Scheme of the
experimental design (n=4) and inserts showing the MCA before, during and 1 h after
infusion (asterisk showing the NCs deposition under the magnetic influence). B)
Representative FMI images used for quantification (above), and graphs (below) showing
the quantification of TRE on ROlIs from the ipsilateral (IL) and contralateral (CL) MCA
corrected by their control model (left), and the ratio between IL and CL MCA TRE
(right). All data are represented as mean+SD. *P<(.05.
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Discussion

5.1. Enhancing brain delivery through endovascular administration

and magnetic nanotargeting

The increasing use of mechanical thrombectomy for acute stroke management
provides an opportunity to deliver therapeutics directly to the site of injury. In
parallel, nanomedicine has become a booming field offering promising tools to
enhance specific drug delivery. In this study, we tested the use of biocompatible
nanomaterials to improve brain targeting after stroke, taking advantage of the
endovascular route to reach the brain vasculature and the use of functionalised
nanocarriers for imaging and magnetic targeting. Our data prove the safety and
feasibility of hyperacute endovascular infusion of multimodal biocompatible PLGA
nanocarriers to significantly improve brain targeting in a mouse model of cerebral
ischaemia, paving the way for future nanomaterial-based treatments in the context

of endovascular treatments.

A crucial aspect to consider while investigating a new therapeutic approach is the
ideal administration route in terms of safety and efficient delivery while considering
the particularities of a given pathological condition. As mentioned above,
endovascular treatments present the advantage of a more selective targeting while

minimising the side effects of systemic drug delivery in filtering organs.'”>'” In

consistency with previous studies, **">*!

this work proves that intravenously
administered NCs predominantly accumulate in the liver, lungs and spleen, while
their retention in the brain is almost negligible. In contrast, the presented data
confirm the significant advantage for stroke-affected brain targeting following the
intraarterial-ICA administration route,”’>*'% as seen both by MRI and FMI. The
preferential ipsilateral and negligible contralateral hemisphere NCs accumulation
observed in this thesis, as seen in both naive and ischaemic mice, as well as in naive
pigs, has already been described by Lesniak and colleagues in a study showing a
preferential ipsilateral accumulation of i.a. Bevacizumab both alone and following

BBB opening with mannitol.'’ Further investigations are required for a deeper

understanding of the underlying mechanisms for this specific ipsilateral uptake and
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to fully elucidate the effects of this approach on the integrity of the BBB. Importantly
though, we did not observe major haemorrhagic events after i.a. vehicle nor NCs
administration following MCAO, evidencing the safety in the context of cerebral
ischaemia. Furthermore, no major alterations were observed in terms of junctional
proteins’ expression, as markers of the BBB integrity, at 48 h after cerebral ischaemia
after early ia. NC-CM treatment, which is a crucial phase in detrimental TJs
disassembly in the well-known biphasic BBB permeability after stroke.”” Similarly,
the SAVER-I Phase I trial has also demonstrated the feasibility and safety of the i.a.
administration of free verapamil after standard thrombectomy, with no evidence of
haemorrhagic transformations.”” In the same vein, no intracerebral haemorrhages

were observed in the brain of naive pigs after intraarterial NCs administration.

Brain delivery of therapeutic agents in minimally invasive approaches has been a
major challenge which could be faced with new nanomedicine tools. Due to the
inherent nanocarriers accumulation in filtering organs, many strategies have been
focused on adding affinity moieties to increase the specific accumulation in target
organs but have been hindered by numerous challenges. A recent study has nicely
reported a substantial increase of nanocarriers accumulation in the brain by using red
blood cells as vascular carriers for NCs administration through the ICA, confirming
the enormous advantage of this endovascular delivery route, which can be further
improved with nanomedicine-based strategies.”™ In this light, seizing the advantages
of polymeric nanoparticles to administer therapeutic agents with a sustained release,
increased half-life 7z vivo and reduced systemic toxicity,”"” we have used a PLGA-
based nanocarrier with biocompatible properties and tailor-made functionalisation
moieties, previously described by our group (Annex II)."™ For the present study, the
proposed nanocarriers have been functionalised with SPIONs and/or Cy7.5/Cy5
for a magnetically guided retention and 7z vive tracking by MRI and FMI, respectively.
This thesis proposes the use of biocompatible biomaterials with improved magnetic
targeting, which are approved for medical use (PLGA and SPIONS), as a potential

advantage for the clinical translation of nanomedical products. However, other non-
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magnetised PLGA formulations or alternative biogenic/synthesised biomaterials
could be used to achieve a successful brain delivery using the endovascular route

after stroke.

To further improve the guided transport of the nanocarriers, these were
functionalised with SPIONSs to allow their retention by a magnetic field device to
specific brain areas. The first results failed to show an advantage in magnetic
targeting using permanent magnets (M1) and short implantation times (30 min) in
whole hemispheres. Nonetheless, finest experiments further proved a successful
brain targeting by our FeNdB devices in cortical areas, with particular success with
the focused magnet (M2). This was achieved by focusing on the specific area of
magnetic field influence (within 3 mm, corresponding to the cortical brain areas) with
FMI. Specific cortical targeting was also demonstrated with a better spatial resolution
in MRI using the improved focused magnet (M2), which showed a better
performance related to a higher magnetic field and magnetic field gradient in deeper
positions, as previously described.”**' This is the first time that a focused magnet
designed for mouse brains is used to target the cortical delivery of nanocarriers after
stroke in endovascular-ICA administrations. However, other authors have also used
an external magnet to enhance the delivery of magnetised cells to specific organs,
including the brain after i.v. stem cell administration and BBB opening in a rat model
of traumatic brain injury, or to enhance the delivery of tPA through chitosan-coated

magnetic nanoparticles in a mouse model of hindlimb ischaemia.'*"***

Interestingly, even though a substantial amount of the NCs still remains in filtering
organs such as the lungs, liver and spleen, this study also proves that the endovascular
administration diminishes the accumulation of NCs in the liver, a known site of
nanomaterials off-target accumulation. Importantly, this unavoidable off-site
accumulation did not alter known biomarkers of liver/pancreas/renal damage at
short- nor at long-term after i.a. infusion, and only alterations related to the surgical
intervention were found transiently altered. Furthermore, the results presented here

show a clearance of the NCs fluorescence, as part of the nanoformulation, in all of
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the studied organs at 1 week after administration, altogether supporting the safety of

the NCs treatment in terms of systemic toxicity.

As previously mentioned, the pre-clinical use of the i.a. administration route has
raised safety concerns in previous investigations since thromboembolisms have been
described as a common related complication, mainly associated with the infusion
rate, dose or cell size.">*"*** To prevent this major complication, NCs with an
average diameter below 300 nm were freshly prepared in a saline suspension,
vortexed and sonicated before the endovascular infusion to avoid the NC
aggregation. The CBF, which was monitored during a controlled infusion, was only
transiently and moderately reduced, as similarly reported in previous studies using
mesenchymal stem cells by i.a. administration,”*** but the intraarterial- ICA infusion
of NCs was not associated to mortality, a worsening of the ischaemic damage nor a
higher risk of haemorrhages, suggesting a low risk of thromboembolisms.
Nonetheless, from a translational perspective, future pre-clinical studies should
refine these endovascular delivery approaches and study the observed CBF changes
with advanced imaging techniques. On the other hand, the maintenance of iron
homeostasis in the context of cerebral ischaemia is of great importance, as iron
catalyses the formation of free radicals and hence, can cause oxidative stress and
worsen the ischaemic damage.”** Importantly, the present work does not show an
increase in the infarct volume nor haemorrhages following hyperacute endovascular
NCs administration (containing SPIONS) after stroke compared to the vehicle
infusion, suggesting the safety in the tested conditions. Nevertheless, the first 7 vivo
studies (Biodistribution studies 1-4 and Safety study) suggested a slight association
between higher total iron load dose and increased mortality, only in ischaemic mice
but not in naive, indicating a potential iron load-related risk in the context of
ischaemic cerebral damage. This alerted on the importance of strictly adjusting the
iron dose when using magnetised nanocarriers as drug delivery systems for stroke.
However, the subsequent Efficacy studies 1 and 2 did not show adverse consequences

in terms of infarct size, cerebral haemorrhages nor mortality, suggesting that the iron
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load of the tested therapeutic dose is safe in the context of cerebral ischaemia. As
mentioned above, iron deposition is known to exacerbate the ischaemic insult.”* Yet,
a recent study using a liposomal-encapsulated iron chelator demonstrated that the
reduction of iron deposition in the ischaemic brain reverses intrinsic brain plasticity
changes, thereby delaying the neurological function recovery after cerebral
ischaemia. The same study showed that the exogenous administration of iron and
consequent increase in iron brain deposition, also resulted in a worsening of the long-
term functional outcome, suggesting a dual role that is presumably accountable to

the need for a strict balance.’®

It is worth noting that this thesis work has been able to detect by different iz vivo and
ex vivo imaging techniques the presence of the NCs in the brain up to 1 week after
the endovascular infusion, suggesting that a substantial proportion of the
administered nanocarriers remains available in the target organ for a long time
period, easing the sought-after sustained release of the encapsulated therapeutic

agents.

On the other hand, the histological findings suggest an endothelial uptake, as seen
by a preferential accumulation of the NCs in micro-vessel structures through indirect
ex vivo tracking of the SPIONs and Cy5, as components of the nanoformulation.
These observations are in agreement with the endothelial uptake seen 2 vitro in both
mature brain ECs and OECs, presumably through endocytic mechanisms. However,
it is worth noting that the administration timing used in the present study coincides
with the early stage of the aforementioned biphasic BBB permeability increase after
stroke. Therefore, specific cellular or extracellular localisations within the brain
parenchyma upon hyperacute endovascular administration and magnetic brain
targeting are yet to be investigated. In this regard, this approach could be further
combined with strategies aiming at the BBB crossing of therapeutic agents if needed,
such as the selective BBB temporary opening with nanoagonists such as adenosine
2A receptor agonist-labelled dendrimers'*® or the functionalisation of nanoparticles

with selective antibodies for a BBB receptor-mediated transcytosis.”*
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5.2. Neurovascular repair can be achieved through early
nanoencapsulated EPCs-secretome intraarterial delivery after

stroke reperfusion

As earlier pointed out, there is a clear need to develop therapeutic strategies beyond
the acute phase of stroke. In this regard, EPCs have been in the spotlight of
ischaemic tissue repair as a therapeutic strategy to enhance neovascularisation. Given
their ability to release a large variety of pro-angiogenic molecules, several studies
published by our group and others place the use of EPC-secretome as a promising

cell-based but cell-free strategy to boost tissue repair.'**>177

On the other side, therapeutic brain targeting remains a challenge that limits the
development of neurovascular repair strategies. The present investigation provides
evidence supporting the feasibility and advantages of the endovascular delivery of
magnetised PLGA nanocarriers for brain targeting. These drug delivery systems have
proven the versatility for the encapsulation or adsorption of a large variety of
proteins, ranging from 8 to 66.5 kDa (e.g. VEGF, SDF, BDNF or albumin), showing
successful encapsulation efficiencies, and posterior 7z vitro release with preserved
functionality of the released factors.™ " On this basis, the present study aimed to
administer EPCs-secretome taking advantage of the combination of magnetic
nanotargeting and the endovascular route to enhance specific brain delivery and

promote neurovascular repair after stroke.

The therapeutic secretome used in the present study was obtained from EPCs
isolated from the peripheral blood of a stroke patient, and produced in a high-scale
production manner. The same EPCs-secretome was tested in a study recently
published by our group (Annex II), demonstrating that not only it promoted
angiogenesis but also enhanced endothelial barrier tightness and protected the BBB

from hypoxia-induced vascular leakage 77 vitro.””

