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ABSTRACT

Background. We have previously reported that it is possible to use human pericytes obtained
from remnants of palliative surgery in neonatal patients with congenital heart disease to
engineer animal-derived prosthetic grafts. The working hypothesis is that pericytes isolated
from cardiac tissue at the occasion of palliation can be expanded and incorporated in prosthetic
grafts forming a living tissue implantable for definitive correction of the heart defect. In order
to obtain proof of concept in an in vivo large animal model, we sought to use autologous swine
cardiac pericytes as a surrogate of the human cell product, thereby surmounting the problem of
immune rejection of xenogeneic cells. This thesis illustrates the progressive steps of the
manufacture process of a swine cardiac pericyte engineered vascular conduit and the first
demonstration of implantation in a piglet pulmonary artery.

Methods and Results. The first step consisted of an adaptation of the isolation/expansion
procedure previously set up for human cardiac pericytes using swine customized reagents.
Neonatal human and swine CPs were similar in terms of cardiac anatomical localization and
antigenic profile following isolation using immunomagnetic beads and culture expansion. Like
human pericytes, swine surrogates form clones after single cell sorting, secrete angiogenic
factors and extracellular matrix proteins, and support endothelial cell migration and network
formation in vitro. Seeded and unseeded (control) vascular CorMatrix® patches were kept under
static culture conditions for five days, and then, were shaped into a conduit to reproduce a
vessel and incubated in a bioreactor system under a perfused flow for one or two weeks.
Immunohistochemistry studies showed the viability and integration of swine pericytes into the
outer layer of the conduit. Acellular or pericyte-engineered conduits were implanted in two 9-
week old piglets to replace the left branch of the main pulmonary artery. After four months, the
anatomical and functional integration of the grafts was assessed by Doppler echocardiography
and cardiac magnetic resonance imaging. The extracellular matrix remodeling, vascularization
and microcalcifications were evaluated by immunohistochemistry.

Conclusions. This work demonstrates the feasibility of using neonatal swine cardiac pericytes for
the reconstruction of a pulmonary artery branch in a piglet model. These results pave the way
to novel tissue engineering solutions for correction of congenital heart disease using autologous

cardiac pericytes
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1 Introduction

1.1 Congenital heart disease

Congenital heart disease (CHD) is the most common type of birth disorders and it was defined
by Mitchell SC et al as “a gross structural abnormality of the heart or intrathoracic great vessels”
(Mitchell et al. 1971).

In the last decades there was a remarkable improvement in the surgical techniques for
correction of different forms of CHD. Yet, a definitive solution is rarely achieved especially in
patients with complex malformations. Therefore, the goal of the present work is to investigate
the possibility of improving current prostheses by engineering them with cardiac pericytes. The
rationale is that these cells will confer the prosthesis with the properties of a living tissue capable
of adapting to the recipient immediately upon implantation and of remodelling long term in
synchrony with the heart growth.

This thesis comprises a description of the clinical problem, the rationale of tissue engineering,
experimental methodology, results and discussion in the light of current knowledge. | also report
data of a published study, where | firstly demonstrated the identity of human and swine
pericytes and the feasibility of using them for the treatment of ischemia in a swine model of

reperfused myocardial infarction (Ml).

1.1.1 Epidemiology

Although there is negligible variation among the population-based statistical studies, in the UK
the prevalence of CHD is ~ 1% of live births, with a similar prevalence worldwide, and the
incidence is ~ 5000 babies born annually (Avolio et al. 2015a; Triedman and Newburger 2016;
Bouma and Mulder 2017).

The introduction of cardiopulmonary bypass in 1950s allowed efficient treatments of simple and
complex forms of CHD becoming a standard practice, available worldwide, in the care of these
defects. These procedures have improved dramatically the long-term survival bringing a new
class of CHD patients called adults with congenital heart disease (ACHD). For the treatment of
simple defects, research is focused on the procedure to increase the efficacy, safety and to
provide high-quality life to infants and children living particularly in countries with limited
healthcare centres and budget. On the other end of the spectrum of disease severity, the

outcomes continue to improve in patients with complex malformations (Figure 1-1) (Erikssen et
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al. 2015). Considering all complex defects, cumulative survival to 16 years of age in patients
underwent surgery in 1971 to 1989 was ~ 60% versus ~ 85% in 1990 to 2011. Childhood survival
is now well established even in the most complex forms of CHD, such as, univentricular heart
syndrome. However, as the early benefits of cardiac intervention and surgical repair in childhood
have become routine, the flip side of the improved long-term survival is the presence of many
CHD complications emerged in adulthood. The percentage of CHD-related deaths occurring in
different age-group, by period of death, are shown in Figure 1-2 (Knowles et al. 2012). Infants
comprised >50% of CHDs until the period 1979-1983, but now they represent ~ 20% of all CHD
deaths. On the other hand, ~ 20% of CHD deaths between 1959 and 1973 were adults, whereas
most deaths now occur within this age-range. The exact long-term efficacy of different CHD
therapies is hard to compare overtime because of the constant evolution of different strategies
of therapy and the long-life expectation. In addition, the evolution of these treatments may
delay the complication onset making difficult the comparison of the efficacy of different

treatments (Triedman and Newburger 2016).
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Figure 1- 1. A. Post-operative survival until 16 years old for complex CHD. Abbreviations: AVSD=
atrioventricular septal defects; I/HAA= interrupted or hypoplastic aortic arch; PA= pulmonary
atresia; TAC= truncus arteriosus communis; TAPVD= totally anomalous pulmonary venous
drainage; TGA= transposition of the great arteries; TOF= tetralogy of Fallot; UVH= univentricular
hearts. B. Mortality related to CHD in Norway between 1971-2011. Figure source: Erikssen et al.,

2015, American Heart Association (AHA), Inc.
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assessed in three groups of age. Figure source: Knowles et al., 2012, Archives of disease in

childhood, British Medical Journal (BMJ).

1.1.2 Classification of congenital heart disease

1.1.2.1 Healthy heart anatomy and function

The heart is a muscle tissue which pumps blood throughout our body. It has four anatomical
chambers: two upper chambers which are right atrium (RA) and left atrium (LA), and two lower
chambers which are right ventricle (RV) and left ventricle (LV). These chambers are separated
by a septum. Blood flows inside the chambers via four different valves. The function of the valves
is to open and close to allow blood flowing in only one direction.

e Tricuspid valve, which connects the RA and RV

e Pulmonary valve, which connects the RV and pulmonary artery (PA)

e Mitral valve, which connects LA and LV

e Aortic valve located between LV and aorta
The normal blood flow cycle follows the route body-heart-lungs-heart-body. Deoxygenated
blood coming from the systemic circulation returns to the heart and enters the RA and flows in

the RV through the tricuspid valve. Using a low pressure, RV pumps blood into the PA through



the pulmonary valve. Then, blood goes to the lungs to become oxygenated. From lungs,
oxygenated blood flows into the LA and, from here, passes into LV via mitral valve. Under high

pressure, blood is pumped into the aorta which, in turn, takes blood for the systemic circulation.

1.1.2.2 Heart development for the understanding of congenital heart

defects

Recent molecular heart development studies unravelled the basic developmental mechanisms
of normal and abnormal cardiovascular development. In order to understand what it has been
previously discussed about the post-natal heart anatomy, a brief step back to the foetal
development and to the formation of the three germ layers will be necessary.

During the 1 week of embryonic life, fertilized egg develops into blastocyst and implants in the
mother’s uterus. During the 2" week of embryonic development, the implanted blastocyst
penetrates deeper in the uterine wall and primitive placenta begins to form. At the 3™ week, a
primitive umbilical cord develops. Furthermore, at this stage blastocyst develops in three-layer
disks: endoderm (inner layer), mesoderm (middle layer), and ectoderm (out layer). Specific body
systems will develop from each layer. The mesoderm gives rise to heart, vascular system, dermis,
muscle, sex glands, lymph glands, kidney, connective tissue, blood cells, and subcutaneous
tissue (Moorman et al. 2003).

Early in the development, the primitive heart in the form of a cardiac crescent develops as two
tubes called first and second heart field constituted by progenitor cardiogenic mesodermal cells.
These two tubes merge as one single tube which begins to swell and develops into various
anatomical features of the heart. Heart begins to beat by the 3™ week of development. In normal
cardiac development, the cardiac tube will twist and turn on itself in a rightward direction, this
is called “dextral looping”. This results in the RV developing on the right side of the heart and LV
developing on the left side of the heart. Abnormal looping in a leftward direction is called “levo
looping”. This results in the RV developing on the left side of the heart, and LV developing on
the right side of the heart (Kloesel et al. 2016).

Entering the 4™ week of the embryonic life, the atrial and ventricular septum begin to form. The
atrial septum grows in layers and includes tissues, such as, septum primum, septum secundum
and endocardial cushion tissue. The latter is in the middle of the heart and from it rises tricuspid
valve, mitral valve, part of the atrial and ventricular septum. Septum primum grows downward
between RA and LA and it eventually fuses with endocardial cushion. The septum secundum

grows in parallel with septum primum. Both septa develop with holes in them to create a



passageway from blood to flow from RA to LA through the foramen ovale. If the pressures on
the RA are higher than pressures on the LA, the passage will stay open to allow blood to flow
from right to left side. Errors may occur during atrial separation in secundum atrial septal defect
(ASD), opening in the middle of atrial septum and produced when the tissue of septum primum
does not reach the septum secundum adequately to close completely the wall, or when a tiny
hole is left in the septum primum as the tissue is grown. In primum ASD, the hole is in the lower
part of the atrial septum near the tricuspid and mitral valves. It results in problems of growth of
the endocardial cushion tissue. Defects here are often associated with defects in the mitral and
tricuspid valves. The most severe form of this alteration is atrioventricular canal defects (AVCDs).
The aorta and PA develop from a single tubular structure, the truncus arteriosus. Two areas of
a ticker tissue project into the lumen of this tube on the right and left side, as they continue to
grow, these regions meet and fuse to form a septum which takes a spiral course through the
end of this tube. This septum divides the truncus arteriosus into two vessels, the aorta and PA.
The conal tissue involved in the separation of the truncus arteriosus also directs the placement
of the aorta and PA over their ventricles.

By the 5" week of embryonic life, the ventricular septum continues to grow, the muscular
portion of ventricular septum develops from bulb ventricular flange, which is derived from the
differential growth of primitive ventricle and bulbus cordis, and the membranous septum
develops from the endocardial cushion tissue. Conal tissue contributes to the complete closure
of the septum between the aortic and pulmonary valves.

By the 6™ and 7" weeks of embryonic life, the ventricular septum completely separates into RV
and LV. Errors may occur during the ventricular septation: muscular defects can occur in any
portion of the muscular septum, for instance small defects close on their own as the tissues
develop; membranous defects allocated behind the septal leaflets of tricuspid valve; sub-
pulmonary defects are caused by deficiency of canal septum; AVCDs are caused by defects in
the endocardial cushion tissue of the atrioventricular septum.

The aorta, PA and their branching vessels are formed by the brachial arch arteries. Initially there
are six pairs of brachial arch arteries. The first, second and fifth pairs disappear forming
ligaments which hold the heart in place. The third aortic arch forms the common carotid artery
and internal carotid arteries. The fourth carotid arch forms part of the final aortic arch and the
proximal portion of the right subclavian artery, the sixth carotid arch forms the proximal branch
of PA, the ductus arteriosus, and provides pulmonary blood flow via the branch and develops
lung buds. Alterations occurring in the arch formation result in different cardiac defects, such

as, coartaction of the aorta, interrupted aortic arch, aortic atresia, patent ductus arteriosus



(PDA), and vascular ring. By the 8™ week of embryonic development, the heart resembles the
post-natal heart in structure and functions, and it will continue to grow and develop over the
next 30" and 32" weeks (Figure 1-3) (Moorman et al. 2003; Gittenberger-de Groot et al. 2005;
Kloesel et al. 2016).

Genetic reasons are responsible of the different errors occurring in the foetal cardiac
development. However, non-genetic factors may contribute to the disruption of the normal
heart development. In the following paragraphs, the genetic and non-genetic factors determing
the development of the heart congenital malformations will be better explained (Mahler and

Butcher 2011; Kloesel et al. 2016).
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Figure 1-3. Schematic representation of cardiac development at different stages of the
embryonic life. Figure source adapted in modified version from Kloesel at al., 2016, Anesth

Analg.
1.1.2.3 Single and complex forms of congenital heart defects

Common types of CHD include valve defects, atrial and ventricular septal defects, stenosis of the

aorta and pulmonary artery and heart muscle defects. These alterations are presented as single



defects, characterized by the presence of a “hole” in the internal wall of the heart, the septum,
connecting the chambers, and complex defects, characterized by the lack of one or more
chambers or valves and responsible of the lack of blood oxygenation and circulation, heart
failure (HF) and death (Woodward 2011; Sun et al. 2015).

Single CHD are characterized by holes in the septum of the heart. The most common ones are
atrial septal defects (ASD) and ventricular septal defect (VSD).

e Atrial septal defect (ASD)

It is the presence of a hole separating the upper chambers of the heart (atria). In this condition,
oxygenated blood in the left-side of the heart mixes with deoxygenated blood coming from the
systemic circulation.

e Ventricular septal defect (VSD)

Itis the presence of the hole separating the lower chambers of the heart (ventricles). The septum
normally closes before birth, so that when baby is born, oxygenated blood cannot mix with
deoxygenated blood. In VSD patients, deoxygenated and oxygenated blood mixes, flowing
through the hole from the LV to RV and exits the lung arteries. If the hole is large, the excess of
blood pumped in the lung arteries forces the heart and lungs to work with more strength, the
RV may become hypertrophic and lungs become congested (Geva et al. 2014; Sun et al. 2015).
Complex CHD are characterized by mixed lesions occurring at the same time. The most common
ones are Tetralogy of Fallot (TOF) and univentricular heart syndrome or hypoplastic left heart
syndrome (HLHS).

e Tetralogy of Fallot (TOF)

Characterized by concomitant and different malformations:

- Pulmonary stenosis, due to the narrowing of the pulmonary valve and right ventricular
outflow tract (RVOT) resulting in a reduction of blood flow to the lung;

- VSD, due to a hole between LV and RV;

- RV hypertrophy, characterized by a ticker muscle because of the extra effort that the
heart makes to pump blood into the narrowed pulmonary outflow tract;

- Overriding aorta, located between RV and LV and resulting in the exiting of
deoxygenated blood from the RV through the aorta into systemic circulation
(Woodward 2011).

e Univentricular heart syndrome or hypoplastic left heart syndrome (HLHS)

Itis another complex and severe abnormality characterized by hypoplasia of the LV, aorta, mitral
and aortic valves, the presence of ASD, and a PDA. Blood cannot properly flow into the LV and it

passes through the ASD from the LA to the RA and then, enters the RV. The RV guides the



systemic circulation through the ductus. The hypoplastic LV is vital only because of the PDA-
dependent circulation. Before birth, the ductus is open and allows blood to bypass its entry into
the lungs as the foetus receives oxygenated blood from maternal placenta which is delivered
through the umbilical cord. After birth, the blood must receive oxygen from the lungs and the
ductus closes within few days. If the ductus is still open, the blood is unable to flow into the lung
to become oxygenated. Patients with univentricular heart syndrome require a palliative
intervention within few days from birth which consists of using a stent holding the ductus open
and allow blood to be pumped into the aorta and systemic circulation (Figure 1-4) (Tchervenkov

et al. 2006; Barron et al. 2009).

Single CHD Complex CHD

narrowing of the
pulmonary artery

hole connecting
ventricular chambers
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Ventricular Septal Defect (VSD) Hypoplastic Left Heart Syndrom (HLHS)

Bl Oxygen-rich Blood Oxygen-poor Blood [} Mixed Blood

Figure 1- 4. Single and complex congenital heart malformations. Single CHD: Atrial and
ventricular septal defects (ASD and VSD) display the presence of a hole connecting the left with
right atrium or ventricle. Complex CHD: Tetralogy of Fallot (TOF) showing four concomitant types
of abnormalities: overriding aorta, narrowing of the pulmonary artery (PA), right ventricle
hypertrophy and VSD; Univentricular heart syndrome or hypoplastic left heart syndrome (HLHS)
characterised by hypoplastic left ventricle, aorta, valve alteration, VSD and patent ductus

arteriosus (PDA). Figure source: Avolio et al., 2015, Frontiers in Cell and Developmental Biology.



1.1.2.4 Cyanotic and acyanotic congenital heart defects

The distinction between cyanotic and acyanotic forms of CHD refers to the direction of blood
flow when is diverted from one side to another of the heart (shunt).

Cyanotic forms of CHD are characterized by reduced oxygen levels and occurs when
deoxygenated blood mixes with oxygenated blood obviating the lungs and enter the systemic
circulation. Patients with right-to-left shunts have cyanotic alterations, such as, in TOF and HLHS.
Acyanotic forms of CHD occur when blood flows from left-to-right side of the heart. ASD is an
example of acyanotic lesion, where blood is shunted through the ASD from the LA to the RA.
Therefore, oxygenated blood coming from the lungs to the LA, diverts (shunt) to the RA and
mixes with deoxygenated blood coming from the systemic circulation, triggering an increased
volume load in the RV. In most ASD, the oxygen saturation levels result normal and without
symptoms. However, patients with large left-to-right shunts have so much blood in the
pulmonary artery that develop a pulmonary congestion or pulmonary hypertension. This
condition affects the oxygen level and the patient develops cyanosis with classic symptoms, such

as, bluish skin, lips and nails (Woodward 2011; Ossa Galvis and Mendez 2019; Rao 2019).

1.1.2.5 Genetic and non-genetic causes of congenital heart defects

The aetiology of the most CHD is unknown. Although advanced genetic progresses have been
made by scientists and physicians, only 30% of patients has CHD on genetic bases (Zaidi and
Brueckner 2017). This explains that CHD are presumably the consequences of the interactions
between multiple genes and environment. Maternal diabetes, phenylketonuria, obesity,
infections, alcohol, Rubella and use of thalidomide and retinoic acid are reported to be one of
the risk factors. Studies supporting the theory of a genetic contribution showed an increased
risk for first degree relatives, monozygotic twins and families with consanguinity (Oyen et al.
2009; Herskind et al. 2013). Different mutations have been identified in CHD patients which
involve alterations in molecules modifying chromatin, regulating the proliferation and
differentiation pathways and activating cardiac gene transcription. For instance, damaging and
missense mutations were identified in genes which participate in the methylation and
ubiquitination process of the histone octamer and chromatin (Triedman and Newburger 2016).
Mutations were found in NOTCH signalling pathway, fundamental in the cardiac development
as it controls the cell proliferation and differentiation. For instance, alterations in NOTCH-ligand,

JAGGED1 and NOTCH2 receptor are responsible of Alagille syndrome characterized by liver
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disease, altered kidney development and CHD defects, such as TOF. Furthermore, aberrant
variant of NOTCH1 is associated with CHD. Mutations in genes involved in RAS-Mitogen-
Activated Protein Kinase (RAS-MAPK) pathway are responsible of Noonan syndrome and
associated with CHD, such as, pulmonary stenosis (De Backer et al. 2019). Another class of
altered genes in CHD are cardiac transcription factors, such as, NK2-5 which is involved in the
heart development during the embryogenesis, and triggers structural defects, and Thx5 leading
Holt-Oran syndrome associated with cardiac alterations. These factors act together for the
transactivation of different cardiac developmental factors and this cooperative mechanism
explains the presence of different CHD. Variant of the cardiac transcription factor GATA4 is
associated to simple and complex forms of CHD.

Future collaborations between cardiologists, geneticists, surgeons, and biologists will bring the
identification of new CHD mutations. This discover will pave the way to improve the care of

patients through an early diagnosis and specific therapies (Triedman and Newburger 2016).

1.1.3 Natural evolution of congenital heart disease

The successful diagnosis and therapy management of CHD led the population of ACHD to grow
dramatically. In the United States, among 1.3 million of CHD patients, the adults represent 60%
(more than the total CHD population). This explains that nowadays even patients with severe
forms of the disease, which are identified by high mortality during childhood, have much longer
life expectation. Comparing ACHD group with the general population, the mortality of ACHD is
drastically high (Verheugt et al. 2010). Results from the CONCOR study in Netherlands, showed
that ~ 0.6% of ACHD patients died because of the presence of late complications for cardiac
causes. The 26% died for chronic HF and 19% died for unknown sudden death. Among the 23%
who died for non-cardiovascular causes, 14% died for pneumonia, and 9% died for malignant

diseases (Figure 1-5) (Triedman and Newburger 2016).
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Figure 1-5. A. CONCOR study on ACHD mortality in the general Dutch population. B. Causes of
death in 197 ACHD patients. Chronic heart failure (HF) (26%), and sudden death (19%) were
recorded most often. Figure source: Verheugt et al., 2010, Oxford Journal and European Society

of Cardiology (ESC).

HF represents a major problem in the CHD population that survive in adulthood. It occurs in ~
26% of adult patients by the age of 30, and its incidence increases with the age (Norozi et al.
2006). This complication is not limited to severe forms of CHD. Patients with lower-complexity
lesions, which represent the majority of ACHD, have higher burden of adverse cardiovascular
events relative to the general population with hazard ratios ranging from 2 for acute coronary
syndrome to 13 for HF (Saha et al. 2019). The pathogenesis of HF in ACHD is a multifactorial
process, with altered myocardial structure and perfusion, cardiac injury following open-chest
surgical interventions, insufficient myocardial protection during bypass and RV overload
resulting from residual anatomical defects and graft failure (Budts et al. 2016). Medical therapies
are based on pathophysiologic mechanisms which are mainly focused on canonical signalling
pathway, such as, the renin-angiotensin-aldosterone and the adrenergic system (Miyamoto et
al. 2014; Andersen et al. 2016). Nevertheless, recent trials using Angiotensin Il receptor blockers
or Angiotensin converting enzyme (ACE) inhibitors, failed to show any beneficial effect on the
primary endpoint of ventricular function (Hsu et al. 2010; van der Bom et al. 2013). Therefore,
further research is needed to optimize current treatment guidelines (Wehman and Kaushal
2015; Kaushal et al. 2017).

Arrhythmia is the most frequent long-term complications in CHD and responsible of morbidity

and mortality in the adult life. ACHD patients may develop different arrhythmias. Intra-atrial re-
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entrant tachycardia is a common mechanism of arrhythmia causing disabling symptoms which
lead hypotension, syncope, and cardiac arrest. Atrial fibrillation is caused by hemodynamic
stress in the atrium associated with aortic stenosis, mitral valve malformation and non-repaired
univentricular dysfunction. The incidence of arrhythmia generally occurs after surgery and
increases with the age of the patient. Ventricular arrhythmias are not frequent in CHD young
patients (until ~ 20 years old), but adult patients with VSD, TOF and ventricular dysfunction
develop serious ventricular tachycardia and they die. The medical and pacemaker therapies,
together with catheter ablation intervention, are the opportunities to reduce the incidence of
arrhythmias (Andersen et al. 2016; Bouma and Mulder 2017).

Endocarditis infection represents another late complication in ACHD patients. Its incidence
appears the same in the past 40 years in the general CHD population (Tleyjeh et al. 2005;
DeSimone et al. 2015). However, in ACHD the incidence has been increased because of the
implantation of prostheses (patches, valves, conduits). Currently, the incidence of endocarditis
in children with CHD ranges between ~ 1% and 12% per 1000 patients annually (Morris et al.
1998). The mortality associated with this infection is reduced from 9% to 7% in the last 20 years,
presumably due to improved diagnosis, surgical intervention and medical therapy with
antibiotics (Niwa et al. 2005; Di Filippo et al. 2006).

Old ACHD patients may present comorbidities, such as, hypertension, hyperlipidaemia, and
diabetes mellitus. These comorbidities impact on the cardiac structure and function and
increase the risk of ventricular dysfunction and HF (Bhatt et al. 2015).

A big challenge consists to improve the knowledge on the diagnosis, treatment and regular
follow-up on young and adult patients, focusing on the early signs and symptoms which trigger

these complications.

1.1.4 Diagnosis and therapy of congenital heart disease

Diagnostic procedures

The advanced clinical procedures in the management of CHD patients has improved the survival
significantly in neonates, children and adults.

Echocardiography for the prenatal diagnosis of CHD has made substantial progresses as it has
improved the counselling with the parents, set up a consultation procedure between the
clinicians, improved the diagnosis and treatment of complications and it has provided an

imaging guidance for prenatal interventions (Jone and Schowengerdt 2009). Although some new
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techniques are still waiting to be validated on large scale in CHD patients, transthoracic and
transoesophageal echocardiography are hugely improving in terms of quality of imaging.
Cardiovascular magnetic resonance (CMR) is superior than other imaging techniques because it
performs better images of complex anatomical structures and function of the heart. Using more
advanced hardware and software, CMR also provides a quantitative evaluation of heart
physiology.

Likewise, CMR, computer tomography (CT) allows the evaluation of extra-cardiac structures, like
arteries and assesses their anatomy and functions in ACHD patients with a low dose of radiation
(Wiant et al. 2009; Bret-Zurita et al. 2014).

Positron emission tomography (PET) has been used for research studies for the assessment of
physiological, pathological and metabolic mechanisms. It is used also in the clinical setting for
the prognosis of patients, to assess inflammation in patients with endocarditis, and to evaluate
new therapies.

Three-dimensional (3D) printing uses data of the patients obtained from CT and CMR to print
and reconstruct layer by layer the heart and the vessels. This allows to assess complex and
pathological structures, plan surgical intervention, facilitate the counselling with the patient,
and teach the students (Anwar et al. 2017).

Some biomarkers are used for the diagnosis of CHD progression toward HF. Brain natriuretic
peptide (BNP), is expressed by cardiomyocytes, has vasodilatory effects and alleviates the signs
of HF. Although it is increased in adults with CHD, it is hard to draw a conclusion because the
values change in different patients. Troponins are specific cardiac biomarkers which identify
myocardial alterations. They are released in patients with myocardial infarction (Ml), chronic HF,
and pulmonary hypertension. Galectin, Cystatin C, Growth differentiation factor 15 and
Procalcitonin are biomarkers that still need to be evaluated before being placed into the
routinely clinical setting (Bouma and Mulder 2017).

