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Abstract

Cardiac progenitor cells have been recently identified in the post-natal heart.
However, the experiments carried out so far were predominantly performed
on mice and humans. Considering the potential future application of these
cells for human cell therapy, we propose the pig as an intermediate preclinical
model, due to the morphological and functional affinity of the porcine species
with the human. Pig adult cardiac progenitors were isolated from explants of
adult pig hearts and cultured in complete DMEM medium. Cells were
analyzed for their expansion ability and for the expression of surface markers.
All lines were positive for CD44 and CD34. Only a small percentage of cells
expressed CD31, while screening for CD45 gave a negative result in all the
lines obtained, regardless to their origin. Molecular characterization was
performed using primers designed for pluripotency, mesenchymal and cardiac
related genes. These cells were shown to actively transcribe for c-kit, Oct4,
Gata6, CD31, CD34, CD44, Mespl, Mesp2, Mef2a, Nkx2.5, ANP, Cx43,
Cardiac Actinin, Tbhx5 and Tbx18. Staining with Desmin, Connexin43, MF20,
Rhodamine Phalloidin, a-Tropomyosin and Smooth Muscle Actin antibodies
demonstrated that adult pig cardiac progenitors could differentiate into
cardiomyocytes and smooth muscle cells, when exposed to the appropriate

inducing media. Fusion experiments revealed that pig cardiac progenitor cells



have the ability to fuse with fetal rat cardiomyocytes, reflecting a distinct
property common to many types of cardiac progenitors. The data obtained
indicate that adult porcine cardiac progenitor cells can be isolated and cultured
in vitro. These cells display a high molecular affinity and share many
differentiation properties with a cardiac progenitor cell population recently
described in weanling pigs. This suggests that cardiac progenitors, although
more abundant and functional in the neonatal and post weaning period, are
present and active in adult porcine hearts and may represent an interesting tool
for preclinical and translational studies of stem cell-based cardiovascular

therapy.



Introduction

1. Introduction

1.1. The heart anatomy

The heart is the central organ that by rhythmic contraction pumps blood
continuously through the blood vessels. It is a hollow organ located in the
chest cavity above the diaphragm between the two lungs. It’s contained in the
connective tissue, the fibrous pericardium, and lined by a serous membrane,
the serous pericardium. The interior has four chambers: two upper atria, right
and left, and two lower ventricles, right and left.

The right pump receives deoxygenated (venous) blood from the body and
ejects it into the pulmonary trunk, which carries it to the lungs for
reoxygenation; the left pump receives the oxygenated (arterial) blood from the
lungs and ejects it into the aorta, which distributes it once more to the body.
The right atrium communicates with the right ventricle through an
atrioventricular opening with a valve, called tricuspid wvalve, which is
composed of three cusps that attach to a fibrous ring that encircle the
opening. Similarly, the left atrium communicates with the left ventricle
through an atrioventricular opening with a valve, called bicuspid or mitral
valve, which generally has only two major cusps. The atrioventricular valves

are intended to flush the blood from the ventricle during atrial systole and
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prevent blood reflux from the ventricle to the atrium during ventricular
systole.

The right atrium receives blood effluent from the general circulation by the
two venae cavae and the coronary sinus. The caudal vena cava enters the
caudodorsal part of this chamber, above the opening of the much smaller vein,
the coronary sinus that drains the heart itself. The cranial vena cava opens
craniodorsally at the terminal crest.

The left atrium has generally a similar form. It receives the pulmonary veins,
which enter at 2 sites (craniosinistral and craniodextral).

The right ventricle receives venous blood from the atrium and pumps it to the
lungs through the pulmonary artery. The pulmonary artery opening is located
at the base of the ventricle, more anteriorly and higher than the
atrioventricular opening and has 3 semilunar valves, characterized by a small
tibrous dimple, which allows the complete closure of the orifice during the
ventricular diastole. The right ventricle walls are irregular due to the various
muscle protrusions, the trabeculae carneae, which in some cases (papillary
muscles) reach with thin tendons, the chordae tendineae, the tricuspid valve
flaps.

The left atrium receives oxygenated blood returning from the lungs through
four pulmonary veins, which are devoid of valvular apparatus. The medial wall

corresponds to the interatrial septum, the anterior wall is irregular due to the
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presence of muscular trabeculae and the lower wall is characterized by
bicuspid or mitral valve orifice.

The left ventricle receives oxygenated blood, reflued from the lungs, and
pumps it into the systemic circulation through the aorta. The aorta orifice is
located at the base of the left ventricle, in the anterior-medial position respect
to the mitral valve orifice. The aorta orifice has three semilunar valves similar
for morphology and function to the pulmonary artery orifice. The left
ventricle walls have an irregular appearance due to the presence of numerous
trabeculae carneia that intersect each other. As the right ventricle, the
trabeculae carneia are different and between them the papillary muscles send
the tendon chordae to the valve cusps.

The heart wall consists of three overlapping layers from the inside out that are
the endocardium, myocardium and epicardium. The endocardiumis the
innermost layer of the tissue that lines all the heart chambers. The epicardium
is a double-walled sac that contains the heart and the roots of the great vessels.
The pericardial sac has two layers: the outermost fibrous pericardium and the
inner serous pericardium. The serous pericardium, in turn, is divided into two
layers, the parietal pericardium, which is fused to and inseparable from the
fibrous pericardium, and the visceral pericardium, which is part of
the epicardium. The epicardium is the layer immediately outside of the heart

muscle proper, namely the myocardium. The myocardium is the heart muscle
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itself and varies in thickness depending on its location, being thin in the atria
and thick in the ventricles. The myocardium is divided into common and
specific myocardium. The common myocardium allows the heart to contract
and is composed of single striated muscle fibers, namely the cardiomyocytes
interconnected each other by intercalated discs. The specific myocardium has
instead the function to conduct the contraction impulse along specific
directions and consists of globular cells with a few myofibril bundles that are
organized into two conduction systems, the sinuatrial system and the
atrioventricular system.

The system begins with the sinuatrial node, a specific cluster of myocardial
cells, located at the top of the right atrium, near the superior vena cava orifice.
The sinuatrial node generates spontaneously action potentials that propagate
through conduction fibers to the common myocardium of the wall atria. The
sinuatrial node function thanks to the presence of specific channels, called
HCN channels (Hyperpolarization-activated cyclic nucleotide-gated), through
which passes an inward current of potassium ions (K*) able to induce
depolarization (Di Francesco et al. 19806). The intensity and frequency of the
inward current is governed by the hyperpolarization potential and by the
intracellular concentration of cAMP. Cardiomyocytes during diastole has a
hyperpolarized potential that stimulates the activation of HCN channels and,

therefore, the initiation of an action potential. B-adrenergic stimulation

10
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increases the heart rate but decreases the vagal stimulation, increasing and
decreasing, respectively, the intracellular concentration of cAMP and,
consequently, the level of HCN channels activation.

The atrioventricular system begins with the atrioventricular node, localized in
the medial wall of the right atrium, near the coronary sinus orifice. From the
node starts a bundle of specific myocardial cells, known as the bundle of His,
which reaches the interventricular septum and, arrived in the muscular portion
of the septum, is divided into two branches. Each branch runs in the
interventricular septum to the apex and then backs in the papillary muscles. At
this level, branches ramify into Purkinje networks that go back to the base of
the ventricles (Figure 1) (Dyce, Sack and Wensing, Textbook of Veterinary

Anatomy, 1987).