In the present study, the pro-angiogenic effects of different EPCs-secretome batches

were confirmed 7z vitro in both mouse and human mature ECs and OECs, in terms
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of endothelial proliferation and tubulogenic capacity. Furthermore, this effect was
dose-dependent and, interestingly, more prominent in mouse-derived cells iz vitro,
despite the human origin of the secretome, which could be due to the fact that mice
have a higher mass-specific metabolic rate than humans.”® Importantly, we were able
to encapsulate the secretome into our nanoformulation, as confirmed by the
detection of several known EPCs-released proteins. Moreover, the cargo molecules

preserved their functionality after the lyophilisation-encapsulation-release process.

Other authors have shown that i.v. administration of EPCs one day after MCAO
leads to an improved long-term functional recovery in a rat model of cerebral
ischaemia, with reduced reactive astrogliosis and apoptosis, and increased
angioneurogenesis, which were attributed to a paracrine effect.'”” In our hands,
EPCs-secretome treatment one day after MCAO has shown long-term beneficial
neurorepair effects in a mouse model of cerebral ischaemia, with improved
functional recovery and peti-infarct neoangiogenesis."” However, this is the first
time that EPCs-secretome is administered intraarterially and hyperacutely after
reperfusion. For this reason, we tested the therapeutic potential of the free secretome
therapy alongside the nanotargeted approach. To emulate the equivalent therapeutic
dose of the NC-CM after encapsulation-administration-release, we determined the
free secretome dose based on an estimation of the cCM encapsulation efficiency. It
should be noted, however, that there seems to be a potential restriction on the
molecular weight of the encapsulated factors, as seen by different encapsulation
efficiencies for the studied proteins. Therefore, the composition of the released NC-
CM factors could potentially differ from the formulation of the free secretome. This
limitation should be further studied for specific neuroprotective or neurorestorative
agents, always in balance with suitable nanoformulation sizes for a safe endovascular

delivery, and proving its advantage against free drug deliveries.

Importantly, the results obtained in the short-term Effacy study 1 suggest that
hyperacute i.a. administration of the free therapy could exacerbate the ischaemic

brain injury through an increased neuro-inflammatory response and BBB damage,
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although this was not reflected in a worsening of the functional outcome, whereas

these deleterious effects are absent in the nanotargeted EPCs-secretome therapy.

As expected, we observed a neuro-inflammatory state in the brain samples analysed
at 48 h after ischaemia, as seen by increased levels of I1.-6, CXCL1/KC and MCP-1
in the ischaemic brain regardless of the treatment, in accordance with previous
findings.” This ischaemic-induced inflammatory response was however amplified
in ischaemic mice receiving free EPCs-secretome, showing increased levels of GM-

CSF, TNFoa and MIP-2 in the ischaemic brain.

GM-CSF is mainly produced by activated leukocytes, and exerts pro-inflammatory
effects through recruitment and activation of myeloid cells, and promoting a pro-
inflammatory macrophage phenotype.”’ However, it has also been shown that GM-
CSF exerts a beneficial arteriogenic effect by mechanisms involved in the
mobilisation of monocytes/macrophages.”"*” TNFa« is a key mediator in the
pathophysiology of stroke, apparently contributing directly to neuronal injury.
Several studies have found an association between higher TNFa levels and poor
outcome or larger infarcts,” and although contradictory results have shown
neuroprotective effects after cerebral ischaemia,” many studies have demonstrated
that its blockage has neuroprotective effects in pre-clinical ischaemic stroke
models.”*** MIP-2 is a chemoattractant and activating factor for neutrophils, and
has been related to BBB permeability and brain oedema after intracerebral
haemorrhage.” On the other hand, the levels of the anti-inflammatory I1.-10 seemed
to be slightly increased in the ischaemic brains of mice receiving free secretome,
which could be indicative of a counterbalance mechanism. Indeed, TNF« can also
induce IL-10 production, which itself inhibits the expression of TNFa, resulting in

an auto-regulatory feedback loop.”’

In this line, it is known that EPCs not only release pro-angiogenic factors but also
thrombo-inflammatory mediators, adhesion molecules, and pro-inflaimmatory
cytokines/chemokines, such as MCP-1 which regulates the migration and infiltration

of monocytes/macrophages.”® Although several of the secretome cytokines play a
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pro-angiogenic role, the inflammation-driven effects of EPCs-secretome could
explain the abovementioned results, which alerts us on potential treatment-related

hazards in the context of ischaemic stroke.

However, the use of EPCs or EPCs-secretome therapy has yielded conflicting data
in this regard. For instance, EPCs have been reported to improve long-term
functional recovery in a rat model of cerebral ischaemia receiving EPCs 4 h after
ischaemia, presumably through downregulation of the inflaimmation-associated
stroke vasculome (inflammatory genes specifically upregulated in brain endothelial

cells upon stroke).*”

Another study using EPCs-secretome in a rodent model of
spinal cord injury reported anti-inflammatory effects through decreased M1
macrophage activation and cytokines release, together with increased angiogenesis

and neuroprotection.'

In contrast, these results suggest that direct intraarterial brain administration of
EPCs-secretome hyperacutely after cerebral ischaemia-reperfusion at the tested
concentrations exerts a pro-inflaimmatory response that could outweigh the
beneficial effects suggested by other authors, exacerbating the ischaemic injury. Such
discrepancies highlight the importance of developing therapeutic strategies in a
timely manner. Furthermore, it is worth noting that the specific contribution of the
different cytokines/chemokines involved in the ischaemic cascade has been
controversial, since complex interactions occur, including overlapping, synergistic

and antagonistic effects.”

Furthermore, although this was not reflected in a worsening of the functional
outcome nor an increased risk of haemorrhagic transformation, there seems to be a
slight association between the increased cortical infarct size and cortical

haemorrhages in the free secretome-treated group.

Additionally, our results showed that hyperacute i.a. administration of free EPCs-
secretome after cerebral ischaemia could induce BBB damage in off-target areas, as

seen by an altered expression of the junctional proteins claudin-5 and ZO-1. These
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results are inconsistent with a previous study in which we observed that the same
secretome promoted endothelial barrier tightness and protected the BBB from
hypoxic injury iz vitro,*” which is further supported by another study demonstrating
that OECs protect the BBB against ischaemic injury.”' Nonetheless, it should be
kept in mind that cell-culture systems are simple emulations of the complexity of 7z
vivo systems, which lack of a peripheral immune system and glial or synaptic
connections that might be essential for cytokine action, added to the difficulty of

treatment timing and dose scalability from 7 vitro to in vive studies.

Moreover, as earlier pointed out, the inflaimmatory burst might outweigh these
mechanisms. Post-ischaemic neuro-inflammation is known to damage the BBB by
disrupting the structural integrity of junctional proteins.*** In this light, despite the
difficulty of distinguishing between the cytokine response to injury and the early
expression that might contribute to cell death,** our results suggest that hyperacute
endovascular treatment with free EPCs-derived secretome worsens the ischaemic
damage through an exacerbated inflammatory response. However, these
observations warrant further research in order to elucidate the specific underlying

mechanisms.

On the other side, the present study confirms the angiogenic potential of EPCs-
secreted factors after cerebral ischaemia. Moreover, as expected from the 7 vitro
studies, the therapeutic secretome was successfully administered through
endovascular delivery and magnetic brain nanotargeting, preserving the angiogenic
function of the released factors. To our knowledge, this is the first time that EPCs-
secretome-loaded nanocarriers are used in combination with magnetic retention and
endovascular delivery in a mouse model of cerebral ischaemia, although other
authors have recently used polymeric nanoparticles to deliver EPCs-secretome in a
mouse model of hindlimb ischaemia.”” In line with the results of this thesis, those
secretome-loaded polymeric nanoparticles showed an improved perfusion through
increased angiogenesis in hindlimb ischaemic mice, compared to both free

secretome- and non-treated mice, highlighting the advantage of nanotargeted EPCs-
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secretome delivery. In the same line, Felice and colleagues also reported different
encapsulation efficiencies for the studied proteins and, still, a beneficial effect was

observed when using the encapsulated EPCs-secreted factors 2 vivo.”

In our hands, the NC-CM treatment did not outperform the angiogenic effect
observed with the free secretome therapy. However, it is worth noting that, while
the non-encapsulated treatment showed a ubiquitous angiogenic effect, NC-CM
increased the vessel density only in the peri-infarct target region. These results
position this approach as a potential nanotargeted strategy to deliver multiple
neuroprotective or neurorestorative agents in a selective manner, minimising
undesired off-site effects. Furthermore, the nanotargeted delivery of EPCs-
secretome presented the advantage of promoting angiogenesis without the free
EPCs-secretome exacerbated acute brain injury, while taking advantage of the
intraarterial route, which could be implemented in the context of mechanical

thrombectomy for acute stroke management.

In light of the angiogenic effect observed with both free and encapsulated EPCs-
secretome, the brain expression of several angiogenesis-related proteins was
analysed, but the results failed to show differentially expressed factors that could
mechanistically explain the free/encapsulated treatments’ angiogenesis-boosting
effects. Most of the studied factors were significantly increased in the ischaemic
brain, except VEGF and SDF-1 (which have been previously reported to increase
during the first 7 and 3 days after ischaemia, respectively, returning to basal levels
thereafter)*", suggesting an intrinsically active vascular remodelling at 2 weeks after
cerebral ischaemia. Interestingly, the ischaemic mice receiving NC-CM did not show
increased levels of angiopoietin-2, endothelin-1 nor MCP-1 in the ischaemic brain,

as opposed to free secretome- and vehicle-treated mice.

Angiopoietin-2 is a growth factor belonging to the angiopoietin/Tie (tyrosine kinase
with Ig and EGF homology domains) signalling pathway. It acts as an antagonist for
angiopoietin-1, inhibiting the receptor Tie2-mediated signalling, and decreasing

blood vessel maturation and stabilisation.””® The expression of angiopoietin-2 is
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triggered by hypoxia, reducing vascular pericyte coverage through the activation of
pericyte migration and detachment from the basement membrane, therefore
increasing BBB permeability.”*® It has shown a biphasic expression pattern after
stroke, peaking during the first 3 days, which has been related to deleterious BBB
permeability, and at 2 weeks, which has been associated to vascular stabilisation and
maturation.”** On the other hand, a study using mesenchymal stem cells-secretome
through intranasal delivery showed an enhanced vascular remodelling, along with
decreased angiopoietin-2 and increased angiopoietin-1 expression at 2 weeks after
cerebral ischaemia.** Interestingly, a recent study reported an improved neurological
recovery after treatment with an angiopoietin-1 mimetic peptide in diabetic rats after
stroke, through increased vascular and white matter remodelling, along with

decreased levels of MCP-1 and endothelin-1.2

Moreover, the present study showed a marked correlation in the overall levels of
angiopoietin-2, MCP-1 and endothelin-1, suggesting a mechanistic association
between the molecular pathways in which these factors are involved. In light of these
findings, the association between these factors and their differential expression

observed only in NC-CM-treated mice in our study deserves further research.

However, it should be acknowledged that the experimental design used here presents
several limitations that should be taken into account. First, the molecular analysis
was broadly performed in whole brain hemispheres, without dissecting the infarct
and peri-infarct regions from the healthy tissue. And secondly, with the objective to
study the molecular expression in the same mice in which vessel density was assessed,
the angiogenesis-related factors expression was analysed 2 weeks after treatment,
when the intrinsic remodelling processes are likely to mask molecular changes
occurring earlier. Therefore, further research is needed in order to scrutinise the

subjacent molecular mechanisms of the tested treatments.