Therapies

The surgical approaches for the correction of CHD can be one-step or multiple-step surgery.
Indeed, the one-step therapy is the best option and it is often used to repair single forms of CHD
where it is possible to close holes present in the heart with sutures or patches, to repair or
substitute a valve, to relieve obstructed arteries and to restore blood flow to the vessels (Avolio
et al. 2015a; Sun et al. 2015). Complex forms of CHD require multiple-step surgery for the repair
of structural defects.

Among CHD surgical interventions, it is possible to distinguish palliative and reparative

procedures. Palliation, which means relief, is used to modify and improve heart defects and
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reduce the disorders in babies, infants and children who are physically too weak for a reparative
or corrective surgery. Surgical palliation aims to reduce cyanosis, weaken symptoms of HF,
establish blood flow and pressure into the vessels through a shunt procedure prior to later
repair. This procedure allows baby to grow up, gain weight and stabilize the hemodynamic
before a definitive repair. TOF patients require palliation before a reparative surgery. The aim
of definitive repair in these patients, is to hinder the obstructions which interfere with the route
of blood flow from the RV to the PA and close the VSD. The surgeon reconstructs the RVOT which
is obstructed through the resection of muscle bundles using a patch, performs a valvectomy of
obstructed valve and pulmonary arterioplasty (Henaine et al. 2012; Avolio et al. 2015a). HLHS
patients require an urgent palliative surgery within few days from birth to hold their ductus
arteriosus open to avoid the risk of death that would occur without any treatment (Barron et al.
2009). The possibility of using a minimally invasive therapeutic approach is given by
transcatheter intervention and still not available for the majority of the patients (Mahle et al.
2008; Kenny and Hijazi 2017). However, when either treatments are not possible, the heart
transplantation becomes the only option. Since the donor availability is very limited, this radical
option is addressed to a very few cases.

The improvement in survival has increased the number of ACHD and related complications.
There is an urgent need to standardize a clinical-educational program in the transition phase
between adolescents and adults to allow young patients to become more skilled about their
disease and reducing the probability of delaying CHD care (diagnosis, complication assessment,
therapy) in adulthood (Mackie et al. 2018). American College of Cardiology (ACC) and American
Heart Association (AHA) member committee in 2018 have provided clinical guidelines with all
the recommendations for the management of adults with CHD (Stout et al. 2019). This guideline
is a complete revision of previous 2008 ACC/AHA guidelines and focuses only on the care of
ACHD. This because of the successful diagnosis and treatment strategies employed in babies and
children with this disease which have brought to a high prevalence of the adult population.
ACHD patients require specific needs and cardiologists must be specifically trained for their care
in ACHD centre. Recently European Society of Cardiology (ESC) working group published a
position paper with the recommendation for the transcatheter intervention in ACHD
highlighting the issues of its allocation on national scale and how to train the surgeons to reach
a standard recognition as ACHD interventionists (Chessa et al. 2019). This process is slow
because it will require infrastructures, expertise of different cardiologists for each procedure

enabling to train the future ACHD interventionists.
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1.2 New therapies

1.2.1 Definition and classification of prostheses

The etymology of the word prosthesis derives from the Ancient Greek prosthesis, meaning

“addition, application, attachment”. Prostheses are used as patches, conduits or valves in the

daily CHD reparative surgery and they can be biological tissues or synthetic material. In the

current paragraph and following ones, different names are used to indicate the word prosthesis,

such as, graft or scaffold.

Biological prostheses or bio-prostheses derive from human or animal tissue and include

homografts, autografts and xenografts. Alongside the xenografts, there are swine intestinal

submucosa extracellular matrix (SIS-ECM) grafts, of which the different forms are listed and

described below. Synthetic prostheses are Gore-Tex® and mechanical valves.

Biological prostheses or Bioprostheses

Homografts or allografts are vascular conduits or valves derived from human cadavers
and simulate the native valve by maintaining its morphology. They are used for aortic
and pulmonary valve replacement and for RVOT reconstruction. Advantages: no
chemical cross-linking agent treatment and good mechanical and hemodynamic
properties. Disadvantage: limited availability and immune reaction if the
decellularization process for the removal of native cells is not complete,
cryopreservation and thawing processes of these grafts lead deterioration of their
structure (Neumann et al. 2013). Decellularized homografts have been used as a good
option to the cryopreserved homografts as the deterioration process is lower (Cebotari
et al. 2011; Ruzmetov et al. 2012).

Autografts are autologous tissues (valve or pericardium) derived from the patient.
Usually autologous pulmonary valve is used in TOF patients to reconstruct the RVOT.
Advantages: growth potential in parallel with the body growth (Simon et al. 2001; Al-
Halees et al. 2002). Disadvantages: tendency to dilatation leading aortic valve
regurgitation (Dohmen et al. 2002) and the difficulty to handle the autologous
pericardium because of rolling, making the surgical interventions harder and slower (Pok
and Jacot 2011).

Xenografts are derived from animals, such as, swine and bovine, they are usually swine
valves and bovine pericardium employed for valve replacement (Yap et al. 2013). They
can be used as stentless valves entirely fabricated from swine aortic valves and bovine

pericardium and, as stented valves which are mounted on a metallic or polymeric stent
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(Pibarot and Dumesnil 2009). Advantages: unlimited supply and swine valves provide an
appropriate anatomical structure when implanted. Disadvantage: lack growth potential
and the decellularization process triggers calcification and stenosis (Avolio et al. 2015a).
Swine intestinal submucosa extracellular matrix (SIS-ECM) grafts are approved by Food
and Drug Administration (FDA), and are decellularized prostheses obtained from a
proprietary decellularization technique which generates a ~ 100 um-tick membrane for
preclinical and clinical uses. Advantages: superior biological activity compared to other
prostheses, easy handling and durability, remodelling and regeneration potential
without the risk of deterioration, immunologically inert, high mechanical properties,
homing of the host cells (Pok and Jacot 2011; lop et al. 2018). The biocompatibility of
SIS-ECM with a native tissue results from the presence of matrix proteins, mainly
collagen type | (~ 90%) and less collagen type Il, IV, V and VI, and laminin, fibronectin,
glycosaminoglycan (GAG), such as, hyaluronic acid and heparan sulphate which prevent
the formation of the scar during the healing phase. The presence of growth factors (GFs)
and integrins lead a positive remodelling of the graft. Preclinical studies on different
animals showed promising outcomes (lop et al. 2018). The first use of SIS-ECM in
cardiovascular application was to generate a dog sub-aortic model which resulted in a
good vascular implantation with neovascularization process and without infections or
hyperplasia observed (Badylak et al. 1989). SIS-ECM was used as a patch in
cardiovascular application for abdominal aorta repair in green fluorescent protein (GFP)
transgenic rodents. The results showed optimal engraftment, endothelialization,
without inflammation or calcification (Padalino et al. 2012). Furthermore, these grafts
have been employed as a patch for carotid artery repair in a sheep model. Although an
initial narrowing was observed, the artery returned to normal and new remodelling with
collagen deposition and re-endothelialization were observed (Fallon et al. 2012). One
preclinical study showed negative outcomes in the same animal species where the graft
induced dilatation, stenosis, rupture and aneurysm formation (Pavcnik et al. 2009). SIS-
ECM have been used in clinical practice for pediatric CHD surgery showing the safety
and feasibility of the grafting without calcification or death after implantation (Scholl et
al. 2010; Quarti et al. 2011; Witt et al. 2013). The use of SIS-ECM in the urgency medicine
for the brachiocephalic arterial trunk reconstruction showed the feasibility and safety
of using a promptly graft in a young patient underwent an emergency intervention
(Eckhauser et al. 2013). SIS-ECM grafts have been used in experimental studies for

complex CHD malformations as valve conduits and in clinical studies for tricuspid valve
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repair. However, recent studies on valve reconstruction for CHD highlighted the
negative outcomes of SIS-ECM showing the strong inflammatory activity, fibrosis and
calcification of the explanted graft (Zaidi et al. 2014; Rosario-Quinones et al. 2015;
Mosala Nezhad et al. 2017). The high inflammatory response was possibly associated to
the high sensitivity with the epitope a-gal present on swine tissue and not in the human
counterpart. SIS-ECM grafts are fabricated by CorMatrix® Cardiovascular, Inc
regenerative biotechnology company in different forms: Cor™Patch, Cor™Tricuspid and
Cor™Ppediatric.

Cor™Patch is commercially available and designed for epicardial and intramyocardial
use, for congenital cardiac and vascular repair, for intraventricular repair and arterial
and valve repair. The structure of ECM allows angiogenesis and growth of the host cells
after implantation.

Cor™Tricuspid is a decellularized ECM stentless valve used for tricuspid valve disease. It
is not commercially available, and it does not require anticoagulation and anti-
calcification therapy.

Cor™Pediatric is a decellularized stentless valve, used for investigational studies and it
is not commercially available. It provides support and continuity to the atrioventricular
tract in pediatric population and is supplied in different sizes. It is resistant to
calcification and it might require a short-term anticoagulant treatment.

Other SIS-ECM grafts used for non-cardiovascular applications are Oasis® (Healthpoint,
Ldt, US), Surgisis®, which has been suspended from the clinical trial because of
asymptomatic pseudoaneurysms reported after using this graft, Durasis®, and
Stratasis®, all produced by Cook Biotech, US, and Restore® (DePuy, West Chester, PA,
us).

Synthetic prostheses

Gore-Tex® is a polytetrafluoroethylene (PTFE) material available as a patch or conduit
and used for RVOT obstruction (Allen et al. 2002). Advantages: durability.
Disadvantages: unable to grow with the patient’s heart, low remodelling capacity, loss
of mechanical properties over time and association with high risk of infections (Pok and
Jacot 2011).

Mechanical valves are designed as monoleaflets, bileaflets and caged ball valves.
Monoleaflet valves have one disk attached by central and lateral metallic support.
Bileaflet valves consist of two disks attached to a metallic ring. Caged ball valves are

made of metallic cage, a silastic ball and a circular ring. These valves are no longer used.
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Advantages: optimal durability. Disadvantages: risk of thromboembolism and
thrombosis, long-term anticoagulant therapy, risk of haemorrhage. On the other hand,
bioprosthetic valves have low risk of thromboembolism but a limited durability due to
their deterioration. The high risk of thromboembolism is due to type of prosthesis,
position of the implanted valve, tendency to form a thrombus, risk factor associated to

the patient and anti-thrombotic therapy (Figure 1-6) (Pibarot and Dumesnil 2009).
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Figure 1-6. Cartoon displaying the classification and use of different prostheses used for

cardiovascular and non-cardiovascular therapy. A. Biological prostheses or bioprostheses. B.
Synthetic prostheses. Abbreviations: CHD= congenital heart disease; RVOT= right ventricular
outflow tract; SIS-ECM= swine intestinal submucosa-extracellular matrix; TOF= tetralogy of

Fallot.
1.2.2 Balanced versus unbalanced remodelling of the bioprostheses

In all bioprostheses ECM contributes to the mechanical support, cell communication,
proliferation, differentiation and angiogenesis within the tissue where it is implanted. The
“constructive” remodelling of a bioprosthesis is regulated by a perfect balance between
synthesis and degradation of all its components without incurring in the loss of its integrity. The
degradation process begins with the healing process (scar formation) and with a newly tissue

formed. Different processes may lead the physiological degradation of the prostheses. Firstly,
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the proliferation of monocytes and their differentiation in macrophages M2 type rather than
M1 type. This class of macrophages stimulates the remodelling and the integration of the graft
inside the native tissue via GFs, such as, interleukin-10 (IL-10) and transforming growth factor
beta 1 (TGFB1). Macrophages M1 type induce the release of proteolytic acidic enzymes, such as,
Metalloproteinases (MMP), which together with GFs, induce the degradation of the graft (lop et
al. 2018). M1 macrophages are more involved in the inflammatory pathways and secretion of
proinflammatory cytokines which stimulate inflammation and fibrosis. M2 macrophages, are
involved in the anti-inflammatory pathways where trophic factors are secreted for a perfect
balance between proliferation, differentiation, cell death and angiogenesis for the ingrowth of
the native tissue (Piterina et al. 2009). Another process could be the release of vascular
endothelial growth factor (VEGF) and TGFB1 following the degradation of the graft.
Furthermore, the degradation products of the graft are released into the circulation which
recruit progenitor cells from the bone marrow (BM) through paracrine mechanisms. Circulating
BM cells migrate to the site of graft implantation and support the angiogenesis process (lop et
al. 2018).

However, the loss of integrity of a bioprosthesis shifts the remodelling process from a balanced
to an unbalanced mechanism, causing a deterioration. One of the mechanism responsible of the
deterioration of a bioprosthesis is the decellularization procedure used during the fabrication of
the graft to prevent immune response from the host tissue. Decellularization is a process which
eliminates cells from the graft and preserves its original structure. Different methods have been
used for the cell removal, such as, enzymatic lysis with trypsin, detergent method with sodium
dodecyl sulphate (SDS), freeze drying, chemical treatment with glutaraldehyde and a mix of
enzymatic and chemical methods (Rieder et al. 2004; Schmidt et al. 2007). Usually,
decellularization with glutaraldehyde allows protein cross-links and stabilization of collagen
deposition providing tensile strength, elasticity and resistance to deterioration. However, the
improvement of these characteristics in the graft, comes at a price. Bioprosthetic valves are the
most affected ones from the decellularization process after implantation. Structural valve
deterioration represents a huge restriction for the in vivo integrity and durability of the
prostheses. In order to understand how the bioprosthetic valves can be deteriorated, a brief
description of the valve structure is reported in this paragraph. Valves are characterized by three
layers: fibrosa (outflow layer), spongiosa (central layer) and ventricularis (inflow layer) (Schoen
2008; Jover et al. 2018), and each layer has a different ECM composition and organization. The
main two cell populations resident in the valves are valve endothelial cells (VECs) and valve

interstitial cells (VICs). VECs are well characterized for their differential phenotypes and gene
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expression. They control permeability and establish paracrine contacts with VICs (Chen and
Simmons 2011). VICs are heterogenous mesenchymal cell type similar to vascular smooth
muscle cells (VSMCs) and fibroblasts which interact with the ECM displaying a high phenotypic
plasticity. This confers to the valves the capacity to preserve their integrity and function and
participate in the reparative processes (Liu et al. 2007; Schoen 2008). The removal of VICs from
the bioprosthetic valves during the decellularization process, make them very prone to
degeneration as these cells secrete ECM proteins and have contractile properties like VSMCs.
(Pibarot and Dumesnil 2009; Avolio et al. 2015a; Jover et al. 2018) Furthermore, tissue fixation
with glutaraldehyde cause calcium ion influx and cell membrane damage which together with
phospholipids act as hydroxyapatite nucleation sites. Molecules from the host and a stress
environment trigger the growth of calcium crystals and the release of degradation products of
the graft induces activation of the immune response (humoral and cellular). Atherosclerosis
mechanism also contributes to this unbalanced remodelling mechanism with the deposition of
oxidized low-density lipoproteins (ox-LDLs), followed by monocyte recruitment and their
differentiation in macrophages with M1 phenotype. M1 macrophages with ox-LDL produce foam
cells which trigger release of pro-inflammatory cytokines, collagen alteration, osteogenic
differentiation of native endothelial cells (ECs) and BM circulating cells, which are recruited from
the circulation (Figure 1-7). Deterioration is a cumulative event because calcium crystals adhere,
accumulate and spread on the ECM by forming nodules which interfere with the bioprostesis
structure and function (Pibarot and Dumesnil 2009; Avolio et al. 2015a; Jover et al. 2018).

Structural valve deterioration is the most frequent cause of re-intervention for valve
replacement in patients with bioprostheses. The disease associated with the bioprosthesis
deterioration is called bioprosthetic valve disease rather than valve heart disease or valve
structural disease (Jover et al. 2018). One of the mechanisms responsible of this condition is the
decellularization treatment during the manufacture of the grafts. Other risk factors associated
with the degeneration are the age of the patient, valve position (failure due to the position in
the mitral rather than in the aortic position), hypertension, ventricular hypertrophy and
hyperparathyroidism. Mechanical valves might be an option, as they are not limited by the
deterioration as for the bioprostheses and are durable. However, they have a high risk to
develop thromboembolism and thrombosis. After implantation, patient requires
anticoagulation treatment. The use of mechanical valves in children and adolescents with
congenital valve disease would require these anticoagulants which it is not appropriate for an

active lifestyle.
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Although valve replacement is a gold standard in patients with bioprosthetic valve disease, it is
not a definitive therapy and an ideal valve prosthesis does not exist yet. A possible option might
be the use of anti-calcifying agents (Schoen 2008). Alternatively, the seeding of VICs in the
decellularized bioprosthetic valves may overcome the issue associated with their elimination
during the decellularization process because these cells would produce and secrete ECM and

natural components to prevent structural deterioration.
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Figure 1-7. Deterioration of bioprosthetic valves following decellularization process. A. Valve
structure and resident cells. Cross-links from glutaraldehyde and degradation products in the
valve. B. Calcification, atherosclerotic and immune response processes in the bioprostheses.
Abbreviations: ECs= endothelial cells; 1gG= immunoglobulin G; LDL= low density lipoprotein;
M1= macrophages type 1; ox= oxidized; VECs= valve endothelial cells; VICs= valve interstitial

cells.
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1.3 Cell therapy

1.3.1 Dispersed cells, in vitro and in vivo tissue engineering

Cell therapy offers an alternative solution to the current and standard medical and
pharmacological treatments and the only answer to the different diseases that cannot be
otherwise treated with the conventional surgical procedures. Three different cell-based therapy
approaches have been described: cell therapy with dispersed cells, cell therapy with in vitro
tissue engineering (TE), and cell therapy with in vivo TE.
e Dispersed cell therapy

It is characterized by the injection of dispersed cells in the area of injury to promote the
regeneration of the tissue and possibly to restore its function. There are different cell delivery
methods which allow their distribution and retention in the damaged heart and are
intracoronary, intramyocardial, intravenous and epicardial injection. The therapeutic effect of
the injected cells occurs through cell-cell direct contact, differentiation in cardiovascular cells
and paracrine mechanisms by releasing soluble GFs which have protective and regenerative
effects on the surrounding cells, despite these cells are not directly involved in the formation of
newly tissue through the differentiation process. A recent trial identifies vesicles, called
exosomes, which are secreted by cardiosphere-derived cells (CDCs), as important elements for
the regeneration and protection of the damaged heart. The presence of specific microRNAs in
these vesicles, exerts the same regenerative and functional effects produced when CDCs are
injected alone into the heart (Krause et al. 2010; Ibrahim et al. 2014).

Recently cell therapy with dispersed cells has been applied for the correction of CHD. In complex
forms of CHD which would require heart transplantation to treat end-stage of HF, cell therapy is
the first realistic treatment possible (Bernstein and Srivastava 2012). One of the most complex
defects which might have benefits from stem cell therapy is univentricular heart syndrome or
HLHS, characterized by a hypoplastic LV, mitral and aortic valves and narrowing of the aorta. The
underdeveloped LV is unable to pump blood into systemic circulation and if this condition is not
treated, becomes fatal. The current therapy consists of three palliative procedures at different
stages of the child. At the end of the palliation, the systemic circulation is aided by the RV and
deoxygenated blood flows passively into PA vasculature. However, the RV, which guides the
systemic circulation through the ductus arteriosus, is exposed to HF. In the absence of curative
treatments, stem cell therapy may be an innovative strategy to treat RV dysfunction responsible
of HF and prevent this complication. Different stem cell therapies have been employed for

univentricular dysfunction in preclinical and clinical studies.
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Preclinical studies have highlighted the mechanisms by which stem cells act in the
damaged tissue reaching the conclusion that both stem cells and paracrine mechanism
are involved in the regeneration of the injured myocardium. Recent preclinical studies
have used large animal models which simulate the univentricular dysfunction typical of
human patients. The proposed approach was the induction of the RV pressure and /or
volume overload. In a 4-month-old sheep model, the RV volume overload was
generated by implanting a patch between the RVOT and main PA (MPA). Then,
autologous umbilical cord mononuclear cells (UBC-MNCs) and control medium were
injected into the RV of myocardium. After 3 months from the injection, sheep treated
with cells showed higher RV diastolic function compared with controls (Yerebakan et al.
2009). In a Yorkshire swine model, RV pressure overload was induced with PA banding.
Then, human mesenchymal stem cells (MSCs) and control medium, were injected
intramyocardially. One month after the injection, swine treated with cells had less RV
dilatation and the RV function was improved (Wehman et al. 2016; Wehman et al. 2017).
Swine animal model underwent PA banding and injected with cardiac progenitor cells
(CPCs) showed reduced fibrosis and increased vascular density in the RV compared to
control (Wehman et al. 2017).

One of the first clinical studies with dispersed cell therapy was the intracoronary
injection of CDCs in patients with univentricular dysfunction. After few months from the
injection, patients treated with CDCs showed an improvement of right ventricular
ejection fraction (RVEF) and reduction of RV hypertrophy (Ishigami et al. 2015). Other
clinical trials are testing the injection of autologous UBC-MNCs in univentricular
dysfunction at the Il stage of the palliative intervention, while another clinical trial is
evaluating the injection of human allogeneic MSCs in the same patients in terms of
safety and efficacy (Kaushal et al. 2017; Ambastha et al. 2018; Bittle et al. 2018).

In vitro TE therapy

TE offers a promising solution through the production of an irreplaceable material which uses a

3D biologic or synthetic scaffold incubated with stem or progenitor cells and differentiated cells

to support a therapy through regeneration, remodelling and growth mechanisms (Cheema et al.

2012; Smit and Dohmen 2015). Scaffold is a template for cell adhesion and new tissue creation.

In fact, its infiltration by cells after implantation leads the formation of a living tissue which

matches perfectly in the host’s tissue. Seeded cells aid the homing of host’s cells via

chemoattractant GFs. TE has been used initially to regenerate tissues, such as, trachea,

oesophagus and skeletal muscle. Vacanti et al., in 1994 performed the first TE production of
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tracheal cartilage (Vacanti et al. 1994). Further, TE has been applied also in cardiovascular field.
Some previous investigations in adult patients proposed that dispersed cells, when injected
alone, might dye after implantation into the heart and that their regeneration capacity is due to
release of their paracrine GFs. However, this kind of therapy does not have advantages in
patients with CHD who need additional material working as a delivery system to address cells
specifically to the injured site. For heart and vessels, these materials are found in forms of
patches, conduits or valves. Stem cells perform better when incorporated in the bioprostheses,
such as, pericardium, valves, ECM scaffolds (SIS-ECM) that can grow and remodel together with
native heart (Bertipaglia et al. 2003; Scholl et al. 2010; Dean et al. 2012; Kalfa and Bacha 2013;
Smit and Dohmen 2015). Before the implantation, cellularized TE scaffold must grow in vitro.
Firstly, they are primed in static culture, then, they are grown and matured using a bioreactor
which maintains cells in culture providing nutrient supply and gas exchanges which in turn,
control and regulate the interaction between the cells and TE scaffold (Carrier et al. 1999; Hecker
and Birla 2007; Huang et al. 2016; Stephenson and Grayson 2018). Preclinical and clinical
investigations have showed the potential of tissue engineering vascular graft (TEVG) with stem
cells for a definitive repair of complex forms of CHD which can be diagnosed before and after
birth. For these patients, time of diagnosis is fundamental to plan a surgical intervention with a
TEVG and according to that, it is possible to have two scenarios. If the diagnosis is made before
birth, stem cells are collected from uterus with non-invasive techniques, expanded and seeded
on the TEVG, ready to be implanted after birth during a definitive surgical intervention without
the need of the palliative step. Induced pluripotent stem cells (iPSCs) are suitable for this aim.
Furthermore, stem cells from the umbilical cord can be collected at birth and used for patients
who do not require an urgent palliation at birth. If the diagnosis is made after birth, cells can be
isolated from a leftover tissue of a palliative procedure, expanded and seeded into the TEVG
which will be surgically implanted during a definitive open-chest surgery (Avolio et al. 2015a). A
schematic representation is displayed in Figure 1-8. The advantage of using stem cells or
progenitor cells may derive from their commitment to generate the main cell population in the
heart, such as, cardiomyocytes, ECs and VSMCs.
e Invivo TE therapy

Although in vitro TE has generated constructs which simulate the in vivo microenvironment
using bioreactors, resembling the physiological condition of the body after an ex-vivo culture is
hard. After implantation, TE scaffold is deficient of its own vascular structure to maintain cell
survival, proliferation and production of ECM. Thus, the implanted scaffold only relies on the

newly vascular structures coming from the surrounded native tissue and this brings to limited
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long-term results in preclinical and clinical therapeutic studies. To overcome this issue, new
studies are supporting the in vivo TE therapy which uses patient’s body as a bioreactor to seed
scaffolds (bioprostheses like valves or ECM), seeded with or without cells or GFs to induce the
self-regeneration capacity of the tissue. This strategy allows the body to provide a continuous
boost between exogenous and endogenous cells and GFs (through direct and paracrine
mechanisms), to generate a niche for the growth of the tissue. Furthermore, this strategy often
obviates excessive manipulation of cells during in vitro culture, ensuring that the cells retain
their functional properties. Recent investigations of bone scaffold fabrication with in vivo TE
approach, have shown promising results and demonstrated efficacy in the reconstruction of the

bone in different bone-related diseases (Huang et al. 2016; Stephenson and Grayson 2018).
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Figure 1-8. Schematic illustration of TE strategies for the management of new-born and infant
patients with complex forms of CHD. Based on time of diagnosis, stem cells can be collected
before birth or after birth. If the diagnosis is made before birth, stem cells from uterus can be
collected, used to create a TEVG, following static culture and an in vitro bioreactor system, and
implanted in the infant patient for a definitive and corrective surgery. Stem cells from the
umbilical cord can be isolated after birth if the baby does not require an urgent palliative
surgery. If the diagnosis is made after birth, stem cells from heart can be collected during a first
palliative intervention, expanded and seeded into a TEVG which is implanted in the infant

patient during a definitive open-chest surgery. Abbreviations: CHD= congenital heart disease;
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NBs= new-born; SCs= stem cells; TEVG= tissue engineering vascular graft. Figure adapted in a

modified version from Madeddu et al., 2019, Front. Cardiovasc. Med.