Aorta
Left Pulmonary Veins

Right Pulmenary Veins
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Figure 1. Pig heart anatomy.
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1.2 Development of the embryonic heart

Heart and vascular system development begin very eatly in the mesoderm
both within (embryonic) and outside (extra embryonic) the embryo. The heart
forms initially in the embryonic disc as a simple paired tube inside the forming
pericardial cavity, which, when the disc folds, gets carried into the correct
anatomical position in the chest cavity. During gastrulation, cells migrate to
the embryo so as to be arranged in three layers: ectoderm, mesoderm and
endoderm (Gilbert SF. 2000, Developmental Biology, 6th edition). In
mammals, the mesoderm forms by the ingression of epiblast cells through the
primitive streak. Cells exiting at the posterior end of the primitive streak move
into the extra-embryonic region where they give rise to a mesodermal lineage
(allantoids, amnion and blood islands of the yolk sac). By contrast, cells
located in more anterior regions of the streak remain inside the embryo proper
and produce the paraxial, intermediate and lateral plate mesoderm of the
future trunk (Bachiller et al. 2003).
The mesoderm can be divided into five regions:
1) Cordamesoderm, which forms the notochord, a transient organ whose
major functions include inducing the formation of the neural tube and
establishing the anterior-posterior body axis (Gilbert SF. 2000,

Developmental Biology, 6th edition);

12
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2) Paraxial mesoderm (or somitic dorsal mesoderm), which forms
somites, blocks of mesodermal cells on both sides of the neural tube
that will produce many of the connective tissues of the back (bone,
muscle, cartilage, and dermis). The term dorsal refers to the observation
that the tissues developing from this region will be in the back of the
embryo, along the spine (Gilbert SF. 2000, Developmental Biology, 6th
edition);

3) Intermediate mesoderm, from which form the urinary system and
genital duct (Gilbert SF. 2000, Developmental Biology, 6th edition);

4) Lateral plate mesoderm, which gives rise to the heart, blood vessels,
and blood cells of the circulatory system, as well as to the lining of the
body cavities and to all the mesodermal components of the limbs
except the muscles. It will also form a series of extra embryonic
membranes that are important for transporting nutrients to the embryo
(Gilbert SF. 2000, Developmental Biology, 6th edition);

5) Head mesenchyme, which contributes to the connective tissues and
musculature of the face (Scott et al. 1997; Gilbert SF. 2000,
Developmental Biology, 6th edition).

The heart, therefore, arises from cardiac progenitor cells located in two
regions of the visceral mesoderm that growing extend cranially and laterally.

Subsequently, the cardiac progenitors migrate into the ventral position to form

13
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the cardiac tube that is composed of two layers, the endocardium and the
epicardium. The cardiac tube, therefore, go against a series of events, for
which the heart takes a spiral shape with the atria precursor region over the
ventricles precursor region. Meanwhile, at the atrioventricular canal level
endocardial cushions are formed, which refers to a subset of cells in the
primordial heart that play a fundamental role in the proper heart septation.
During this phase, there is also the formation of trabeculae, myocytes layer
along the inner surface of the ventricle and interventricular septa. Finally, in
the remodeling process, the heart is divided into four rooms through the
formation of septa, consisted for the most part of muscle structures and
atrioventricular cushions. Septa have cracks that permit the blood to pass
across the heart, allowing the embryo survival. With the first breath, these
cracks close completely, permanently separating the right circulatory system
from the left circulatory system (Moorman et al. 2003; Anderson et al. 2003;
Harvey et al. 2003).

Two processes are responsible for the formation of new blood vessels:
vasculogenesis and angiogenesis (Vailhé et al. 2001). Vasculogenesis refers to
the de novo formation of blood vessels from mesoderm (Pardanaud and
Eichmann 1998). This process occurs in the intestine, lung, aorta and in the
visceral mesoderm surrounding the yolk sac. The mesoderm of these organs

contains cells, called angioblasts, able to organize themselves into capillaries
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then take contact with the vessels of greater caliber. The main growth factors
that promote vasculogenesis are: FGF2 (Basic Fibroblast Growth Factor),
which is necessary for the formation of angioblasts from mesoderm (Ribatti et
al. 1995); VEGF (Vascular Endothelial Growth Factor), which promotes the
differentiation of angioblasts into vascular endothelium (Hoeben et al. 2004);
Angiopoietin-1 that mediates the interaction between endothelial cells and the
surrounding smooth muscle (Ferrara et al. 1996; Vikkula et al. 1990).
Angiogenesis consists rather in the formation of new blood vessels from
existing vessels (Allen and Wilson 1993; Risau et al. 1988). The developing
organs release angiogenic factors that induce endothelial cells to proliferate
and migrate to form new blood vessels inside the organ. The embryo blood
vessel system is organized so that the umbilical vein bring into the heart
oxygenated nutrient-rich blood, which is pumped in the aortic arches and then
to the entire embryo. At the same time, the umbilical artery leads to the

placenta the waste products.
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1.3 Cardiac development pathways

The heart development is controlled by a series of factors that activate the
expression of cardiac transcription factors and are essential for proper
organogenesis (Figure 2).

Nodal
ActivinA @ L

Type 1
receptor

Typell
receptor

Cell
membrane

Nucleus

Figure 2. Cardiogenic pathways (Young et al. 2010).

Among these, the BMP (Bone Morphogenetic Protein) signaling has a key role
in specifying and maintaining the cardiac lineage. BMP family members are
expressed in the endoderm, which is in close association with the cardiac
mesoderm. BMP active receptors promote the expression of Smad

transcription factors, which, in turn, induce the expression of cardiac genes
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(Schultheiss et al. 1997; Andree et al. 1998; Schlange et al. 2000; Schwartz and
Olson 1999; Searcy et al. 1998; Lien et al. 2002).

FGFS8 is involved in cardiogenesis and, together with transcription factors
basic helix-loop-helix Mespl and Mesp2 (mesoderm posterior 1 and 2),
stimulates the migration of cardiac precursors (Kitajiama et al. 2000).

Notch signaling remains restricted to the potential cardiac precursors
cardiomyogenic and adjusts the timing of their differentiation (Rones et al.
2000).

The main and best-known transcription factors that activate the differentiation
program of cardiac precursors are GATA4, Nkx2.5, Tbx5 and Mef2.

GATAA4 belongs to the family of GATA transcription factors that regulate the
expression of many genes interacting with the consensus sequence WGATAR
through a DNA binding domain that consists of two zinc finger motifs
(Whyatt et al. 1993). The GATA family consists of 6 isoforms: GATA1, 2, 3
are not redundant and are expressed specifically in the hematopoietic system
(Tsai et al. 1994; Pandolfi et al. 1995; Fujiwara et al. 1996). GATA4, 5, 6 are
restricted to the heart and intestines (Kelley et al. 1993; Grepin et al. 1995;
Laverriere et al. 1994; Jiang and Evans 1996). GATA4 is able to activate the
expression of numerous cardiac genes, often acting as a cofactor. In particular,

one of the most important interactions for the development rate is between

GATA4 and Nkx2.5: the binding of GATA4 to the Nkx2.5 C-terminal
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domain induces a conformational change that unmasks the Nkx2.5 activation
domain (Figure 3). The activation of Nkx2.5 is responsible for the expression
of several cardiac genes including ANF (Atrial Natriuretic Factor), a-cardiac

actin and MHC (Myosin Heavy Chain) (Durocher et al. 1997; Peterkin et al.

2003).
Little Activation High Activation High Activation
312
1
*The C-tarminus is displaced
The C-terminus auto-represses upon GATA binding No need for GATA
transactivation domains «GATA-4 activation domains No autorepression

synergize with Nkx2-5

Figure 3. Interactions between GATA4 and Nkx2.5.

Mef2 proteins are expressed at high levels in all muscle cells. The 4 Mef2
isoforms, Mef2a, Mef2b, Mef2c and Mef2d form homo- and heterodimers
able to interact with DNA at the consensus  sequence
(T/C)TAA/T)4TA(G/A) present in the promoters of several muscle specific
genes. Several evidences indicate that Mef2 proteins have a critical role in

regulating the differentiation of the all three muscle lines (Lin et al. 1997; Bi et
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al. 1999). The role of Mef2 has been studied mainly in skeletal muscle, where it
acts as a cofactor of the myogenic proteins bHLH (basic Helix-Loop-Helix)
MyoD, Myt5, myogenin and MRF4 (Kaushal et al. 1994; Molkentin et al.
1995). Numerous cardiac genes contain the binding site for Mef2 proteins,
including MLCV2V (Ventricular Myosin Light Chain), cardiac troponin T,
cardiac troponin I, MHC (Myosin Heavy Chain) and Desmin (Iannello et al.
1991; Molkentin and Markham 1993; Kuisk et al. 1996; Di Lisi et al. 1998).
Mef2 has a low affinity for cardiac promoters and is recruited at the level of
promoter sequences from the GATA transcription factors. The physical
interaction between GATA4 and Mef2, in particular, enhances the expression
of cardiac genes (Zang et al. 2004).