Finally, hyperacute endovascular treatment with neither free nor encapsulated EPCs-
secretome did not result in an increased neurogenic response at 2 weeks after cerebral

ischaemia. Interestingly though, mice treated with NC-CM showed a decreased
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cortical neurodegeneration, assessed through Fluoro-Jade C staining. Nonetheless, it
should be kept in mind that the specificity of this staining has been called into
question, as the exact mechanism by which FJC stains degenerating neurons has not
been fully elucidated, and several findings have shown that FJC could also stain both
resting/activated astrocytes and microglia.”'' Further research is therefore needed in

order to draw conclusions from these findings.

As earlier pointed out, neurorepair strategies should ideally promote simultaneously
neurogenesis, angiogenesis, myelinogenesis and neural plasticity. In this regard, in a
hypothetical scenario, the therapeutic approach presented herein could be
implemented in combination with other neuroprotective or neurorestorative
therapeutic agents tackling multiple pathways to synergistically enhance tissue repair

and functional recovery.

Overall, the different results obtained with the free or encapsulated treatment could
be partially explained by a distinct effective timing of the therapeutic factors, being
immediately available in the brain vasculature after free secretome i.a. administration,
as opposed to a plausible controlled and sustained release when given encapsulated.
However, as discussed above, the composition of the original EPCs-secretome is
likely to differ from the released NC-CM factors, considering the differential
encapsulation efficiencies, and, importantly, that the free secretome dose is based on
an indirect calculation, and should not be strictly compared to the NC-CM dose.
Finally, as the biodistribution studies suggest, the increased brain NCs accumulation
when combining the endovascular delivery of magnetised nanocarriers and their
magnetic retention with an improved focused magnet, is also accompanied by a
decreased off-target accumulation of the therapeutic system. Taking this into
account, it would be interesting to study whether there might be relevant differences
in the peripheral effect of the EPCs-secretome therapy when given free or

encapsulated, that could affect the therapeutic response.
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5.3. Paving the way towards the clinical implementation of
endovascular treatments, advanced therapies and

nanotheranostics

From a translational perspective, studies in large animals with gyrencephalic brains
and larger vessels/capillaties or in humanised prototypes should be used to

demonstrate the feasibility of the proposed therapy.

The rodent brain is barely one-thousandth of the weight of the human brain. On the
other hand, lysencephalic species (including rodents) show no neocortical folding
and thus a much smaller neocortical area relative to the rest of the brain than
gyrencephalic species, resulting in relevant differences in the brain circuitry and gray-

white matter ratio.>****

Therefore, the use of large gyrencephalic animal models has been recommended to
bridge the gap from pre-clinical findings to the clinical setting. For ischaemic stroke,
these models currently include, amongst others, dogs, swine, sheep, and non-human
primates. Considering the ethical issues around the use of dogs or non-human
primates, pigs are large animal models of particular interest, which display complex
individual and social behaviours that can be analysed with multiple tests resembling
the clinical scenario.” Importantly, pigs share some neurovascular characteristics
with humans that make them suitable for the validation of endovascular devices prior
to human use, which relies on the scope of the present investigation for the

implementation of endovascular therapies.”'

Nonetheless, modelling MCAO in large animals has been hindered by a relevant
anatomical difference. In contrast to humans, several large animals, including pigs
and sheep, present an extracranial network of small vessels at the base of the brain,
proximal to the ICA, the rete mirabile, which represents an obstacle to access
intracranial vessels such as the MCA. Therefore, most of the swine MCAO models
are achieved through a craniotomy in order to access the MCA.** However, pigs

have been widely used as models to test thrombectomy devices, due to the
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anatomical and physiological similarities of their cardiovascular system with that of

humans.?*?

On the other side, the administration of nanomaterials triggers the aforementioned
CARPA reaction in both pigs and humans, while rodents show a much milder
complement response to nanomaterials, highlighting the importance of large animals
testing prior to the clinical implementation of nanomedicine-based treatments.'***
Additionally, intraarterial treatments have raised safety concerns related to the risk
of thromboembolisms. In this regard, we hypothesize that this potential risk would
be minimised in humans and large animals as compared to rodents, given the
differences in the micro-vessels caliber. Furthermore, the potential differences in the

biodistribution patterns described herein when translated to humans should be

addressed, considering the abovementioned anatomical differences.

With this scenario, we aimed to conduct a pilot study in pigs to assess the feasibility
of endovascular NCs delivery, as a preliminary translational approach. To do so, we
included pigs that were reused from interventional training courses for the use of
mechanical thrombectomy devices. As previously described, a micro-catheter was
introduced through the femoral vein, and directed towards the ascending pharyngeal
artery, proximal to the rete mirabile, in order to administer Cy7.5/Cy5-labelled NCs

towards the MCA vascular territory.

The results presented herein showed that the endovascular administration of NCs
was successful to target the brain, showing a preferential ipsilateral accumulation, as
seen by ex vivo FMI. Furthermore, the fluorescence of the administered nanocarriers
was detected in systemic circulation, observing a rapid clearance after the end of the
infusion. Such findings could help modulating the experimental design for a
hypothetical clinical implementation, taking into account, for instance, the
appropriate timing for magnetic retention in order to enhance brain retention during
this window of bioavailability. Importantly, the initial dose recommended to prevent
the abovementioned CARPA reaction was doubled without deaths nor major

complications. However, it should be noted that, although a complete monitoring of
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the vital constants was carried out during the whole intervention, these could not be
duly assessed, since prior surgical interventions could interfere with the clinical
evolution during the procedure. Therefore, future studies should be exclusively
designed for the present purpose, with controlled variables, in order to draw robust

conclusions.

As an additional preliminary step for the translation of the proposed therapeutic
approach, we also tested the efficacy of a magnet adapted for human use (M3) to
guide the magnetic nanocarriers towards a region of interest in a 3D-printed
humanised vascular model. The experimental set-up was designed to mimic the
human biophysical conditions to the best of our possibilities. However, due to
restrictions of the 3D-printing process, we were not able to represent the micro-
vessel and capillary network, which would potentially modify the biodynamic
properties affecting the nanocarreirs distribution. Furthermore, ex vivo models lack,
for instance, of circulating proteins or cells that may interfere with the administered
nanocompound in physiological conditions. However, the focused magnet designed
for human use showed an efficient magnetic retention capacity, overcoming relevant
parameters such as the anatomical vascular morphology and the biodynamics of the

bloodstream, suggesting a potential efficacy for the clinical use.

5.4. Limitations of the study and future perspectives

The present study proves the advantage and safety of intraarterially delivered
magnetised nanocarriers for specific brain targeting, which could be used to
selectively administer neuroprotective or neurorestorative therapeutic agents in the

context of cerebral ischaemia.

Nonetheless, aside from the limitations highlighted above this study presents several

weaknesses that should not be overlooked.

Despite demonstrating an enhanced brain delivery through the combination of the
endovascular route with magnetic nanotargeting, the therapeutic benefit observed

when used for EPCs-secretome therapy after cerebral ischaemia was modest. The

174



Discussion

results obtained regarding the functional outcome suggested a mild hastening of the
functional recovery in mice receiving NC-CM, but did not outperform the intrinsic
long-term functional recovery in free secretome- and non-treated ischaemic mice.
This could be due, amongst other factors, to the following reasons: (i) the
neoangiogenic effect was insufficient to be translated into a significant functional
improvement, and should occur along with other relevant neurorepair processes, (ii)
the #herapentic dose tested was suboptimal, (iii) the high inter-individual variability and
low samples sizes mitigated potential differences in the recovery, and (iv) the

behavioural tests used are scarce and not sensitive enough.

The therapentic dose was determined based on approved doses of iron (Endorem®)
for human use. However, this dose was not scaled based on the mouse body weight.
Plus, dose scaling should also consider other relevant factors such as body surface
area or pharmacokinetics, especially considering the fact that mice have a different
mass-specific metabolic rate than humans, as earlier pointed out. Therefore, the
optimal NC-CM dosage in either single or multiple administrations should be further
investigated to determine an appropriate risk-benefit. Importantly though, the
potential iron load-derived toxicity or benefits, as well as the clearance mechanism
and kinetics of this type of magnetic nanocarriers is yet to be fully elucidated. On the
other hand, alternative nanocarriers holding a higher loading capacity could also

improve the benefit of the proposed therapy.

On another note, the experimental design should ideally assess the evolution of the
initial brain injury throughout the study, for instance with 7z vivo imaging techniques,
such as MRI. A more exhaustive study, together with larger sample sizes, would
potentially minimise the drawback of inter-individual variability, strengthening the

reliability of the results.

The use of high-scale-produced EPCs-secretome is a potential advantage for the
clinical translation of the proposed therapy, which could be readily used hyperacutely
after stroke, taking advantage of the intraarterial route. Furthermore, the present

study demonstrated the reproducibility of different secretome and NC-CM batches.
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It should not be overlooked, however, that the secretome used for both the free and
encapsulated treatment was obtained from EPCs isolated from a single donor. This
adds to the aforementioned controversies regarding the adequate definition of EPCs
subtypes. In this light, it is of great importance to precisely define these subtypes for
a better understanding of their angiogenic potential, to maximise their therapeutic

efficacy.

It would also be relevant to readdress the biodistribution and safety of the proposed
nanocartiers for different encapsulated molecules or upon the addition/removal of
imaging or affinity moieties. Moreover, our nanoformulation can be tailored in a
modular approach to incorporate different imaging/functional moieties without
significantly altering its morphochemical properties nor the loading capacity. In this
regard, these nanocarriers could be adapted for specific purposes in the different
steps towards a clinical application. Besides, other imaging tags could be investigated
for different clinically relevant imaging techniques such as contrast agents for CT

imaging, as an alternative to iron particles.

Finally, this thesis highlights the importance of using large animals to bridge the gap
between pre-clinical research and the clinical setting. However, the proposed therapy
should be tested in different pre-clinical stroke models such as the thromboembolic,
in order to assess its feasibility and safety in combination with thrombolytic drugs,
which would be clinically relevant, for instance, for cases in which tPA or TNK are

administered prior to mechanical thrombectomy.

In the same vein, the proposed therapy should be tested in both sexes and in aged
animals with relevant comorbidities, before jumping to the clinical scenario. An
illustrative example that underscores the importance of including such diversity is a
recent study in rodents showing that the intraarterial administration protocol requires

adaptations for an optimal ipsilateral brain targeting due to sex differences.”*
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Conclusions

The conclusions of this doctoral thesis are the following:

1.  The factors secreted by EPCs isolated from ischaemic stroke patients
promotes angio-vasculogenesis in both mouse and human endothelial cell

models 7 vitro.

2.  EPCs-secretome can be successfully encapsulated into PLGA nanocarriers,

preserving the angiogenic functional activity upon release.

3.  The endovascular delivery of magnetically-guided PLGA nanocarriers safely
enhances focal brain targeting and reduces off-site accumulation in a mouse

model of cerebral ischaemia.

4.  Hyperacute endovascular delivery of EPCs-secretome might exacerbate the
post-ischaemic neuro-inflammatory response and promote ubiquitous brain

angiogenesis in a mouse model of cerebral ischaemia.

5.  Hyperacute endovascular delivery of nanotargeted EPCs-secretome is
teasible and safe, and promotes cortical peri-infarct brain angiogenesis in a

mouse model of cerebral ischaemia.