1.3.2 Properties of an ideal cellularized tissue-engineering graft

To optimize a TE graft is important to make two main decisions about the graft itself and the

cells which are going to repopulate the bioengineered graft. The graft used in cardiovascular

surgical application should possess an intact structure, enabling the exogenous and endogenous

cell infiltration and providing new vasculature and blood flow within the tissue (Cheema et al.

2012; Fallahiarezoudar et al. 2015). The result is a new tissue characterized entirely by patient’s

cells capable of remodelling in response to physiological stimuli (Butcher et al. 2011; Dean et al.

2012).

Anideal TEVG, in the forms of patches, valves or conduits, used to repair complex forms of CHD,

such as, TOF and HLHS should have the following features:

Growth potential, the implanted graft should grow and enlarge together with the
patient’s body;

Durability, the implanted graft should be durable until the all life-course of the patient
and resist to the hemodynamic stimuli happening in the body;

Availability in different sizes, according to needs of repairing heart in babies, children or
adults;

Pliability, the graft should have a reversable deformation;

No immunogenicity, a decellularized scaffold should prevent the immune response from
the host. Alternatively, the seeding of MSCs with immunomodulatory properties,
confers the graft this important aspect;

No thromboembolism, no anticoagulation treatment, the cellularized scaffold should
prevent the formation of thrombi and the formation of emboli in the circulation. In case
of valve repair in children with CHD, the use of mechanical valves in association with
anticoagulant therapy is not indicated. Alternatively, the seeding of ECs or endothelial
progenitor cells (EPCs) into the scaffold may prevent the risk to develop
thromboembolism.

Low incidence to deterioration, the decellularization with glutaraldehyde, exposes the
graft to the structural deterioration. Bioprosthetic valves may undergo deterioration

because this process eliminates the main cell component resident in the valves, the VICs
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which maintain the structure of the graft. The seeding of exogenous VICs into the valves
may reduce this incidence;

e Resistance to calcification, the risk of calcification in children is higher than in adults, as
in young patient the mobilization of calcium triggered by bone remodelling, increase the
calcification mechanism. Anti-calcifying agents or the seeding of VICs into the
bioprosthetic valves may reduce the risk associated to the treatment with cross-linking
agents (Butcher et al. 2011; Pok and Jacot 2011);

e Mechanical resistance.

1.3.3 Invitro cellularization and growth of the tissue-engineered graft

The understanding of cellularization effects on a TEVG and the method of cell seeding are very
important. In the previous paragraph, we explained the properties of graft engineered with cells.
Here, the method of seeding and the culture conditions of the engineered graft will be
explained. Multicellular organisms need a 3D-culture environment to provide structural
integrity, to identify functional barriers and to establish specific microenvironments. Although
cell biologists have been isolating and expanding monolayer of cells in a 2D-environment, to
engineer tissues, it is fundamental the integration of cell biology with TE materials to grow cells
in a 3D-environment. A 2D-plastic substrate restrains cell attachment only in a planar direction
with an apical and basal cell polarity and a secretion of GFs in the culture media. A 3D-scaffold,
such as, an ECM substrate owns cell polarity in planar and transversal way without any
restriction. The ECM structure allows the secretion and distribution of concentrated GFs.
Integrins and receptors lead the cell attachment and secretion of newly ECM elements. The
release of GFs and other bioactive components enhances different cell functions, such as,
proliferation, migration and differentiation (Hussey et al. 2018). The Figure 1-9 displays the cell
growth on a 2D-plastic dish and the interaction between cells and ECM-based 3D-scaffold.

The seeding into the scaffold, attachment, infiltration and the distribution are one of the matters
of discussion in TE. Dai and colleagues found that a static culture condition was a simple method
of seeding which did not require any advanced laboratory equipment and specific culture
reagents. Cells were seeded on top of a planar or flat scaffold, cell growth media was added to
the plastic dish and placed in the incubator for further analysis. Moreover, the cells were not
uniformly distributed, and the infiltration rate was low resulting in a high number of cells in the
surface of the graft. The low rate was explained by the occurrence of air bubble into the flat

graft that only a low-pressure culture system could improve the cell performance. This
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mechanism used a pump which drew the air contained in the scaffold allowing the cells and the
media to penetrate. This method reduced the cell viability and the function of the scaffold (Dai
et al. 2009). Another cell seeding system is the centrifugation. Briefly, when the cells are seeded,
an intermediate spin force is applied to allow the cells moving in the middle of the graft.
However, there are two issues with this method: the centrifugation affects the viability and
functionality of the cells and then during the centrifugation an overlapping of the scaffold pieces
does not ensure a uniform cell distribution (Godbey et al. 2004). The perfusion culture condition
uses a bioreactor which maintains the cells in culture for short- and long-term and allows their
infiltration and uniform distribution providing nutrient supply and gas exchanges in the 3D
structure. This system uses a dynamic flow which simulates the physiological in vivo conditions
where the blood provides all the nutrients and ensures the perfusion of the cellularized
structure. The functional features of a bioreactor system are the O,, CO,, temperature, pressure,
PH and nutrients, such as, glucose and these factors regulate the remodelling of the cells and

ECM proteins into the graft (Carrier et al. 1999; Hecker and Birla 2007).

A 2D-culture plastic substrate B 3D-culture ECM substrate
Cell-cell and cell-
GFs secreted into TES&;T;:::;EQS
Uiiomiionp | and GF receptors
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GF receptors
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Figure 1-9. 2D- and 3D- cell growing substrates. A. In a 2D- plastic environment, cells are

Secretion of ECM
GFs and bioactive
components

attached as monolayer in a planar direction and forced to maintain an apical and basal polarity
only. Cell-cell interactions is also restricted. The GFs are secreted by the cells and propagated in
the media. B. In a 3D-scaffold, cells receive all the stimuli from different directions of the ECM
and no polarity restriction is present. A gradient of concentrated GFs is released by the cells and

ECM and this involves integrins and receptors, which, in turn, activate an intracellular signalling
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pathway. In the nucleus, genes are transcribed, and new ECM elements are synthesized and

secreted. Abbreviations: ECM= extracellular matrix; GF= growth factor; 2D= 2-dimensional

1.4 Pericytes: major players in vasculogenesis and angiogenesis

1.4.1 Definition, localization, characterization and function

Pericytes were characterized for the first time by Charles-Marie Benjamin Rouget in 1873 and
described as mural cells or Rouget cells located in the basement membrane of capillaries and
venules (Bergers and Song 2005). These cells surrounded the vessels and because of their
perivascular localization (peri, around and cyto, cell), they were named pericytes by Karl Wihelm
Zimmerman. They contribute to the formation, maturation and stabilization of the existing
blood vessels and promotion of angiogenesis. Furthermore, they have been considered
fundamental players also in the repair mechanisms conferring a potential target for different
therapies. Pericytes surround and encircle the ECs of capillaries, arterioles and venules, and
establish different types of contacts in the area where the basement membrane is absent. These
areas facilitate the communication between cells and are called peg-sockets which contain gap-
, tight- and adherent- junctions. Pericyte density in the abluminal area of the vessels ranges
around 10% and 50% in different tissues. For instance, the frequency of pericytes to ECs in the
skeletal muscle is 1:100, in the central nervous system (CNS) and retina is 1:1. A possible
explanation is due to pericyte contribution to the formation of blood-brain-barrier (BBB) and
blood-retinal-barrier (BRB) (Shepro and Morel 1993; Armulik et al. 2005). In this these tissues
pericyte coverage is fundamental to protect them from toxic factors coming from the circulation.
Furthermore, in CNS, pericytes work as regulators of hypoxic and hypoglycemic environment
which regulate the adaptive response necessary to maintain the homeostasis and to protect
weak neurons. In the kidney, pericytes constitute 30% of the total cell population and regulate
the ultrafiltration at the level of glomerulus (Armulik et al. 2005; Ferland-McCollough et al.
2017). Pericyte morphology is different beside the tissues. It ranges from the elongated, flatted
and stellate shaped cells covering a large area of the abluminal vessels in CNS to rounded
mesangial cells covering a small area of vessels in kidney. The large and small blood vessels
(arteries and veins), are characterized by three structural layers. Intima layer (inner layer),
represents the internal luminal side of the vessels where the ECs reside and work as regulator
of vascular permeability, tone, and recruitment of blood cells. Media layer where the VSMCs are

located, regulating the contractility of the vessels and the production of ECM. Then, adventitial
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layer (out layer), is characterized by fibroblasts, stromal and progenitor cells which are involved
mainly in the production and secretion of ECM and organized together in a microenvironment
which is defined vasculogenic niche. Pericytes are still a debated cell population among
scientists. At first, microvascular pericytes have been considered cells surrounding ECs from
capillaries and venules of different tissues. However, recent studies found a new population of
pericytes, defined adventitial pericytes or adventitial pericytes-like cells surrounding the
adventitial layer of arterioles in the veins and arteries, and sometimes found in the vasa vasorum
of large vessels. Thus, due to their localization, they are also named macrovascular pericytes

(Figure 1-10) (Campagnolo et al. 2010; Avolio et al. 2015c; Avolio and Madeddu 2016).
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Figure 1-10. Vascular progenitor or vascular stem cells distributed in in the large vessels.
Abbreviations: ECs= endothelial cells; EPCs= endothelial progenitor cells; MSCs = mesenchymal
stem cells; SMPCs= smooth muscle progenitor cells; VSMCs= vascular smooth muscle cells.

Figure source: Avolio and Madeddu., 2016, Vascular Pharmacology.

Microvascular and macrovascular pericytes can be considered stem cells, likewise MSCs, they
have proliferative and clonogenic capacities, they express stemness antigens and have a
multilineage differentiation potential in vitro (Crisan et al. 2008). For all these aspects, pericytes
are defined progenitor of MSCs. Although microvascular and macrovascular pericytes share
similar phenotypes and functions, some biological features are different. Furthermore, it is very

difficult to delineate the difference between pericytes, MSCs and VSMCs because of the similar
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antigenic characteristics. A universal consensus will be necessary to establish the similarities and
differences between cell populations which share pericyte properties. Regardless of tissue
source, microvascular pericytes have in vitro and in vivo different markers, such as, platelet-
derived growth factor receptor B (PDGFRB), neural/glial antigen 2 (NG2), CD44, ecto
nucleotidase eNT/CD73, CD105, CD90, vimentin, and regulator G-protein signalling 5 (RGS5)
(Covas et al. 2008; Crisan et al. 2008; Armulik et al. 2011). The transcription factors encoding for
stemness and multipotency have been reported expressing by pericytes in few cases, and they
have octamer-binding transcription factor 4 (OCT4), sex determing region Y (SOX2) and
homeobox NANOG (Campagnolo et al. 2010; Avolio et al. 2015c). Alongside microvascular
pericytes, there are two subpopulations which show some in situ antigenic differences based on
the expression of CD146 and CD34. The first one is CD146+/NG2+ and CD34-/CD31-/CD45-, the
second one is CD34+/NG2+ and CD146-/CD31-/CD45- (Campagnolo et al. 2010; Avolio et al.
2015c; Chen et al. 2015; Avolio et al. 2017). Compared to microvascular pericytes, adventitial or
macrovascular pericytes are less studied. They have been found in the saphenous vein
(adventitial saphenous-vein pericyte-APCs), cardiac vessels, thoracic aorta and arteries and veins
from different tissues. They are CD34+/NG2+ and CD146-/CD31-/CD45- and express PDGFRB,
NG2 and the typical MSC markers, such as, CD44, CD90, eNT/CD73, and CD105. These cells may
represent real vascular stem cells due to their primitive behaviour to act as progenitor or
ancestor cells of different cell types, like MSCs. This theory is also supported by their multipotent
phenotype CD34+ and CD31-/CD146- (Campagnolo et al. 2010; Corselli et al. 2012).
Furthermore, these cells might be also progenitor of microvascular pericytes, however, further
studies need to be undertaken (Crisan et al. 2008; Crisan et al. 2012). Our team have
demonstrated that APCs exerted a great regenerative potential in mouse model of limb ischemia
and acute MI (Campagnolo et al. 2010; Katare et al. 2011; lacobazzi et al. 2014; Avolio et al.
2015b; Gubernator et al. 2015). Perivascular cells share different properties with other vascular
resident cells, such as, MSCs, ECs and VSMCs. This might cause confusion derived by the fact
that pericytes, in situ, are CD34+, antigen which is lost during culture and expansion of cells.
Therefore, pericytes can be identified according to these criteria: morphology, co-expression of
two or more markers, in situ localization, gene and protein expression and functional properties.
A typical functional assay which allows to distinguish pericytes from MSCs, is Matrigel tube
formation assay where pericytes promote and stabilize the networks created by the ECs

(Campagnolo et al. 2010; Armulik et al. 2011; Dar et al. 2012; Avolio et al. 2015c).
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1.4.2 Cardiac pericytes

Recently pericytes have been studied also in the heart. In such a vascularized organ, these cells
are abundant, and their role in the tissue homeostasis and physiopathology has led the
researcher to better study this cell population. Their role in the cardiac homeostasis is due to
their intermediation between the blood system and vascular endothelium with cardiomyocytes
and interstitial cells. To date, Cardiac pericytes (CPs) have been isolated from foetal heart, post-
natal heart and post-mortem heart. Microvascular pericytes which share the same morphology
as perivascular pericytes, have been isolated from adult explanted hearts using a Percoll density-
gradient centrifugation. Expanded CPs expressed NG2, PDGFRB, a-smooth muscle actin (a-
SMA), calponin (CALP), and connexin-43 but they are also positive for alkaline phosphatase (ALP)
(Nees et al. 2012). Péault B. has isolated microvascular pericytes from heart of foetus and adult
post-mortem. After the isolation, expanded cells were NG2+/ PDGFRB+/CD146+ and CD34-
/CD45-, with mesenchymal lineage differentiation capacity. In addition, they were unable to
differentiate in cardiomyocytes in vitro and in vivo in a murine Ml model (Chen et al. 2015). In
2015, our team isolated and characterized microvascular and adventitial pericytes from
remnants of heart biopsies of CHD new-born patients undergoing palliative surgery. In situ,
these cells were CD34+/NG2+/PDGFRB+ and CD31-/CD146-. In vitro, these cells loose CD34
antigen as reported for pericytes isolated from saphenous vein of patient undergoing coronary
artery bypass grafting (CABG). They showed stemness markers, such as, SOX2, NANOG and
OCT4, they were clonogenic and able to differentiate in mesenchymal lineage, but not in
cardiomyocytes. They support the in vitro angiogenesis and release proangiogenic factors
(Avolio et al. 2015c) (Table 1-1). Cardiac pericytes regulate and stabilize the angiogenesis and
vessel permeabilization through direct (cell-cell) and indirect (paracrine mechanism)
interactions with ECs. In some circumstances, pericytes move from a quiescent phase to an
activated or angiogenic phase, triggering specific events, such as, migration and proliferation,
maturation, coverage of ECs, secretion of GFs and ECM remodelling. At the same time
proliferation, migration and angiogenic capacity of ECs are regulated by pericytes. Regardless
the source, the pericyte-EC crosstalk is controlled by Angiopoietin 1/Tie2 signalling required for
the EC and vessel stabilization. Angiopoietin 1 (ANG1) is expressed by pericytes whilst the
antagonist, angiopoietin 2 (ANG2), and its receptor Tyrosine kinase with immunoglobulin-like
and EGF-like domains 2 (Tie2) are expressed by ECs. ANG2 acts as an autocrine modulator of
ANG1/Tie2 signalling by inhibiting ANG1/Tie 2 in the ECs, triggering vessel destabilization.
Different studies have demonstrated that Tie2 is also expressed by pericytes and ANG2

produced by ECs, acts paracrinally on pericytes and in this way it contributes to the vessel
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destabilization (Armulik et al. 2005; Ferland-McCollough et al. 2017; Teichert et al. 2017).
Furthermore, the interaction ECs-pericytes is also controlled by VEGF-A/ VEGFR2 (vascular
endothelial growth factor receptor 2) signalling which regulates the EC survival, vessel
stabilization and angiogenesis sprouting (Darland et al. 2003; Chang et al. 2013). PDGF-
BB/PDGFRp signalling regulates pericyte recruitment and proliferation and vessel stabilization
(Stratman et al. 2010; Fuxe et al. 2011). N-cadherin/N-cadherin and Jagged1/NOTCH signalling
control pericyte recruitment, vessel maturation and stabilization, and sprouting (Tillet et al.

2005; Tattersall et al. 2016).

Antigenic
.. References
characteristics
In situ:
NG2+/PDGFRB+/CD146+
Microvascular pericytes g
pericy CD34-/CD45- Péault et al., 2015
(heart)
In vitro: CD34+
In situ:
Microvascular and CD34+/NG2+/PDGFRB+
adventitial pericytes and
(heart) CD31./CD146- Madedduet al., 2015
In vitro:
CD34-
In situ:
Adventitial or CD34+/NG2+/PDGFRB+
macrovascular pericytes and
from saphenous vein CD31-/CD146- Madeddu et al.,, 2010
(APCs) In vitro:
CD34-

Table 1-1. Antigenic characteristics of CPs obtained from cardiac biopsies and saphenous vein.
Abbreviations: CD= cluster of differentiation; NG2= neural/glial antigen 2; PDGFRB= platelet-

derived growth factor B.
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1.4.2.1 Application of cardiac pericytes for congenital heart disease using

tissue-engineering applications

CPs are raising considerable attention for cardiovascular reparative field and particularly in
congenital heart structural malformations. The reasons of using CPs for cardiac repair are
numerous. For instance, they are pleiotropic, angiogenic and safe cells. They do not form
tumours which are associated with the use of iPSCs. However, prior to starting a clinical phase
trial, it is fundamental to undertake teratoma studies according to the international consensus
guidelines. These cells have abundant secretome containing many cytokines and GFs that induce
tissue regeneration and angiogenesis via paracrine signalling and containing chemoattractant
factors which recruit CPs and other cells to the damaged area. An important aspect to consider
when choosing the best cell component for cell therapy is the number of cells that can be
obtained from a tissue biopsy. CPs are more abundant than other stem or progenitor cells in the
heart, and it is possible to yield millions of cells after their in vitro expansion by starting from ~
100 mg of biopsy obtained from leftovers of CHD neonatal or infant patients undergoing
palliative treatment (Avolio et al. 2015c). Furthermore, CPs are considered immunotolerant, for
that reason they are preferred for an allogeneic transplantation if there is no time for the patient
to wait for an autologous transplantation. Thus, the main approach for the definitive correction
of complex forms of CHD is cell therapy with autologous CPs. Although pericytes isolated from
non-cardiac tissues, such as, saphenous vein may be preferred for the easy access to the vein,
CPs may be characterized by a higher plasticity and committed to differentiate in all the
cardiovascular cell lineage due to their organ specificity (Avolio and Madeddu 2016).
Nonetheless, due to pericyte heterogenicity, this is still to be investigated. For instance, the lack
of their in vitro electrical activity might suggest that after transplantation, these cells do not
cause arrhythmias (Avolio et al. 2015c). Due to their vasculogenic and angiogenic properties,
these cells can be a valid candidate for the repair of structural alterations of vessels and cardiac
muscle. They are compatible with the used scaffolds clinically certified, such as, SIS-ECM
manufactured by CorMatrix® company. For all these aspects CPs may be an optimal cell source
for TEVG reconstruction in patients with complex CHD lesions (Figure 1-11). This thesis illustrates
a study evaluating the use of a TEVG engineered with swine allogeneic CPs. Results have been

published in JAHA (Alvino et al. 2020).
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Pleiotropy Immunotolerance

[ Vasculogenesis and angiogenesis ] [ Plasticity ]
Safety Organ-specificity
[ No teratoma formation ] [ No arrhythmias ]
Secretome for tissue regeneration Compatible with clinically certified
graft
[ Abundant in the heart ]

Figure 1-11. List of different advantages of using CPs seeded in a bioprosthesis for CHD definitive

correction. Abbreviations: CPs= cardiac pericytes; TEVG= tissue-engineered vascular graft.

1.5 Invitro and in vivo models of cardiac diseases

Every therapy must show safety and efficacy before its application in human patients. Different
therapeutic tests can be performed in different models: in vitro cell models, in vitro simulators,
in vitro organoids and in vivo animal models (small and large animals). In biomedical research
studies the general aim is to understand the human body and the physiological and pathological
alterations which may affect its anatomy and function to undertake prevention or curative
therapies. Thus, it is fundamental to start looking for the best way to simulate what happens in
human patients by using the perfect in vitro and in vivo models. In vitro models are the “core”
of biomedical research studies. There are different in vitro models used, depending on the
number of cell type that can be yielded from different sources, the material replicated to obtain
a cell preparation (tissue biopsy), and the culture system (suspension or adherent cultures and
2D- or 3D- systems).
e Invitro cell models

Historically, in vitro models were cells cultured in a 2D-plastic dish. Nowadays, cells are grown
also in more complex 3D-structures, which provide structural and functional integrity and
establish a better and dynamic cell microenvironment. In vitro cell models show many benefits,
such as, easy pharmacological treatments, genetic modifications, small sample size and
relatively low costs. Indeed, results from in vitro cell studies require to be investigated and

validated in in vivo animal models prior to approaching to human situation. However, the
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translational outcomes from the benchside to bedside is very hard because of a limited overlap
between animals and humans. Although in the future the abrogation of in vivo animal model
will be unlikely, the in vitro models are gaining always much interest in the global research field
(Jonsson et al. 2016). Their importance is increasing with some initiatives, like, 3Rs
(Replacement, Reduction, Refinement) which regulates the use of animals in a more controlled
and ethical manner. The first “R” refers to replacement of the animals with other alternative
techniques, such as, cultured cells. The second “R” indicates the reduction of the number of
animals to employ in the experimental procedure without interfering with the good quality of
data. The third “R” is for refinement to improve the quality of animal life in all the experimental
stages (Cabrera-Pérez et al. 2016).
e Invitro simulators
Nowadays, simulators are gaining much interest for training and educational purposes.
Hydraulic and computational simulators have been employing in cardiovascular field due to the
complexity of this system. They can be tailored on patient’s clinical parameters to simulate a
specific physiopathological condition and they can make or support a clinical decision, by
simulating a specific therapy to check the reaction of the patient. Nonetheless, simulators are a
relatively new area of research and the test will require more studies from different
investigators, such as, clinicians, biologists, bioinformaticians, and engineers.
e Invitro organoids

The concept of maintaining cells in 3D-environment is born because cells cultured in a
conventional 2D-flat system perform differently than the cells in an in vivo environment. In these
2D-culture systems, cells are unable to mimic the dynamic complexity of an in vivo system. The
possibility of using cells in a 3D-structure to simulate the native tissue or organ, could reproduce
better the physiological and pathological mechanisms, and processes that, in some
circumstances, cannot be produced in the body due to ethical issues or its scarcity. In addition,
the use of this system may help to reduce the cost, time and work for the animal studies.
Recently 3D-structures, called organoids, have been employed as in vitro models of human
organs to understand physiological and pathological mechanisms. To date, brain, pancreas,
intestine, lung, prostate and tumour organoids have been generated (Lancaster and Huch 2019).
In the future organoids may be used in many research fields, such as, diseases, drug production,
developmental biology, and regenerative and personalized medicine. An organoid resembles an
organ and should satisfy some criteria: i. its 3D-structure should retain all the characteristics of
the tissue which has been modelled; ii. it should contain different cell types as in the native

organ; iii. It shows some of the specialized functions of the native tissue; jv. Self-organization
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(self-assembly, self-patterning, self-morphogenesis), like in the native tissue (Sasai 2013a; Sasai
2013b). From blood, skin and urine samples collected from patients it is possible to obtain
somatic cells that can be reprogrammed by adding transcription or reprogramming factors, to
obtain human iPSCs which are employed for the generation of organoids (Long et al. 2018).
Different iPSCs have been obtained from human cardiac heart diseases, such as,
cardiomyopathy, cardiomyopathy associated to Duchenne muscular dystrophy (DMD),
arrythmias, cardiac hypertrophy and MlI. The creation of cardiac organoids can be a challenge
due to the complex environment constituted by different types of cells that can be associated
to specific diseases. Recent studies are trying to generate cardiomyocyte organoids derived from
iPSCs. In addition, iPSCs isolated from a specific patient can be differentiated not only in
cardiomyocytes but also in cardiac fibroblasts, and ECs, so that they can be used to create an
organoid which represents the specific physiological and pathological characteristics of that
patient. For instance, in the heart, fibroblasts are responsible for the remodelling of cardiac
tissue through the synthesis and secretion of ECM and contribute to the electrical properties of
the heart isolating the upper and lower chambers of the heart. ECs regulate the contractility of
cardiomyocytes, they are oxygen and nutrient transporters and are controller of vasomotor
tone. For all these aspects, these cells (cardiomyocytes, ECs and fibroblasts) may be cultured
together to generate a human cardiac functional organoid. Different TE techniques have been
developed to create 3D-cardiac tissue organoids and mimic heart physiology. The first one
attempts to create tissue models by seeding cells in moulded hydrogel with collagen, Matrigel,
fibrin and other biomaterials. The final organoid can be used to measure the contractile force.
The second technique uses cell sheets cultured on a heat responsive 2D-surface. Then, different
sheets are collected and mounted with the alternative to include vascular structures which are
harvested from the animals, or to include supporting scaffolds. The third method uses the
gravity to allow the sediment of cells and produce the organoids (hanging-drop system), which
contains thousands of cells (Zuppinger 2016; Nugraha et al. 2019).
e Invivo animal models

Although the different in vitro models represent a pillar in the biomedical research to study
physiological and pathological mechanisms of a disease and to track quickly a therapeutic
compound, many human pathologies rely on having appropriate in vivo models to study the
state of a disease and develop a specific therapy (Dottori et al. 2012). Animal preclinical models
propose to recreate this condition aiming to test therapies that will be reproduced in the future
clinical trials on the human patients. Small animal models, such as, mice and rats, are often used

in cardiovascular research, as they are cost-effective, they have easy handling and housing
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(maintenance in small cages), short gestation, they can be genetically manipulated to generate
transgenic animals and short life- span which allows the investigators to follow the natural
history of disease in a reasonably short time. MI mouse model is the most used to simulate an
infarct. In Ml patients the mortality is quite high and those ones who survive have a heart-pump
alteration. Cardiomyocytes are irreversible affected, and the medical therapy helps to relieve
the symptoms (Andersen et al. 2014). In order to create a Ml model, living mouse is sedated
with isoflurane chamber or by injecting anaesthetics followed by a short cooling time in ice
water. In order to maintain the anesthesia under hypothermic conditions and perform the
surgery, the animal is positioned on a cool bag in the right lateral position, the skin is cut, the
thorax at the level of the 4" intercostal space, and the left anterior descending (LAD) artery is
ligated. Induced Ml is highlighted by the light pallor in the heart below the ligation after the
sutures. Then, the thorax and skin are closed, and mouse is placed on a warm-heated plate for
its recovery (Katare et al. 2011; Dayan et al. 2012; Porrello et al. 2013; Avolio et al. 2015b;
Camacho et al. 2016). Another model of peripheral artery disease (PAD) is the hindlimb ischemia
mouse model. It consists in the surgical ligation of the proximal and femoral artery, followed
excision of the vessels bringing the occlusion of the blood flow and induction of limb ischemia
(Niiyama et al. 2009; Padgett et al. 2016). Despite small rodents are commonly used to
recapitulate some phenotypic characteristics of the human heart diseases, these models do not
simulate all their characteristics. According to phylogenetic properties, mouse and human are
very distant each other and all the physiological and pathological mechanisms and responses to
different therapies, such as, pharmacological treatments or specific cell therapies are not
predictable. In addition, mouse and human have different heart anatomy, coronary structures,
capillary density, and cardiac mechanical properties. Since mice are small-sized animals, imaging
studies, and blood sampling procedure result complicated (Darland et al. 2003; Mestas and
Hughes 2004; Libby 2015; Tsang et al. 2016). All these aspects limit the possibility of obtaining

clear and significant experimental results for the future therapies in humans.