Finally, the transcription factor Tbx5 is added to the complex
GATA4/Nkx2.5 increasing the transcription levels of the cardiac
differentiation genes (Garg et al. 2003). Additional Tbox genes, including
Tbx2, Tbx3, Tbx18 and Tbx20 are expressed in distinct compartments of the
developing heart (Ryan and Chin 2003). Together, these T-box genes likely
contribute to cardiac lineage determination, chamber specification, valve
formation, epicardial development and specialization of the conduction system
(Plageman et al. 2005). T-box genes, including Tbx18 and Tbx5 are also
expressed in the epicardial cell layer of the heart and its progenitors (Kraus et

al. 2001; Hatcher et al. 2004; Tanaka and Tickle 2004).
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1.4 Self-renewal, pluripotency and differentiation ability of stem cells

Stem cells are defined by both their ability to make more stem cells, a property
known as ‘self-renewal’, and their ability to produce cells that differentiate.
One strategy by which stem cells can accomplish these two tasks is the
asymmetric cell division, whereby each stem cell divides to generate one
daughter cell with a stem-cell fate (self-renewal) and one daughter cell that
differentiates. Stem cells can also use symmetric divisions to self-renew and to
generate differentiated progeny. Symmetric divisions are defined as the
generation of daughter cells that are destined to acquire the same fate
(Morrison and Kimble 2006). Symmetric divisions are observed especially at
the early stages of embryonic development in order to increase the cell mass of
the embryo. Asymmetric division, however, is typical of embryonic stem cells
in the later stages of development and of adult stem cells in order to ensure
the homeostasis of the organs (Figure 4). The information about the molecular

mechanisms of self-renewal and pluripotency are not well known.

20



Introduction

SC
‘ Asymmetrical Division
Symmetrical Division dTAC

o &

Figure 4. Illustration of stem cell control by the niche (Secker et al. 2009).

One of the most studied pathways is the cytokine LIF (leukemia inhibitory
factor). LIF is a cytokine of the family of interleukin-6 produced by fibroblasts
that can regulate cell cycle progression and maintain the pluripotent ability of
embryonic stem cells. LIF acts on the LIF receptor (LIFR) that belongs to the
family of cytokines class I receptors: at the extracellular level consists of
fibronectin and at the intracellular level contains, instead, three domains, called
box1, 2 and 3, responsible for signal transduction (Taga et al. 1997; Patthy et
al. 1990, Bazan et al. 1989, Bazan et al. 1991). The receptor activation
determines the activation of the tyrosine kinase receptor associated with the

Box regions, which phosphorylate a number of transcription factors that
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promote the expression of the pluripotent genes. Among these, the most
important are STAT1 and STAT3 (Latent Factors Transcription Transmitting
Signals), ERK1 and ERK2 (Extracellular Signal Receptor Kinase), MAPK
(Mitogen Activated Kinases), Grb2 (Growth Factor Receptor Bound Protein)
and Gabl (Grb2 Associated Protein Binder) (Heinrich et al. 1998;
Vanhaesebroeck and Alessi 2000). Besides, among the genes regulated by the
LIF pathway, Oct4 transcription factor is the key of the pluripotency. The
target genes of Oct4 can be divided into three groups: those activated by Oct4
and its cofactor Sox-2 (FGF4, Utfl, Fbx15 and Leftyl) (Yuan et al. 1995;
Nishimoto et al. 1999; Tokuzawa et al. 2003); those repressed by Oct4 (a-hCG
and b-hCG) (Pesce et al. 2001) and those activated by Oct4 but also repressed
by a squelching mechanism when Oct4 is over expressed (Rex1) (Niwa et al.
2000; Niwa et al. 2001; Matoba et al. 2000).

It was recently highlighted the importance of another pluripotent transcription
factor: Nanog. Nanog knockout embryos die soon after implantation because
the epiblast of these embryos is not pluripotent but have a differentiation
potential restricted to the endodermal cell line. Similarly, the inactivation of
Nanog in embryonic stem cells results in the differentiation to the extra
embryonic endoderm layer of the visceral and parietal yolk sacs (Chambers et
al. 2003; Mitsui et al. 2003; Theunissen and Silva 2011). Another particular

aspect of a stem cell is the different cell cycle progression in contrast of that of
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a somatic cell, which is primarily regulated at the G1 phase by the RB
(retinoblastoma protein) and the Myc pathway. In embryonic stem cells, the
cyclin-CDK complexes (Cyclin Dependent Kinase) are constantly active and
require no adjustment. The regulation of G1 phase mediated by the RB
pathway is required only during differentiation (Savatieret al. 1996; Wianny et
al. 1998; Sherr and Roberts 1995). The high proliferative rate of embryonic
stem cells is also due to the fact that the cell cycle progression is independent
from the action of mitogenic factors, such as the Ras/ERK pathway (Burdon
et al. 1999; Jirmanova et al. 2002; Schratt et al. 2001). The stem cells
proliferative ability is also independent of the PI3K signaling kinase that
activates PKB by phosphorylation, which increases the cyclin D1 degradation
level and increases the expression levels of the p27 inhibitor (Ojaniemi et al.
2003). During embryonic development, the embryonic stem cells give way to
adult stem cells that colonize the various tissues and organs. The formation of
various cell types is completed after birth. Nevertheless, many tissues have a
pool of multipotent adult stem cells able to ensure the homeostasis of the host
tissue (Schofield and Weightman 1978).

Adult stem cells reside within niches that protect stem cells. Niches are
composed not only of stem cells but also of differentiated cells that retain
some stem cells within the niche while, on the other hand, exposed stem cells

to a series of signals that control their pluripotency. The microenvironment of
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the niche is characterized by numerous signals, including factors secreted by
stem cells and cell-cell interactions mediated by integral membrane proteins
(integrins, cadherins) and the extracellular matrix (Figure 5). The cell adhesion
mediated by cadherins is crucial for the organization and maintenance of stem
cells within the niche. Among the signals within the niche, the adhesion to the
extracellular matrix, mediated primarily by integrins, plays a fundamental role
in maintaining stem cells contained in the niche. For example, high expression
levels of 31 integrin are required for the maintenance of epidermal stem cells
where 1 integrin regulates the differentiation of keratinocytes and other cell
types through the MAP kinase signaling. Integrins also propetly localize cells
within the tissue and an altered integrin expression in the niche induces stem
cells differentiation or apoptosis (Jensen et al. 1999, Zhu et al. 1999,
Quesenberry and Becker 1998). In addition, integrins play a role in signaling

by activating a series of growth factors receptors (Moro et al. 1998).
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Figure 5. Niche signals (Li and Xie 2005).

The niche, therefore, protects stem cells from differentiation. So, the strategy
used by stem cells to generate a differentiated progeny is to follow the
asymmetrical division according to a specific polarity axis and a precise
orientation of the mitotic spindle that allow one of the daughter cells to
become external of the niche in an environment that promotes differentiation
(Li and Xie 2005). Stem cells progeny in the niche is surround by an
environment specific of a certain type of tissue, characterized, therefore, by
the presence of factors that induce the differentiation into cell types typical of
the tissue. But it has been shown that, adult stem cells are multipotent, so they
are able to differentiate into cells of other tissues and organs (Brazelton et al.
2000; Mezey et al. 2000; Krause et al. 2001; Lagasse et al. 2000; Clarke et al.
2000; Bjornson et al. Science 1999; Ferrari et al. 1998; Otlic et al. 2001; Blau et

al. 2001).
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The multipotent mechanisms are the subject of a debate between those who
argue that adult stem cells transdifferentiate by fusion and those who argue
that the transdifferentiation is fusion independent. Cell fusion of two cells that
have several states of differentiation generates a hybrid cell that loses the
differentiating features of fused cells and, therefore, can be reprogrammed.
Nygren and colleagues have shown that transplanting unfractionated marrow
cells labeled with GFP under the control of the B-actin promoter in the
infarcted hearts of transgenic LacZ mice the percentage of GFP positive
cardiomyocytes is very low. These cells are also located outside the infarcted
area and derive from cell fusion events between the transplanted cells and the
cardiomyocytes survived (Nygren et al. 2004).