6. From a translational perspective, enhancing brain nanotargeting through
endovascular delivery is feasible in large animals with gyrencephalic brains,
and magnetic nanotargeting could be successfully achieved with focused

magnets adapted to the human anatomy.
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Revascularization and endothelial progenitor cells in stroke
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Esquiva G, Grayston A, Rosell A. Revascularization and endothelial progenitor
cells in stroke. Am J Physiol Cell Physiol 315: C664—-C674, 2018. First published
August 22, 2018; doi:10.1152/ajpcell.00200.2018.—Stroke is one of the leading
causes of death and disability worldwide. Tremendous improvements have been
achieved in the acute care of stroke patients with the implementation of stroke units,
thrombolytic drugs, and endovascular trombectomies. However, stroke survivors
with neurological deficits require long periods of neurorehabilitation, which is the
only approved therapy for poststroke recovery. With this scenario, more treatments
are urgently needed, and only the understanding of the mechanisms of brain
recovery might contribute to identify new therapeutic agents. Fortunately, brain
injury after stroke is counteracted by the birth and migration of several populations
of progenitor cells towards the injured areas, where angiogenesis and vascular
remodeling play a key role providing trophic support and guidance during neu-
rorepair. Endothelial progenitor cells (EPCs) constitute a pool of circulating
bone-marrow derived cells that mobilize after an ischemic injury with the potential
to incorporate into the damaged endothelium, to form new vessels, or to secrete
trophic factors stimulating vessel remodeling. The circulating levels of EPCs are
altered after stroke, and several subpopulations have proved to boost brain neu-
rorepair in preclinical models of cerebral ischemia. The goal of this review is to
discuss the current state of the neuroreparative actions of EPCs, focusing on their
paracrine signaling mechanisms thorough their secretome and released extracellular
vesicles.

angiogenesis; endothelial progenitor cells; neurogenesis; secretome; stroke

INTRODUCTION down with subsequent intracerebral hemorrhages, and the ini-

tial ischemic lesion can expand in minutes to hours in parallel
with the activation of spontaneous mechanisms of repair that
will continue for weeks to months (55).

Stroke Disease and Brain Injury

Stroke is one of the leading causes of death and long-term

disabilities worldwide. According to the World Health Orga-
nization (WHO), 15 million people suffer a stroke every year.
Nearly 5 million of these people die and another 5 million are
permanently disabled. Stroke occurs when a blood clot or
thrombus blocks a brain artery (ischemic) or when an intracra-
nial artery ruptures (hemorrhagic), leading to cell death in
specific brain areas if blood flow is not rapidly restored.
Therefore, stroke is considered a medical emergency that
requires a rapid diagnosis and intervention to minimize brain
injury because the sudden reduction of the physiological levels
of oxygen and glucose is followed by cellular edema, inflam-
mation, neurodegeneration, blood-brain barrier (BBB) injury,
and the loss of neurological functions (45, 57). In the case of
ischemic strokes, during reperfusion of the artery, additional
damage can occur related to the arrival of new oxygen to the
tissue. Such injury includes oxidative stress and BBB break-
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d’Hebron Research Institute, Passeig Vall d’Hebron 119-129, 08035 Bar-
celona, Spain (e-mail: anna.rosell@vhir.org).
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Fortunately, research in the stroke field over the last decades
has provided enormous improvements for acute stroke. To-
gether with stroke care in specialized stroke units, hyperacute
thrombolytic treatments and the newest thrombectomy strate-
gies are available, providing treatments for artery recanaliza-
tion within the first 8 hours of symptom onset for ischemic
stroke candidates (8, 28, 37, 89). However, despite all of
medical efforts, stroke survivors with neurological deficits
require long periods of neurorehabilitation, which is the only
approved therapy for poststroke recovery, to achieve functional
independence. Evidence-based stroke rehabilitation care in-
cludes several types of health interventions, such as early
admission to specialized stroke rehabilitation units and inten-
sive rehabilitation programs (46, 92), with the goal of helping
stroke survivors become as independent as possible in the
performance of living activities and achieving the best possible
quality of life in the long term. Beyond the proven benefits of
multidisciplinary rehabilitation programs, they do not guaran-
tee complete recovery for all patients despite their wide ther-
apeutic window and long-lasting rehabilitation programs.

http://www.ajpcell.org
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Therefore, it is necessary to develop new stroke treatments
that could be used to treat a large number of patients and
provide treatments in the delayed phases of the disease to
repair and rewire the injured tissue. This need is connected to
the accepted concept that endogenous neurovascular plasticity
and remodeling are also activated in the earliest phases of
ischemic events and participate in functional recovery after
stroke (55).

Stroke Neurorepair

The nature of stroke disease leads to a scenario in which
severely damaged tissue is in very close proximity to func-
tional peri-infarct tissue. The classical view of neuron rescue/
repair has changed in the last decades in favor of a more global
understanding of the brain as a whole and now includes other
cell types (e.g., glia and inflammatory and progenitor cells), the
extracellular matrix, and the communication between these
components. Therefore, endogenous mechanisms of neurovas-
cular repair include angio-vasculogenesis (the formation of
new blood vessels), gliogenesis (the formation of new glia),
neurogenesis (the formation of new neurons), remyelination
(the construction of new myelin sheaths on demyelinated
axons), and other mechanisms. Several of these endogenous
mechanisms are activated in the minutes following the isch-
emic trigger in the peri-infarct areas (12, 54), and different
populations of newborn progenitor cells have been identified in
remodeling areas (12, 36, 69), such as neural progenitor cells
(NPCs), endothelial progenitor cells (EPCs), and oligodendro-
cyte progenitor cells (OPCs). Moreover, trophic support has
been described to occur in areas in which brain endothelial
cells secrete soluble factors that maintain the CNS stem cell
self- renewal and neurogenic potentials in vitro (84). The cross
talk between the endothelium and oligodendrocytes/oligoden-
drocyte progenitors is nourished by trophic factors that are
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released by endothelial cells, and this cross talk has been
described in the normal and ischemic brain in which brain-
derived neurotrophic factor (BDNF), TGF-3, VEGF, or matrix
metalloproteinases (MMPs) could be responsible for maintain-
ing the oligovascular niche (65, 76).

All of these facts demonstrate the plastic nature of the brain
and oppose the more classical view of a passively dying brain.
In this context, the scope of the present review will focus on
the role of EPCs as cellular mediators of vascular remodeling
and repair in the poststroke brain during recovery (Fig. 1).

ENDOTHELIAL PROGENITOR CELLS
Introduction to Endothelial Progenitor Cells

The formation of new blood vessels was formerly thought to
be limited to embryogenic vasculogenesis and to be followed
by the sprouting of endothelial cells from preexisting vessels
during angiogenesis (75). Nonetheless, Asahara and colleagues
(3) discovered the presence of endothelial progenitor cells
(EPCs) in adult peripheral blood, being first identified as CD34
antigen- positive (CD34%) mononuclear cells (MNCs) with
endothelial characteristics. The proportion of these cells gen-
erally ranges between 0.1 and 2% of the total MNC in the bone
marrow (BM), peripheral blood, and cord blood. EPCs are
mobilized from the BM into the peripheral blood as an endog-
enous response to the pathophysiological demands of neovas-
cularization and can be differentiated into functional endothe-
lial cells in vitro and ex vivo. EPCs are known to play an
important role in adult vasculogenesis and angiogenesis by
participating not only in the formation of vessels but also in
vessel repair and remodeling (52). For this reason, EPCs have
become a focus of study in the field of neurorepair strategies,
including in ischemia-related diseases (24, 52, 67).

Vessel Remodeling & Angiogenesis

\-¥

Fig. 1. Scheme of the main EPC functions related to
neovascularization and contribution to mechanisms
of neurorepair after stroke. Direct actions include
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Classification

EPCs are defined as cells that express both stem cell markers
and endothelial cell markers, although these cells continue to
be controversial because no single marker has been identified
for their unique identification (6, 19). However, the most
widely accepted phenotypic definition is the coexpression of
the cell-surface markers CD34 and VEGF receptor 2
(VEGFR-2; 51, 82). Because EPC subtypes have demonstrated
different proliferative and angiogenic capabilities, it is of great
importance to precisely define these subtypes to determine
their specific natures and mechanisms of action. Such knowl-
edge would enable a true and greater understanding of their
angiogenic potential in vitro and in vivo and allow for the
highest therapeutic revascularization efficacy in the setting of
ischemic diseases.

Inconsistent results have been obtained among EPC studies
regarding the definitions and classifications of the subpopula-
tions that emerge from peripheral blood MNC-derived EPCs at
different times in culture, exhibiting phenotypes that are be-
tween the hematopoietic and the endothelial lineages. How-
ever, there is a consensus about the classification of these cells
into two major types that emerge from MNC cultures, which
were initially named as “early EPC” or circulating angiogenic
cells (CACs) and “late EPC” or outgrowth endothelial cells
(OECs). These types of cells have different origins and provide
different contributions to angiogenesis (19, 61). The early EPC
appear after 3—10 days of peripheral blood MNC culture, and
the late EPCs appear after 2-3 weeks approximately. While the
early EPCs present with a spindle shape within heterogeneous
populations of cells, the late OECs or endothelial colony-
forming cells (ECFCs) form cobblestone and palisading colo-
nies and exhibit clonogenic capacity (27, 34). Minami et al.
(63) redefined this classification by further classifying OECs
into the following three subpopulations: “moderate”-outgrowth
EPCs (MOCs), which emerge in culture at days 10-16; “late”-
outgrowth EPCs (LOCs), which emerge at days 17-23; and
“very late”-outgrowth EPCs (VOCs), which emerge at days
24-30. The recruitment of OECs is known to contribute to
both angiogenesis and arteriogenesis in a paracrine manner and
is directly involved in neovascularization and the incorporation
of new blood vessels. Thus, OECs exhibit proliferative and
tubulogenic potentials (27, 34, 80, 83), whereas early popula-
tions are thought to contribute to angiogenesis mainly through
paracrine signals (19). Among the late EPCs, LOCs have been
found to exhibit the highest levels of expression of angiogenic
genes and are the only cells that significantly promote blood
flow recovery and increase capillary collateral formation in a
mouse model of hindlimb ischemia. LOCs mediate this process
by incorporating into newly formed vessels and promoting the
release of proangiogenic factors (63). More recently, Huizer et
al. (33) improved the characterization of OECs using a FACs
sorting protocol in which they defined homogeneously highly
expressed and stable markers (i.e., CD146, CD144, CD105,
CD31) on the one hand, and heterogeneous and unstable
markers on the other (i.e., CD34, c-kit, CD133). The lack of
consistency among studies in the identification and classifica-
tion of EPC subsets has been attributed to the low frequencies
of these cells in the bloodstream, the different methods used for
their isolation, and differences in the immunophenotyping
protocols that have been performed thus far. However, based
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on the perspective of the last 20 years of research in the field,
it has also been proposed that this lack of consistency may
indicate that endothelial progenitors exhibit a dynamic pheno-
type in space and time (19).