1.5.1 Large animal models and preclinical applications with tissue-

engineered vascular grafts.

Despite no animal model replicates exactly the in vivo characteristics of the human being, to
increase the robustness of the data and to better predict the clinical scenario, large animal
models are always more used as a solid preclinical tool for future human translational studies

(Epstein et al. 2017). The advantages of these animals are numerous, such as, long life span,
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immunology characteristics similar to humans, large material to manipulate for the
experimental procedures and high yields of cells obtained from the isolation. Particularly, swine
animals have cardiovascular similarity with humans for heart size, heart physiology,
hemodynamic parameters and contractility, tolerance to complex and invasive interventions
and suitability for imaging studies (Harding et al. 2013; Tsang et al. 2016). Currently swine model
studies are gaining much interests in cardiovascular field for cell therapy with dispersed cells
and for TE vascular applications. In the latter, swine become patently necessary when testing an
intracardiac or vascular graft (in forms of patches, conduits, valves or stents), and biomedical
devices. The lack of similarity between human and mouse in vascular dimensions and
hemodynamic parameters make these rodents poor models for TEVG evaluation (Swartz and
Andreadis 2013). Nonetheless, the use of a large animal faces some limitations, such as, rapid
growth which makes difficult the adult animal handling, high costs for husbandry maintenance
and for experimental procedures. In fact, swine studies are expensive from both time and
financial perspectives and most laboratories cannot afford them. Nonetheless, because they are
conducted in closer setting with human conditions, than those ones performed in rodent
models, the efficacy and safety require a preclinical and confirmation also in a large animal
model. Swine animal is the most suitable model for the TEVG in CHD repair (lop et al. 2014;
Mosala Nezhad et al. 2017). Some models have been created to reproduce the clinical scenario
of complex forms of CHD, such as, TOF (Albertario et al. 2019; Ghorbel et al. 2019). Piglets have
been used for many reasons, to simulate a pediatric CHD situation, their quick growth allows the
monitor of the implanted TEVG with a fast pace. Optimal TEVG procedure requires integration,
remodelling and functionality of the graft, which depends on the regenerative capacity of the
recipient animals determined by the age. In fact, neonatal or young swine, represent optimal
recipient for these purposes (Swartz and Andreadis 2013). Furthermore, it is possible to obtain
a young swine bred littermates from the same husbandry to undertake paired experimental
procedures and allogeneic cell transplantation studies without incurring in the immune
response and rejection of the recipient swine. An equivalent cell product from a swine littermate
allows the use of a TEVG with allogeneic cells as an alternative to autologous procedure.

Prof M. Caputo has surgically created some models which reflect complex CHD malformations.
The first one is a young swine model which reproduces the clinical scenario of TOF/pulmonary
atresia with hypoplastic native left and right PA and major aorto-pulmonary collaterals. Surgical
PA branch and pulmonary valve replacement are the only alternative treatment by using a TEVG
conduit (CorMatrix®) and pulmonary valve repair with autologous swine pericardium. In this

animal model, a left posterolateral thoracotomy is performed, the proximal and distal parts of
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the left pulmonary artery (LPA) are clamped, and a ~ 3 mm LPA is resected to accommodate the
TEVG conduit (CorMatrix®, ~ 10 mm long and ~ 6 mm diameter) with or without cells (Figure 1-
12) (Ghorbel et al. 2019). The second one is a swine model which recreates the clinical scenario
of TOF with RV dysfunction and where the reconstruction of the RVOT (pulmonary valve not
included) is required. Briefly, piglet heart is exposed through median sternotomy and
cardiopulmonary bypass is then established by cannulation of the inferior and superior vein cava
and the ascending aorta. An incision of ~ 4 cm in length is made over the RVOT and below the
pulmonary valve annulus, leaving the pulmonary valve intact. The cut is closed using a TEVG
patch (CorMatrix®) with or without cells (Albertario et al. 2019). Currently, Prof Caputo is
creating new two surgical approaches to simulate TOF patients with pulmonary atresia requiring
MPA and pulmonary valve substitution. In the first case, ~ 8 mm MPA is excised on the beating
heart just above the pulmonary valve and up to the pulmonary artery bifurcation, and the TEVG
conduit (CorMatrix®) is implanted as interposed graft. Pulmonary valve is repaired with
autologous swine pericardium. In the second case, a longitudinal incision starting from the MPA
across the pulmonary valve annulus is created into the RVOT and the TEVG conduit (CorMatrix®)
is sutured into place on an empty beating heart. Pulmonary valve is substituted with a different

material.

ik % ‘f}lf;‘uu‘
il

- LV "o

Piglet receiving the
TEVG

L \\k»

Young swine with
implanted TEVG

Figure 1-12. Schematic representation of a swine model of PA reconstruction. Piglet ready to
receive a TEVG conduit (a.), which is implanted around a branch of PA which has been previously
resected (b.); Figure panel showing the anatomical area of TEVG implantation; (c.); Explanted
TEVG and native PA (d.) when the pig has grown. Abbreviations: PA= pulmonary artery; lpa= left
pulmonary artery; mpa= main pulmonary artery; TEVG= tissue engineering vascular graft. Figure

adapted in a modified version from Ghorbel et al., 2019, Biomaterials.
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Different small and large animal models have been tested using TEVG to evaluate the safety and
feasibility of the intervention before translational studies. During these procedures, grafts were
seeded with progenitor or mature cells and further implanted into the animal model. Some

examples are listed in the Table 1-2.

Implanted into abdominal
Xenogeneic skeletal Poly(ester-urethane) aorta, pericyte populated

pericytes urea scaffold the graft, ECs, SMCs,
collagen remodelling

1 Rat He et al., 2010

Implanted in vena cava as
interposed graft, organized

2.5CID mice Xeneogenic BM-MNCs PGA scaffold layer of ECM, ECs and SMCs Roh et al., 2010
resembling native tissue

Implanted in vena cava as
interposed graft, graft patent

3. H
Lamb Autologous BM-MNCs PGA scaffold and increased in volume, no Brennanet al., 2008
aneurism dilatation
Implanted into PA, re-
endothelialisation, BM-MSC
Allogeneic BM-MNCs or ~ Decellularized swine  valves with ECM " ,
4.
Lamb MSCs pulmonary conduit  remodelling, BM-MNC valves Vincentelliet al., 2007
with  inflammatory  cell
infiltration
5-Shee Autologous BM-MSCs PGA/PLLA Implanted “into  PA, graft ¢ uporiond et af., 2005
p comparable to native tissue W
lvmer cover: Implanted into vena cava, no M mure I
5 Dog Allogeneic BM-MNCs (B T stenosis, graft showing ECs atsumura et al.,
PLLA e 2003b
Decellularized Implanted into RVOT, no
7. Sheep Autologous ECs calcification, ECs and  Dohmen et al., 2006

bioprosthetic valves fibrablasts in the graft

Table 1-2. Preclinical animal models for TEVG application. Abbreviations: BM-MNCs= bone
marrow mononuclear cells; ECs= endothelial cells; ECM= extracellular matrix; MSCs=
mesenchymal stem cells; PA= pulmonary artery; PGA= poly(glycolic acid); PLLA= poly(lactic acid);
SCID=sever combined immunodeficient. References: 1.(He et al. 2010); 2.(Roh et al. 2010);
3.(Brennan et al. 2008); 4.(Vincentelli et al. 2007); 5.(Sutherland et al. 2005); 6.(Matsumura et
al. 2003b); 7.(Dohmen et al. 2006).

1.5.2 Clinical application with tissue engineered graft for congenital heart

disease.

Currently the synthetic biodegradable polymers are the most used in clinical TEVG to produce
scaffolds seeded with autologous human cells. These grafts are poly-lactic acid (PLLA), poly-
glycolic acid (PGA) and polycaprolactone (PCL) and are easily manipulated and found on the
market (Butcher et al. 2011; Avolio et al. 2015a). The transplantation of a TEVG in a pediatric

patient with univentricular heart syndrome and pulmonary atresia, was performed in 2001.
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Autologous cells were isolated from peripheral vein, expanded and seeded into a PLLA and PCL
conduit graft, strengthened with PGA to degrade within six weeks. Twenty-eight weeks after
implantation, the graft was not occluded and no dilatation was observed (Shin'oka et al. 2001).
Twenty-four weeks later, the same research group implanted a PLLA/PCL graft seeded with BM-
MNCs in CHD children. The results revealed the absence of obstruction (Matsumura et al.
2003a). Naito et al., have demonstrated the successful implantation of synthetic polymeric
grafts seeded with saphenous vein-derived cells in an adolescent CHD patient (Naito et al. 2003).
Four years later, Shin’oka et al., implanted synthetic polymeric grafts cellularized with BM cells.
After sixteen months from the implantation, the TEVG was patent and no thrombosis was
observed (Shin'oka et al. 2005).

Although these promising clinical outcomes in CHD young patients, the performance of the
TEVGs requires deeply investigation. The TE synthetic polymers are prone to degradation (PGA:
~ 3 months and PLLA/PGA: ~ 3 years), altering the mechanical properties of the construct and

making difficult the long-term follow-up studies.
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2 Aim and objectives of the thesis and experimental plan

In the following chapters, | show the material, methods and results of my work during the three-
year PhD course.

e Cell-graft-based therapy for the treatment of complex CHD
The aim of the project is to combine the CP-based therapy with a new delivery system as an
alternative to the current biological and synthetic prostheses employed in pediatric surgery
for the correction of CHD.
One major problem in the repair of congenital heart defects is that prosthetic grafts can only
remodel through the repopulation by invading cells from neighbour tissues and the blood
circulation. This spontaneous reparative process is not rapid enough to prevent a progressive
mismatch between the graft and recipient’s heart. In the complex form of CHD, such as, TOF, a
palliative “shunt” operation becomes necessary to allow to direct blood flow to the lungs and
relieve cyanosis before the definitive correction (Yuan and Jing 2009). This temporal window
may provide a scope for expanding cardiac cells (CPs) from surgery leftovers obtained from the
palliation, to generate living prostheses. Prostheses endowed with immediate growing capacity
ahead of implantation could be better suited to match the rapid growth of the baby’s heart than
the currently available acellular grafts which without a bioactive component are prone to
degeneration. For this study, swine animal model becomes a fundamental preclinical tool to
reproduce the clinical scenario of a baby, infant or child with complex and severe forms of CHD,
like TOF.
In the next chapters, | describe a new study aimed at testing the feasibility of implanting swine
CPs engineered with a TE vascular conduit (CorMatrix®), in a four-week-old swine using the same
procedure employed to reconstruct branch PAs in CHD patients. Autologous human CPs (hCPs),
represent the final cellular product (Avolio et al. 2015c) for clinical application. However, as CPs
are considered immunotolerant, they may be used for an allogeneic transplantation if there is
no time for the baby patient to wait for an autologous transplantation with the vascular conduit.
Thus, we used allogeneic CPs isolated from littermates of the recipient swine after the
demonstration of antigenic and functional similarities with hCPs.
This project consists of three objectives: Objective 1, set-up isolation and expansion protocols
to generate stocks of quality assured swine CPs and demonstrate the equivalence with human
CPs according to antigenic and functional properties; Objective 2, encompasses the seeding of
swine CPs into a TEVG and provides a proof of their viability, ECM remodelling and unchanged

phenotype following two different in vitro culture systems; Objective 3, provides a proof-of-
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concept of feasibility and efficacy of the pericyte-TEVG in the swine TOF model and histological
assessment of the explanted grafts (Figure 2-1).

RV biopsy harvested
from piglet

Isolation, expansion,
characterization of
CPs

Objective 1

CPs grown on TEVG
in static culture

CP-TEVG grown and
matured in a
bioreactor

Objective 2

PA reconstruction
with CP-TEVG

Explanted TEVG and
histological

assessment

Objective 3

Figure 2-1. Schematic representation of the three main objectives in the project. Abbreviations:

CPs= Cardiac pericytes; ECM= extracellular matrix; LPA= Left pulmonary artery; PA= pulmonary

artery; RV=right ventricle; TEVG tissue engineering vascular graft.

45



3 Rationale of the study

3.1 Preclinical testing of pericyte-engineered grafts for the correction of

congenital heart defects

In this chapter, | report the first preclinical trial with swine CPs delivered with a TEVG conduit in
a swine model of CHD to obtain proof of feasibility and efficacy of PA reconstruction before
asking the permission for a future clinical trial. The results of the study are submitted for
publication in the JAHA (Alvino et al. 2020). Previous studies for cardiovascular repair are based
on a therapy with dispersed cells injected into myocardium to restore the whole cardiac muscle
vascularization and contractility. For instance, this has been demonstrated in our previous
publication where we used swine APCs for the therapy of acute Ml in an adult Ml model (Alvino
et al. 2018). The above therapy is not suitable to repair and reconstruct a large vessel in patients
with CHD. Itis necessary to use a compatible and absorbable biomaterial which is implanted and
integrated perfectly with the patient’s body and grown with it. Most of the prostheses currently
used are not durable and required to be replaced at some point, by exposing child and adult
patients to multiple surgical interventions (Perloff and Warnes 2001; Yuan and Jing 2009; Said
and Burkhart 2014; Rosario-Quinones et al. 2015). Here, the ECM-based graft (CorMatrix®)
cellularized with CPs overcomes these issues (Scholl et al. 2010; Nelson et al. 2016; Woo et al.
2016). We tried to use autologous swine CPs (sCPs) at first, then, because of the difficulties
associated with cardiac harvesting procedure, we have decided to use allogeneic cells obtained

from a swine littermate.
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4 Material and methods

4.1 Ethics

Animal experiments were performed in accordance with the “Guide for Care and Use of
Laboratory Animals” published by the National Institutes of Health in 1996 and conforming to
the “Animals (Scientific Procedures) Act” published in 1986. The protocol was covered by the
UK Home Office ethical approval PPL 30/3019 and PF6E6335D. The report of experimental data
follows the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (Kilkenny et

al. 2010).
4.2 Swine Cardiac Pericyte processing

The Good Manufacturing Practice (GMP) compliant-SOP for the isolation, expansion,
characterization and functional activity of human new-born cardiac pericytes (RNB CPs) has been
described previously (Avolio et al. 2015c). The in vitro protocols used for swine new-born CPs
(sNB CPs) has been reported in this manuscript according to the previous publication (Avolio et

al. 2015c).
4.2.1 Preparation of swine newborn cardiac pericytes

Four-weeks old Large white/Landrace piglets (UK registered breeder) were terminally
anesthetized with Euthatal for the collection of cardiac tissue and blood via an indwelling jugular
vein cannula for the isolation of peripheral blood-mononuclear cells (PB-MNCs) and extraction
of serum used in the culture media for sCP expansion. In some experiments, commercial swine
heat-inactivated serum (Sigma-Aldrich, UK) was used in alternative to the piglet serum. Cardiac
samples (from 20 mg up to 200 mg biopsy) were processed using a modification of the GMP-
compliant-standard operating procedure (SOP) previously employed for the isolation/expansion
and characterization of CPs from the neonatal human hearts (Table 4-1). Briefly, cardiac biopsies
were minced in small pieces and digested with 0.45 WU/mL/g Liberase enzyme for 2 hours, at
37°C. Cell strainers (70um, 40 um and 30 um pores) were used to to remove clumps of cells and
tissue after enzymatic digestion. Single cell suspensions of immunomagnetically-sorted CD31-
and CD34+ cells were cultured in the incubator at 21% O, and 5% CO; and onto dishes coated
with 1% (w/v) swine gelatin (Sigma-Aldrich, UK) in endothelial cell growth media-2 (EGM-2)
supplemented with 10% heat-inactivated swine serum and 1% (v/v) penicillin and streptomycin

(Figure 4-1). Adherent sCP colonies appeared after 7-10 days of culture and were passaged to
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new culture dishes once they reached 80-90% of confluence. At P2, cells were split for further

expansion or generation of frozen stocks.

Swine CP code Weight (g) Experimental use
240617 A 0.9 Immunc.>h|st.o—cytochem|stry, I?CB, ELISA,
Migration assay w/o anti-Tie2
080717 A 0.08 Immunohisto-cytochemistry, PCR, Matrigel-

co, Migration assay w/o anti-Tie2
Immunocytochemistry, FACS, PCR, Matrigel-
080717 B 0.08 co/CM, ELISA, Migration assay without anti-
Tie2, EdU assay
Immunocytochemistry, GC-viability-DT,

17 A . . .
0603 0.0 Clonogenic assay, PCR, Matrigel-co, ELISA
GC-viability-DT, FACS, Matrigel-co/CM,
060917 B 0.09 ELISA, Migration assay without anti-Tie2,
EdU assay
060917 C 0.09 Immunocytochemlst.ry, GC-viability-DT,
Clonogenic assay
140618 A 02 PCR, Matrigel-CM, Migration assay-anti-Tie2,
EdU assay
Immunocytochemistry, Matrigel-CM,
190618 A 0.013 Migration assay-anti-Tie2, EdU assay
240718 A 0.01 Immunocytochemistry

Table 4-1. Code of donor newborn swine and analysis performed on corresponding cardiac
samples and isolated cells. Abbreviations: DT= Doubling Time; ELISA= Enzyme-Linked
Immunosorbent Assay; FACS= Flow Activated Cell Sorting; GC= Growth Curve; PCR= Polymerase

Chain Reaction; Tie2= Tyrosine kinase with immunoglobulin-like and EGF-like domains 2.

70 30

m m Anti-CD31 Anti-CD34
40 magnetic magnetic
S um @ beads beads
(...._] Depletion of
= 1 _ CD31" cells :
e g | - |
3
Tissue minced Filtrations collection of collection of
and digested with ~ toselect 3 - N CD34*/CD31-
enzyme cells <30 CD31 cells CDSl/I(I:DM' cells sedeed in
o cells EGM-2
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Figure 4-1. Scheme of swine NB CP isolation. Right ventricle (RV) small biopsy was harvested
from a four-week-old pig, minced in small pieces and digested with Liberase enzyme. The
neutralized enzyme solution was passed through the filters for the selection of <30 um cells.
CD31-/CD34+ cell fraction was obtained from immunomagnetic separation with microbeads
(anti-CD31 and anti-CD34). The first colonies appeared after 7-10 days of culture in EGM-2.

Abbreviations: CD= cluster of differentiation; EGM-2= endothelial cell growth media-2.
4.3 Assessment of new-born cardiac pericyte features

A series of comparative studies were performed to assess the purity of cells isolated from swine
heart biopsy and to verify their similarity to hCPs. The cells were studied at P5/6, using from 3

to 7 biological replicates (run in triplicate) unless otherwise specified.
4.3.1 Growth curves, viability and doubling time

For the cell quality control, three fresh or frozen-thawed sCP lines were seeded onto a pre-
coated 6-well plate, in EGM-2 at a density of 3,000/cm?. They were detached with
1xTrypsin/EDTA at 4, 5, 6, 7 and 8 days of culture and counted using Trypan Blue exclusion

method to assess the cell expansion, viability and duplication time.

4.3.2 In situ localization and antigenic characteristics

4.3.2.1 Immunohistochemistry and immunocytochemistry studies

In order to determine if available antibodies identify pericytes in their typical perivascular
localization, cardiac tissue samples (N=2) were harvested, washed in 1x phosphate buffered
saline (PBS) and fixed in 4% (w/v) paraformaldehyde (PFA) for 16 hours, at +4°C. After one wash
in 1xPBS, fixed samples were placed in 30% (w/v) sucrose for 48 hours, at +4°C and embedded
in Optimal Cutting Temperature compound (OCT compound, VWR, UK). Eight-micron-thick
sections were cut using the Cryostat STAR Nx50 (Thermo Fisher, UK) at -20°C. Frozen sections
were fixed in ice-cold glacial Acetone (Fisher, UK) for 5 minutes, at -20°C. Fixed cells were kept
air-dried for 15 minutes and hydrated in 1xPBS for 10 minutes. Non-specific binding sites were
blocked with 5% (v/v) foetal bovine serum (FBS) in 1xPBS for 30 minutes, at +20°C. Double
staining combinations of anti-swine NG2 (NovusBio, UK)/anti-human CD31 (R&D systems ,UK)
and anti-swine CD34 (Abcam, UK)/anti-human CD31 primary antibodies were used for the in situ

localization of CPs. After a 16 hours incubation, at +4°C in the above blocking solution, sections
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were washed twice in 1xPBS and incubated with secondary antibodies (Alexa Fluor 568-
conjugated anti-rabbit IgG, Alexa Fluor 647-conjugated highly cross-adsorbed anti-mouse IgG,
Alexa Fluor 488-conjugated anti-rabbit, IgG — all Invitrogen, UK) diluted 1:200 in the blocking
solution for 1 hour, at +20°C, in the dark. The nuclei were counterstained with 4',6-diamidino-2-
phenylindole (DAPI) 1:1000 in 1xPBS for 2 minutes, at +20°C, in the dark. The sections were
washed twice in 1xPBS and mounted with Fluoromount G mounting media (Invitrogen, UK).
Immunofluorescent images were taken using 10x and 20x objectives of Zeiss Observer.Z1
microscope and Zen pro software. Primary, secondary antibodies and concentrations used in
immunohistochemistry (IHC) are listed and described in the Table 4-2.

For immunocytochemistry (ICC), expanded cells (N=7 biological replicates run in triplicate) were
fixed with 4% (w/v) PFA for 10 minutes, at +4°C, washed once in 1xPBS and incubated with the
blocking solution. For the detection of intracellular antigens, cells were permeabilized with 0.1%
(v/v) Triton X-100 for 10 minutes, at +4°C. Cells were incubated with the indicated primary
antibodies (16 hours, at +4°C) and appropriate secondary antibodies (1:200, Alexa Fluor 488-
conjugated anti-rabbit or anti-mouse 1gG — all Invitrogen, UK) for 1 hour, at +20°C, in the dark.
The nuclei were counterstained with DAPI. Slides were mounted with Fluoromount G and the
images were taken at 200x and 400x magnification using Zeiss Observer.Z1 microscope. Zen pro
software was utilized to compose and overlay the images. Secondary antibody controls by
eliminating primary antibodies were used (images not shown). Swine pulmonary artery
endothelial cells (sSPAECs) were used as positive control for endothelial cell markers. Primary and
secondary antibodies used in ICC are listed and described in the Table 4-2. The antibody

concentrations in IHC and ICC were used according to those ones applied for hCPs.

4.3.2.2 Flow cytometry assessment

In order to assess the antigenic characteristics of sCPs, fluorescent activated cell sorting (FACS)
was employed. To optimize the FACS analysis and exclude the occurrence of background, a
single-step staining — fluorescent minus one (FMO) protocol was adopted on three sNB CP lines
and on sPAECs for the endothelial cell antigen control. The FMO methodology is recommended
in multiple fluorescence studies, like the ones used here, to ensure that any spread of the
fluorochromes into the channel of interests is properly identified. Cells (1x108, N=3 biological
replicates), were washed in 1x Dulbecco’s phosphate buffered saline (DPBS) and treated with
1xtrypsin/ethylenediaminetetraacetic (EDTA). Then, they were washed, spun at 400xg, for 10

minutes, at +4°C and re-suspended in FACS staining buffer containing 1% (w/v) bovine serum
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albumin (BSA), 1 mM (v/v) EDTA and 0.1% (w/v) sodium azide followed by blocking of non-
specific binding with 10% (w/v) BSA in 1xDPBS. Next, 2x10° cells/tube were incubated with
pericytes, mesenchymal and endothelial antibodies fluorophore-conjugated for 30 minutes, at
+4°C, in the dark and in FACS buffer. For the detection of endothelial marker CD31, cells were
washed twice in FACS buffer. Swine PAECs were used as positive control for endothelial antigens
CD31 and CD146. Swine PB-MNCs were used as positive control for the hematopoietic marker
CDA45. In addition, a Fixable Viability Dye eFluor780 was used to label dead cells and exclude
them from the gating strategy. Prior to sample acquisition, the cells were fixed with 1% (v/v) PFA

in 1xPBS. FACS antibodies used in flow cytometry are listed in the Table 4-3.