In contrast, the Anversa’s group said that the differentiation of bone marrow
cells into cardiomyocytes is independent of cell fusion. In fact, in this set of
experiments, Lin-/c-kit* cells labeled with GFP and isolated from a donor
male were transplanted in the infarcted hearts of female patients. At the
damaged level the cells GFP/Y chromosome positive do not express the
hematopoietic markers CD45 but expressed, however, specific markers of
cardiac differentiation. They are mononuclear and do not possess more than
one X chromosome in addition to the Y chromosome. These results exclude,
therefore, the fusion of transplanted cells with resident cardiomyocytes

(Kajstura et al. 2005).
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Recently, a series of molecules that play a fundamental role in the cardiac
differentiation processes has been described. These include Notch, which is
responsible for the differentiation of various cell types of the ventricle. Notch
acts on the cardiac progenitors by inhibiting the expression of heart muscle
proteins and activating the expression of markers characteristic of conduction
cells, such as SNAP25 and HNK1 (Chau et al. 2000).

Noggin, however, is an antagonist of BMP (Bone Morphogenetic Protein),
which, together with Wnt and FGF, is involved in the heart development
(Marvin et al. 2001). During the development, Noggin is expressed at high
levels but in a transient way in the heart formation region. It has been shown
that the inhibition of BMP signaling by Noggin induces mouse embryonic
stem cells to differentiate into cardiomyocytes (Yuasa et al. 2005).

Wnt also seems to play a key role in cardiac differentiation. It has been
demonstrate that Wnt induces human circulating endothelial progenitors
differentiation into cardiomyogenic cells acting along a pathway independent
of B-catenin when cocultured with rat cardiomyocytes (Koyanagi et al. 2005).
It was also reported that reactive oxygen species (ROS) generated by the NOX
family of NADPH oxidases act as second messengers regulating cell growth
and differentiation. In fact, ROS drive early stages of cardiogenesis, as revealed
by an impaired cardiac differentiation in the presence of ROS scavengers.

Down-regulation of NOX4, the major NOX isoform present during early

27



Introduction

stages of differentiation, suppressed both cardiogenesis and cardiac
myofibrillogenesis  while H2Oz could rescue the altered phenotype.
Mechanisms of ROS-dependent signaling included p38 mitogen-activated
protein kinase (MAPK) activation and nuclear translocation of the cardiac
transcription factor myocyte enhancer factor 2c (Mef2c).The active form of
Mef2c¢ translocates into the nucleus and promotes the expression of cardiac

genes, including sarcomeric proteins (Li et al. 2000).
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1.5 Cardiac diseases

Cardiac disease can be divided into five main groups: ischemic
cardiomyopathy, chronic cardiomyopathy, valvular disease, myocardial

ischemic diseases and congenital disorders.

1.5.1 Cardiomyopathies

Cardiomyopathies are a group of heart muscle disease caused by the
deterioration of the myocardium function. They are divided into three main
groups on the basis of clinical, functional and pathological aspects: dilated
(DCM), hypertrophic (HCM) and restrictive (RCM).

DCM is defined by structural hallmarks of left ventricle dilation and increased
left ventricle chamber radius-to-wall thickness ratio, resulting in increased left
ventricle wall stress (Dixon and Spinale 2009). There are frequent mural
thrombi that can give rise to emboli. Sometimes, there is mitral reflux for
expansion of the ventricular chamber. Most hypertrophic cells have enlarged
nuclei but many are thin and streaked. Varying degree of interstitial and
endocardic fibrosis are present and there are often evident fibrous scars.

About 40% of dilated cardiomyopathy cases have no identifiable reasons.

29



Introduction

Other possible causes are genetic or family factors, immunologic
abnormalities, viral myocarditis and cytotoxic damage from alcohol.

HCM is a primary myocardial disease that has variable manifestations because
the interactions between the many facets of systolic and diastolic dysfunction
of the heart are complex (Lin et al. 2002). HCM is characterized by myocardial
hypertrophy, abnormal diastolic filling and a good number of cases of
obstruction intermittent left ventricular outflow. The disease is inherited in
an autosomal dominant fashion. Genes involved in the onset of hypertrophic
cardiomyopathy encode for contractile proteins of heart muscle, including
myosin heavy chains @, cardiac troponin T, a-tropomyosin and C protein
bound to myosin. The massive and diffuse left ventricular hypertrophy cause a
decrease in cavity volume and a reduced wall compliance with the reduction of
diastolic filling, decrease of stroke volume and cardiac failure. This results in
an increase of pulmonary venous pressure and left ventricular pressure in the
chamber. The most severe complications are atrial fibrillation, mural thrombus
formation and possible embolism, ventricular arrhythmias, infective
endocarditis of the mitral valve and sudden death.

RCM is defined as heart-muscle disease that results in impaired ventricular
filling, with normal or decreased diastolic volume of either or both ventricles
but does not affect the contractile function of the ventricle. Systolic function

usually remains normal, at least in the early disease, and wall thickness may be
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normal or increased, depending on the underlying cause. The condition usually
results from increased stiffness of the myocardium that causes pressure within
the ventricle (or ventricles) to rise precipitously with only small increases in
volume. RCM can be idiopathic or associated with other diseases affecting the
myocardium, in particular actinic fibrosis, amyloidosis, sarcoidosis, metastatic

tumors or metabolic disorders (Kushwaha et al. 1997).

1.5.2 Ischemic cardiomyopathy

The ischemic cardiomyopathy (IHD) is the consequence of ischemia, namely a
situation in which the coronary perfusion is not adequate to the needs of
blood required by the myocardium. In most of myocardial ischemia cases, the
cause is a change of an atherosclerotic plaque only partially stenotic. Events
able to determine the complete coronary artery occlusion are a hemorrhage
within the atheroma with increased plaque volume, a breakage or cracking of
the plaque with consequent exposure of highly thrombogenic components or
an erosion or ulceration of plaque with exposure of thrombogenic constituents
of the basement membrane.

The clinical manifestations of IHD are angina pectoris, myocardial infarction,

chronic ischemic cardiomyopathy and sudden cardiac death.
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Angina pectoris is characterized by paroxysmal attacks of chest pain caused by

transient myocardial ischemia sufficient to cause the infarction. There are three

main forms of angina pectoris:

Stable angina is related to coronary atherosclerosis chronic stenosing
responsible of the reduced perfusion. In this condition, increases in
metabolic demands make the heart vulnerable to ischemia. Stable
angina recedes with rest, leading to a decreased of metabolic demand,
or with nitroglycerin that is a potent vasodilator;

Unstable angina can occur with or without physical exertion and rest or
medicine may not relieve the pain. Unstable angina is caused by
ulceration or rupture of an atherosclerotic plaque with overlapping of
the parietal thrombosis and possible embolization or vasospasm;
Microvascular Angina, or Angina Syndrome X, is characterized by
angina-like chest pain but have different unknown causes, which
appear to be the result of poor function in the tiny blood vessels of the

heart, arms and legs.

Furthermore, myocardial infarction (MI) is characterized by severe and long-

term ischemia that can result in heart muscle death. There are two basic types

of acute myocardial infarction: transmural (TMI) and subendocardial

infarction (SEI).
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TMI isassociated with atherosclerosis involving major coronary artery. TMI
extends through the whole thickness of the heart muscle and are usually a
result of complete occlusion of the area's blood supply.