Endothelial Progenitor Cell Mobilization

Regarding the kinetics of EPCs, several factors have been
found to promote EPC mobilization from the BM into the
peripheral circulation from which they eventually incorporate
into sites of neovascularization. These mobilizing factors in-
clude, among others, the following: granulocyte macro-
phage-colony stimulating factor (GM-CSF); vascular endo-
thelial growth factor (VEGF) (3, 91); granulocyte-colony
stimulating factor (G-CSF) (24); angiopoietin-1 (29); stro-
mal-derived factor-1 (SDF-1), which interacts with the CXC
receptor 4 (CXCR4) that is present in EPCs (74); and
HMG-CoA reductase inhibitors (statins) (17, 53, 98). We
would like to highlight the SDF-1/CXCR4 axis because it
has been reported to play a key role in EPC mobilization in
response to hypoxia or injury. The basal levels of SDF-1 in
the circulation and BM are low, but after an ischemic event,
hypoxia-inducible factor-1 (HIF-1) is upregulated, and it
can activate both SDF-1 and VEGF. EPCs are then mobi-
lized to the ischemic region because they follow SDF-1
gradients (Fig. 2). This axis is important for the homing or
recruitment of circulating EPCs to the ischemic site where
their angiogenic and repairing functions occur in the context
of tissue remodeling (13, 15, 103).

Interestingly, HMG-CoA reductase inhibitors (statins),
which were drugs originally used as inhibitors of cholesterol
biosynthesis showing other pleiotropic effects, were found to
stimulate EPCs in different ways. On one hand, statin therapy

VEGF

VEGF &
gradient CXCR4
Circulating
EPC

0

Bone marrow

Fig. 2. Scheme of the SDF-1/CXCR4 axis. Cellular and molecular mechanism
by which HIF-1 activates SDF-1 and VEGF to mobilize EPCs to the ischemic
region for tissue remodeling in response to hypoxia or injury. [Parts of this
figure were supported by Servier Medical Art with permission under the
Creative Commons Attribution 3.0 Unported License.] CXCR4, CXC chemo-
kine receptor 4; HIF-1, hypoxia-inducible factor 1; SDF-1, stromal-derived
factor-1.
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has been shown to stimulate the growth of new blood vessels
in ischemic limbs of normocholesterolemic rabbits (44), and
further investigations showed that this proangiogenic effect
was due to an increase in the mobilization of EPCs by medi-
ating the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
(62). Similar results have been described in a mouse model of
hindlimb ischemia related to the SDF-1a/CXCR4 axis and
nitric oxide regulation (14). Other examples of the effect of
statins on EPC mobilization have been described in both rodent
(98) and human studies (45) under statin therapy showing
increased EPC levels, and more recently in the context of
ischemic stroke (26).

Endothelial Progenitor Cells and Poststroke Neurorepair

EPCs are involved in the direct repair of damaged blood
vessel and angiogenesis in ischemic tissues, but they are also
indirectly involved through paracrine signaling (Fig. 1). These
cells have become a focus of study in the field of neurorepair
strategies in ischemia-related diseases and have gained increas-
ing importance in cerebral ischemia treatments because they
are known to play critical roles in both the physiopathology
and tissue repair associated with ischemic stroke. There are
several mechanisms by which EPCs participate in endothelial
repair. Ischemia mobilizes bone marrow-derived EPCs that
interact with endothelial cells, extravasate, and reach the isch-
emic site, where they can directly incorporate into the vascular
wall (32, 111). Moreover, EPCs are known to release protec-
tive cytokines and growth factors that can induce the self-repair
of injured endothelial cells (ECs) or promote the extension of
normal ECs into the injured sites and thereby assume a repair
function (50, 51). In this regard, it is believed that the regen-
erating effect of EPCs may be attributable not only to the
addition of new cells to new vessels but also to the secretion of
factors that influence pathways of paracrine communication
(59, 81, 82). These factors can induce the aforementioned
mechanisms of the repair of damaged blood vessels, participate
in the formation of new blood vessels from preexisting vessels,
and promote the de novo formation of blood vessels in isch-
emic sites (50, 51).

Additionally, these growth factors can explain the relation-
ship between angiogenesis and neurogenesis that guides the
migration of neuroblasts and increases their survival in the
so-called neurovascular niche (69). Neurogenesis in the adult
brain occurs in two areas, i.e., the hippocampal subgranular
zone (SGZ) and subventricular zone (SVZ) (68, 69); these
areas renew cells in the dentate gyrus and olfactory bulb,
respectively. Neural stem cells (NSCs) reside in specific
niches, such as the SVZ, and display partial differentiation and
enhanced proliferation with specific fates, for example, neuro-
blasts or oligodendrocyte progenitor cells (OPCs) (69). After
cerebral ischemia, these areas that are rich in neural progenitor
niches have been demonstrated to exhibit cells that can prolif-
erate, migrate, and graft into most perilesional brain areas
where they can differentiate into new neurons or glial cells and
renew the cell population (68). For this process to happen there
must be signals that guide the migrating neuroblasts to areas in
which cell renewal can occur, and EPCs could be the source of
these signals (81).
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Therapeutic Potential of the Use of Endothelial Progenitor
Cells

Several preclinical studies have reported beneficial effects of
the transplantation of EPCs after cerebral ischemia (Table 1).
The first studies utilized a mouse model of transient middle
cerebral artery occlusion (MCAO) to demonstrate that the
administration of human early EPCs was associated with a
reduction in infarct volume, reduced cortical atrophy, increased
angiogenesis, and improved neurobehavioral outcomes (20, 70,
81). Furthermore, the administration of outgrowth populations
of human EPCs improved the neurological function in a rat
model of ischemia-reperfusion (66).

Despite all of the preclinical evidence suggesting the bene-
fits of EPC treatments for stroke by enhancing neurorepair
mechanisms, there is a lack of clinical trials testing the safety
and/or efficacy of EPC therapy treatments. To our knowledge
only one Phase I clinical trial has tested and proved the safety
and feasibility of administering intra-arterially autologous,
bone marrow-derived CD34 " cells (which includes the EPC
population) in five stroke patients (5). Several reasons could
influence the current scenario such as: /) the relatively recent
identification of EPCs in adult humans (3); 2) the existence of
other accessible stem/progenitor cells used for regenerative
purposes in stroke, including commercial genetically modified
stem cells or whole bone-marrow aspirates/peripheral blood-
derived mononuclear cells (101); 3) the use of other stem cells
such as mesenchymal stem cells early after their identification
in a large number of clinical trials showing safety (88); 4) the
fact that EPCs were first thought to exclusively influence
vascular repair when other repair/remodeling mechanisms have
been described later to also benefit from the cross talk with
EPCs (58); 5) the anatomical/structural barrier to reach the
brain tissue which limits the delivery of any cell product with
minimally invasive procedures and good delivery efficiencies
(101) might have discouraged the design of cell-based stroke
clinical trials; and 6) the lack of consensus for standardized
isolation and cell culture methods to expand the low numbers
of circulating EPCs in healthy subjects (9).

In this context, further efforts have been applied from the
preclinical side to offer improved efficiencies of treatments
based on the use of EPCs. For example, EPCs transfected
with lentiviral vectors encoding the human adiponectin gene
elicit improvements in behavioral function, infarct exten-
sion, microvessel density, and cell apoptosis rates (109).
Another study has recently demonstrated that the applica-
tion of CXCL12-engineered EPCs with a lentivirus (used to
deliver the cxcll2 gene into human umbilical cord blood
EPCs) in a preclinical model of stroke at 1 week after
ischemia resulted in increased blood vessel density but also
promoted myelin sheath integrity and the proliferation and
migration of OPCs (49).

However, it is important to highlight that despite the lack of
clinical trials using EPCs in ischemic diseases, several obser-
vational studies have been carried out to assess the levels of
circulating EPCs in patients with ischemic diseases such as
stroke or myocardial infarction (15, 79), thus suggesting their
use as a biomarker of endothelial function, integrity, or repair
response.

In stroke patients different studies have shown an increase in
circulating EPCs in the acute and subacute phases of the
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Table 1. Publications testing the therapeutic actions of EPCs in preclinical models of cerebral ischemia

Reference

Animal Model

EPC Source/Dose/Route

Outcome

Chen J et al., 2001 (13b)

Zhang et al., 2002 (111)

Shyu et al., 2006 (85a)

Ohta et al., 2006 (70)

Fan et al., 2010 (20)

Moubarik et al., 2011 (66)

Pellegrini et al., 2013 (74a)

Hecht et al., 2014 (29a)

Chen C. et al., 2014 (13a)

Bai et al., 2015 (4)

Xin et al.,

2016 (102a)

Rosell et al., 2013 (81)

Zhang et al., 2017 (9)

Adult male rats. Transient MCAO  HUBSCs containing MSCs and EPCs

2 h occlusion.

Male mice (N-TgN, TIE2LacZ).
Embolic MCAO.

Male mice. Permanent MCAO.

Male rats. Transient MCAO 90
min occlusion.

Male rats. Transient MCAO, 90
min occlusion.

Adult nude mice. Transient
MCAO, 60 min occlusion.

Adult male rats. Transient
MCAO, 60 min occlusion.

Adult male rats. Transient
MCAO, 60 min occlusion.

Adult male rats, permanent
MCAO.

Adult male mice. Transient
MCAO, 90 min occlusion.

Adult male mice, MCAO via
photochemical reaction.

Adult male mice. Permanent
MCAO. Groups: Ad libitum
diet vs. Prolonged fasting (PF)
diet.

Adult male mice. Permanent
MCAO.

Adult male rats. Transient
MCAO, 2 h occlusion.

(3 X 10° cells at 24 h
postischemia or 7 days, via tail
vein.

BM transplantation (2 X 10° BM
cells) 4 wk before MCAO, via tail
vein.

5 X 10° CD34™* cells at 48 h
postischemia, via tail vein.

5 X 10° autologous CD34*
peripheral blood (obtained after
G-CSF injection), stereotaxically
injected 7 days following ischemia.

2.5 X 10° EPCs immediately after
ischemia, via internal carotid
artery.

10° EPCs at 1 h postischemia, via
left jugular vein.

4 X 10° ECFCs at 24 h
postischemia, via femoral vein.

4 X 10° ECFCs at 24 h
postischemia, via femoral vein.

10° Embryonic EPCs immediately
after chronic cerebral
hypoperfusion and at day 7 and
14, tail vein.

10° hPB-EPCs from stroke patients,
after 90 min of tMCAO, jugular
vein.

10° EPCs at 24 h of ischemia, via
ipsilateral internal carotid artery.

10° EPCs (obtained from each group)
immediately after ischemia, via tail
vein.

10* to 2 X 10° EPCs vs. EPC
secretome, tail vein.

2 X 10° EPC/LV-APN-EPCs after 2
h of reperfusion, via tail vein.

HUBSCs at 24 h: 7 neurobehavioral outcome.
HUBSCs at day 7: 1 neurobehavioral
outcome.

Incorporation of Tie-2-LacZ-positive cells into
sites of neovascularization at the border of
the infarct.

1 Neovascularization and neurogenesis,

1 NPC migration towards ischemic area,
and | cortical atrophy.

1 Neurobehavioral outcome, 7 neuronal
activity, 1 endogenous mobilization and
engraftment of stem cells, 1 reactive
cerebral blood flow, 7 neurotrophic factors,
angiogenesis and neurogenesis.

| Infarct volume and neurological functional
deficits, 1 regional cerebral cortical blood
flow and | infiltration of myeloperoxidase
immunoreactive cells.

| Infarct volume, | cortical atrophy,

1 neurobehavioral outcome and
1 angiogenesis.

1 Neurobehavioral outcome, 1 angiogenesis,
1 neurogenesis and | cerebral apoptosis

ECFCs: 1 neurobehavioral outcome,
| cerebral apoptosis, 1 angiogenesis and
neurogenesis. ECFCs+EPO:

1 1 neurobehavioral outcome, | | cerebral
apoptosis, T 1 angiogenesis and
neurogenesis.

