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Abstract

Background: Ischaemic stroke is a major cause of mortality worldwide.
Disruption of human blood-brain barrier (BBB), established mainly by human
brain microvascular endothelial cells (HBMECSs), constitutes the major cause of
death after ischaemic stroke. Hence, discovery of new agents that can
effectively replace dead/dying endothelial cells is of paramount importance for
stroke patients. Outgrowth endothelial cells (OECs), a subtype of endothelial
progenitor cells (EPCs), which can proliferate, migrate, and differentiate may
be one of such agents. However, EPCs scarcity in peripheral circulation
requires their isolation from peripheral blood and ex vivo expansion in order to
generate adequate amounts of OECs for therapeutic purposes. In addition, the
OECs secrete a vast range of trophic substances (OEC-secretome) that may
restore cerebral barrier function following damage. Furthermore, oxidative
stress has a major role in BBB-evoked ischaemic damage. NOX2 represents
the major source of oxidative stress in vasculature. Also, tumour necrosis factor
alpha (TNF-a) is pro-inflammatory cytokine that affects the integrity and function
of BBB during ischaemic stroke. In addition, hyperglycaemia is another factor
that aggravates BBB-evoked oxidative stress damage. Thus, first, we
investigated whether OECs can form BBB and restore its function following
damage. Second, we explored whether NOX2 inhibitor can protect BBB against
oxidative stress damage, and its impact on OECs. Third, we studied whether
combining NOX2 inhibitor with therapeutic hypothermia can protect BBB
against hyperglycaemic damage. Fourth, we investigated the impact of

senescence on the functional characteristics and reparative capacities of



OEC:s. Finally, we studied the effect of OEC-secretome on TNF-a-evoked BBB
damage.

Methods: The EPCs were isolated from human peripheral blood and cultured
to generate OECs. The characteristics of OECs and HBMECs were studied.
BBB models were constructed by co-culture of HBMECs or OECs with human
pericytes (HPs) and human astrocytes (HAs) before exposure to oxygen-
glucose deprivation (OGD) alone or followed by reperfusion (OGD+R) in the
presence or absence of specific NOX2 inhibitor, gp91ds-tat. In some
experiments, BBB models were exposed to hyperglycaemic conditions and
were treated with therapeutic hypothermia with/out gp91ds-tat. In other
experiments, BBB models were constructed with late passage OECs with HPs
and HAs. In some experiments, OECs were cultured for 48 hours under hypoxic
conditions to collect OEC-conditioned media (OEC-CM) which was used as
therapeutics for TNF-a-evoked BBB damage. The function and integrity of BBB
were assessed by measurements of paracellular flux of sodium fluorescein and
transendothelial electrical resistance, respectively. NADPH oxidase activity
(lucigenin chemiluminescence assay), superoxide anion (O2*) production
(cytochrome C assay), total antioxidant capacity (ELISA), proliferation rate
(wound scratch assay), tube formation assays (Matrigel assay), and
cytoskeletal organisation (actin filament staining) were assessed using the
specific assays indicated in brackets. Exogenous OECs used as therapeutics
following physical endothelial damage of the BBB model (wound scratch assay)
and following OGD-induced BBB damage.

Results: Our study revealed that like the HBMECs, the OECs displayed

endothelial and angiogenic characteristics, formed effective tight junctions, and



established functional BBB. Unlike the HBMECs, OECs show higher
proliferative and migratory capacity. We revealed that exogenous OECs
effectively repaired and restored BBB function following damage. Compared to
HBMECs, OECs expressed lower NADPH oxidase activity, O>* levels, formed
less stress fibres, and had higher total antioxidant capacity during OGD+R.
Gp91ds-tat prevented disruption of actin cytoskeletal formation and restored
the function of BBB established by HBMECs. In contrast, treatment with
gp91ds-tat increased OGD-evoked stress fibre formation in OECs and
aggravated ischaemic injury-induced BBB damage constructed by OECs. The
deleterious impact of hyperglycaemia on BBB was more effectively reversed
using therapeutic hypothermia with gp91ds-tat. Late passage OECs showed
significant changes in morphology, failed to proliferate, and repair damage, and
were not able to form functional BBB. OEC-CM appears to induce cellular
proliferation, migration, adhesion, wound repair, preservation of cellular
architecture, and protect BBB function against TNF-a-evoked BBB damage.