SEI involves a small area in the subendocardial wall of the left ventricle,
ventricular septum or papillary muscles. Subendocardial infarcts are the result
of locally decreased blood supply, possibly from a narrowing of the coronary
arteries. For this reason, the subendocardial infarction may occur in the
absence of plaque rupture and thrombosis, or simply be consequent to diffuse
stenosing coronary atherosclerosis. Typically, total occlusion of a coronary
artery leads to amyocardial infarction. The atherosclerotic plaque modification
attracts platelets at the plaque level that adheres to the vessel wall, aggregate
and release powerful aggregators such as TXA2, serotonin and platelet factors
3 and 4 that stimulate the vasospasm. At the same time, it is released tissue
thromboplastin, which activates the extrinsic pathway of coagulation. Within a
few minutes, the thrombus occluded completely the lumen of the coronary
vessel considered. Ten % of myocardial infarction cases are not associated
with atherosclerotic thrombosis. Other possible etiologic mechanisms are
vasospasm and emboli. In some cases, the heart attack remains unexplained.
Sudden cardiac death is caused by lethal arrhythmia. The long-term

atherosclerosis, in association with diffuse myocardial atrophy, interstitial
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fibrosis and myocardial scarring, in fact, can damage the conduction system
and create an unstable cardiac electro-mechanics condition.
Heart failure is usually a long-term (chronic cardiomyopathy) illness and

coincides with the post-infarct heart failure and is associated to hypertrophy.

1.5.3 Valvular heart disease

Valvular heart disease is any disease process involving one or more of the
valves of the heart (the aortic and mitral valves on the left and the pulmonary
and tricuspid valves on the right). Valve problems may be congenital (inborn)
or acquired (due to another cause later in life). Treatment may be with
medication but often (depending on the severity) involves valve repair or
replacement (insertion of an artificial heart valve). Specific situations include
those where additional demands are made on the circulation, such as in
pregnancy. Pulmonary and tricuspid valve diseases are right-side heart
diseases. Pulmonary valve diseases are the least common heart valve disease in
adults. Both tricuspid and pulmonary valve diseases are less common than
aortic or mitral valve diseases due to the lower pressure those valves
experience (MacRae Calum, Genetics of Cardiomyopathy and Heart Failure

2010).
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1.5.4. Congenital heart defects

Congenital heart defects are problems with the heart's structure that are
present at birth. These defects can involve the interior walls of the heart,
valves inside the heart or the arteries and veins that carry blood to the heart or
out to the body. Congenital heart defects change the normal flow of blood
through the heart. There are many different types of congenital heart defects.
They range from simple defects with no symptoms to complex defects with
severe, life-threatening symptoms (Peter H. Bruno, Cardiomyopathies: Causes,

Effects and Treatment 2008).
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1.6 Cardiac stem cells available for heart therapy

The heart has always been considered a terminally differentiated post-mitotic
organ and so unable to renew itself. According to this theory, in the heart
tissue there was no population of myocytes able to re-enter the cell cycle and
no population of primitive cells that once activated differentiate into
cardiomyocytes. The only response to stress is hypertrophy and death of
cardiomyocytes. The inability of the heart to regenerate the myocardium has
been attributed to the fact that most of the precursors differentiated into
cardiac myocytes during the heart development. In fact, the heart is the first
organ completely differentiated that formed and function during the
embryonic development (Leri et al. 2005). Recently, the identification of
different classes of cardiac progenitor cells suggests that the heart may rather
contain a stem cell compartment, responsible for both tissue turn-over and
regeneration, which follows acute or chronic damage to the cardiac
tissue(Beltrami et al. 2003; Oh et al. 2003; Matsuura et al. 2004; Messina et al.
2004; Laugwitz et al. 2005; Pfister et al. 2005; Tomita et al. 2005). A distinct
characteristic of cardiogenic cells is that they can be either endogenous or
derive from outside the heart itself, can originate as the natural course of their
differentiation program (e.g., embryonic stem cells) or can be the result of

specific inductive conditions (e.g., mesenchymal stem cells). Why so many cell
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types have a cardiogenic potential, at least 7z vitro, is not clear. This can reflect
the requirement for a specific precursor of each cell types that are found in the
heart including cardiomyocytes, endothelial cells, smooth muscle cells,
conduction system cells as well as neurons or it can simply mimic the process
of cardiac differentiation, where a variety of progenitor cells contribute to new
cardiac tissue at different stages of embryonic development. The following are

the better-characterized cardiac progenitor cells.

1.6.1 Embryonic stem cells

Embryonic stem cells (ES) are pluripotent and able to differentiate into all cell

types while adult stem cells are multipotent and can form a limited number of

cell types. ES were derived from the inner mass of blastocysts, therefore, in

the pre-implantation embryo (Figure 06).
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Figure 6. Embryonic stem cell differentiation ability.

The outer layer of the blastocyst, the trophectoderm, is selectively removed by
immunosurgery techniques to free the internal mass that is plated on a feeder
layer of mouse embryonic fibroblasts non-proliferating (MEF) to form
colonies of stem cells embryo, which, on the one hand, are able to proliferate
remaining undifferentiated and retaining a stable diploid karyotype and, on the
other hand, are able to differentiate in the presence of suitable conditions in
the cells of all types of tissues. The most common method for inducing
differentiation zz vitro is to remove the ES cells from the feeder layer and to
grow them in suspension. ES cells begin to differentiate, forming three-

dimensional aggregates called embryoid bodies (EBs), which are then grown
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on plates pre-coated with gelatin. In this condition, EBs begins to express in
different regions several markers specific of embryonic ectoderm, mesoderm
and endoderm (Itskovitz-Eldor et al. 2000). Regarding the cardiac
differentiation, the EBs formed regions that contract spontaneously. Cells
isolated from these regions express transcription factors and proteins specific
of cardiomyocytes, including GATA4, Nkx2.5, cardiac troponin I and T, ANP
(Atrial Natriuretic Peptide) and MLCs (Myosin Light Chains). Stem cell-
derived cardiomyocytes are able to integrate functionally into the myocardium
of adult mice (Klug et al. 1996).

Embryonic stem cells and, more recently, induced Pluripotent Stem cells (iPS)
have been shown to be able to differentiate 7# wiro into genuine
cardiomyocytes (Figure 7) and supportive cardiac cells (Passier et al. 2008;
Narazaki et al. 2008) as well as to integrate into heart tissue, improving cardiac

function (Yan et al. 2009; Laflamme et al. 2007).

Figure 7. ES differentiation into cardiomyocytes (Anderson et al. 2007).
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However, ES and iPS also have disadvantages that may limit their use in
clinical settings. Possibly, the most serious is their propensity to develop
teratomas, tumors that contain a variety of different tissues (Nussbaum et al.
2007). Furthermore, ES/iPS cells differentiate into heterogeneous populations,
where cardiac cells represent approximately 1%. It is therefore necessary to
improve this efficiency and to obtain heart specialized cell types, such as
ventricular and atrial myocytes or pacemaker and conduction system cells
(Behfar et al. 2008). Finally, grafted ES form a syncytium that usually becomes
separated from the myocardium by a layer of fibrotic tissue. This prevents a
proper electrical coupling and is a major risk factor for arrhythmias (Laflamme
et al. 2007). Most of these limitations, however, could be overcome by the
recently reported derivation of induced cardiomyocytes (ICM) (Ieda et al.
2010). These new cells were obtained by transfecting postnatal cardiac
fibroblasts with a combination of three developmental transcription factors,
such as Gata4, Mef2c and Tbx5. Induced cardiomyocytes express cardiac
specific markers and have a gene expression profile similar to cardiomyocytes
and contract spontaneously. Since the reprogramming protocol does not
involve, in this instance, a pluripotent embryonic-like status, these cells should

not have the propensity to develop teratomas.
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1.6.2. Cardiac stem cells