1 Cerebrovascular reserve capacity,

1 collateral vessel growth and capillary
density.

| Brain atrophy and 1 angiogenesis.

| Infarct volume and neurological deficits,

1 angiogenesis and 1 neurogenesis and
neuronal survival, ] axonal growth.
Activation of eNOS and expression of
BDNF.

Control-EPCs vs. control group/PF-EPCs vs.
control group/ PF-EPCs vs. control-EPC:
| infarct volume, | cortical atrophy,

1 neurobehavioral outcome and
1 angiogenesis.

1 Neurobehavioral outcome and microvessel
density in both groups compared with
vehicle.

Control-EPCs vs. control group/LV-APN-
EPCs vs. control group/LV-APN-EPCs vs.
control-EPCs: | infarct volume,

1 neurobehavioral outcome and microvessel
density and | cerebral apoptosis.

BDNF, brain-derived neurotrophic factor; BM, bone marrow; ECFCs, endothelial colony-forming cells; eNOS, endothelial nitric oxide synthase; EPCs,
endothelial progenitor cells; EPO, erythropoietin; G-CSF, granulocyte-colony stimulating factor; HUBSCs, human umbilical cord blood cells; LV-APN, left
ventricle adiponectin; MCAO, middle cerebral artery occlusion; MSCs, mesenchymal stem cells; NPCs, neural progenitor cells.

disease including a peak in EPCs after 7 days of ischemic
stroke (55, 60, 90) that is associated with better outcomes
(55, 108), a positive correlation with infarct volume (15),
suggesting that the mobilization of EPC from the bone
marrow into peripheral circulation occurs as a stress re-
sponse to an ischemic event, or a decrease in the EPCs
counts at 3 months of the event (56). A recent study has also
related for the first time EPC levels with poststroke reha-

bilitation therapy showing that the expected long-term de-
crease in circulating EPC does not occur in patients under
intensive rehabilitation therapy (23). However, other inves-
tigations have reported lower baseline circulating EPC lev-
els in acute ischemic stroke patients in comparison with the
control group (15, 95), perhaps related to the presence of
cardiovascular risk factors such as blood pressure and or
hypercholesterolemia (15).
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Endothelial Progenitor Cells as Boosters of Cell
Communication

Cell communication is an essential process in living organ-
isms. Intercellular communication was long thought to be
mediated exclusively through direct cell-to-cell interactions
and the secretion of soluble intercellular molecules (e.g.,
growth factors, cytokines, neurotransmitters, lipids, hormones,
etc.) that transmit the signal by binding to specific receptors on
the target cell and/or via uptake into that cell. Recently,
extracellular vesicles (EVs), which were initially considered to
be innercellular debris, have been proposed as a new frontier of
cell-to-cell communication (48). The presence of these vesicles
is commonly related to a large number of diseases and patho-
logic conditions, and it is believed that they exert an important
role in pathologies because the dysregulation of intercellular
communication leads the progress of the disease (10). As
described in the previous section, although EPCs have demon-
strated therapeutic effects when transplanted into several ani-
mal models of ischemic disease, it has been reported that very
few cells incorporate into the newly formed vessels in the
ischemic regions, which suggests that there must be a paracrine
mechanism that accounts for their beneficial effects (66). In
this regard, it is known that EPCs communicate and interact
with neurons, cerebral endothelial cells, astrocytes, and the
surrounding extracellular matrix in the so-called neurovascular
unit, and all of these interactions contribute to neurovascular
remodeling after stroke (47, 54) (Fig. 1).

Endothelial Progenitor Cell-Derived Secretome

The repair capacities of EPCs are not exclusively due to their
homing and engraftment because circulating EPCs also con-
tribute to reendothelization and tissue regeneration following
ischemic events by releasing paracrine proangiogenic factors,
such as stromal-derived factor-1 (SDF-1), insulin-like growth
factor-1, hepatocyte growth factor (HGF), G-CSF, VEGF,
endothelial nitric oxide synthase, inducible nitric oxide syn-
thase, IL-8, and IL-9 among many others (59). These factors
can promote endothelial cell proliferation and reduce cell
apoptosis, but are also involved in the regulation of endoge-
nous progenitor cell recruitment, vascular growth, and remod-
eling (34, 35, 77, 80, 82, 96). The paracrine factors released by
EPCs not only promote the angiogenic activities of vascular
cells but also preserve this capacity and protect differentiated
endothelial cells from apoptosis under conditions of oxidative
stress (106). Other studies supporting the therapeutic effect of
EPC-secreted factors have reported that cultured cortical neu-
rons that are exposed to oxygen-glucose deprivation exhibit
less axon degeneration when they are treated with EPC-con-
ditioned media (72). The release of these factors appears to be
increased by hypoxia; for example, Di Santo and colleagues
(82) found that angiogenin, HGF, IL-8, platelet-derived growth
factor homodimer BB (PDGF-BB), SDF-1, and VEGF-A are
increased in EPC-conditioned media in hypoxic conditions,
which supports the protective role of EPCs in the context of
cerebral ischemia.

As explained above, several studies have suggested that
early EPCs are capable of secreting large amounts of proteins,
although this secretion is not the only role of this EPC popu-
lation. Abe et al. (1) reported the contribution of EPC-condi-
tioned medium (CM), in which EPCs secrete VEGF, on three-
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dimensional (3D) microvessel formation using an in vitro
model. These authors demonstrated that EPC induced 3D
network invasion into gels by creating a local VEGF gradient.
In another study, Hur and colleagues (34) found higher levels
of VEGF in the supernatant of early EPCs compared with late
EPCs. VEGF produces nitric oxide (NO) in endothelial cells
through the kinase insert domain receptor (KDR), and it is
known that the upregulation of KDR on endothelial cells
causes an increase in VEGF-mediated tube formation on Matri-
gel matrices. These authors also describe a greater expression
of KDR by late EPCs, which might explain the higher tubulo-
genic potential of this population. Based on these findings, it
has been proposed that early EPCs contribute to neovasculo-
genesis mainly by secreting proangiogenic factors that promote
endothelial cell recruitment and induce endothelial cell prolif-
eration and survival. In contrast, late EPCs contribute to
neovasculogenesis also through their high proliferation rate
that provides a source of endothelial cells (34, 66, 86).

Interestingly, EPC-derived CM has aroused interest as an
alternative to cell therapy in the last years. Many studies have
reported therapeutic effects in animal models of different
ischemic diseases following a cell-free but cell-based thera-
peutic approach. The first study demonstrated that EPC-CM
transplantation stimulated neovascularization and vascular
maturation and thereby improved hindlimb perfusion and mus-
cle function (82). More recently, intravenously administered
EPC-CM appeared to enhance vascular remodeling in a corti-
cal model of stroke and led to better functional outcomes (81).
Moreover, for the first time, Maki et al. (59) observed recovery
from white matter injury after EPC-CM administration in a
prolonged hypoperfusion model that was mediated by in-
creased vessel density, increased numbers of proliferating
oligodendrocyte-lineage cells, and enhanced myelination in the
corpus callosum accompanied by an improved cognitive func-
tion.

Several growth factors that are present in EPC-derived CM
appear to be involved not only in angiogenesis but also in
neurogenic processes and have been linked to stroke-induced
neurogenesis by different authors (31, 38, 66). Some of the
EPC-secreted factors reported in these investigations include
the following: growth-regulated oncogene-a (GRO-a), interleu-
kin 8 (IL-8), tissue inhibitors of metalloproteinases (TIMP-1
and TIMP-2), metalloproteinases 2 and 9 (MMP-2 and MMP-
9), epidermal growth factor (EGF), monocyte chemotactic
protein-1 (MCP-1), PDGF-BB, angiopoietin 2 (Ang-2), eryth-
ropoietin (EPO), VEGF, G-CSF, fibroblast growth factor-2
(FGF-2), brain-derived neurotrophic factor (BDNF), insulin-
like growth factor (IGF-1), and stem cell factor (SCF), among
many others.

This neurovascular niche supports adult neurogenesis from
neural progenitor cells by signaling mechanisms that include
contact-mediated and vascular-derived soluble factors (47, 69)
(Fig. 1). Direct contact between NPCs and vascular endothelial
cells in neurogenic sites maintains NPC quiescence through
contact-dependent signaling (71), while soluble endothelial
factors have been demonstrated to promote the proliferation of
NPCs and to stimulate brain remodeling processes (30). These
findings are in accordance with a study in which cocultured
human EPCs and NPCs obtained from induced pluripotent
stem cells synergistically protected ECs from hypoxia/reoxy-
genation-induced apoptosis and dysfunction, and these benefits
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resulted from paracrine activation of the PI3K/Akt signaling
pathway mediated by VEGF and BDNF (99). G-CSF, which is
among the factors present in the EPC-derived secretome, also
plays a role in neurogenesis through VEGF. When G-CSF
binds to its receptor, cytoplasmic tyrosine kinases are recruited,
and these kinases activate STAT proteins. Activated STAT
translocates to the nucleus, where it regulates gene expression
and thereby promotes cell proliferation and mobilization.
STATS3 has been reported to directly upregulate VEGF expres-
sion, and its kinase receptors VEGFR-1 (Flt-1) and VEGFR-2
(Flk-1 and KDR) are also expressed in nonvascular cells, such
as neurons and NPCs (38). In a study performed by Zhu et al.
(112) that utilized a mouse model of permanent focal ischemia,
IGF-1 was demonstrated to enhance vascular density in the
peri-infarct region and to increase neurogenesis at 7 days
poststroke. However, whether IGF-1 directly promoted neuro-
genesis or this effect resulted from increased vascular density
was not determined. Others have found that Ang-2 promotes an
increase in the number of proliferating NSCs in culture (2).
Ang-2 activates a pathway downstream of the Notch receptor
that is known to induce the expansion of NSC populations, and
NSCs in the subventricular zone (SVZ) and throughout the
brain express the angiopoietin receptor Tie-2; furthermore,
these cells appear to be in close proximity to blood vessels (2).

Other examples of the neurotrophic actions of factors se-
creted by EPCs relate to NPC migration from the SVZ neuro-
genic niche to the injured region of the brain that is guided by
several receptor-ligand signaling pathways and molecular fac-
tors such as SDF-1/CXCR4 and MMP (41, 69, 100). These
studies demonstrated how, after ischemic stroke, SDF-1 is
released from endothelial cells, and its receptor CXCR4 is
expressed in NSC and migrating neuroblasts.

Endothelial Progenitor Cell-Derived Exosomes

The secretion of extracellular vesicles (EVs) is a phenomena
that is evolutionarily conserved from simple to complex mul-
ticellular organisms. EVs are considered communicasomes,
i.e., nanosized extracellular organelles that are limited by lipid
bilayers, have an average diameter of 30-500 nm, and play
diverse pathophysiological roles in intercellular communica-
tion (7, 78, 97). EVs are normally found in all environments
and in all body fluids, including the blood, saliva, breast milk,
urine, and cerebrospinal fluid, as well as in stool. EVs have
physiological functions, such as coagulation, regulation of
immune responses, communication in the brain, and functions
during pregnancy. EVs also have deleterious functions, e.g.,
they can suppress immune responses in a manner that leads to
pathological conditions such as premetastatic niche formation
and tumor angiogenesis (94).