JEHIE Il antibod
Marker Technique | Permeabilization Reactivity source and y
o source
dilution
. Sigma, Sigma, Cy3-
a-SMA ICC Yes Human/Swine 1:400 conjugated
Invitrogen,
CALP ICC, IHC Yes Human/swine | PM | A4gg goat
1:100 .
a-rabbit
Invitrogen,
CD31 IcC Yes Swine Abcam, | ) 188 goat
1:20 .
a-rabbit
Invitrogen,
A488 highly
CD31 IHC No Human R&D, 1:50 adsorbed
goat a-
mouse
Invitrogen,
CD34 IHC Yes Swine Abcam, | ) 188 goat
1:100 .
a-rabbit
Invitrogen,
eNT/CD73 ICC Yes Swine R&D, 1:10 A48
donkey a-
sheep
Invitrogen,
CD146 IcC Yes Human/swine | “P€M | A488 goat
1:100 .
o-rabbit
Invitrogen,
GATA-4 ICC Yes Human Abcam, A488 goat
1:100 .
o-rabbit
Invitrogen,
NANOG ICC Yes Human Abcam, A488 goat
1:100
o-mouse
. Invitrogen,
NG2 ICC, IHC No Swine NovusBio, | 188 goat
1:50 .
a-rabbit
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Abcam Invitrogen,
OCT-4 ICC Yes Human/Swine ! A488 goat
1:100 .
a-rabbit
Invitrogen,
PDGFRB IcC Yes Swine GeneTex, | rags goat
1:100
o-mouse
Invitrogen,
SMMHC11 |  ICC, IHC Yes Human/swine | “P©M | A488 goat
1:100 .
a-rabbit
Invitrogen,
SMTN ICC, IHC Yes Human/Swine Sanltf"l' &;“Z’ A488 goat
) o-mouse
Merck Invitrogen,
SOX2 ICC Yes Human/Swine | Millipore, A488 goat
1:100 a-rabbit
Invitrogen,
TAGLN ICC, IHC Yes Human/Swine Sa"tla_’é%ruz’ A488 goat
) o-mouse
Invitrogen,
VE- . Santa-Cruz,
CADHERIN ICC Yes Human/Swine 1:50 A488 goat
o-mouse
Invitrogen,
Vimentin ICC Yes Human Abcam, A488 goat
1:400 .
a-rabbit

Table 4-2. Primary and secondary antibodies used in immunohisto-cytochemistry studies of SNB
CPs. Abbreviations: CALP= Calponin; CD= Cluster of Differentiation; eNT= Ecto-5-nucleotidase;
GATA-4=Transcription binding factor-4; NANOG= Homeobox protein NANOG; NG2=Neural/Glial
antigen 2 proteoglycan; OCT-4= Octamer binding transcription factor 4; PDGFRB=Platelet-
Derived Growth Receptor B; SMA= Smooth Muscle Actin; SMMHC11= Smooth Muscle Myosin
Heavy Chain 11; SMTN= Smoothelin; SOX-2= Sex determining region Y-box 2; TAGLN=
Transgelin; VE-CADHERIN= Vascular Endothelial Cadherin.

Marker Permeabilization | Reactivity Antibody Fluorophores
source and
dilution
CD31 No Swine Serotec, 1:80 PE
. eBioscience,
CD44 No Swine 120 APC
CD45 No Swine Serotec, 1:25 FITC
Invitrogen, APC-
eNT/CD73 No Swine R&D, 1:10 conjugated
donkey a-sheep
. eBioscience,
CD90 No Swine 1:20 PE-Cy7
CD105 No Swine LifeSpan, 1:5 PE
CD146 No Swine Serotec, 1:60 FITC
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PDGFRpB No Swine Biolegend, 1:25 PE
eBioscience,
1:1000
Table 4-3. Antibodies used in flow cytometry studies on sNB CPs. Abbreviations:

Dye eFluor780 No

APC-Cy7

APC=Allophycocyanin; APC-Cy7= Allophycocyanin-Cy7; CD=Cluster of Differentiation;
FITC=Fluorescein isothiocyanate; PE=Phycoerythrin; Pe-Cy7= Phycoerythrin-Cy7.

4.3.3 Clonogenic assay

The single-cell coning was performed on two sNB CP lines at P3, using a motorized device
connected to the flow cytometry sorter (Influx™ BD, US). Sorted cells were placed into each well
of a 96-well culture plate and cultured up to four weeks in EGM-2 media for the quantification
of colonies generated from a single cell. A comparative assay between fresh and frozen-thawed

sCPs was performed to assess if both conditions allow the generation of clones.

4.3.4 Gene expression assessment

Total ribonucleic acid (RNA) was obtained from cultured sCPs and reverse-transcribed using a
High Capacity RNA-to-cDNA kit (Invitrogen, UK). The reverse transcription-polymerase chain
reaction (PCR) was performed using the first-strand cDNA with TagMan fast Universal PCR
Master Mix and on a Quant Studio 6 Flex Real-Time PCR system for the following angiogenic
genes: VEGF-A, Angiopoietin 1 (ANG1, Life Technologies, UK), Angiopoietin 2 (ANG2, Life
Technologies, UK). The messenger ribonucleic acid (mRNA) expression level was determined
using 2-AACt method. Swine PAECs were used as control of angiogenic factors. The TagMan

probes used in the molecular biology studies are listed in the Table 4-4.

Gene Species Assay ID
ANG1 Swine S$s03391075_m1
ANG2 Swine S$s03392362_m1
PPIA (housekeeper) Swine Ss03394782 gl
VEGF-A Swine S$s0339390_m1

Table 4- 4. TagMan probes in the molecular biology studies. Abbreviations: ANG1= Angiopoietin
1; ANG2= Angiopoietin 2; PPIA= Peptidyl-Prolyl-Isomerase A; VEGF-A= Vascular Endothelial

Growth Factor-A.
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4.3.5 Angiogenic factor expression

Anti-human enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, UK) were used to
measure the levels of VEGF-A, ANG1, ANG2 and basic Fibroblast Growth factor (bFGF) proteins
in the conditioned media (CM) from sCPs (N=4 biological replicates run in triplicate) which were
culturedin a T25 flask in 2.5 mL endothelial basal medium-2 (EBM-2) (serum and growth factor-
free media), for 48 hours in the incubator. Swine PAECs were used as control. The optical density

(OD) of each well was determined using a Dynex Opsys MR microplate reader set to 450 nm.
4.3.6 Network formation

The capacity of sCPs to form networks on Matrigel matrix basement membrane was assessed
using sCPs or sPAECs alone or both in co-culture. In addition, the network formation capacity of
SPAECs was assessed following stimulation with sCP-CM or unconditioned media (UCM). Briefly,
cells (sCPs to sPAECs at a 2:5 ratio, N=4 biological replicates run in triplicate), were seeded in the
p-slides for angiogenesis (Ibidi, UK) on top of 10 pL thin-coated Matrigel in EBM-2 or sCP-CM for
6 hours. Prior to seeding, sCPs were stained with the long-term cell tracker Dil (TRITC-
conjugated, red fluorescence, Thermo fisher, UK) to visualise CPs when forming network
structures with sPAECs. Briefly, cell growth media was removed, and the cells were incubated
with 1:1000 (v/v) Dil, for 5 minutes, at +37°C, protected from light. Cells were incubated with
the dye for further 15 minutes, on ice and washed carefully with 1xDPBS. Media was added and
cells were placed into the incubator for few hours for recovery prior to Matrigel assay. The
network formation was assessed by taking images under brightfield and immunofluorescence
(IF), using 5x objective and the length of networks was measured using the free software Imagej.

Representative images were also taken using 10x objective.
4.3.7 Chemotactic activity — Endothelial cell migration assay

Next, the capacity of sSCP-CM to exert chemoattractant effects and to induce the migration of
SPAECs was tested. The latter (187,500 cells/cm?) were seeded on Transwell cell culture insert
equipped with 8 um pore size polycarbonate membranes (Corning, UK) in EBM-2 media. The
migration of sSPAECs through the membrane was stimulated by adding 500 pL of sCP-CM to the
bottom of the same wells. In parallel, EBM-2 basal media or EBM-2 supplemented with 100
ng/mL of swine recombinant VEGF-A (Cambridge Bioscience, UK) were used to assess
spontaneous and growth factor directed migration. In a separate assay, an antagonist of tyrosine

kinase with Immunoglobulin-like and EGF-like domains 2 kinase receptor (anti-Tie2, 7.5 um
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diluted in dimethyl sulfoxide - DMSO, Abcam, UK) was used to contrast the effect of the sCP-CM
on migration. DMSO alone (7.5 uM, Sigma, UK), was used as vehicle. After 16-hour incubation
at +37 °C in the incubator, the polycarbonate membranes were washed in 1xDPBS and scraped
with a cotton swab to remove non-migrating cells. Migrating cells at the bottom side of the filter
were assessed by Giemsa and DAPI staining. For the Giemsa staining, the membranes were fixed
in 4% (w/v) PFA and 100% (v/v) Methanol. Giemsa stain solution was added for 1 hour, at +20°C,
in the dark. For staining of the nuclei, the membranes were washed in 4% (w/v) PFA and
incubated with 1:1000 (v/v) DAPI for 2 minutes, at +20°C, in the dark. In either case, membranes
were washed twice in 1xPBS, carefully removed from the inserts with a scalpel and mounted
with DPX (Distyrene, Plastyciser, Xylene, Sigma-Aldrich, UK) mounting media on top of the slides
for the visualization of the cells and nuclei, respectively. Membranes were analysed with an
epifluorescent microscope at 200x magnification; 10 fields were randomly acquired, and cells
counted. Migrated cells were expressed as percentage of total seeded cells. A schematic

representation of migration assay is shown in the Figure 4-2.
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Figure 4-2. Chemotactic activity of sSNB CPs. Migration of sPAECs in a transwell cell culture
system. Different culture conditions were displayed: i. Cells seeded in EBM-2 basal medium; ii.
EBM-2 with 10 ng/mL VEGF-A; iii. swine CP-CM (containing all GFs released by CPs); iv. sCP-CM
with anti-Tie2; v. sCP-CM with DMSO. Abbreviations: CPs= cardiac pericytes; CM= conditioned
media; DMSO= dimethyl sulfoxide; EBM-2= endothelial cell basal medium-2; Tie2= tyrosin kinase
with immunoglobulin-like and EGF-like and EGF-like domains 2; VEGF-A= vascular endothelial

growth factor-A.
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4.3.8 Endothelial cell proliferation

The capacity of sSPAECs to proliferate in the presence of sCPs and sCP-CM was assessed by Click-
iT™ EdU (5-ethynyl-2’-deoxyuridine) Cell Proliferation Kit for imaging, Alexa Fluor™ 488 dye
(Thermo fisher, UK), using UCM and sCP-CM media. Briefly, sCPs were labelled with Dil according
to manufacturer’s instructions prior to seeding for the assay. Swine PAECs and sCPs (sCPs to
SPAECs at a 2:5 ratio, N=4 biological replicates, run in triplicate), were seeded into 96-multiwell-
plate plastic dishes and the EdU was incubated for a minimum of 16 hours with 100 puL EBM-2
and sCP-CM. Cells were fixed in 4% (w/v) PFA and the membranes were permeabilized using
0.1% (v/v) Triton X-100. The EdU detection reagents were added to the wells for 30 minutes and
an anti-swine CD31 primary antibody (Abcam, UK) was incubated for 16 hours, at +4 °C,
protected from light. A secondary antibody was used to detect sPAECs stained with CD31
antigen. Cells were incubated with 1:10000 HOECHST 33342 for 3 minutes, at +21 °C, protected
from light. Fluorescent images were taken using a fluorescent microscope and 10 fields were
acquired randomly using 20X magnification objective. Proliferative sPAECs were counted as a

percentage of total SPAECs seeded.

4.4 Tissue Engineering studies

4.4.1 Static culture of cardiac pericytes onto CorMatrix

For the cellularized vascular grafts employed during the surgical procedures for the correction
of CHDs, pieces of extracellular matrix (ECM®, CorMatrix®, Cardiovascular, Sunnyvale, CA) were
primed with EGM-2 media for 48 hours, at +37°C, and then, seeded with 20,000 sCPs/cm? at P5
and cultured for 5 days in a 48-multiwell-plate. To adhere the ECM at the bottom of the wells,
sterile cell crown inserts (Sigma-Aldrich, UK) were used. The CM was then collected and the
cellularized ECMs were cut in three pieces: one was fixed in 4% (w/v) PFA for 16 hours, at +4°C
and embedded in paraffin for histological studies, while the other two pieces were OCT-
embedded for frozen section preparation and snap-frozen for molecular biology and protein

analysis. Nine biological replicates were examined unless otherwise specified.
4.4.2 Dynamic culture of cardiac pericytes onto CorMatrix

After completion of the 5-days static culture (5-days PS), sCP-seeded CorMatrix® was further

grown in a 3D CulturePro™ Bioreactor (TA instruments, US) to overcome the limitations
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associated with the traditional static culture conditions. Non-seeded CorMatrix® was used as
control. The bioreactor system is composed of a peristaltic pump (Masterflex L/S digital 07528-
20), a silicone tubing (3/175mm (1/8”) internal diameter (ID), 6.35mm (1/4“) outer diameter
(ODI)) to connect the various compartments of the chamber, a pump cassette tubing (PharMed
BPT tubing, 2-stop, 2.79 mm ID) compatible with Ismatec, IDEX Health & Science GmbH
(5C0736)) to withstand the cyclic action of the pump and perfuse the all system, a single or multi-
chamber stand for sample setup, and six 3DCulturePro bioreactor chambers. Every single
3DCulturePro bioreactor chamber consists of two separated compartments (chamber-A and
chamber-B). Chamber-A has the function of reservoir while chamber-B is designed to host the
scaffold. The flow rate is determined by the rotation per minute (RPM) selected on the pump
interface and by the ID of the pump cassette tubing: with the ID of 2.79 mm and RPM range of
3-300, the flow rate can be set between 1.1 and 100 ml/min (Figure 4-3). All the components
were designed to withstand laboratory procedures, autoclavable sterilization (cycle of 121°C for
30 min), and long period in incubators. The flat seeded-ECM was stitched in a conduit-shape to
the rotating arm of the bioreactor with cells facing the external (abluminal) side of the conduit.
The latter was filled with EGM-2 media supplemented with 10% (v/v) swine serum, 1% (v/v)
penicillin and streptomycin and maintained in the incubator at +37°C. Seven and fourteen days
later (7- and 14-days PB), the CMs were collected and the conduits were unstitched and cut in
three pieces: one was fixed in 4% (w/v) PFA and paraffin-embedded and the other two pieces
were frozen for OCT-embedding and for RNA and protein analysis. Four biological replicates
were examined unless otherwise specified. A schematic representation of TE approach by using
pericyte engineered grafts (PEGs) following static and dynamic culture environment is shown in
Figure 4-4. The list of swine PEGs and specific experimental usage in the CorMatrix® and in vivo

studies is reported in the Table 4-5.
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Figure 4-3. 3DCultureProTM perfusion Bioreactor. A. Perfusion bioreactor on a single chamber-

stand; B. peristaltic pump; C. 3DCulturePro Bioreactor Chambers.
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Figure 4-4. TE of sNB CPs. Cells seeded on top of swine decellularized intestinal submucosa

(CorMatrix®) and cultured in a flat and static environment up to 5 days; A cellularized conduit-

shaped matrix stitched to the rotating arms of a bioreactor, filled with media and grown up to

7- and 14- days in the incubator. Abbreviations: CPs= cardiac pericytes; ECM= extracellular

matrix; PEG= pericyte engineered graft; SIS= swine intestinal submucosa; TE=tissue engineering.

Swine code

240617A

080717A

0807178

060917A

0609178

Post-static

H&E, EVG, Collagen,
Proliferation, Apoptosis,
NG2 and VSMC markers

Collagen

Viability, H&E, EVG,
Collagen, Proliferation,

Apoptosis, NG2 and

VSMC markers

H&E, EVG, Collagen,
Proliferation, Apoptosis,
NG2 and VSMC markers

H&E, EVG, Collagen,
Proliferation, Apoptosis,
NG2 and VSMC markers

Post-dynamic In vivo
H&E, EVG, Collagen,
Proliferation, Apoptosis,

NG2, VSMC markers

Viability, H&E, EVG, Collagen,
Proliferation, Apoptosis, NG2
and VSMC markers

H&E, EVG, Collagen,
Proliferation, Apoptosis,
NG2, VSMC markers
H&E, EVG, Collagen,
Proliferation, Apoptosis,
NG2, VSMC markers
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191217A Viability
Viability, H&E, EVG,
Collagen, Proliferation,
Apoptosis, NG2 and
VSMC markers
Viability, H&E, EVG,
Collagen, Proliferation,
Apoptosis, NG2 and
VSMC markers
Viability, H&E, EVG,
Collagen, Proliferation,
Apoptosis, NG2 and
VSMC markers
H&E, EVG, Collagen,
050918A Proliferation, Apoptosis, Engraftment
NG2 and VSMC markers
H&E, EVG, Collagen,

140618A Viability Engraftment

190618A Viability Engraftment

240718A Viability Engraftment

050918B Proliferation, Apoptosis, Engraftment
NG2 and VSMC markers

30.01.19A Engraftment

30.01.19B Viability Viability Engraftment

Viability, H&E, EVG,
Collagen, Proliferation,
Apoptosis, NG2 and
VSMC markers
Table 4- 5. Pericyte engineered grafts (PEGs) and in vitro and in vivo studies. Abbreviations:

Viability, H&E, EVG, Collagen,
Proliferation, Apoptosis, Engraftment
NG2, VSMC markers

Unseeded Graft

Elastic tissue Van Gieson’s; H&E= Hematoxylin and Eosin; EVG=; NG2= neural/glial antigen 2;

VSMC= vascular smooth muscle cells.

4.4.3 Immunohistochemistry of cardiac pericytes onto pericyte-engineered

grafts

Histological assessment of the graft structure — To obtain a general layout of the cell and
interstitial collagen distribution within the CorMatrix graft, 8 um-thick frozen sections were
stained with hematoxylin and Eosin (H&E), elastic tissue-Van Gieson’s (EVG) using a Shandon
Varistan 24-4 slide stainer (Thermo Fisher, UK) and Azan Mallory according to the
manufacturer’s instructions. Slides were mounted with DPX and covered with coverslips. Images
were acquired at 10x and 20x objectives using Zeiss Axio Observer.Z1 with Zen Blue software
(Carl Zeiss Microscopy, LLC, US).

Viability and apoptosis — Cells were detached from the CorMatrix graft by enzymatic digestion
and cytospun for 5 minutes, at 500 rpm, at +20°C on top of slides using EZ double cytofunnelTM

(Thermo Fisher, UK) and a cytospin machine (Cytospin 4, Thermo Fisher, UK). Slides were fixed
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with 4% (w/v) PFA for 10 minutes, at +4°C and used for apoptosis assessment. Two different
enzymes were used for cell detachment: 1xtrypsin/EDTA up to 5 minutes, at +37°C and
1xAccutase (Biolegend, UK) up to 10 minutes, at +37°C. Viability was determined with Trypan
Blue exclusion method and apoptosis with Apoptag Red In situ Apoptosis Detection kit
(Millipore, UK). As a positive control for apoptosis, sCPs were treated with 15 puM (v/v) of
Hydrogen Peroxide (H,0, Sigma, UK) in ddH,0 for 1 hour, at +37°C. In addition, cell viability was
assessed in situ (without detaching cells from the graft), at 5-days PS and 7-days PB using a
Viability/Cytotoxicity immunofluorescent kit (Thermo Fisher, UK). Saponin (Sigma-Aldrich, UK)
treated samples were used as positive controls (0.1% (w/v) saponin in ddH,0, for 10 minutes).
Pieces of cellularized graft were washed in 1xDPBS and incubated with 2 uM Calcein, 4 uM
Ethidium-homodimer-1 (EthD-1) in 1xDPBS, for 30 minutes, at +37°C, in the dark. For the
visualization of the nuclei, 1:1000 (v/v) HOECHST 33342 in 1xPBS was added and 80% (v/v) of
Glycerol in 1xPBS was used for live imaging.

Proliferation — After fixation in glacial acetone and permeabilization with 0.1% (v/v) Triton X-
100, frozen sections were stained with anti-swine Ki67 primary antibody (Abcam, UK) in the
blocking solution (5% (v/v) FBS in 1xPBS) for 16 hours, at +4°C. Alexa Fluor 568-conjugated IgG
anti-rabbit was used as secondary antibody. After washes in 1xPBS, DAPI and Fluoromount G
were used for the visualization of the nuclei and the imaging, respectively as previously
described.

Expression of mural cell markers — The effect of the engraftment on the expression of pericyte
and Vascular Smooth Muscle Cell (VSMC) markers. Eight-um-thick sections from frozen samples
were cut and fixed in ice-cold Acetone for 5 minutes, at -20°C. Sections were kept air-dried for
15 minutes and re-hydrated in 1xPBS. Non-specific binding sites were blocked using 5% (v/v) FBS
in 1xPBS. Sections were incubated with anti-human and anti-swine NG2, a-SMA (Sigma-Aldrich,
UK), CALP (Abcam, UK), transgelin (TAGLN, Santa-Cruz, UK), smoothelin (SMTN, Santa-Cruz, UK)
and smooth muscle myosin heavy chain 11 (SMMHC11, Abcam, UK) primary antibodies for 16
hours, at +4°C. Secondary antibodies were incubated for 1 hour, at +20°C, in the dark. The nuclei
were counterstained with DAPI and slides were mounted with Fluoromount G.
Immunofluorescent and brightfield images of representative grafts were taken using 10x and
20x objectives using Zeiss Observer.Z1 microscope and with Zen pro software. A swine LPA, a

saphenous vein (SV) and RV biopsy specimen served as control tissues for all the above stainings.
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4.5 Invivo implantation of vascular graft conduits engineered with cardiac

pericytes

4.5.1 Study design and surgical procedure

Surgical procedures were performed with swine under general anesthesia
(Ketamine®/Midazolam®/Dexmedetomidine®, Isoflurane®) and neuromuscular blockade
(Pancuronium Bromide®). Details of the operation were reported previously (Ghorbel et al.
2019). Briefly, a left postero-lateral thoracotomy was performed in two 4-week-old sister
Landrace female pigs. The proximal and distal part of the LPA was resected to accommodate the
conduit-shaped graft (10 mm long and 6 mm diameter). One piglet received a conduit
cellularized with sCPs from a sister piglet and cultured under static (5 days) and dynamic (7 days)
conditions. The other pig was implanted with an unseeded conduit also maintained under static
and dynamic conditions. Animals were recovered under intense postoperative monitoring for
the initial 24 hours. Analgesics (Paracetamol® and Morphine®) and antibiotics (Cefuroxime®)
were administered during this period according to the needs. Surgical procedures were

performed by Prof and surgeon Caputo M.
4.5.2 Cardiac functional parameters

Imaging studies were performed using a two-dimensional Doppler Echocardiography system
(VividQ, GE, Healthcare, UK) and a cardiac magnetic resonance 3-T scanner (Siemens Healthcare,
Erlangen, Germany) at baseline and 4 months after implantation. Then, swine were euthanized

by an overdose of IV pentobarbitone according to the surgical facility standard protocols.
4.6 Immunohistochemistry of vascular graft conduits

Four months after implantation, swine were sacrificed, and grafted LPAs were harvested and
stored in 1xPBS on ice until transported to the laboratory. Tissues were either snap-frozen in
OCT or fixed in 4% (w/v) PFA before OCT and paraffin inclusion for immunohistochemistry
analysis.

For a general overview of the grafted LPA, cells and elastin content, 8 um-thick frozen sections
were stained with H&E and EVG using a Shandon Varistan 24-4 slide stainer. Slides were
mounted with DPX mounting medium and coverslips were used to preserve the grafts for the

imaging.
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The occurrence of microcalcifications was assessed using Silver staining kit acc. to Von Kossa and
Nuclear fast red-aluminium sulphate solution 0.1% (Merck Millipore, UK). Briefly, sections were
incubated with 1% (v/v) silver nitrate solution under ultraviolet (UV) light for 20 minutes, at
+20°C. After washes in distilled H,0, the un-reacted silver was removed with 5% (v/v) sodium
thiosulphate for 5 minutes, at +20°C. Slides were washed once, counterstained with 0.1% (v/v)
nuclear fast red solution for 5 minutes, at +20°C and mounted with DPX and coverslips.
Collagen fibres and interstitial fibrosis were assessed with Azan Mallory solution on 5-um-thick
paraffin-embedded sections according to manufacturer’s instructions.

All the images were taken using Zeiss Observer.Z1 microscope with 2.5x and 10x objectives and
tiling parameters of the Zen pro software were used to cover the whole grafted LPA.

ECs in the intima and mural cells in the tunica media and adventitia of the LPA and graft were
recognized using anti-human CD31 (1:50), anti-swine NG2 (1:50) primary antibodies and anti-
swine a-SMA cy3-conjugated (1:400) for 16 hours, at +4°C. After two washes in 1xPBS, frozen
sections were incubated with Alexa Fluor 647-conjugated highly adsorbed anti-mouse IgG and
Alexa Fluor 488-conjugated anti-rabbit IgG secondary antibodies (all 1:200, for 1 hour, at +20°C).
SMA antibody was incubated as last already cy3-conjugated. Slides were stained with 1:1000
(v/v) DAPI in 1xPBS and mounted with Fluoromount G for the imaging. Representative images
were taken with 10x and 20x objectives using Zeiss Observer.Z1 microscope and Zen pro

software.
4.7 Statistical analysis

Average values are plotted with group size value shown in figure legends. Statistical significance
for differences between experimental groups was determined using Student's t-test when
comparing two groups and ANOVA with post-hoc when comparing more than two groups.
Values were expressed as meanststandard error of the mean (SEM) or standard deviation (SD).
Probability values (P) <0.05 were considered significant. Results from the in vivo feasibility study

are reported in a descriptive format.
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5 Results

5.1 Isolation, expansion and characterization of swine cardiac pericytes

5.1.1 Viability, growth curves and doubling time

Here, an adapted SOP previously employed for the isolation and expansion of human CPs was
used to evaluate if an equivalent cell product could be obtained from swine cardiac biopsy. The
main modification of the procedure was the substitution of 2% (v/v) heat-inactivated FBS with
10% (v/v) heat-inactivated swine serum and the use of 1% swine gelatin as coating material of
culture dishes. Fifteen sNB CP lines were successfully isolated and expanded from small cardiac
biopsies as small as 0.01 g weight (lowest limit of success). The swine cell lines used for in vitro
and in vivo studies are reported in the Material and methods, Tables 4-1 and 4-5. The cells had
a typical spindle-shape morphology (Figure 5-1A-B). They grew quickly in culture with an
average doubling time (DT) of 44.5£7.6 hours (using fresh-expanded cells) and 41.7+4.6 hours
(using frozen and thawed-expanded cells). From the initial seeding number (30,000 cells in a 6-
multiwell plate, 3,000/cm?), sCPs reached the final counts of ~600,000 (fresh-expanded cells)
and ~450,000 (thawed-expanded cells) at 8 days of culture (Figur 5-1C). The viability was
consistently >90% in all the samples examined (fresh-expanded cells 98+1.1; thawed-expanded

cells 95+1.6) (Figure 5-1D).
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Figure 5-1. Morphology, growth rates and viability of CPs. A and B. Phase-contrast microscopy
image of human (A) and swine (B) CPs (x100 magnification; scale bar=250 um). C and D. Graphs
showing the growth curves (C) and the viability (D) of 3 swine CP lines (n=3) seeded at 3,000/cm?2
at day 1 and detached and counted at day 4, 5, 6, 7 and 8 of culture. Values are expressed as
meantSEM. Error bars in the graphs show the variability of the data and indicate the error in the

above measurement.