It has been documented that small clusters within the ventricles and atria of
the adult heart contain a pool of resident cardiac stem-progenitor cells (CSCs)
that not only can replenish the cardiomyocytes population (Beltrami et al.
2003; Oh et al. 2003; Matsuura et al. 2004; Messina et al. 2004; Laugwitz et al.
2005; Pfister et al. 2005; Tomita et al. 2005) but are also able to regenerate
coronary vessels (Beltrami et al. 2003; Torella et al. 2005). As well as playing an
essential role in myocardial regeneration, it is increasingly evident that resident
CSCs also play an important role in normal cardiac homeostasis and
myocardial response to injury. Moreover, the CSCs likely represent the best
candidate cell for long-term reconstitution of lost myocardium either by cell
transplantation or through 7z situ activation (Torella et al. 2005). CSCs are
derived from small heart biopsies through a delicate enzymatic digestion that
releases round cells, which in turn form round bodies in suspension culture,
called cardiospheres. Various evidences suggest that CSCs effectively repair
the damaged myocardium, probably because their natural function is to repair
proper the damaged myocardium. The intra-coronary injection of CSCs in a
mouse model of heart attack, in fact, significantly improves the hemodynamic
parameters of the treated mice compared with those not treated. The injected

CSCs are able to cross the vessel wall and migrate into the infarcted region and
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to differentiate into vascular and cardiac cells and exert positive paracrine
effects (Smith et al. 2007). The new generation of myocytes is distinguished
from the rest of the cardiac tissue because they gather in sites surrounded by
scar tissue (collagen I and III) and have morphology similar to that of neonatal
cells. Instead, in the myocardium surrounding the infarcted area of the injected
stem cells formed cardiac myocytes mature indistinguishable from the rest of
the cardiomyocytes.

CSCs and their progeny are located within the heart tissue in specific niches
and form connections with the supporting cells, fibroblasts and
cardiomyocytes (Figure 8). The cardiac niches are arranged in the less

mechanical stress regions, mostly at the atria level (Urbanek et al. 20006).

Connexin43

Figure 8. Cardiac niches containing CSCs and putative supporting cells

(Urbanek et al. 2000).
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Furthermore, Anversa et al. have isolated from adult myocardium groups of
stem cells that express c-kit, MDR1 and Sca-1 markers but do not express
transcription factors and proteins specific of cardiomyocytes. Cells positive to
c-kit surface antigen are located in small clusters within the ventricles and atria
of the adult heart. These cardiac c-kit* cells are self-renewing, clonogenic and
multipotent, giving rise to a minimum of three different cardiogenic cell
lineages: myocytes, smooth muscle cells and endothelial cells (Figure 9)
(Beltrami et al. 2003; Rota et al. 2008; Tallini et al. 2008). c-kit* CSCs are
different from other progenitors because they are negative for CD34, typical
of endothelial progenitor cells (EPCs), and CD45, expressed in hematopoietic
stem cells. The CSC population also includes cells expressing stem cell antigen
1 (Sca-1) but not c-kit (Oh et al. 2003), a cell population Sca-1-/c-kit/CD31-
(Laugwits et al. 2005) as well as another Sca-1*/c-kit" cell type (Matsuura et al.

2004).

Figure 9. Some c-kit* cells coexpress PECAMI, indicating endothelial

commitment (Tallini et al. 2008).
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1.6.3. Adult cardiac progenitor cells

In 2003, Oh’s group isolated the Sca-1* cardiac progenitors from the adult
heart muscle. In particular, cardiomyocytes were separated from the other
adult heart cells disrupting the tissue in lethal conditions for most of the
cardiomyocytes. The adult heart cells were subsequently analyzed by flow
cytometry to assess the expression of different markers. Approximately, 14-
17% of analyzed cells expressed Sca-1. Sca-1* cells are small interstitial cells
adjacent to the basal lamina, do not express hematopoietic stem cells markers
and do not express c-kit, Fltl, Flk1, vWF and VEC. They express, however,
CD31 or its receptor CD38 involved in cell-cell adhesion processes (Figure
10). These cells also show high telomerase activity and express the eatly
cardiac transcription factors, such as GATA4, TEF1 and Mef2c, but do not
express the typical genes of mature cardiomyocytes. The Sca-1* progenitors
differentiate into cardiac mature myocytes zz vitro when cultured in the
presence of 5'-azacytidine, a demethylating agent that induces differentiation,
and if transplanted into a model of myocardial infarction, Sca-1* progenitors
are able to reach the damaged tissue and to differentiate into cardiomyocytes

through fusion event with the survived cardiomyocytes (Oh et al. 2003).
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Figure 10. Isolation of Sca-1*cells from adult mouse myocardium (Oh et al.

2003).

1.6.4. Is/1*cardioblasts

Cells derived from the secondary heart field during embryonic development
persist, in small numbers, in the adult myocardium of different species and are
marked by the expression of Isletl (Isll) (Chien et al. 2003). Isll is a
transcription factor characteristic of a cells population abundantly present in
the embryonic heart (Figure 11). Some of these cells remain undifferentiated
even after the complete formation of the heart but their number decreases
gradually. In the adult heart, Isl1* cardioblasts are present in groups in both
atria and ventricles as single cells. They express specific markers of early
cardiac tissue, such as Nkx2.5 and GATA4, but do not express transcription

factors typical of mature cardiomyocytes and are also negative for Sca-1 and c-
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kit (Laugwitz et al. 2005). Isl1* cardioblasts spontaneously differentiate into
cardiomyocytes and express cardiac proteins in the presence of mature
cardiomyocytes independently of their fusion with them. Isll cells can also

give rise to smooth muscle and endothelial cells (Laugwitz et al. 2008).
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Figure 11. Isll* progenitors in the late embryonic and postnatal heart

(Laugwitz et al. 2005).

1.6.5. Mesoangioblasts

A possible alternative source of precursors is represented by mesoangioblasts
(Mabs), vessel-associated progenitor cells that can differentiate into all cell

types of the mesoderm, so also into cardiac tissue but with a low efficiency
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(Minasi et al. 2002; De Angelis et al. 1999; Jackson et al. 1999; Cossu and
Bianco 2003). Mesoangioblasts and hemangioblasts derive from a common
ancestor, the primitive angioblasts, located in the region aorta-gonad-
mesonephros (AGM). Mesoangioblasts are able to repair the damaged heart
tissue by different mechanisms. In 2005, Galli et al. have shown that intra-
arterial injection of mesoangioblasts isolated from the dorsal aorta of embryos
at 9.5 days improves cardiac function in rats subjected to myocardial
infarction. It has been hypothesized that this benefit depends on the
formation of new blood vessels around the infarcted area, on the greater
survival of the heart tissue and, to a lesser extent, on the formation of new
cardiomyocytes. One of the main mechanisms is the release by the
transplanted cells of growth factors and chemokines that promote the
formation of new blood vessels and, consequently, reduce the death of the
surviving cardiomyocytes. Among these, VEGFB (Vascular Endothelial
Growth Factor B) is known to be a growth factor that promotes angiogenesis
and maturation of the neovessels.

The mesoangioblasts also produce other growth factors that promote the
cardiomyocytes survival independently of the formation of new blood vessels,
including bFGF, HGF (Hepatocyte Growth Factor) and IGF1 (Insulin-like
Growth Factor 1) (Figure 12). Differentiation of mesoangioblasts into

cardiomyocytes is, however, a very rare event (Galli et al. 2005).
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Figure 12. Growth factors producedby mesoangioblasts (Galli et al. 2005).

1.6.6. Cardiac mesoangioblasts

Cardiac mesoangioblasts have been isolated from the vessels of ventricle,
atrium and aorta taken from the heart of adult mice. Cardiac mesoangioblasts
have the same phenotypic characteristics of embryonic mesoangioblasts but
express genes necessary for cardiac differentiation, such as Nkx2.5, GATA4
and Connexin43 (Cx43). They do not express, however, muscle markers and
are unable to differentiate into skeletal muscle. Unlike embryonic
mesoangioblasts, cardiac mesoangioblasts are able to produce osteoblasts or
adipocytes but they maintain the ability to differentiate into smooth muscle.