Among other methods, EVs can be isolated by the centrif-
ugation of either biofluids or cell-cultured supernatants (102,
104). There is no consensus in the nomenclature of the differ-
ent EVs because of their heterogeneity, but some authors have
named EVs according to the cell type from which they origi-
nate, for example, oncosomes (tumor-derived microvesicles),
prostasomes (secreted by the prostate gland epithelial cells into
the seminal fluid), and many others. However, we can classify
EVs into three subtypes based on their biogenesis: exosomes,
ectosomes, (shedding microvesicles), and apoptotic bodies.
EVs are known to be secreted by a cell into the extracellular
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space. Exosomes are released by exocytosis, ectosomes are
secreted by outward budding of the plasma membrane, and
apoptotic bodies are released by dying cells during the later
stages of apoptosis (39). EVs contain and deliver cargo that
reflects their cellular origins and can include DNA, mRNA,
microRNA (miRNA), proteins, and lipids (42). Moreover, the
different intracellular origins of EVs are probably related to
their different functions (73). However, the subtypes of EVs
are not well characterized. Despite separate biogenesis path-
ways, definitive markers of EV subtypes are nonexistent (40,
42, 64).

Exosomes are small membrane vesicles (30—150 nm) that
are produced via the endosomal pathway and are secreted from
intracellular stores called multivesicular bodies (MVBs) and
subsequently incorporated into the intracellular spaces of tar-
get/host cells through three different pathways: fusion with the
plasma membrane, pino- or phagocytosis, and binding to spe-
cific receptors. Interestingly, exosomes induce significant cell
proliferation and migration in recipient cells (40). For example,
in the specific case of ECs, van Balkom and colleagues (97a)
reported that these cells require miR-214 to secrete exosomes
that suppress senescence and stimulate angiogenesis.

Exosomes and Stroke

After stroke, exosomes secreted by cerebral endothelial cells
and NPCs regulate intercellular communication between com-
ponents of the neurovascular unit and thus contribute to the
coupling of neurogenesis and angiogenesis during brain repair.
These exosomes exhibit a bidirectional exchange of genetic
and molecular information between stem cells and injured cells
and reprogram the latter cells to repair damaged tissues (10). In
this manner, increased levels of exosomes of mainly endothe-
lial origin have been observed in cardiovascular pathology
(87). These vesicles have been well documented to play an
important role in angiogenesis, and it has been demonstrated
that miRNAs are crucial in vascular endothelial cell angiogen-
esis as well as in stroke pathogenesis (107). Furthermore, it has
been reported that cargo proteins are altered in the exosomes of
plasma endothelial cells after stroke (25).

In vitro and in vivo experiments have demonstrated that
exosomes from EPCs transfer miRNAs, such as miR-126 and
miR-296, which activate the PI3K/Akt signaling pathway and
lead to angiogenesis (11, 16). Moreover, the upregulation of
miR-27b (43) and miR-181d (93) enhance angiogenesis,
whereas the upregulation of miR-328 enhances cell migration
(105) and promotes good clinical outcomes after ischemic
stroke. In contrast, the downregulation of miRNA-15a in a
mouse model of focal cerebral ischemia also promotes stroke-
induced angiogenesis in the cerebral vessels of the peri-infarct
region by increasing FGF-2 and VEGF levels (107).

Beyond exosome vascular stimulation, NSCs also exchange
molecular signals with blood vessels, neighboring cells, cere-
brospinal fluid, and astrocytes through exosomes to mediate
synaptic and axonal plasticity (18), and these signals could be
involved in brain remodeling following ischemia. Furthermore,
these signals may also communicate with the immune system
after stroke (110). Regarding glial cells, it has been reported
that cultured oligodendrocytes secrete exosomes that contrib-
ute to the neuronal-mediated coordination of myelination (22),
and exosomes from oligodendrocytes can also improve neuron

AJP-Cell Physiol - doi:10.1152/ajpcell.00200.2018 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (084.088.065.246) on Apr|| 11, 2022.



ENDOTHELIAL PROGENITOR CELLS IN STROKE

viability under cell stress conditions and reduce ischemic
neuronal death through the transfer of superoxide dismutase,
catalase, and other antioxidant enzymes (21). Moreover, mi-
croglia exosomes can regulate oligodendrogenesis and neuro-
genesis under physiological and pathological conditions (85),
including ischemic stroke.

CONCLUSIONS

EPCs have been documented to be confident candidates for
preclinical regenerative medicine approaches for ischemic
stroke, contributing to the recovery of neurological functions
and activating neurorepair mechanisms after EPC transplanta-
tion. EPCs contribute to tissue repair by both direct incorpo-
ration into remodeling vessels or by indirect secretion of
proteins or molecule-containing vesicles supporting cell com-
munication, serving as blood biomarkers of injury, cardiovas-
cular risk, or poststroke recovery. However, despite the well-
known neuroreparative potential of these cells in the context of
an ischemic event, this therapeutic approach has not reached
the clinical setting yet and to date, only two clinical trials using
EPCs are being registered (https://www.clinicaltrials.gov).
Several limitations for this scenario have been discussed in this
review including the extensive use of other stem cells for tissue
regeneration such as mesenchymal stem cells, the complex
administration and delivery of cell products in the brain, and
the lack of a standardized protocol for the isolation, culture,
and expansion of EPCs. It is in this light that cell-free (but
cell-based) therapies are now also considered as an alternative
to standard cell therapies, taking advantage of the capacity of
EPC:s to release soluble growth and communicating molecules
(106). Special interest should also be focused on future treat-
ments increasing EPC mobilization from the bone marrow to
peripheral circulation to increase the pool of EPCs that would
eventually reach the ischemic site to promote neurorepair;
available drugs such as HMG-CoA reductase inhibitors have
already shown this ability, but additional investigations on new
pharmacotherapies to increase the pool or function of EPC will
also be part of these future cell-based (but cell-free) strategies.
These approaches would avoid the disadvantages related to the
direct administration of cells in more classical approaches, but
could trigger a wider neurorestorative response by activating
different mature and precursors cell types at once. For this
reason, in the coming years it would also be important to
investigate the exosomes derived from EPCs as future thera-
peutic agents or therapeutic targets to regulate as communicat-
ing agents during stroke repair.
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Effects of aging and comorbidities on endothelial progenitor
cells
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Lizasoain', Anna Rosell?

Endothelial Progenitor Cells (EPCs) are postulated to participate in the function of the vessel endothelium and are emerging
as key cellular elements of vessel and tissue repair. These bone marrow-derived cells play a central role in maintaining blood
vessel health and function under physiological conditions. Several investigations have identified these cells as mediators of
repair; however, their number and function vary among subjects according to age, sex, and comorbid circumstances, which
may negatively condition the characteristics and functions of EPCs. Lifestyle habits in developed countries increase the
prevalence of comorbid conditions, including cardiovascular diseases and disorders in which the health of the vascular system
is compromised. In this review, we describe how age, diabetes, hypertension, and obesity (significant comorbid conditions)
may influence the opportunities for vascular remodeling by modifying the bio-distribution and functions of EPCs. We provide
evidence for the need to improve cardiovascular protection beyond endothelial function and the vascular wall structure by

preserving the endogenous mechanisms of vascular repair based on the actions of the endothelial progenitor pools.

Keywords: endothelial progenitor cells, stroke, cardiovascular disease, aging, comorbidity, vascular repair

1. Introduction
Cardiovascular diseases (CVDs) comprise a group of disorders
of the heart and blood vessels, including coronary heart disease,
cerebrovascular disease, and peripheral arterial disease, among
others. These diseases cause 17.9 million deaths every year and
account for 31% of all global deaths, according to the World
Health Organization (WHO). CVDs primarily manifest as heart
attacks and strokes, which are associated with several lifestyle
habits, including tobacco use, an unhealthy diet, physical
inactivity, and alcohol abuse. Such lifestyle choices increase
the prevalence of raised blood pressure, elevated blood glucose,
high cholesterol, and obesity, which are risk factors that
negatively affect cardiovascular health primarily by damaging
and narrowing or obstructing the blood vessels (Beaglehole,
2001). Apart from these direct effects on the vascular walls, the
presence of one or multiple comorbid conditions can influence
other organs, cellular metabolism and function, tissue repair
mechanisms, or the number and function of stem/progenitor
cells. Therefore, the preservation of endothelial function
and blood vessel health is essential for the prevention of the
progression of CVDs, both in aged and young individuals.

A dysfunctional or damaged endothelium, with limited
regenerative capacity, leads to platelet aggregation, unbalanced

hemostasis, immune cell infiltration, increased oxidative stress,
reduced vasomotor capabilities, and cellular turnover of the
blood vessels (Ross, 2018; Widmer and Leman, 2014). A
dysfunctional or damaged endothelium is also associated with
arterial atherosclerosis, blood clot formation, reduced vessel
repair, and impaired angiogenesis or tissue remodeling. In this
context, endothelial progenitor cells (EPCs), also known as
circulating angiogenic cells, which derive from bone marrow
(BM), play a central role in maintaining blood vessel health
and function (Esquiva et al., 2018) in the following ways: EPCs
provide a source for physiological endothelial cell replacement;
EPCs provide a source for endothelial repair via incorporation
into the damaged vasculature as mature endothelial cells; EPCs
promote angiogenesis by stimulating other endothelial cells
to proliferate; and EPCs promote whole tissue remodeling in
the recovery phases of stroke or cardiac injury. However, the
number and function of EPCs may be negatively conditioned by
the presence of the abovementioned risk factors. In this review,
we highlight the importance of EPCs as key cellular elements of
endothelial function and vessel and tissue repair. The influence
of aging and comorbid conditions, which are associated with
CVD, on EPC function, will also be discussed.
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2. Endothelial Progenitor Cells

2.1. Background: EPC populations and functions

The formation of new blood vessels was once thought to result
from embryonic vasculogenesis followed by an outbreak of
endothelial cells from existing vessels (Pepper, 1997). However,
this dogma was questioned with the discovery of BM-derived
EPCs in adult peripheral blood, which were first identified as
CD34 antigen-positive (CD34") mononuclear cells (MNC)
with endothelial characteristics (Asahara et al., 1997). The
proportion of these cells generally ranges between 0.1 and 2%
of the total MNCs in the BM, peripheral blood, and cord blood.
EPCs are mobilized from the BM into the peripheral blood as
an endogenous response to the physiopathological demands
of neovascularization and can be differentiated into functional
endothelial cells in vitro and ex vivo. Currently, these cells play
an important role in adult vasculogenesis and angiogenesis
by participating not only in the formation of vessels but also
in vessel repair and remodeling (Liman and Endres, 2012).
However, the identification of EPCs remains controversial, as no
single marker has been identified for this type of cell. Currently,
these cells are defined as cells expressing both stem cell and
endothelial markers, and flow cytometry is the most commonly

applied approach to count EPCs. Most accepted definitions
describe EPCs as proliferating cells that express the cell-surface
markers of stem cells (CD34 or CD133) and endothelial cells
(vascular endothelial growth factor (VEGF) receptor-2) (Liman
and Endres, 2012), although other progenitor or endothelial
markers have also been used (Fadini et al., 2012). Despite
the lack of a simple and rapid marker for identifying EPCs,
there is consensus regarding the classification of these cells
into two major types that emerge from MNC cultures, which
were initially named “early EPCs” or circulating angiogenic
cells (CAC) and “late EPCs” or outgrowth endothelial cells
(OEC). These types of cells have distinct origins and contribute
differently to angiogenesis (Fadini et al., 2012; Medina et al.,
2017). The early EPCs appear rapidly in culture under specific
conditions for endothelial cell growth, and the late EPCs appear
after 2 to 3 weeks and expand in culture. While the early-
EPCs exhibit a spindle shape within heterogeneous populations
of cells, the late-OECs or endothelial colony-forming cells
(ECFCs) exhibit cobblestone colonies with a characteristic
clonogenic capacity (Hur et al., 2004; Gulati et al., 2003).
Regardless of these controversies, it has been demonstrated that
EPCs are capable of differentiating ex vivo into endothelial-
like cells and therefore represent a new model for endothelial
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Figure 1. Schematic representation of the reported effects of comorbid conditions on EPC function and endothelial health in the context of
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Table 1. Most cited articles regarding the effects of aging on the biology of EPCs.