Conclusion: Our study reveals that OECs can effectively repair BBB following
damage and may therefore serve as a novel cell-based therapeutic option for
ischaemic stroke. While selective inhibition of NOX2 appears to protect BBB
against ischaemic damage, specific targeting of NOX2 while using OECs as
cellular therapy requires close attention. Co-application of NOX2 inhibitor with
therapeutic hypothermia, on the other hand, appears to be an efficacious
therapeutic possibility for ischaemic stroke patients with diabetes. Despite its
tumour-suppressive benefits, senescence adversely affects OECs’ reparative
capacity. In this context, OEC secretome negate ischaemic injury-evoked

inflammatory responses and emerge as a novel cell-free therapeutic strategy.
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1 INTRODUCTION



According to the World Health Organisation (WHO), each year stroke affects
about 15 million people worldwide. Sadly, while one-third of these cases die,
another one-third live with long-term disabilities caused by this disease (Ma et
al., 2015). Hence, stroke continues to be one of the main causes of mortality
and morbidity globally (Liao et al., 2017a, Hisham and Bayraktutan, 2013).
Ischaemic strokes, stemming from an interuption of blood supply to the brain,
account for nearly 80-85% of all strokes. Despite being the major cause of
human brain damage, systemic thrombolysis with recombinant tissue
plasminogen activator (rtPA) or endovascular procedure remain the only
pharmacological and interventioal therapeutic options for this condition (Reis et
al., 2017, Allen and Bayraktutan, 2009b). However, due to short treatment
window of 4.5 hours of a symptom onset and strict eligibility criteria, every year
less than 1% of stroke patients globally receive either therapy (Bayraktutan,
2019b, Hacke et al., 2008), necessitating the discovery of alternative
therapeutic agents or strategies that can be safely and effectively used for
ischaemic stroke. Although over the last years many treatments targeting a
single mechanism associated with ischaemic stroke, such as excitotoxicity,
have shown favourable results in experimental settings, subsequent clinical
trials have failed to generate similar outcomes. Whilst complexity of human
neurovascular unit and concurrent appaearance of a vast range of specific
mechanisms like oxidative stress, inflammation, and apoptosis after an
ischaemic injury have been suggested to explain this apparent dichotomy,
consideration of new therepeutic agents or approaches has become of
paraamount importance (Deb et al., 2010). In this regard, cell-based or cell-free

approaches, particularly treatments with outgrowth endothelial cells (OECs), a



subtype of endothelial progenitor cells (EPCs), may repair the damaged neuro-
vasculature through either autocrine or/and paracrine manners (Condon et al.,
2004, Di Santo et al., 2009). OECs are equipped with an inherent capacity to
migrate, proliferate, and differentiate into other cells, particularly mature
endothelial cells that shield the whole inner surface of all blood vessels and help
conserve vascular homeostasis through control of inflammation, coagulation,
and vascular tone. Endothelial cells also constitute the major cellular element
of human blood-brain barrier (BBB), a fence between the blood and the brain
tissue. Hence, any pathology capable of influencing endothelial cell
characteristics or viability can affect the integrity and function of this barrier and
promote brain oedema, the main cause of death within the early days following
an ischaemic stroke (Heo et al., 2005). Naturally, mobilisation of EPCs that able
to find and replace dead or dying endothelial cells to restore cerebral barrier
function and integrity may be of considerable therapeutic value for patients with
ischaemic stroke. EPCs are a subtype of mononuclear cells found in peripheral
blood and were first isolated in 1997 by using magnetic microbeads coated with
CD34 antibodies (Asahara et al., 1997).There are two subtypes of EPCs: early
EPCs and late EPCs or OECs. The latter also known as endothelial colony-
forming cells (ECFCs). In experimental studies, OECs show higher proliferative
ability, display dedication to endothelial linage, and have specific vascular

capabilities (Moubarik et al., 2011, Medina et al., 2010b).