Their vascular origin is demonstrated by the fact that they express some of the
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early endothelial markers, including CD31, CD34, NG2 and alkaline
phosphatase (AP). Cardiac mesoangioblasts isolated from the ventricle
differentiate spontaneously in vitro in functional cardiomyocytes with high
efficiency (Figure 13). Differently, cells isolated from the aorta show a high
differentiation potential while cells of atrial origin are not able to
spontaneously differentiate into cardiomyocytes and with low efficiency,
although cocultured with fetal rat cardiomyocytes. Cardiac mesoangioblasts are
also able to reach and colonize the damaged heart tissue in a model of

myocardial infarction (Galvez et al. 2008).

Figure 13. Differentiation of cardiac mesoangioblasts (Galvez et al. 2008).
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1.6.7. Mesenchymal stem cells

Mesenchymal stem cells (MSC) are mainly found in the bone marrow stroma
and in adipose tissue, are multipotent, can be easily amplified in culture and
differentiate efficiently into different cell types including adipocytes,
chondrocytes, osteoblasts and endothelial cells (Pittenger et al. 1999). Despite
the fact that they differentiate into contracting cardiomyocytes with low
efficiency, MSC administration leads to a significant functional improvement
and to a lower mortality rate (Silva et al. 2005). However, the ability of MSCs
to transdifferentiate into cardiomyocytes is highly controversial (Rose et al.
2008) and their beneficial effect is thought to derive mainly from their
influence on neovascularization of the ischemic tissue and their protection of
resident cells (Gnecchi et al. 2008). This property, together with their low
immunogenicity (Aggarwal et al. 2005), make MSCs an efficient cellular vehicle
for delivering therapeutic substances to the myocardial lesion (Boudoulas et al.

2009), promoting their use in allogeneic recipients as well.
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1.6.8. Skeletal myoblast cells

Skeletal myoblasts, or satellite cells, are the endogenous stem cell population
that efficiently maintains homeostasis in skeletal muscle (Buckingham et al.
2008). They are easy to isolate and propagate iz vitro. The similarity between
skeletal and cardiac muscle cells suggests that satellite cells should be able to
switch towards a cardiomyocytes fate once inside the ventricular tissue.
However, even if the administration of satellite cells brings the formation of
contracting cells, these largely fail to form intercalated disks and appropriate
gap junctions with resident cardiomyocytes (Reinecke et al. 2002), often

causing serious arrhythmias (Leobon et al. 2003).

1.6.9. Bone marrow-derived progenitor cells

Bone marrow-derived progenitor cells (BMPCs) are a heterogeneous mixture
that comprises endothelial progenitor cells, mononuclear bone marrow cells
and CD34+ cells. BMPCs have been administered to patients affected by acute
myocardial infarction or chronic ischemic heart failure with positive effects on
cardiac function and documented safety of this therapeutic approach (Martin-

Rendon et al. 2008). These cells constitute an appealing source of cardiac
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precursors because they can be easily collected from bone marrow aspirates or
from the peripheral blood. However, BMPCs plasticity and their ability to
acquire the cardiomyocytes lineage after infarction are still controversial

(Hosoda et al. 2010).

1.6.10. Endothelial and epicardial progenitor cells

Finally, both endothelial (Zeisberg et al. 2007) and epicardial (van Tuyn et al.
2007) cells become activated after injury and give rise to cardiac, vascular and
myofibroblast/smooth muscle cells resuming their capacity during
development. In particular, during heart development, cells from the
proepicardial organ spread over the naked heart tube to form the epicardium.
From here, epicardium-derived cells (EPDCs) migrate into the myocardium.
The epicardium is the principal source of precursor cells for coronary
vasculogenesis (Perez-Pomares et al. 2006). More recently, the epicardium has
been shown to contribute ~4% of the cardiomyocytes of the developed heart
(Cai et al. 2008). Furthermore, EPDCs proved to be indispensable for the
formation of the ventricular compact zone and myocardial maturation, by
largely unknown mechanisms. EPDCs also contribute to the development of

ventricular myocardiumand can stimulate neonatal cardiomyocytes
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proliferation, a phenomenon that was described earlier for fetal
cardiomyocytes (Weeke-Klimp et al 2010). They express some genes typical of
cardiomyocytes, such as CX43 and Mef2a and are also characterized by the
specific markers of epicardium, such as Tbx18, epicardin (TCF21) and WT-1
(Smart et al. 2009). These evidences suggest that the epicardium can be a
possible site of origin for resident stem or progenitor cell populations in the
mouse and in the human (Figure 14) (Zhoul et al. 2008; Smart et al. 2009;

Smart et al. 2011; Zhou?2 et al. 2008).

Figure 14. EPDCs-derived cells differentiate into cardiomyocytes (Zhoul et

al. 2008).
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1.7. Cardiac stem cells available in large animal models

After having described the
known so far in the heart or

we now describe which cells

different kind of cardiogenic population cells
in other organs able to generate cardiomyocytes,

are available in the most common large animal

models, such as dog, sheep and pig (Figure 15).
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Figure 15. Cardiac stem cells

Dog cardiac stem cells are

available in large animal models.

available from different sources. Furthermore,

canine skeletal muscle satellite cells were one of the first cell types isolated and

tested for their capacity to regenerate damaged myocardial tissue providing

proof of principle studies on

the safety and efficacy of this method (Yoon et
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al. 1995). One of the most investigated cell type is the bone marrow-derived
MSC that has the important advantage of eliciting a very mild immune
response and can therefore be used in heterologous transplants with no need
of immunosuppressive treatments (Silva et al. 2005). Dog MSCs can also
undergo cardiomyogenic specification by ex vivo pre-treatment with specific
growth factors, thus improving their regenerative properties (Bartunek et al.
2007). These cells have positive effects when administered after both an acute
or chronic myocardial ischemia (Silva et al. 2005; Vulliet et al. 2004). Very
recent data demonstrate that it is possible to derive dog endothelial progenitor
cells and, thanks to the anatomical similarities described above, it was possible
to demonstrate that these cells can also be administered effectively following
subendocardial injections, a clinically more practical route of administration
(Mitchell et al. 2010). The dog heart also possesses an endogenous cardiac
stem cell pool characterized by undifferentiated cells that are self-renewing,
clonogenic and multipotent (Linke et al. 2005). As described for the
corresponding human cells (Beltrami et al. 2003) canine CSCs express c-kit,
MDR1, and Sca-1-like antigens suggesting that results obtained in the dog are
likely to be relevant to man. Dog CSCs can also form three-dimensional cell
aggregates, so called cardiospheres, whose regenerative properties are currently
under investigation (Bartosh et al. 2008). Sheep mesenchymal stem cells can be

easily derived as in other large animal models (Weir et al. 2008). In this species
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the perivascular STRO-3 positive mesenchymal precursor cells (MPCs), a
small fraction of mesenchymal stem cells that demonstrate an extensive
capacity for proliferation and differentiation, have also been identified and
tested for their regenerative properties (Hamamoto et al. 2009).

Sheep is often used to study the possibility to use MSC for cardiac valve
regeneration in association with bioabsorbable valved patches (Kalfa et al.
2010; Sutherland et al. 2005). Bone marrow mononuclear cells (BMMC) have
been used to create 7z wvitro tissue-engineered heart valves based on a
decellularized porcine scaffold then tested in autologous transplantats
(Vincentelli et al. 2007). Endothelial progenitor cells (EPCs) have also been
used as a cell source for the creation of tissue-engineered heart valves in sheep
(Sales et al. 2010). Skeletal myoblast can be derived and propagated 7 vitro in
sheep as described in other species and large areas of grafted cells can be
found within the myocardial lesion, however the cells maintain the histological
features of well-differentiated skeletal muscle cells (Ghostine et al. 2002).