5.1.2 Immunohistochemical localization of swine cardiac pericytes

IHC assessment confirmed the perivascular localization of swine CPs in the cardiac tissue. A
combination of antibodies was used for cell-type in situ localization. CD31+/CD34+ ECs were
typically found around the lumen of capillaries and arterioles. Moreover, here, CD31-
/CD34+/NG2+ cells were identified around capillaries (Figure 5-2A) and especially within the

external lamellae of the arterioles (Figure 5-2B).

64



——
100 pm

Figure 5- 2. In situ localization of swine CPs. A and B. IF and BF images showing the localization
of CD31-/CD34+/NG2+ CPs in swine hearts around the small vessels - capillaries (A) and larger
vessels - arterioles (B). A combination of specie-specific primary antibodies was used on the
same field of two consecutive eight-um-thick sections. Inserts showing anti-CD34 labelled with
green fluorescence, anti-NG2 in red and anti-CD31 in pseudo-white colour. Nuclei are
recognised by blue fluorescence of DAPI. Arrows indicate CPs around capillaries and arterioles.
Images taken at x200 magnification, n=2 sample size, scale bar=100 um. Abbreviations: A=

Arterioles; BF= Brightfield; C= Capillaries; CD=cluster of differentiation.
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5.1.3 Antigenic profile of swine cardiac pericytes by immunocytochemistry

The similarity of the two cell products was confirmed by ICC analysis showing the percentage of
positive cells to the marker of total nuclei. The results displayed high expression of the lineage
antigens NG2 (100+£0.01%), PDGFRP (100+0.01%), mesenchymal antigen eNT/CD73 (100+£0.01%)
and non-lineage marker Vimentin (100+0.01%). They were positive for the cardiac transcription
factor GATA-4, and stemness markers SOX-2 and OCT-4 (all 100+0.01%) but negative for NANOG,
and the endothelial markers CD31 and VE-cadherin. When looking at markers that identify
VSMCs, ICC revealed that sCPs expressed a-SMA (97.1+1.0%) and CALP (96.7+1.0%). These two
markers have a low-intermediate contractile specificity and they are not expressed only by
VSMCs (Liu et al. 2013). Swine CPs were negative for TAGLN, SMTN and SMMHC, the last two
ones are highly specific for the contractile VSMCs. Moreover, the positive expression for Ki67

(22.8+4.0%) confirmed proliferative activity of sCPs (Figure 5-3).
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Figure 5-3. Antigenic characteristics by IF of swine CPs. ICC microphotographs showing the
expression of NG2, PDGFRB, eNT/CD73, Vimentin, GATA-4, SOX-2 and OCT-4. Cells are negative
for NANOG and the EC markers CD31 and VE-cadherin. Swine CPs are positive for a-SMA and
CALP and negative for TAGLN, SMNTN and SMMHC. The expression of Ki67 is indicative of
proliferating cells. DAPI (blue) identifies nuclei. Magnification x200, n=7 sample size, scale
bar=100 um. Values in the bar graph are represented as mean+SEM. Fluorescence is normalised
by total nuclei counted. Abbreviations: CD= cluster of differentiation; CALP= calponin; NG2=
neural/glial antigen 2; OCT4= octamer-binding transcriptional factor 4; PDGFRB= platelet-
derived-growth factor beta; SMA= smooth muscle actin; SMMHC= smooth muscle myosin heavy

chain; SMTN= smoothelin; SOX-2= sex deteming region Y; TAGLN= transgelin.

5.1.4 Flow cytometry characterization of swine cardiac pericytes

Furthermore, FACS analysis indicated that, like hCPs, cardiac-derived swine cells abundantly
expressed PDGFRB, the mesenchymal markers CD105, CD90, CD44, eNT/CD73, while being
negative for CD146, CD31 and the hematopoietic marker CD45. Swine PAEC and PB-MNC
positive controls were found positive for the expression of CD146, CD31 and CD45, respectively
in ICC and FACS studies (Figure 5-4). While ICC visualises the marker expression in the cytoplasm,
membrane or nucleus of the cell, FACS allows to select distinct cells by size and granularity, it
excludes dead cells using gating strategy, and it identifies also a weak expression of the detected

antigen.
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Figure 5-4. Antigenic characteristics by FACS of swine CPs. A and B. Representative graphs and

histograms of each surface marker. Negative control staining profiles are shown by the red
histograms, whereas specific antibody staining profile are shown by light blue histograms. Bar
graph shows the mean+SEM values of n=3 biological replicates. C and D. IF images and
histograms are also shown for sPAECs and sPB-MNCs. Abbreviations: APC-A=Allophycocyanin-
area; CD= cluster of differentiation; FITC-A=Fluorescein isothiocyanate-area; PDGFRpB= platelet-

derived-growth factor beta; PE-A=Phycoerythrin-area; Pe-Cy7-A= Phycoerythrin-Cy7-area.

5.2 Clonogenic potential

Two biological replicates were sorted as single cells and cultured in 96 multiwell-plates (Figure
5-5A). Two weeks later, 4.6% (11/240) and 9.2% (22/240) of freshly processed cells formed the
first colonies. The same cell lines underwent the clonogenic assay after a cycle of freezing and
thawing. In this experiment, colonies were generated by the two cell lines with a frequency of

7.9% (19/240) and 21.3% (51/240), respectively. Of these primary colonies, 0.8% (2/240) and
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1.3% (3/240) from fresh cell lines and 0.8% (2/240) and 5.4% (13/240) from thawed cell lines
could be further expanded in culture. Figure 5-5B showed that sCPs were able to generate clones
from a single cell and that these clonogenic cells maintained the original phenotype as assessed

by ICC.

A FRESH sCPs FROZEN sCPs B FRESH sCPs FROZEN sCPs

NG2

11]
WELLS USED PER PLATE 60 E
N. PLATES PER CELL LINE 4 8
NUMBER CELL CONDITIONS 2 o

TOTALNUMBER WELLS 240
TOTAL CELLS SEEDED 480

!
Cell line #1 'g
FRESH FROZEN
COLONIES % COLONIES %
SORTED 11 4.6 19 7.9 a
SPLIT 2 0.8 2 0.8 2
Cell line #2 ©
FRESH FROZEN
COLONIES % COLONIES %
SORTED 22 9.2 51 21.3
SPLIT 3 1.3 13 54
SPIT 2 0.8 il 2.9
SPLIT 1 0.4 1 0.4

Figure 5-5. Clonogenic capacity of swine CPs. A. Phase-contrast images showing the formation
of the first colonies after two weeks from the cell sorting. As indicated from the tables, two fresh
cell lines formed an average of 6.9% small colonies and two thawed cell lines gave rise to an
average of 14.6% colonies. The second cell line formed new colonies after multiple passaging. B.
IF images of colonies from fresh and thawed cells confirm the positivity for NG2, PDGFRB and
GATA-4 and the absence of CD31 antigen. Magnification x200, n=2 for fresh cell lines and n=2
for thawed cell lines, scale bar=150 um. Abbreviations: CD= cluster of differentiation; NG2=
neural/glial antigen 2; PDGFRB= platelet-derived-growth factor beta; sCPs= swine cardiac

pericytes.
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5.3 Angiocrine properties

5.3.1 Angiocrine factors

Genes involved in the mechanism of angiogenesis were tested. Quantitative PCR analysis of
angiogenic gene transcripts in five sCP lines showed these cells express more VEGF-A and ANG1
but less ANG2 than control sPAECs (Figure 5-6A). A similar pattern was observed comparing the
levels of those angiogenic factors in the CM. For instance, VEGF-A in sCP-CM was 11.3 pg/hr/10°
cells compared to VEGF-A in sPAEC-CM (0.03 pg/hr/10° cells). ANG1 in sCP-CM was 240.8
pg/hr/10° cells and not secreted by SPAEC-CM. ANG2 in sCP-CM was 11 pg/hr/10° cells and in
SPAEC-CM was 38.9 pg/hr/10° cells. Basic FGF in sCP-CM was 11.1 pg/hr/10° cells and not
secreted by sPAEC-CM. This result was in line with previous findings which explain the role of
ANG1/2 pathway in pericyte-EC cross-talking (Armulik et al. 2005; Ferland-McCollough et al.
2017; Teichert et al. 2017). In addition, bFGF protein levels were remarkably higher in CM of
sCPs compared with sPAECs (Figure 5-6B). Therefore, this angiocrine profile resembles the

described paracrine phenotype of hCPs (Avolio et al. 2015c).
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Figure 5-6. Expression and secretion of angiogenic factors by sCPs. A. Bar graphs show the
expression of VEGF-A (P=0.1 vs sPAECs), ANG1 (*P=0.01 vs sPAECs) and ANG2 (**P=0.001 vs
SPAECs) in n=4 sCP cell lysate. B. Bar graphs show the level of VEGF-A (P=0.26 vs sPAECs), ANG1
(*P=0.01 vs sPAECs), ANG2 (P=0.1 vs sPAECs) and bFGF *P=0.01 vs sPAECs) in the sCP-CM.
Abbreviations: ANG1= angiopoietin 1; ANG2= angiopoietin 2; bFGF= basic fibroblast growth
factor; PPIA= peptidylprolyl isomerase A; sCPs= swine cardiac pericytes; sPAECs= swine

pulmonary artery endothelial cells; VEGF-A= vascular endothelial growth factor-A.

5.3.2 Proangiogenic activity

One of the important features of hCPs consisted of their ability to modulate the angiogenesis

either via direct contact with ECs, or via paracrine mechanisms, by transferring GFs to ECs.
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Therefore, an endothelial tube formation assay (Matrigel) was performed to investigate if sCPs
also share the capacity to promote endothelial cell networks in vitro. In this set up, both sCPs
(Figure 5-7A) and their CMs (Figure 5-7B) led to a potentiation of the network forming capacity
of sSPAECs used as an angiogenic target for sCPs here (sPAECs+sCPs *P=0.02; sCP-CM *P=0.01).
Moreover, the sCP secretome exerted superior proangiogenic activity as indicated by the length
of tubes expressed in mm (sPAECs+sCP-CM= 28.2 mmz2.3 vs SPAECs+sCPs=11.1 mmz1.2). This

occurred as higher specificity of the sCP-derived paracrine factors for sPAECs.
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Figure 5-7. Direct and paracrine angiogenic activity of sCPs in a Matrigel assay. A. Representative
phase-contrast images of network formation by sPAECs and sCPs cultured alone or in
combination (sCPs to sPAECs at a 2:5 ratio) on Matrigel substrate. Swine CPs were stained with
Dil (red fluorescence) to assess the ability to cooperate with sPAECs in forming tube structures.

Bar graphs showing the cumulative tube length (mm) per field. B. Representative phase-contrast
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images of network formation by sPAECs cultured on Matrigel in the presence of unconditioned
medium (UCM) or sCP-CM. Bar graphs showing the cumulative tube length per field. Values are
expressed as meantSEM, n=4 per each group. Abbreviations: CM= conditioned media; sCPs=
swine cardiac pericytes; sSPAECs=swine pulmonary artery endothelial cells; UCM= unconditioned

media.
5.3.3 Chemotaxis - Endothelial cell migration assay

The recruitment of sPAECs is a property instrumental to the promotion of in vivo
endothelialization of the TE vascular conduit. In order to examine whether GFs secreted by sCPs
could exert chemoattractant effects on sPAECs, a migration assay with sPAECs and sCP-CM was
performed. Results of this assay, where migrated sPAECs were examinated using DAPI or Giemsa
stainings, revealed that sCP-CM increased the rate of sPAEC migration by ~2-fold compared to
EBM-2 basal medium or EBM-2 supplemented with VEGF-A only (EBM-2 vs sCP-CM *P<0.01;
EBM-2+VEGF-A vs sCP-CM *P<0.05) (Figure 5-8A-C). Interestingly, the addition of an anti-Tie2
kinase receptor antagonist inhibited the chemotactic effect of the sCP-CM, thus suggesting
ANG1 signalling is involved in sPAEC attraction (EBM-2 vs sCP-CM *P=0.01; sCP-CM vs sCP-
CM-+antiTie2 *P<0.05; sCP-CM+antiTie2 vs sCP-CM+DMSO *P<0.01) (Figure 5-8D-F).
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Figure 5-8. Chemotactic activity of factors secreted by swine cardiac pericytes. A-C. In a
migration assay the sCP-CM enhanced the migration of sPAECs. Representative images of
migrated cells stained by DAPI (A) or Giemsa (B) following stimulation with EBM-2 (i), VEGF-A (i,
100 ng/mL), or CM from four sCP lines (iii-vi). Images acquired using a x200 magnification. C. Bar
graph showing the fold change of migrated cells vs. EBM-2 basal media. N=4, data are expressed
as mean + SEM. D-F. Effect of Tie-2 inhibitor (7.5 uM) on the chemotactic activity of sCP-CM.
Representative images of migrated cells stained by DAPI (D) or Giemsa (E) following stimulation
with EBM-2 (i), CM from four sCP lines (ii-v), or CM from the same sCP lines added with a Tie2
antagonist (vi-ix) or its vehicle (x-xiii, DMSO). Images acquired using a x200 magnification. G. Bar
graph showing the fold change of migrated cells vs. EBM-2 basal media. Data are expressed as
mean + SEM. Abbreviations: CM=conditioned media; DMSO= dimethyl sulfoxide; EBM-2=
endothelial cell basal medium-2; sCPs= swine cardiac pericytes; Tie2= Tyrosine kinase with

immunoglobulin-like and EGF-like domains 2; VEGF-A= vascular endothelial growth factor-A.
5.3.4 Proliferation of swine pulmonary artery endothelial cells

In addition, the stimulation of sPAEC proliferation from sCPs and their secretome were tested
(Figure 5-9A-B). Results indicate that the abundance of EdU positive sPAECs was not increased
by co-culturing them with sCPs or exposing them to sCP-CM (72.8+2.6% and 69.612.3% vs.
66.212.3% in sPAECs alone, P=0.29 for both comparisons). Considering this data in the light of
the Matrigel and transwell assay results, we speculate that sCPs exert proangiogenic effects
through the stimulation of sPAEC migration and the stabilization of newly formed sPAEC

networks, which would be otherwise subjected to spontaneous regression in the Matrigel assay.

76



A EdU CD31 DAPI EdU CD31 DAPI | EdU CD31 DAPI

SPAECs SPAECs+sCPs-Dil SPAECs+sCP-CM

B
P=0.29
_ 100- P=0.29
1]
2
< 804
o
]
2 601
2 40
o
§ 204
2
kel
w o . .
] 2
& & o
¥ 2 &
) (009 )
Pis &
aqv

Figure 5-9. Proliferation of sPAECs (EdU proliferation assay). A. Representative IF images of
proliferating sPAECs following co-culture with sCPs and sCP-CM. Swine PAECs are stained with
anti-CD31 (red fluorescence) and sCPs with the long-term cell tracker Dil (yellow fluorescence).
Images acquired using 200X magnification. B. Bar graph displaying the percentage of EdU
positive sPAECs following stimulation with sCPs and sCP-CM. N=4, data are meanSEM.
Abbreviations: CD= cluster of differentiation; CM= conditioned media; EdU=5-ethynyl-2’-

deoxyuridine; sCPs= swine cardiac pericytes; sSPAECs= swine pulmonary artery endothelial cells;

5.4 Tissue engineering studies of swine cardiac pericytes

Next, sCPs were seeded at 20,000/cm? on CorMatrix®, a clinically approved graft material, and
seeded and unseeded control grafts were cultured as “patch” for 5 days under static condition.
In additional experiments, the two systems were transferred as conduits from the static

condition to a flow bioreactor for a period of 1 or 2 weeks of dynamic culture.
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5.4.1 Histological analysis of pericyte-engineered grafts

Figure 5-10 shows representative images from the histology and IHC analyses performed on
grafts harvested at the end of each of the above culture stages. Staining with H&E documented
that seeded cells adhered to the surface of the scaffold forming a thicker layer at 14 days post-
dynamic culture as compared to post-static culture. No cells were detected in the unseeded
matrix (Figure 5-10A). In seeded scaffolds, fibres of elastin (EVG, Figure 5-10A) and Collagen
(COL, Figure 5-10B) were clearly detected in proximity of the cell-seeded area and across the
matrix, with the signal intensity being stronger as compared with unseeded grafts. Freshly
collected LPA was used for comparison. The bar graph shows that there was a progressive
increase in the collagen content throughout the culture period of the cellularized graft, which
peaked at 14 days of the dynamic conditioning in the bioreactor (Figure 5-10B). At this stage,
the initial gap in collagen content between the CorMatrix® and native LPA was almost

completely abrogated.
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Figure 5-10. Histochemistry of CorMatrix® seeded with swine CPs. A. Cells and nuclei staining
with H&E and Elastic fibres staining with EVG; B. COL staining with Azan Mallory and
quantification of grafts and LPA. These staining are performed following 5-days PS (n=9) and 7-
and 14-days PB (n=5). Magnification x200, scale bar= 100 um; Magnification x100, scale bar=200
um. Abbreviations: COL= Collagen; EVG= Elastic fibres Van Gieson’s; H&E= Hematoxylin and

Eosin; PS= Post-Static; PB= Post-Bioreactor.

5.4.2 Immunohistochemistry analysis of pericyte-engineered grafts

The evaluation of cell viability after the seeding in a 3D-culture system and prior to implantation
is fundamental to test their efficacy in the preclinical study. Viability was assessed in situ with a
viability/cytotoxicity IF kit as well as using Trypan blue exclusion method after cell detachment
from the matrix, using Trypsin or Accutase enzymes, and cytospin. Positive controls were treated
with saponin or H,0,. Cells showed a consistently high viability in situ (95.8+2.2% post-static, PS;
92+1.6% post-bioreactor, PB) and >90% after detachment with both enzymatic methods and
length of conditioning time (Figure 5-11A-B). Results of TUNEL assay documented low apoptosis
levels after cell detachment with both enzymatic treatments (3.4+2.4% Trypsin PS and 5.1+3.1%
Accutase PS; 0.5:0.4% Trypsin PB and 5.6+1.7% Accutase PB). Immunofluorescent images also

showed low apoptotic cells compared to H,0; (Figure 5-11C-D).
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Figure 5-11. Cell viability and Apoptosis of CorMatrix® engineered with swine CPs. A. Trypan Blue

—
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exclusion method shows high viability of swine CPs after detaching from the matrix with two
enzymatic methods at the end of static and dynamic culture. B. The data was confirmed using
Calcein staining of the grafts. Saponin was used as a control cytotoxic agent. C&D. Apoptosis was
assessed by the TUNEL assay. Bar graph showing results and representative IF microscopic
images displayed single and merged channels of two different fields in the same sample (i-ii,
blue=DAPI, red- TUNEL, merge= DAPI+/TUNEL+). Magnification x200, scale bar= 100 um. Data
are expressed as mean=SEM of 4 biological replicates (n=4); **P=0.001 vs H202. Abbreviations:

PB= post-bioreactor; PS=post-static; +ve= positive vehicle.

Quantitative analysis of cell proliferation revealed 8.9+8.0% of total cells expressed Ki67 at 5-
days PS. The frequency of proliferating cells decreased following dynamic culture (5.4+1.0% 7-
days PB and 2.1+1.4% 14-days PB). However, due to the large variability of the measure, the
change in proliferation did not reach statistical significance. No Ki67 staining was detected in the

unseeded graft (Figure 5-12A-B).
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Figure 5-12. Proliferation of CorMatrix® grafts engineered with swine CPs. A. Representative IF
and BF images of proliferation assessed by Ki67 staining. Fluorescent images are displayed as
single and merged channels in the side panels (blue= DAPI, red=Ki67, merge= DAPI+/Ki67+). No
staining was detected in the unseeded grafts in the different experimental conditions.
Magnification x100, n=4 sample size, scale bar= 200um. Single and merged panels displayed
staining at higher magnification. B. Bar graph showing the proliferation following static and

dynamic cultures (P=0.47).

Next, sCPs were tested to assess if they maintain their original phenotype or acquire additional
markers after culture the PEGs under static conditions and subsequent application of flow in the
bioreactor. As expected, control unseeded conduits did not show any positive staining for the
studied markers, thus confirming to be acellular. Seeded grafts collected at the end of the static
culture showed few NG2-expressing cells, with this antigenic cell phenotype being remarkedly
more abundant after application of flow but maintaining the original location at the seeded
surface of the conduit (Figure 5-13A). A similar pattern was observed for the other natively
expressed antigens a-SMA, (Figure 5-13B), CALP (Figure 5-13C), whereas cells in the grafts as
patches and in the conduits were negative for TAGLN (Figure 5-13D), SMTN (Figure 5-13E) and
SMMHC (Figure 5-13F), thus indicating they did not acquire a mature muscular phenotype with

transfer from plastic into the conduit.
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Figure 5-13. Immunohistochemistry of CorMatrix® grafts seeded with swine CPs. IF and BF
images showing PEGs collected at 5-days PS (n=9) and 7- and 14-days PB (n=5) cultures which
were positive for NG2 (A), a-SMA (B), CALP (C) and were negative for TAGLN (D), SMTN (E) and
SMMHC (F). Magnification x100, scale bar= 200um. Merge channels also shown in the small
panels at higher magnification. Red=all the above markers; blue=DAPI. BF=Brightfield.
Abbreviations: BF= brightfield; CALP= calponin; NG2= neural/glial antigen 2; SMA= smooth
muscle actin; SMMHC= smooth muscle myosin heavy chain; SMTN= smoothelin; TAGLN=

transgelin.
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Figure 5-13 (continued).
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Figure 5-13 (continued).
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Figure 5-13 (continued).
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Figure 5-13 (continued).

5.5 In vivo implantation of vascular conduits engineered with cardiac

pericytes

Finally, a feasibility study was performed on two four-week-old sister weaner piglets underwent
LPA surgical replacement with seeded or unseeded CorMatrix® conduits, respectively. Following
static and dynamic culture conditions, the grafts used for the in vivo studies (20 mmx30 mm)
were re-shaped by the surgeon to create a conduit of ~ 10 mm long and ~ 6 mm diameter. The
small branch of LPA was resected to accommodate the TEVG with or without cells (Figure 5-14).

Both animals survived the experimental period and showed similar growing curves.
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Figure 5-14. Diagram displaying the characteristics of the TEVG used for in vivo studies. Following
static and dynamic culture conditions, cellularized or non-cellularized graft of 20 mm x 30 mm
was cut and re-shaped to create a new conduit of 10 mm length and 6 mm diameter. The small
branch of LPA was resected, and the conduit sutured around the proximal and distal LPA of the

animal.

5.6 Cardiac magnetic resonance and Doppler analysis

Figure 5-15 showed representative images of Doppler and CMR which confirmed the patency of
grafted LPA in both pigs transplanted with seeded and unseeded grafts. Table 5-1 reports the
individual blood flow velocity at different times of follow-up, with values within the normal
range for both animals. The imaging and related analyses were provided by the imaging

department based at the Veterinary School of Langford (Bristol).
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Figure 5-15. Imaging studies using Doppler Echocardiography (A) and cardiac MRI (B) of n=1
animal per group size. Vascular structures are typed in yellow colour: a= aorta; mpa= main
pulmonary artery; rpa= right pulmonary artery; Ipa= left pulmonary artery. Images were

provided by the courtesy of institutional personnel of the Veterinary School in Langford (Bristol).
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LPA Unseeded Seeded

Pre-op 0.86 1.23

Post-op 0.80 1.41
RPA

Pre-op 1.33 0.93

Post-op 0.89 1.26
MPA

Pre-op 1.04 1.33

Post-op 1.12 1.35

Table 5-1. Blood flow velocity measured by echocardio-Doppler. Values are mL/sec, n=1 per
group size. Abbreviations: LPA= Left pulmonary artery; RPA= Right pulmonary artery; MPA=
Main pulmonary artery; Pre-op= pre-operation; Post-op= Post-operation. Table was provided by

the courtesy of institutional personnel from the Veterinary School in Langford (Bristol).