Title Journal Main Results Type of study Cit. Ref.
Age-dependent depression in circulating | Journal of the Preoperative val.ues of EPCs in 1.13 to 80 years old patlents. w1.th stabl.e
. . . N . coronary artery disease undergoing CABG were lowered with increasing .
endothelial progenitor cells in patients American S ) i R Clinical Scheubel et
) age, similar to the lowering of plasma VEGF levels. Despite a significant 303
undergoing coronary artery bypass College of . . i X research al 2003
N . increase in EPCs and release of cytochemokines during CABG, age was a
grafting Cardiology e e
major limiting factor for mobilization of EPCs.
Age-dependent impairment of Clinical
endothelial progenitor cells is corrected Circulation The age-related decline in EPC number and function can be restored research and 213 Thum et al
by growth hormone mediated increase of Research by growth hormone mediated increase of IGF-1 levels. Experimental 2007
insulin-like growth factor-1 research
A
g . g Clinical
i Age decre.ases endothelial progemt(.)r cell Aging impairs EPC trafficking to sites of ischemia through a failure of aged research
recruitment through decreases in . . . o . - . Chang et al
n L. " Circulation tissues to normally stabilize the HIF1a induced by hypoxia in ischemic and 145
hypoxia-inducible factor 1alpha i i 2007
g e AN . tissues. Experimental
stabilization during ischemia
research
Aging, exercise, and endothelial Journal of Aging adversely affects EPC function in terms of migration and CFU number, resgle:rr]cliazland Hoetzer et al
progenitor cell clonogenic and migratory Applied but a 3-months aerobic exercise intervention improved EPC clonogenic and Eiberimental 112 2007
capacity in men Physiology migratory capacity in middle-aged and older healthy men. fesearch
Estrogen reduces endothelial progenitor Estrogen prevented the onset of EPC senescence, probably through the . s
R Journal of X ’ i . 4 . Experimental Imanishi et al
cell senescence through augmentation of R stimulation of telomerase, and potentiated their proliferative 104
o Hypertension o B research 2005
telomerase activity activity and network formation in vitro.

Foot note: In order to summarize the most relevant publications associating EPC levels and function with aging, a search on Scopus database
was undertaken. Keywords included “endothelial progenitor cells”, “EPC”, and “aging”. Only original articles were selected. Results were sorted
according to the number of citations. The 5 most cited and relevant papers in the field of this comorbidity are listed, sorted from the most
cited to the less according to Scopus database. Abbreviations: Cit (Citations), Ref (Reference), Endothelial Progenitor Cells (EPCs), Coronary
Artery Bypass Grafting (CABG), Vascular Endothelial Growth Factor (VEGF), Insulin-like Growth Factor-1 (IGF-1), Hypoxia-Inducible Factor

1alpha (HIF1a), Colony Forming Units (CFU).

regeneration, vessel repair, and angio-vasculogenesis.

In addition to the therapeutic interest in endothelial
progenitors for vascular regeneration due to their homing and
engraftment into new or damaged blood vessels, it is also
known that EPCs secrete a large number of growth factors,
which contribute to vessel and tissue regeneration through
stromal cell-derived factor 1 (SDF-1), VEGF, granulocyte-
colony stimulating factor,, endothelial nitric oxide synthase
(eNOS), inducible NOS (iNOS), interleukin (IL)-8, and several
matrix metalloproteinases (MMPs), among many others
(Ma et al., 2015). These factors can promote endothelial cell
proliferation and migration, reduce cell apoptosis, regulate
the recruitment of endogenous progenitor cells, and promote
vascular growth and remodeling (Urbich et al., 2005; Di Santo
et al., 2009; Rosell et al., 2013). Moreover, the release of these
factors appears to be increased by hypoxia; for example, Di
Santo and colleagues showed that angiogenin, hepatocyte
growth factor, IL-8, platelet-derived growth factor-BB, SDF-
1, and VEGF-A are increased in EPC-conditioned media under
hypoxic conditions (Di Santo et al., 2009), which supports the
protective role of EPCs in the context of cerebral ischemia.

2.2. EPCs in tissue repair and their role in stroke neurorepair

Stroke is a CVD with a clear need for new therapies beyond the
acute phase of the disease, during which reperfusion therapies
have already demonstrated a clear impact on improving stroke
management and neuroprotection (Hacke et al., 2005; Urra et
al., 2015; Nogueira et al., 2017). The nature of this devastating
disease leads to severely damaged tissue/cells in very close
proximity to healthy peri-infarct tissue. The classical view of
neuronal rescue/repair has changed in the last decades into
a more global understanding of the brain as a whole. This
view has expanded to include other cell types (glial cells,
inflammatory cells, stem/progenitor cells), the extracellular
matrix, and the communication between these components.
Therefore, the endogenous mechanisms of neurovascular repair
include angio-vasculogenesis (formation of new blood vessels),

gliogenesis (formation of new glial cells), neurogenesis
(formation of new neurons), remyelination (new myelin sheaths
on demyelinated axons), among others. Several of these
endogenous mechanisms are activated in the minutes following
the ischemic trigger in peri-infarct areas (Lo, 2005; Carmichael,
2008). Several populations of newborn progenitor cells have
been identified in remodeling areas (Ohab et al., 2006; Jin
et al., 2006), such as neural progenitor cells (NPCs), EPCs,
or oligodendrocyte progenitor cells (OPCs). These findings
demonstrate the plastic nature of the brain, in contrast to the
more classical views of brains passively dying.

The following two elements must be highlighted in the
natural neurorepair process: the neurovascular coupling and the
neurovascular niche (Shen et al., 2004; Ohab et al., 2006). The
former refers to the neurogenesis phenomenon which is closely
linked to post-stroke angiogenesis, and the latter refers to the
factors released by the tissue cells, which create an appropriate
niche for neurorepair. The importance of this coupling was
demonstrated when ischemic mice that received systemic
endostatin to inhibit angiogenesis abolished the normal patterns
of neuroblast migration through the peri-infarct areas from the
subventricular zone (Ohab et al., 2006). The authors of that
study elegantly demonstrated that the vascular production of
SDF-1 and angiopoietin 1 (Angl) promote neuroblast migration
to peri-infarct cortex (newly generated neurons expressing
C-X-C chemokine receptor type (CXCR4) or Tie-2, which are
the receptors for SDF-1 and Angl, respectively). Meanwhile,
other authors have identified proliferating neuroblasts in peri-
infarct areas of the human brain in close proximity to blood
vessels (Jin et al., 2006). Moreover, it has been described that
the trophic support of endothelial cells to the neural stem cell
niche also occurs in non-pathological conditions, wherein
brain endothelial cells secrete soluble factors that maintain
CNS stem cell self-renewal and neurogenic potential in vitro
(Shen et al., 2004). The crosstalk between the endothelium and
oligodendrocyte/oligodendrocyte progenitors, which involves
nourishing trophic factors that are released by endothelial
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Table 2. Most cited articles regarding the effects of hypertension on the biology of EPCs.

cardiovascular oxidation in hypertension Hypertension

Title Journal Main Results Type of study | Cit. Ref.
Number of isolated EPCs was reduced in CAD patients compared to healthy
Number and migratory activity of volunteers. These EPCs presented impaired migratory response. Number of
circulating endothelial progenitor cells Circulation (Atherosclerotic) risk factors correlated with the reduction of EPCs and Clinical Vasa et al.
. pian . . . . 1906
inversely correlate with risk factors for research inversely with the migratory response capacity. research 2001
coronary artery disease This decrease in EPC number and function may contribute to impaired
vascularization in CAD patients.
EPCs from hypertensive patients and both spontaneously hypertensive and
Endothelial progenitor cell senescence is vP p P v hyp Experimental
= . DOCA-SH rats showed accelerated senescence and lower telomerase s
accelerated in both experimental Journal of activit research and 191 Imanishi et al
H hypertensive rats and patients with hypertension Ay' " . . Clinical 2005
. - EPC senescence may affect vascularization processes in hypertensive
Yy essential hypertension i research
patients.
p
< The re-endothelialized area of the EPCs from prehypertensive/hypertensive
: Impaired endothelial repair capacity of patients was lower than healthy subjects.
early endothelial progenitor cells in Hybertansion Senescence of EPCs in prehypertension/hypertension was increased Clinical 133 Giannotti et
< prehypertension: Relation to endothelial YP whereas NO production was reduced. research al 2010
n dysfunction Reduced endothelial repair capacity of EPCs was related to accelerated
: senescence and impaired endothelial function.
o : . .
Candesartan, an ARB used as an antihypertensive drug: increased the
n Effects of an ARB on endothelial American e e e ¢ H
. . number of EPCs, reduced their oxidative stress response and the expression | Experimental
progenitor cell function and Journal of 83 Yu et al 2008

of NADPH oxidase subunits in cardiovascular organs of spontaneously
hypertensive rats, improving EPC dysfunction.

research

Losartan improves the impaired function
of endothelial progenitor cells in
hypertension via an antioxidant effect

Hypertension
Research

Number, colony formation and migration of EPCs was reduced in SHR-sp
compared to controls. After administration of Losartan (ARB), an increase in
the number of circulating EPCs and in their colony formation capacity was
observed together with an inhibition of oxidation in SHR-sp.
Antihypertensives can be useful to repair vascular injuries related to

Yao et al
2007

Experimental

research b

hypertension.

Foot note: In order to summarize the most relevant publications associating EPC levels and function with hypertension, a search on Scopus
database was undertaken. Keywords included “endothelial progenitor cells”, “EPC", and “hypertension”. Only original articles were selected.
Results were sorted according to the number of citations. The 5 most cited and relevant papers in the field of this comorbidity are listed,
sorted from the most cited to the less according to Scopus database. Abbreviations: Cit (Citations), Ref (Reference), Endothelial Progenitor
Cells (EPCs), Coronary Artery Disease (CAD), deoxycorticosterone acetate-salt hypertensive (DOCA-SH), Nitric Oxide (NO), Angiotensin Il
Receptor Blocker (ARB), Nicotinamid-Adenin-Dinucleotide-Phosphate Nicotinamide adenine dinucleotide phosphate (NADPH), Spontaneously

Hypertensive Stroke Prone Rat (SHR-sp).

cells, has also been described in the normal and ischemic
brain, wherein brain derived neurotrophic factor, transforming
growth factor-beta, VEGF or MMPs may be responsible for
maintaining the oligovascular niche (Miyamoto et al., 2014;
Pham et al., 2012).

In this context, increasing evidence demonstrates that EPCs
are present after ischemic stroke. The first studies of EPC
mobilization in response to tissue ischemia (Takahashi et al.,
1999) showed that this process was potentially related to the
maintenance of endothelial integrity and the need for vascular
remodeling. Other studies have demonstrated the incorporation
of EPCs into neovessels (Asahara et al., 1997), and Taguchi
and colleagues first reported that CD34"/CD133" cells, as an
EPC-enriched population, were a marker of cerebrovascular
function (Taguchi et al., 2004). Further research in the field
demonstrate that, following injury, unidentified signals induce
EPC mobilization in the blood and produce a variety of growth
factors as well as cytokines, which recruit EPCs to the injury
site for neovascularization and tissue repair (Reinisch et al.,
2009; Navarro-Sobrino et al., 2010; Massot et al., 2013). One
of the most relevant signaling systems that particip