1.1 Blood-brain barrier structure and function
The BBB is a complex structure that act as a fence between the blood and the

central nervous system, and it regulates substances and nutrients exchange



between the two compartments, thus it works as an essential protector for the
brain against toxic substances and microorganisms (Cardoso et al., 2010). The
BBB was first observed, in 1885, by Paul Ehrlich when he noticed that the brain
and spinal cord remained white after injecting vital dyes intravenously while the
peripheral organs were stained (Dyrna et al., 2013). Few years later, Edwin
Goldmann, observed the opposite phenomenon when he injected trypan blue
directly into the cerebrospinal fluid (CSF), this stained the central nervous
system (CNS) but not the peripheral organs, indicating the presence of a barrier
between blood and the brain (Serlin et al., 2015). The BBB plays key roles
including: regulation of molecular traffic, keeping the toxins out, preserving
connectivity between neurons, maintaining the protein at lower levels in the
CNS, permits immune response with less cell injury, and assists ion
homeostasis (Abbott, 2013). Due to the established BBB, the circulating
molecules in the blood can enter the interstitial fluid of the brain by one of the
ways whether via the free diffusion process (lipid-mediated transport of micro
molecules) or through the catalysed transport process of both the micro and
macromolecules (Vorbrodt and Dobrogowska, 2003). The structure of the BBB
includes human brain microvascular endothelial cells layer (HBMECs) which
are joined together by tight junction proteins, capillary basement membrane,
human astrocytes (HAs) end-feet enclosing the blood vessels, and human
pericytes (HPs) which are embedded in a basement membrane (Figure 1.1 )
(Ballabh et al., 2004). The HBMECs, neurons, HAs, HPs, and microglia act
collectively together to perform the physiological functions, and they are
refereed as the neurovascular unit (NVU) (Figure 1.2) (Zehendner et al., 2009,

Alwjwaj et al., 2021).
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Figure 1-1 schematic representation of BBB structure.
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1.1.1 Human brain microvascular endothelial cells

One of the first systems to be developed during the embryonic state is the
vascular system. The interior surfaces of this system are covered by a thin layer
of endothelial cells which form the endothelium that plays an array of biological
functions including glomerular filtration of blood in the kidney, haemostasis,
neutrophil transportation, thrombosis prevention, delivering blood-borne
nutrients, providing necessary oxygen levels to tissues and organs, and control
of blood vessels tone (Pelosi et al., 2014, Yoder, 2010). The HBMECs
constitute an important component of the BBB, have specific phenotype, and
are different from the endothelial cells of the other systems with characters of
intracellular tight junctions, lack of fenestration, higher number of mitochondria,
less levels of pinocytosis, and many specific transport systems that actively
transport the nutrients from the blood to the brain or take out toxic substances
from the brain into the blood circulation (Weiss et al., 2009, Petty and Lo, 2002).
HBMECs express specific markers including alkaline phosphatase, y-
glutamyltranspeptidase (GGT), and monoamine oxidase (MAO). In contrast,
they express leukocyte adhesion molecules at very low levels, which make it
almost impossible for immune cells to cross BBB. Besides, HBMECs do not
express thrombomodulin, a protein commonly expressed in other endothelial
cells (Goncharov et al., 2017). HBMECs have plasma membrane transport
protein and receptors that allow specific passage of entry for glucose, ions, and
some macromolecules, and provide routes of exit for the toxic metabolites
(Paolinelli et al., 2011). There are two major types of transporters expressed by
HBMECs: efflux transporters and nutrient transporters. Efflux transporters

include P-glycoprotein, breast cancer resistance protein (BCRP), and multidrug



resistance proteins (MRPs). Nutrient transporters include various solute carrier
(slc) class transporters, notably sic2al (glucose transporter protein), slc7a1
(cationic amino acids trasnporters), slc7a5 (neutral amino acids and L-DOPA
transporters), and slc16a1 (lactate and pyruvate transporters) (Daneman and
Prat, 2015). HBMECs are manifested by expression of ATP-binding cassette
transporters which face the vascular space, lining the luminal plasma
membrane of the endothelial cells, p