5.7 Immunohistochemical analysis of implanted grafts

H&E images show extensive nucleation throughout the structure of the proximal and distal
seeded graft (Figure 5-16A). In both seeded and unseeded grafts, there were minimal levels of
calcification which were detected in the suture area and in the adventitia of LPA and not in the
implanted grafts, as assessed by Von Kossa staining method (Figure 5-16B). Elastin is the major
component of the PA. In line with this, Von Gieson’s staining displayed a consistent layer of
organised elastin in the native tissue of the LPA. Elastin deposits were visible in the seeded graft
attached to the proximal and distal LPA but less defined in the unseeded graft (Figure 5-16C).
Collagen fibres (both interstitial and perivascular) were detected especially in the unseeded
explant probably due to the formation of a fibrous scar tissue. In addition, new muscle tissue
appeared in the LPA and in the perivascular area of the explants (Figure 5-16D). The IHC analysis
showed an organised multilayer of smooth muscle cells (SMCs) populating the tunica media of
the LPA. ECs identified by the CD31 antigen, were present at the luminal side of the artery and
in the vessels within the adventitia (Figure 5-17A). Cells expressing NG2 were also found in the
adventitia of the vessels. Notably, more organised vessel structures appeared in the seeded
graft-adventitia compared to the unseeded one (Figure 5-17B). Positive staining controls, used

in association with the main histological analyses of the grafts, are shown in Figure 5-18.
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Figure 5-16. Histochemistry of the explanted grafts (LPA and Graft). A. H&E staining for cell
identification of the unseeded and seeded grafts. B. Von Kossa staining for microcalcification
detection. C. Von Gieson’s staining for elastin evaluation. D. Azan Mallory staining for collagen
and fibrosis assessment. Side panels showing at higher magnification muscle tissue in the PA

and in the perivascular areas of the explants. Magnification x100, n=1 animal per group size,
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scale bar= 500um. Abbreviations: COL= Collagen; EVG= Elastic fibres Von Gieson’s; H&E=

Hematoxylin and Eosin; LPA= Left pulmonary artery.
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Figure 5-17. Immunohistochemistry of the LPA and explanted grafts. A&B. IF images showing
the PA with adventitia (i) and the graft with adventitia (ii) for unseeded (A) and seeded grafts
(B). Cells expressing a-SMA (red) and CD31 (white) are present in the internal layer and luminal
side of the native PA tissue and graft. In addition, NG2+ cells (green) are identified in the
adventitia around the vasa vasorum. Magnification x100, n=1 animal per group size, scale bars=
100 um. Merged channels are also shown at higher magnification in the panels. In yellow colour:
PA= Pulmonary artery; ADV= Adventitia. Abbreviations: CD=cluster of differentiation; NG2=

neural/glial antigen 2; SMA= smooth muscle actin.
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Figure 5-18. Positive control tissues for immunohistochemistry graft comparison. Swine
saphenous vein showing H&E (A) and EVG staining (B) (cells and elastic fibres, respectively).
Swine Ml heart biopsy displaying Azan Mallory staining (Collagen) in the remote area (C). Aortic
valve from swine MI model showing Von Kossa staining for the identification of
microcalcifications (D). Swine health cardiac tissue stained with Ki67 for the cell proliferation.

N=1 each control tissue.
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6 Discussion

Quantitative and qualitative research studies from different investigators and with different
animal models, species and methodologies, are important for a deep understanding of
translational medicine. Neither the US FDA nor European Medicine Agency have provided
specific guidelines about the TE cell therapy whether is tested in one or more animal species and
how the data and results from different animal models and species should influence the begin
of a clinical trial. In addition, there are different and contrasting views about the use of human
cellsin an animal model for preclinical studies because of their xenogeneic nature. Despite there
are high immunological similarities among mammals, the presence of microorganisms and
pathogens led mice and swine animals to differ in their immunity system so that it is not possible
to compare and transfer the data and results between them (Bailey et al. 2013). Currently large
animal models are gaining much interests in cardiovascular field for cell therapy with dispersed
cells and for TE cardiac and vascular applications. For TE studies, swine animal becomes
fundamental when testing an intracardiac or vascular graft (in forms of patches, conduits, valves
or stents), and biomedical devices. The lack of similarity between human and mouse in vascular
dimensions and hemodynamic parameters make these rodents poor models for TEVG
evaluation.

Cell therapy and TE are gaining a lot of importance for the correction of CHD (Avolio et al. 20153;
Wehman and Kaushal 2015; Tsilimigras et al. 2017). Preclinical studies have demonstrated the
utility of delivering different cell types, including skeletal myoblasts, cord blood stem cells, and
mesenchymal stromal cells, either through intramyocardial or epicardial way to treat RV
dysfunction and pulmonary artery hypertension induced by pressure or volume overload
(Hoashi et al. 2009; Davies et al. 2010; Wehman et al. 2016). This experimental evidence was
followed by clinical trials, some already concluded and other still ongoing, in patients with
univentricular heart syndrome or HLHS. A more complex attempt aims to create cellularized
conduits to correct severe cardiac defects, such as TOF, which are characterized by a constriction
of the RVOT and PA. Initial evidence indicates that acellular grafts repopulated with ECs or BM
cells are less susceptible to thrombosis or obstruction (Cebotari et al. 2010; Hibino et al. 2010;
Dohmen et al. 2011). Recently, it has been demonstrated that swine intestinal submucosa,
manufactured by CorMatrix® biotechnology company, and cellularized with thymus-MSCs (T-
MSCs), could be implanted in a swine model for the reconstruction of the RVOT. After ~ 5 months
from the implantation, more ECs, cardiomyocyte infiltration and reduction of collagen content

were identified compared with the cellularized graft (Albertario et al. 2019). Furthermore, an
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alternative approach has been developed where a swine CorMatrix® graft functionalized with
umbilical mesenchymal stromal cell derived VSMCs was employed for replacement of the PA in
piglets (Ghorbel et al. 2019). After 6 months from implantation, grafted arteries had developed
a functional intima and media without evidence of aneurism formation. Using a similar strategy,
we have now demonstrated the feasibility of employing CPs to generate living vascular conduits
for reconstruction of the PA. The two approaches are mutually compatible and adaptable to the
individual clinical condition and the time of diagnosis. We propose that sCPs are not employed
in a future therapy as dispersed cells, but as a cell product to be seeded on top of an ECM and
contribute to the homing of resident cells in the host tissue and confer structural capacities. The
successful use of CorMatrix® in cardiovascular and CHD surgery derives from the perfect
compatibility with the native tissue. Foetal stem-cells or umbilical cord stem cells isolated at the
time of birth could be employed if CHD is diagnosed before birth. When diagnosis of CHD is
made after birth or in babies who require a palliative intervention soon after birth, tissue specific
cardiac cells, such as CPs, could be isolated from surgical cardiac leftovers to generate living
conduits to be implanted at the occasion of the definitive correction (Avolio et al. 2015c).
Human pericytes represent the cell product to be ideally tested in preclinical safety/efficacy
studies prior to a first-in-human clinical trial. However, their use in a xenogeneic piglet model is
discouraged because of the adverse effects and confounding influence of immunosuppression
to prevent rejection. The immunosuppression in these animals has been considered but it has
some limitations. The isolation of the swine animal in the farms requires high costs and force
the animal to live stressful conditions (Proudfoot and Habing 2015). In addition, it exposes the
animal to high risk of infections and the duration of chronicimmunosuppressive drug treatment
requires the animal to reach the adult age. All these aspects would generate outcomes with
misleading interpretations. Therefore, an equivalent animal cell product might be a sensible way
forward to simulate an autologous or allogeneic transplantation at the preclinical stage before
moving toward the clinical phase. Regulatory agencies are usually reluctant to allowing an
animal equivalent product where possible, but, under these circumstances, the Medicines &
Healthcare products Regulatory Agency (MHRA) has provided us with a favourable feedback for
swine cells to be used in piglets for the model rather than human cells in swine. In addition, the
MHRA'’s opinion is that the pulmonary artery reconstruction used here is an appropriate in vivo
model to assess feasibility and efficacy of the cell engineered CorMatrix® conduit.

The equivalent cell product was validated through extensive characterization of antigenic
markers, using in situ IHC, ICC and FACS. We also confirmed the clonogenic capacity of freshly

processed or thawed single-sorted sCPs. The possibility of generating frozen stock of CPs
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provides therapeutic flexibility for meeting the surgical schedule (i.e. surgery happening on a
later time than the one required for the preparation of the graft) or multi-stage surgical
corrections. In addition, swine and human pericytes share the ability to recruit endothelial cells
and promote endothelial network formation through secretion of paracrine factors (Avolio et al.
2015c). Pericytes signal to endothelial cells through the binding of ANG1 to Tie2 results in the
activation of pathways mediating survival, proliferation, migration and anti-inflammatory
signals. Using a Tie2 antagonist, here we demonstrated that this signalling is instrumental to the
recruitment of ECs by the sCP secretome. Our data indicate that sCPs promote the organization
of sSPAECs on Matrigel, likely through activation of migration and inhibition of degradation. This
is in line with the well-known role of pericytes stabilizing the nascent vessels (von Tell et al. 2006;
Armulik et al. 2011; Geevarghese and Herman 2014).

The use of extracellular matrix as a biological scaffold for tissue repair and regeneration is an
established procedure within the clinical community. Commercial scaffolds manufactured from
a range of ECM materials from different animals are available for use in cardiac surgery.
CorMatrix®, the most used product of this type, is a decellularized porcine small intestinal
submucosa product that has received approval by both the FDA and European authorities for
cardiovascular applications. A recent meta-analysis assessing the results of clinical studies using
CorMatrix® in pediatric populations indicates favourable outcomes (Mosala Nezhad et al. 2017).
However, some of the claimed advantages of the material, such as the bio-inductive capacity to
support the ingrowth of reparative cells from the host without inducing inflammatory reactions,
have been questioned by several reports. Histological examination of failing grafts showed
moderate to severe grade inflammation in the explant tissue without signs of regeneration or
integration(Zaidi et al. 2014; Padalino et al. 2015; Rosario-Quinones et al. 2015). Interestingly,
these reactions were not seen in swine models, thus suggesting the possibility that inflammation
was a reaction to antigenic epitopes present in the swine intestine, but not in the humans
(Rosario-Quinones et al. 2015). Moreover, ~ 90% of the CorMatrix® is made of collagen type |
but contains little amounts of elastin (Badylak et al. 2009), which is instead a major component
of a pulmonary artery and a determinant in maintaining vascular hemodynamic efficiency
(Lammers et al. 2008)

Recellularization with stromal cells prior to in vivo implantation could overcome the inadequate
constructive remodelling capacity and lack of elasticity of the native CorMatrix®. Confirming the
data of our previous study on human pericytes (Avolio et al. 2015c), the present study shows
that sCPs proliferate and engraft onto the CorMatrix® external surface, maintaining a high

degree of viability and the original antigenic phenotype making the conclusion that the graft

100



does not alter the CP features. This is in line with the goal of creating a cellularized adventitial
layer, from which, upon in vivo implantation, sCPs could exert paracrine recruiting effects on the
recipient cells and timely remodelling of the matrix. Premature penetration of sCPs into the
matrix core prior to in vivo implantation is not desirable. In fact, for this, the matrix should
undergo degradation, which could weaken the scaffold making it unable to withstand the
mechanical forces in vivo. The equilibrium between breakdown of the structure due to proteases
and the production of ECM proteins plays a fundamental role in the stabilization and
rearrangement of the graft as well as native blood vessel (Heydarkhan-Hagvall et al. 2006).

The in vivo study provided us with valuable data in preparation of a properly designed efficacy
trial, but also highlighted the strengths and weaknesses of the swine model. We used Doppler
and CMR imaging to measure the blood flow velocity and confirm the patency of the implanted
graft. The values of blood flow velocity from the present study are consistent with a previous
report (Ghorbel et al. 2019). A power calculation based on combined data from the two studies
indicate that a minimum of 7 animal per group are necessary to detect a difference of 0.3
mL/min with a standard deviation of 0.2. Our previous studies confirmed that graft stenosis is a
rare event in swine compared with humans, possibly due, as mentioned above, to a lower
inflammatory reaction and to a product from the same species. Therefore, hemodynamic
outcomes should be considered in combination with histological outcomes, such as matrix
remodelling, endothelialization of the intima, and cellularization of the media and adventitia, as
shown in the present study.

This work has generated many positive outcomes which are the proof of feasibility of using
allogeneic organ-specific cells seeded on top of a natural prosthesis and implanted as
cellularized small conduit interposed between the two branches of the LPA. The use of a swine
model, which replicates the clinical scenario of ToF, represents the essential validation prior
moving towards the first-in-man trial with sCPs. The use of sCPs and swine CHD model will help
also the researchers and clinicians to deeply understand the challenges and issues of using them
and to address the project to move forward in terms of efficacy and safety. The challenges
occurred during the entire project were related to the in vitro and in vivo experimental studies.
For the in vitro studies, some challenges occurred when moving from human to swine reagents.
Translational Health Science has made many progresses to the use of swine reagents employed
during in vitro studies. Many advances were also made in the immunology field where swine-
specific antibodies were developed against antigens of hematopoietic cells of swine. In this
work, | have isolated and expanded swine cells in EGM-2 media which contains human GFs and

swine serum. The substitution of all these factors with swine components and a comparison
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with xeno-factors would better clarify the similarities and differences in the cell phenotype and
functional properties. Another challenge raised during TE procedures while working with a 3D-
structure, such as CorMatrix®. Different distribution of the ECM layers and the long-time of
culture may be also responsible of a high autofluorescence intensity signal during the IHC
procedures. For instance, the in-situ evaluation of apoptotic sCPs seeded in the CorMatrix®
detected a high autofluorescence signal generated by ECM fibres and this was more evident
when the graft was exposed for 7- and 14-days static and dynamic culture. Furthermore, the cell
apoptotic staining kit detected also native nucleic acid fragments in the graft left after the
decellularization process, making difficult the exact quantification of the apoptotic bodies from
the exogenous sCPs. Therefore, | attempted to perform the detachment of cells from the graft.
The issues of this method can be that the enzymatic digestion may overestimate the number of
apoptotic cells and leads misleading outcomes. CorMatrix® strongly retains exogenous cells, and
a longer incubation time with the enzymes (trypsin/EDTA or Accutase) is required for the
detachment from the graft. For future studies, a more accurate test would be ideal to assess the
exact percentage of apoptotic sCPs, despite this was low after using the method described here.
Sometimes the detached cells are not enough for the performance of different assays aimed to
evaluate the characteristics of cells seeded onto graft. | attempted to detach cells from the graft
which were further spun on top of the slides to perform an immunostaining for the apoptosis.
However, | was unable to obtain cells and perform assays which require a higher number of cells,
such as, FACS. Furthermore, another challenge occurred during the mechanical manipulation of
the TEVG when moving from the static condition to the perfused flow in the bioreactor. The
stitching procedure that simulates the formation of the engineered conduit may interfere with
the cell viability. In addition, the suture sites may develop areas of aggregates of cells which may
trigger calcification or formation of thrombi in the vasculature. For the in vivo studies, one
challenge was to collect autologous swine heart sample using a cardio-biopsy catheter system
instead of collecting tissue from a littermate swine after termination. The catheter system is a
non-invasive procedure, different from the invasive open-chest surgical intervention that might
be the gold standard to obtain small biopsies from the animal and from the human patients. This
advanced procedure would translate into the clinical scenario to reduce the risks of collecting a
small piece of cardiac tissue from a baby patient during an open-chest surgery for CHD.

The project is still ongoing and aimed to be completed by the middle of 2020. The completion
of this study will provide additional information about the capacity of the TEVG to remodel the
recipient heart in terms of structural and functional properties (ECM proteins and capillary and

arteriole formation) and teratoma formation (calcification). In addition, a separate
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biodistribution study will assess the localization of the sCPs, collected from a female donor

animal, in the adventitia of the TEVG after the implantation in the male recipient animal.
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/ Future perspectives

The outcomes of this project support the theory that sCPs can be used as an equivalent cell
product of hCPs to engineer CorMatrix® conduits which are implanted in the LPA of swine model.
An efficacy and safety study based on this technology and by recruiting more swine animals is
currently ongoing and to be completed by the middle of 2020. This will provide a clear evidence
of the advantages of using PEGs over the unseeded grafts in terms of structural and functional
aspects. The 2015 NHS England review document indicates that CHD care was provided last year
by 10 hospitals doing 3,700 operations and 2,000 procedures in children and by 25 hospitals
performing 850 operations and 1,600 procedures in adults. This activity will expectedly increase
by 14% in children and 67% in adult cardiac services during the next 10 years. If this trend is
confirmed, the 2025/26 expenditure will be between £186 and 207 million, with cost increment
being more remarkable in ACHD patients (21%) than in children patients (8%). Costs for repeated
operations heavily impacts on these patients. NHS England and other analysts have previously
calculated that there will be a mismatch between total NHS budget and patient needs of nearly
£30 billion by 2020/21. Therefore, efficiency actions to increase quality and reduce expenditure
growth will be essential in all services, including CHD. However, efficiency will not suffice without
the introduction of innovative technologies offering a transformative impact on this unmet
clinical field. The successful application of a TEVG system could reduce all these costs and

improve the quality of life of these patients.
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8 Conclusions

The work described in this study is part of the translational science programme which is
developed at University of Bristol under the leadership of Prof Paolo Madeddu and Prof
Massimo Caputo. The project has the ambition to generate new TE strategies for the correction
of CHD employing swine CPs delivered with a TEVG after demonstrating the similarity with the
human cells. | attempt to reach different objectives during my PhD course: the first one is to
optimize all the methods required to manipulate cells in a different specie than human and to
retrieve all information about the use of swine reagents and antibodies to grow and characterize
with more specificity and selectivity CPs. However, the swine reagents have still limited
availability and | have tried to overcome these limitations by using human reagents or antibodies
which cross-react with swine animal. | have become confident with Uniprot, an online
bioinformatic database which uses FASTA for the alignment of two protein sequences from
different species and finds the percentage of homology between the human and swine
molecules. | have encountered some issues related to the interaction between human and swine
cells when cultured together in vitro to assess the their angiogenic capacity. Although swine CP-
CM exerts a strong attractive action on human umbilical cord vein endothelial cells (HUVECs),
no angiogenesis is observed when HUVECs are co-cultured with sCPs on Matrigel substrate,
suggesting that there might be a physical obstacle when human and swine are seeded and
cultured together (data not shown). Another goal is to face my first experience with TE
techniques where | have used all the instruments requested to manipulate and maintain the
non- and -cellularized grafts under static and dynamic culture environment (cell crowns and
bioreactor). | have contributed to set up the bioreactor and the chambers for the position of a
TEVG for culture conditions and | have learnt how the cells behave when exposed to a different
material than a plastic dish. | attempt to refine some limitations of this project. Swine CP
phenotype is assessed when cells are seeded into the plastic dishes and detached to obtain a
cell suspension. We do not know whether their FACS phenotype changes in a different culture
system. The characterization of neonatal sCPs seeded on CorMatrix® could have been improved.
In order to evaluate these markers of cells seeded on the graft, 1x10° cells are required at least.
The enzymatic detachment by Trypsin/EDTA or Accutase is not enough to obtain this cell number
as CorMatrix® has a high cell retention. Another limitation is to provide more quantitative results
of implanted grafts in terms of antigens, ECM proteins, calcification. More animals are in the
process of the surgical procedures and final termination for the harvest of tissue-grafts to allow

the histological analysis.
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At the beginning of my PhD studies, my knowledge and expertise were focused on cell biology,
and joining to this laboratory has given me the possibility to apply my basic knowledge and build
up biochemistry, molecular biology and basic TE techniques that are essential to the
translational cardiovascular medicine. We have applied a swine CHD animal model to investigate
how the seeded TEVG product interferes with and how it improves the host’s response.

| also contributed to the publication of review article covering TE topics, such as, “Perivascular
cells and tissue engineering: Current applications and untapped potential” (Avolio et al. 2017).
My first-author manuscript entitled “Transplantation of allogeneic pericytes improves
myocardial vascularization and reduces interstitial fibrosis in a swine model of reperfused acute
myocardial infarction” (Alvino et al. 2018) and published in Journal of American Heart
Association (JAHA), aimed to demonstrate the emerging potential of delivering swine allogeneic
APCs, which are perivascular progenitor cells, for the treatment of M. | have performed in vitro
experiments and analysed the data. Material, methods and results are reported in a small
appendix section of the thesis.

My second manuscript “In vitro and in vivo preclinical testing of pericyte-engineered grafts for
the correction of congenital heart defects” (Alvino et al. 2020), published in JAHA and reported
in this thesis, has confirmed that it is possible to isolate pericytes from heart of neonatal swine
and expand them to engineer an ECM scaffold. We provide an initial evidence of the feasibility
of using PEGs for the reconstruction of swine LPA.

This studentship has projected me into a clinical scenario and fostered a great deal of interest
and enthusiasm in medical science. | am very committed to persevere in this endeavour hoping

to contribute in the fight of cardiac disease that affect many people in the UK and worldwide.
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9 Appendix

9.1 Isolation and characterization of swine adventitial saphenous vein

pericytes enabling the myocardial infarction therapy

Alongside the study of new-born sCPs which are employed for the repair of CHD, a similar in
vitro approach has been used to derive and characterize sAPCs and use them in a preclinical
swine model of acute MI. The reason of using swine cells has been previously explained. We
have demonstrated that sAPCs show robust similarities with hAPCs and that finding has
supported the validation of swine cell therapy in a swine MI model. This appendix aims to
describe three different objectives: the first one encompasses sAPC isolation and expansion; the
second one includes the identification of similarities according to antigenic profile and
mesenchymal commitment; the third objective includes the similarity according to functions
relevant to the designated therapeutic use. Here, | will explain and illustrate the material,
methods and results of the experiments performed by myself before and after cell therapy with
dispersed sAPCs in the swine Ml model. The in vivo studies were performed by our research
collaborators of the Centro Nacional de Investigaciones Cardiovasculares (CNIC) Carlos Ill in
Madrid (Spain) under the leadership of Prof Borja Ibanez. Many other in vitro and in vivo studies
were conducted by other colleagues and are not reported in this thesis. The entire project
entitled “Transplantation of allogeneic pericytes improves myocardial vascularization and
reduces interstitial fibrosis in a swine model of reperfused acute myocardial infarction” is

published in JAHA (Alvino et al. 2018) (Figure 9-1).
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Figure 9-1. Cartoon showing the workflow of preclinical study with sAPCs. Cells are isolated from
the adventitial saphenous vein of adult swine animal, expanded and characterized to validate
the similarity with human counterpart. The in vitro studies are performed to feed the in vivo
transplantation of allogeneic sAPCs in a swine M|l model. Efficacy and engraftment studies are
performed at different times. Abbreviations: MI= myocardial infarction; sAPC= swine adventitial

saphenous vein pericyte.
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10 Material and methods

10.1 Swine adventitial saphenous vein pericyte processing

Studies using human cells were covered by South West Central Bristol Research Ethics
Committee, REC reference 06/Q2001/197.

All the procedures for swine tissue harvest, isolation and expansion of swine cells were
previously described for hAPCs (Campagnolo et al. 2010; Katare et al. 2011). Here, | report all
the in vitro experiments performed by myself and in which | have contributed.

Large-white swine (age, 3-4 months, UK registered breed), were terminally anesthetized for the
collection of peripheral blood and saphenous vein (5-10 cm length and 1 g weight). Figure 10-1
displays a schematic isolation procedure of sAPCs. The list of swine donors and the in vitro use

of corresponding cell lines are listed in Table 10-1.
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Figure 10-1. Scheme of swine APC isolation. Saphenous vein was manually minced, and the
homogenate was incubated for 2 hours with 0.45 WU/mL/g Liberase enzyme and sequentially
passed through 70 um, 40 um, and 30 um cell strainers to ensure single cell suspension. Isolated
cells were incubated with anti-CD31 and —CD34 conjugated microbeads to select a final
population of CD31- and CD34+ cells. This cell fraction was cultured in a pre-coated dish and in
EGM-2 media, supplemented with 10% heat-inactivated swine serum. Abbreviations: CD=

cluster of differentiation; EGM-2= endothelial cell growth media.
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Swine APC code Line In vitro use

PCR, ICC, FACS,
020215 A 1 Differentiation,
ELISA, WB

PCR, ICC, FACS, Cell
190515 A 2 sizing, MATRIGEL,
ELISA, WB

PCR, ICC, FACS, Cell
190515 B 3 sizing, MATRIGEL,
ELISA, WB
150615 B 4 ICC, FACS
PCR, ICC, FACS, Cell
sizing,
Differentiation,
Matrigel, ELISA

290715 A 5

Differentiation,
Cloning
220116 B 7 Cloning, ELISA
Table 10- 1. Code of donor swine and specific use of corresponding sAPC lines. Abbreviations:

220116 A 6

ELISA= enzyme-linked immunosorbent assay; FACS= flow Activated Cell Sorting; ICC=

immunocytochemistry; PCR= polymerase Chain Reaction; WB= western Blotting.

10.1.1 Antigenic characteristics of swine adventitial saphenous vein

pericytes

A series of comparative experiments was performed to assess the purity of cells isolated from
swine veins and to verify their similarities to hAPCs. The in vitro sAPC studies are equivalent to
sCP studies and are not repeatedly explained in this appendix. The reader should refer to
paragraph 4.3.2 in the Chapter 4, where the IF and FACS procedures and the use of reagents are

described in detail.
10.1.2 Gene and protein expression

Quantitative PCR was performed on cells cultured following stimulation in normoxia (21%
oxygen) or hypoxia (2% oxygen). For RNA extraction and RT-PCR, the reader should refer to

paragraph 4.3.4 in the Chapter 4.
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In addition, the expression of the T-box family transcription factor Tbx18 was tested in sAPCs
and hAPCs by gPCR (Hs01385457_m1, Thermo fisher, UK) and western blot (WB, Santa Cruz,
UK).

For protein extraction, 100 pL of lysis buffer (RIPA buffer, Thermo fisher, UK) were used per
1x10° cells. Protease inhibitors were used at 1:100 and added to the ice-cold lysis buffer. Cell
scraper was used to collect and transfer the cell lysate into the tubes and spun at 1500 rpm, for
10 minutes, at +4 °C. The supernatant was collected, and the cell pellet discarded. Bicinchoninic
acid assay (BCA) was performed to determine the concentration of total proteins in the cell
lysate. To reduce and denaturate the proteins, a hot block set up at 95 °C was used for 2 minutes.
Total proteins were loaded (15 pg) with 6x Laemmli sample buffer into the wells of the sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), alongside the molecular
weight (MW) marker (ladder). The percentage of resolving/separating gel was 10% as Tbx18 size
was 65 KDa. After running, polyvinylidene difluoride (PVDF) membrane of 0.2 um pores was
activated with 100% methanol and rehydrated with deionized H,0. Then, the gel was transferred
on the membrane at 250 mA, for 90 minutes using 1x transfer buffer. The transfer procedure
was stopped, and the membrane rinsed in deionized H,0. The transferred proteins to the
membrane were checked with Ponceau S staining for 3-5 minutes. Then, the solution was
removed, and the membrane was rinsed with 0.1% (v/v) Tris-buffered saline-0.1% Tween-20
(TBS-T) in deionized H,0. The membrane was blocked with 5% milk diluted in 0.1% TBS-T for 1
hour, at RT following by an incubation with 1:100 anti-human Tbhx18 primary antibody (Santa-
cruz, UK) into the above blocking buffer, for 16 hours, at +4 °C. Membrane was washed in 0.1%
TBS-T once and an anti-rabbit horseradish peroxidase secondary antibody was incubated in the
blocking solution at 1:5000, for 1 hour, at RT, protected from light. After washes, ECL Prime WB
Detection Reagent 1:1 (GE Healthcare, UK) was incubated on the membrane for 1 minute for
the signal development. The excess of reagent was removed and the chemiluminescence image
scanning was performed using ChemiDoc XRS+ system with Image Lab™ software (Biorad, UK).

B-actin loading control (42KDa) was used as housekeeper.
10.1.3 Differentiation and clonogenic capacity

For the induction of osteogenesis, SAPCs (N=3) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies, UK) supplemented with L-Ascorbic acid 2-phosphate (50 uM
—w/v), Dexamethasone (0.1 uM- w/v) and B-glycerol phosphate (10 mM — w/v). For adipogenic
differentiation, cells (N=3) were cultured in DMEM supplemented with Dexamethasone (1 uM

—w/v), Indomethacin (100 uM —w/v), Insulin (10 pg/mL— w/v) and 3-isobutyl-1-methyxanthine
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(500 uM — w/v). The media was replaced every three days. Osteogenic differentiation was
evaluated with Alizarin Red solution and adipogenic differentiation with Qil-Red-O solution
(both from Sigma-Aldrich, UK). The staining protocol was performed according to the
Manufacturer’s instructions.

Single cell cloning of sAPCs was carried out according to the procedure described in the

paragraph 4.3.3 of Chapter 4.
10.1.4 Vascular endothelial growth factor A and miR-132 secretion

The levels of VEGF-A protein and miR-132 were determined in the CM by an anti-human ELISA
kit (R&D Systems, UK). To this aim, sAPCs (N=3) were cultured in EGM-2 complete media in a
T25 flask and exposed to normoxia or hypoxia environment. The culture media was substituted
with 2.5 mL freshly and serum-free EBM-2 for 48 hours. After 48 hours, the cell supernatant was
collected and centrifuged at 400xg, at +4°C to remove any cell debris. The resulting CM was
stored at -80°C until batch analysis. ELISA assay was performed following Manufacturer’s
instructions. In addition, a WB analysis was performed to detect the same protein in
concentrated CM and UCM (EGM-2) using the Amicon® Ultra-2 Centrifugal Filter Devices (Merck

Millipore, UK) to concentrate the samples.
10.1.5 Network formation

Swine PAECs were co-cultured with sAPCs at 1:4 ratio and following stimulation with sAPC-CM.

The reader is referred to paragraph 4.3.6 for Matrigel assay protocol.

10.2 Transplantation of swine adventitial saphenous vein pericytes

10.2.1 Feasibility, efficacy and engraftment study

The in vivo study in 32 swine was carried out by the Investigators based at CNIC in Madrid. Two
additional swine underwent the same MI protocol and then received an intramyocardial
injection of fluorescent labelled sAPCs. The protocol is summarized in Figure 10-2.

Since this study was performed by Prof Borja Ibanez and his Research team, the reader should

refer to the manuscript published in JAHA for the details (Alvino et al. 2018).
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Figure 10-2. Study design. (A) In the efficacy study, swine were subjected to close-chest 50-
minues balloon occlusion of the mid-LAD to induce acute MI. At 5 days post-MlI, they underwent
a comprehensive basal CMR study. Animals did not show a transmural infarction (at least 50%
of the wall thickness infarcted) were excluded. Immediately after day 5-CMR, animals were
randomised to receive intra-myocardial vehicle or sAPC injection. CMR was repeated at day 45
post-MI and hearts were harvested for histology assessment. (B) A similar protocol was used to
assess cell engraftment with hearts being collected 5 days after vehicle and sAPC injection.
Abbreviations: APC= adventitial saphenous vein pericyte; CMR= cardiovascular magnetic
resonance; |/R= ischemia/reperfusion; LAD= Left Anterior Descending artery; Ml= Myocardial

Infarction. Figure source: Alvino et al., 2018, JAHA.

10.2.2 Cell preparation for transplantation in the swine myocardial

infarction model

The expansion of sAPC lines was carried out in Bristol and synchronized with the scheduled Ml
induction in the laboratory of CNIC in Spain. Briefly, APCs were cultured and expanded to P6 to
reach enough cells for the injection, then seeded into multilayer flasks (Hyperflasks M Cell
Culture Vessels, Corning, UK), allowing complete cell adhesion for 48 hours and shipped to CNIC
within 24 hours. In Madrid, our collaborators organized and performed the cell detachment and

the injection in the Ml animal model.
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10.3 Histological assessment of swine hearts

Capillary and arteriole, interstitial fibrosis and cell engraftment staining procedures were
performed and completed in Bristol. | have contributed to vessel and fibrosis stainings and

quantifications and entirely assessed the persistence of Dil-labelled sAPCs in the swine hearts.
10.3.1 Capillary and arteriole density

For capillary density quantification, paraffin-embedded sections were incubated with
biotinylated Griffonia Simplicifolia Isolectin B4 (1:200, Life Technologies, UK), overnight in a
humidified chamber and at +4°C, followed by the incubation of Streptavidin Alexa Fluor 488-
conjugated (1:200, Life Technologies, UK) for 1 hour, at +20°C, in the dark. For arteriole density
guantification, the same sections were probed with anti-a-SMA antibody Cy3-conjugated
(1:400, Sigma-Aldrich, UK). Capillaries and arterioles were calculated in 40 fields (at 200x
maghnification) in the peri-infarcted area of myocardium and the final data expressed as the
number of capillaries or arterioles per square millimetre. The analysis was performed using the

free software Imagel. Adobe Photoshop v6 was utilized to compose and overlay the images.
10.3.2 Interstitial fibrosis

For the cardiac interstitial fibrosis, paraffin-embedded sections of peri-infarcted areas were

stained with Azan Mallory solution according to the manufacturer’s instructions.
10.3.3 Swine adventitial saphenous vein pericyte engraftment

For the assessment of the persistence and the location of Dil labelled sAPCs in different regions
of swine hearts 5 days post-injection, 5 um-thick sections were cut and antigen retrieval was
performed after deparaffinization using 0.02M Citrate buffer, PH=6, for 30 minutes at 98°C.
Sections were incubated with biotinylated Griffonia Simplicifolia Isolectin B4 (1:200) overnight
in a humidified chamber and at +4°C, followed by the incubation of Streptavidin Alexa Fluor 488-
conjugated (1:200) for 1 hour, at +20°C, in the dark. Cardiomyocytes were stained with a mouse
monoclonal anti-a-sarcomeric actin primary antibody for 2 hours, at +20°C (1:200) followed by
Alexa Fluor 647-conjugated goat anti-mouse IgM secondary antibody (1:200, Invitrogen, UK) for
1 hour, at +20°C, in the dark. Nuclei were labelled with 1:1000 (v/v) DAPI in 1xPBS. Sections were

analysed at 200x magnification with Zeiss Observer.Z1 microscope (Carl Zeiss Microscopy, LLC,
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US) and Zen pro software. Morphometric analyses were performed using the free software

Imagel.
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11 Results

11.1 Isolation, expansion and characterization of swine adventitial

saphenous vein pericytes

Having previously demonstrated the isolation and characterization of hAPCs (Campagnolo et al.
2010) and that the swine is not immune tolerant to hAPCs (Alvino et al. 2018), an equivalent cell
product obtained from the adventitia of swine saphenous vein was evaluated. To this aim, a
SOP, previously employed for the isolation and expansion of hAPCs, was adopted with the
substitution of 2% (v/v) heat-inactivated FBS with 10% (v/v) heat-inactivated swine serum and
the use of 1% (w/v) swine gelatin instead of 10 ug/mL gelatin (Sigma-Aldrich, UK)/fibronectin
(Corning, UK) for the coating of the dishes. The gelatin/fibronectin solution triggered the
formation of the clumps and cell death as assessed by Trypan blue exclusion method (data not

shown). Cells were expanded from seven swine saphenous veins with a success of 100%.

11.1.1 Doubling time and cell sizing

Cells grew quickly in culture with an average DT of 2.5 days, reaching ~30x10° cells at P6 in 6 to
8 weeks (data not shown). Both hAPCs and saphenous vein-derived swine cells showed similar
spindle-shape morphology at phase-contrast microscopy (Figure 11-1A) and similar sizes as
assessed by the Tali™image-based cytometer (hAPCs 16.2 um+0.1; SAPCs 15.7 um+0.4) (Figure
11-1B).

11.1.2Immunocytochemical assessment

Next, ICC studies were performed to compare the two cell populations, using validated specie-
specific primary antibodies as indicated in the Table 4-2 of paragraph 4.3.2. The similarity of the
two cell products was confirmed through a high expression of the lineage antigen NG2 (hAPCs
62+6%; sAPCs 99+1%), PDGFRB (hAPCs 97.3+3%; sAPCs 100+1%) and Vimentin (hAPCs 951+5%;
SAPCs 100+£1%) (Figure 11-1C) and of the stemness markers GATA-4, SOX-2 and OCT-4 (Figure
11-1D). Both hAPCs and sAPCs were negative for endothelial markers CD31, VE-cadherin and
expressed very low levels of CD146, whereas HUVECS and sPAECs (both positive controls)

expressed these antigens (Figure 11-1E).
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11.1.3 Tbx18 gene and protein expression in swine adventitial saphenous

vein pericytes

The expression of the T-box family transcription factor Tbx18 was also verified. This protein is
reportedly and selectively expressed by microvascular pericytes and VSMCs in the adult mouse
(Cai et al. 2008; Birbrair et al. 2017). Results confirmed the Tbx18 gene was detected by qPCR
for both cell populations (hAPCs Ct value=24.4; sAPCs Ct value=26.6, data not shown), with the

expression being confirmed at the protein level by WB analysis of the cell lysates (Figure 11-1F).
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Figure 11-1. Comparison of APCs isolated from human and swine saphenous veins. A. Upper
panels: phase-contrast microscopy images of human and swine cells displaying similar spindle-
shape features (x100 magnification); Lower panels: cells shown in the contrast-phase
microscopy images are stained with human and swine CD105 PE-conjugated (red fluorescence)
for the measurement of cell size (x40 magnification). B. Left panels: cell size histograms
calculated by Tali and Novocyte 3000. The X axis represents the cell size and the Y axis represents
the number of cells counted (3 cell lines for each group). Right panel: the bar graph shows the
mean and SEM which is similar between the two groups, though the range of cell size was wider
for hAPCs. C. Representative IF microscopy images showing the expression of NG2, PDGFRp and
Vimentin. Values in each panel represent the mean+SEM of n=4 biological replicates. D. IF
microscopy images displaying the expression of GATA-4, OCT-4 and SOX-2. Blue fluorescence
DAPI recognizes the nuclei. Magnification x200 and x400, scale bar= 50 um. E. IF images
confirming these cells do not express endothelial antigens, at variance with HUVECs and sPAECs
(positive controls). F. WB image showing Tbx18 protein corresponding to the 65 KDa Molecular
Weight (MW) of n=3 sAPC and hAPC lines. Abbreviations: CD= cluster of differentiation; hAPCs=
human adventitial saphenous vein pericytes; NG2= neural/glial antigen 2; OCT-4= octamer-
binding factor 4; PDGFRB= platelet-derived-growth factor beta; sAPCs= swine adventitial
saphenous vein pericytes; SOX-2= sex determing region Y; VE-cadherin= vascular endothelial-

cadherin.
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11.1.4 Flow cytometry studies

Furthermore, FACS studies indicated that like hAPCs, sAPCs abundantly expressed the
mesenchymal markers CD44 (hAPCs 99+6%; sAPC 97+1%), CD90 (hAPCs 88.3+5.6%; SAPCs
94+1%), CD105 (hAPCs 87.0+5.7%; sAPCs 97+1%) and PDGFRP (hAPCs 86.215.7%; sAPCs
94+0.2%) but were negative for CD146 (hAPCs 0.1+0.03%; sAPCs 5%0.5%), CD31 (hAPCs
0.5+0.2%; sAPCs 0.6+0.3%) and the hematopoietic marker CD45 (hAPCs 1.8+0.4%; sAPCs
2+0.1%) (Figure 11-2A-D). Swine PB-MNCs and sPAECs were used as positive controls (Figure
11-2E-F). In addition, experiments were conducted to exclude the possibility that contamination
of the vein extracts by circulating hematopoietic cells could have compromised the purity of the
cell product. To this aim, MNCs were isolated from peripheral blood and cultured them using
the APC-SOP, with or without initial immune-magnetic microbeads sorting for CD31/CD34. In
both cases, no cells emerged during a 1-month-long culture in the incubator, thus providing a
definitive confirmation that the adopted SOP was selective for APC isolation. Altogether these

data indicated that the expanded swine cell product is a bona fide equivalent of hAPCs.
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Figure 11-2. FACS analyses of APCs isolated from human and swine saphenous veins. A and B.
Representative FACS gating procedure of hAPCs and sAPCs at P5. Total cell population and the
single cells (singlets) were gated according to FSC-A vs. SSC-A and FSC-A vs. FSC-H parameters (i-
ii). Viable cells were distinguished from dead cells using fixable viability dye eFluor780 (iii) and
further gated for selected antigens (iv-xi and iv-xiii). Pericyte, mesenchymal, endothelial and
hematopoietic markers were studied. The FMO control was used in the assessment and gating
of CD146+ and PDGFRpB+ cells, owing to the use of multiple fluorochromes (vii-ix and viii-x). The
same approach was used when studying the expression of CD45 and CD11b on sAPCs to exclude
hematopoietic contamination in the cell culture system (xi-xiii). C and D. FACS histograms for
each surface marker in representative hAPC (C) and sAPC lines (D) Negative control staining
profiles are shown by the red histograms, whereas specific antibody staining profiles are shown
by light blue histograms. Bar graphs shows the mean and SEM of n=3 human and swine APC
lines. E and F. Gating and histograms of fresh isolated sPB-MNCs and sPAEC lines at P5 used as
positive control for the staining of hematopoietic and endothelial markers, respectively. In both
cell lines, the negative control staining profile is shown by fully red histograms, while the positive
staining profile is shown by light blue histograms. Abbreviations: APCs= adventitial saphenous
vein pericytes; APC =Allophycocyanin; APC-Cy7 =Allophycocyanin-7; CD= cluster of
differentiation; FSC-A= Forward Scatter-Area; FSC-H= Forward Scatter-Height; FITC= Fluorescein

isothiocyanate; FMO= fluorescence minus one; PAECs= pulmonary artery endothelial cells;
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PDGFRB= platelet-derived-growth factor beta; PE =Phycoerythrin; Pe-Cy7= Phycoerythrin-Cy7;
SSC-A= Side Scatter-Area.

11.2 Clonogenic and differentiation capacity

11.2.1 Clonogenic assay of swine adventitial saphenous vein pericytes

Next, the similarity of functional grounds was confirmed. To investigate whether sAPCs could
form clones, total cells from 2 biological replicates were sorted as single cell and cultured in 96-
well plates. Two weeks later, 23% of cells from one sAPC line formed colonies (57 out of 240),
while the other APC line gave rise to 27% of colonies (67 out of 240). Of these primary colonies,

9 and 14 could be further expanded in culture (data not shown).

11.2.2 Mesenchymal differentiation of swine adventitial saphenous vein

pericytes

Next, 3 sAPC lines were exposed to differentiation stimuli for the derivation of mesenchymal
lineages. All the cell lines showed the typical differentiation capacities, as denoted by the
accumulation of fat droplets with Oil-Red-O staining solution in the adipogenesis assay and
Alizarin Red and Alkaline Phosphatase staining in the osteogenesis assay (Figure 11-3). These
results denote similarities with the reported clonogenic activity and in vitro differentiation

properties of hAPCs.
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Negative control Adipocyte differentiation

Figure 11-3. Osteogenic and adipogenic differentiation of SAPCs. Representative images showing
the differentiation of one sAPC line towards mesodermal lineages. A. Lipid droplets were
identified by Oil Red staining (red). B and C. Calcium deposits by Alizarin Red (red colour) and
alkaline phosphatase (violet color) staining. Magnification x100, n=3 sAPC lines. Inserts show
details of the positive staining. In A (upper-left panel), sAPCs maintained under normal culture

medium are also shown (negative control).

11.3 Angiocrine properties

11.3.1 Angiocrine factors

Previous studies showed that hAPCs expressed and secreted a spectrum of angiogenic factors
and microRNAs (Campagnolo et al. 2010; Katare et al. 2011; Avolio et al. 2015b). Following the
exposure in normoxia and hypoxia environments, sAPCs expressed and secreted VEGF-A and the
proangiogenic miR-132. By WB technique a 22 KDa MW and larger bands of VEGF-A protein were
detected. The antibody detection of these bands suggested that either multiple molecules are
bound together in a multimerized complex or that VEGF-A is bound to another molecule with

the region bound by the antibody exposed/separated from the region bound the corresponding
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molecule/receptor. Swine APCs also expressed the hypoxia-inducible factor miR-210, with levels

being increased in response to hypoxia environment (Figure 11-4).
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Figure 11-4. A-B. Bar graphs showing the expression of VEGF-A (i), miR-210 (ii) and miR-132 (iii)
in sAPC lysate (n=4) and in sSAPC-CM (n=3) under normoxia and hypoxia. WB image displays
secreted VEGF-A with MW= 22 KDa and larger bands under normoxia condition (n=3) (ii). Values
are meanzSEM; **p<0.01 vs normoxia. Abbreviations: APC-CM= adventitial saphenous vein
pericyte-conditioned media; miR= microRNA; UCM=unconditioned media; VEGF-A= vascular

endothelial growth factor-A.

11.3.2 Proangiogenic activity

One of important feature of hAPCs consisted of their ability to modulate the angiogenesis via
direct contacts with, and transfer of paracrine GFs and mcroRNAs to ECs (Campagnolo et al.
2010; Katare et al. 2011; Caporali et al. 2017). Therefore, the ability of sAPCs to share similar
properties by testing their capacity to promote endothelial cell network formation was

investigated in a Matrigel — endothelial tube formation assay. Interestingly, preliminary
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experiments showed that the SAPC-CM potentiated the network-forming capacity oh HUVECs,
whereas the direct contact of SAPCs and HUVECs in co-culture inhibited the network formation
(data not shown). This suggested that the physical interaction between co-cultured xenogeneic
cells could override the proangiogenic activity of the sAPC secretome. To exclude any specie-
specificincompatibility that may confound the interpretation of the results, commercial primary
cells from swine, sPAECs, were used as an angiogenic target for sAPCs. In this setup, both sAPCs
(Figure 11-5A) and their CM (Figure 11-5B) led to potentiation of the network-forming capacity
of sPAECs. Moreover, the sAPC secretome exhibited a superior proangiogenic activity as
compared with hAPC secretome (Figure 11-5B), with this difference being compatible with a

higher specificity of the sSAPC-derived paracrine factors for sPAECs.
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PARACRINALLY-MEDIATED ANGIOGENIC ACTIVITY
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Figure 11-5. Endothelial tube formation assay (Matrigel). A. Representative phase-contrast and
fluorescent images of hAPCs (Ai), sAPCs (Aii), and sPAECs (Aiii) alone or in combination (Aiv:
hAPCs+sPAECs; Av: sAPCs+sPAECs at 1:4 ratio). APCs are stained with long cell tracker Dil (red
fluorescence). (Avi) Graph bar showing the fold increase of cumulative tube length following the
co-culture of APCs with sPAECs in two separate experiments, each including 3 APC lines per
group. Data are represented as mean+SEM, **P<0.01 hAPCs and *P<0.05 sAPCs vs. sPAECs. B.
Representative phase-contrast images of sPAEC networks formed in presence of EGM2 media
(Bi) or human (Bii) or swine APC-CM on 3 cell lines (Biii-v). Magnification x100. (Bvi) Histograms
summarise quantitative data of the tube length per field in an experiment including 3 APC lines
per group. Data are represented as mean+SEM, **P<0.01 hAPC-CM and ***P<0.001 sAPC-CM
vs. PAECs. +P<0.05 sAPC-CM vs. hAPC-CM. Abbreviations: CM= conditioned media; EGM2=
endothelial cell growth media 2; hAPCs= human adventitial saphenous vein pericytes; sAPCs=

swine adventitial saphenous vein pericytes.

11.4 Histological assessment of the cell therapy studies

11.4.1 Vascular density and fibrosis outcomes

The effects of sAPC therapy on microvascular, macrovascular and fibrosis outcomes were
investigated. The injection of sAPCs increased the capillary density in the inferior segment of the

peri-infarct zone (51%, **P=0.003 vs. vehicle) and the remote zone (34%, *P=0.04 vs. vehicle)
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(Figure 11-6A-B). Arteriole density was not affected in any of the segment examined (Figure 11-
6C).
Morphometric analysis of myocardial fibrosis in the infarct border zone indicates a beneficial

effect of sAPC therapy (-26% reduction vs. vehicle, ***P<0.001) (Figure 11-6D-E).
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Figure 11-6. Benefit of sAPC therapy on micro/macrovascular density and fibrosis. A-C.
Representative images (100x magnification; scale bar = 100 um) (A) and bar graphs showing the
effect of cell therapy with sAPCs on capillary (B) and arteriole density (C). Representative images
refer to hearts injected with vehicle or sAPCs (donor swine cell line ID# 5). The inserts illustrate
arterioles stained with a-SMA. Data are reported for two areas in the border zone and the
remote zone. D. Illustrative microscopy images (total optical magnification x200) and (E) bar
graph illustrating the quantification of the fibrotic myocardium in the infarct border zone of
swine hearts injected with vehicle (n=5) or sAPCs (n=5) (donor swine cell line ID# 2, ***P<0.01
vs. vehicle). Abbreviations: sAPCs= swine adventitial saphenous vein pericytes; sarc-actin=

sarcomeric actinin; SMA= smooth muscle actin.

11.4.2 Swine adventitial saphenous vein pericyte engraftment in the

infarcted hearts

Immunohistochemistry of hearts collected from two additional swine indicates the presence of
Dil-labelled swine cells in the infarct and peri-infarct border zone, with a few of them
surrounding the isolectin-positive vascular profiles and others dispersed in the scar (Figure 11-
7A). No signal from injected swine cells was detected in the remote zone (Figure 11-7B). As

expected, controls hearts injected with vehicle did not show any staining for the labelling tracer

129



(Figure 11-7C). There was no evidence for the differentiation of injected cells into
cardiomyocytes. The observed engraftment is in line with our previous study in mice, where Dil-

labelled hAPCs were found located in the infarct and infarct border zone (Katare et al. 2011).

Infarct and border zone of sAPC-injected hearts
a-sarc actin
S

Border and remote zone of vehicle-injected hearts
a-sarc actin

Figure 11-7. Engraftment of sAPCs in swine infarcted hearts. A. Representative
immunofluorescence images showing engraftment of sAPCs in the infarct and nearby border

zone (n=2). Four different areas of infarct and border zones of sAPC-injected heart (i-iv). Swine
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APCs are recognized by the red fluorescence of the Dil cell tracker which stains cell membranes.
In addition, anti-a-Sarc Actin (white) identifies cardiomyocytes. Anti-Isolectin B4 (green) has
been used as a marker for ECs, while DAPI (blue) shows nuclei. Swine APCs can be appreciated
at a higher magnification in the inserts placed on each image. B. Representative images showing
absence of SAPCs to the remote zone. C. Images taken from a vehicle-injected heart as a negative
control for the Dil staining. For all images, total optical magnification is x200. The scale bar in all
images is 50um. Abbreviations: sAPCs= swine adventitial saphenous vein pericytes; sarc-actin=

sarcomeric actinin; SMA= smooth muscle actin.
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12 Discussion

The sAPCs showed similar features with hAPCs as assessed by ICC, FACS, ELISA assay and cloning
activity and functional studies (Matrigel assay). Swine cells represent an inestimable product
thanks to the high request of using preclinical swine model as donor of cells prior
transplantation. Human APCs express and release proangiogenic and antifibrotic factors, such
as VEGF-A, leptin, and miR-132, and their secretion is increased following hypoxia environment
(Campagnolo et al. 2010; Katare et al. 2011; Riu et al. 2017). In this study we have demonstrated
by WB analysis that VEGF-A secreted in the SAPC-CM corresponded to the mature swine 22-KDa
protein and that other VEGF-A bands were present. The antibody detection of these bands
suggests that there are multiple molecules which are bound together in a multimerized complex.
Also, VEGF-A may be bound to another molecule, such as secreted VEGF receptors, with the
region bound by the antibody exposed/separate from the region bound by the corresponding
molecule/receptor. Both possibilities are supported by previous evidences and the different
isoforms of this huge molecule may have different effects in the heart that needs to be still
determined. For instance, several isoforms could help to start a specific VEGF therapy which
recognizes specific receptors in different cell types and exert their therapeutic activity (Herrera
et al. 2009; Stachon et al. 2009). In this study, we have confirmed the presence of transplanted
sAPCs by IHC after 10 days from the Ml and after 5 days from the injection and the limitation of
our study is that we are unable to track the persistence of the cells overtime. Moreover, in terms
of efficacy and benefits, we have showed that allogeneic transplantation improved the
microvascular angiogenesis and reduced the interstitial fibrosis and it was consistent with
previous publications (Katare et al. 2011; Avolio et al. 2015b). The fact that the injected sAPCs
have a role in the neovascularization and fibrosis has an important clinical meaning for the

healing of an infarcted heart.

132



13 Conclusion

This appendix has demonstrated the possibility to generate swine APCs, which are surrogate of
human counterpart, and to characterize them prior intramyocardial injection in a swine acute
MI model. The equivalence with hAPCs was demonstrated. Feasibility and efficacy outcomes of
the in vivo study were described to assess the proangiogenic and antifibrotic activities of the

sAPCs after transplantation. These activities were confirmed by IHC assessment.
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