Pig cardiogenic stem cells are the most studied. In this species all sort of bone
marrow-derived stem cells are currently available. These include BM-derived
mononuclear cells (BM-MNCs) (Kamihata et al. 2001; Bhakta et al. 20006;
Makela et al. 2007), peripheral blood mononuclear cells (PB-MNCs)
(Kamihata et al. 2002; Doyle et al. 2008) and BM-derived mesenchymal stem

cells (Pak et al. 2003). Bone marrow-derived MSC have been magnetically
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labeled in order to develop non-invasive methods for studying the
engraftment based on magnetic resonance imaging (MRI) (Kraitchman et al.
2003; He et al. 2007). Pig MSC were used also to explore new delivery
methods like a patch of a fibrin matrix seeded with autologous cells (Liu et al.
2004). As it was observed in other species, pig MSCs can be prepared from an
allogeneic donor without being rejected, confirming that these cells have a
major practical advantage for their widespread application in a clinical setting
(Amado et al. 2005) and are also being tested for proving the safety of an “off-
the-shelf” cellular cardiomyoplasty strategy (Poh et al. 2007). In addition,
direct intramyocardial injection of MSCs results in successful engraftment and
differentiation into cardiomyocytes and endothelial cells and preserves left
ventricular function in acute (Makkar et al. 2005) and chronic myocardial
lesions (Schuleri et al. 2009). Cardiogenic stem cells have been derived from
pig adipose tissue (ADSCs) and can engraft in the infracted region four weeks
after transcatheter intracoronary cell transplantation improving cardiac
function and perfusion via angiogenesis with an efficiency comparable to that
of bone marrow-derived stem cells (Valina et al. 2007). Pig amniotic fluid-
derived mesenchymal cells (AFC) are also available. However, when auto
transplanted in a porcine model of acute myocardial infarction, AFC are able
to transdifferentiate to cells of vascular cell lineages but not to cardiomyocytes

(Sartore et al. 2005). Resident cardiac stem cells can be derived from pig
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endomyocardial specimens. When pig CSCs are grown in primary culture they
form cardiospheres that can be plated to obtain cardiosphere-derived cells
(CDCs). CDCs are cardiogenic 7 vitro as indicated by spontaneous intracellular
calcium transients and action potentials as well as fast, inward sodium
currents, however, cardiospheres and CDCs do not spontaneously contract
(Smith et al. 2007). Satellite cells and many different kind of mesenchymal cell
types are available in every large animal model species but cardiac progenitor
cells have been derived only in dog and pig while in human cardiac stem cells
can be either endogenous or derive from outside the heart itself like satellite
cells, different kind of mesenchymal stem cells, or embryonic/iP stem cells.
Recently, an exhaustive study reported the isolation of a c-kitt/CD45
cardiogenic cell population from weanling pigs (Figure 16)(Ellison et al. 2011),
demonstrating a robust regenerative effect of these cells that are most likely
involved in the myocardium hyperplastic growth and maturation to adulthood,

consistent with data previously shown in neonatal mice (Zaruba et al. 2010).
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1.8. Which animal for which pathology?

Large animal models are a heterogeneous group and, as such, there is no single
perfect animal model. The more common large animal models used in cardiac
disease are dog, pig and sheep.

Dogs are becoming an increasingly popular model due to their behavior and
ease of handling. Research on dogs built the foundation on which current
reperfusion treatment guidelines for acute coronary syndromes were
developed and provided proof of concept for thrombolytic therapy.
Physiological similarities with humans extend to the endocrine system enabling
the study of the cardioprotective effect of drugs modulating the renin-
angiotensin pathway (Jugdutt et al. 2004). However relation between heart size
and body weight in the dog compared to human is almost twice and, on the
other hand, dog heart has a collateral coronary circulation approximately four
times more extended than that of man, making it difficult to obtain a
consistent degree of myocardial injury following experimental ischemia and to
reliably extrapolate to human the post-infarction course observed in dogs
(White et al. 1986).

Pig seems to differ from man in its predisposition for refractory

arrhythmogenesis, providing an altered response to myocardial infarction,
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although methods are available to reduce the impact of this issue (Mukherjee
et al. 2003).

When it comes to heart vascularisation, detailed anatomical studies show that
the pig is by far the best model. In fact, not only the coronary anatomy but
even the poor subendocardial to epicardial collateral network of the swine
heart are very similar to that of humans (Weaver et al. 1986). Minor
differences have only been described in the septal arteries: the anterior ones
provide most of the irroration in man, whereas in the porcine heart, anterior
and posterior arteries share the septal ventricular vascularisation almost equally
(Bertho et al. 1964). Such extensive similarities allowed us to perform studies
that evaluated the re-establishment of stable collateral networks and improved
myocardial perfusion in response to the administration of angiogenic growth
factors (Lu et al. 2007).

When postinfarction congestive heart failure is to be studied, the sheep is a
better model because lack of collateral blood flow to the infarcted area,
maintenance of normal blood flow to uninfarcted areas, and the moderate size
of the infarcted myocardium allow us to faithfully reproduce the three major
clinical causes of this pathology (Mukherjee et al. 2003). This has greatly
contributed to the understanding of differing outcomes dependent on specific
locations of MI creation (Gorman et al. 1998). Limitations of working with

sheep, being ruminants, derive from their gastrointestinal anatomy and
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thoracic contours that are substantially different from those of monogastric
species. This can make certain imaging approaches difficult, specifically
ultrasonic imaging that requires an invasive approach as opposed to

transthoracic imaging applicable to other models.
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1.9. Murine models for cardiac disease

Cardiovascular disease is controlled both genetically and environmentally.
Much of our insight into the molecular and cellular basis of cardiovascular
biology comes from small animal models, particularly mice. However,
significant differences exist with regard to several cardiac characteristics when

mice are compared with humans (Table 1) (Gandolfi et al. 2011; Dixon et al.

2009).
Species Heart weight Heart Systolic pressure
(gr) (rate/min) (mmHg)
Human 360-480 60-90 60-120
Mouse 0.14-0.15 500-600 80-160

Table 1. Comparison of indicative anatomy and physiology data between the

human and the mouse (Gandolfi et al. 2011) (Appendix a).

An important parameter is heart rate, with an adult mouse heart beating 500—
600 times per minute, compared with the 60—100 times typical of the human.
Apart from size, human and murine hearts differ in coronary architecture, the

variations of which are much bigger in humans compared with mice. As a
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consequence, whereas the size and location of the ischemic area are fairly
constant in the mouse, a much larger variation exists in the human
(Blankesteijn et al. 2001). It is also important to remember the basic
differences in cardiovascular physiology between mice and humans. Although
it is clear that the basic organizational, developmental, and signaling pathways
are conserved, and much can be learned from the mouse models, the
subtleties of the different proteomes and the way in which the different
components interact and differ between mice and humans are critical,
particularly when therapeutic approaches are considered. Important
differences continue at the molecular level: humans have a high level of
myosin heavy chain isoform, whereas mice have a high level of the myosin
heavy chain isoform compared with the total myofibrillar myosin protein in
the ventricles (Doevendans et al. 1998; Swynghedauw et al. 1986). Despite
these differences, significant data have accumulated in which the contractile
apparatus, including myosin, has been modified, resulting in hypertrophy or
dilation followed by failure. These kinds of important physiological differences
can be found in many of the basic parameters underlying cardiac output (Stull
et al. 2002), cardiac electrophysiology (Baker et al. 2000) and calcium flux
(Bers et al. 2000). Although these concerns do not negate data gathered with
the use of the murine models, they underscore the fact that the murine data

should invariably be treated with caution as they are applied to human disease
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(Yutzey et al. 2007). Furthermore, the use of the mouse as an experimental
system for cardiovascular research depends on the individual investigator’s

ability to manipulate the mice surgically (Figure 17). Many mouse models

require microsurgical techniques, which hitherto could not be performed

without practical training.

Figure 17. Cardiac mouse microsurgery (Sussman et al. 2001).
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Consequently, there remains a need for new animal models that closely
represent human disease. Extrapolation of murine systems, particularly after
induction of cardiovascular stress, has some obvious limits that can be crucial
the closer it gets to a clinical application. Therefore, it is generally
acknowledged that large animal models, which more closely approximate
human physiology, function and anatomy, are essential to develop the
discoveries from murine models into stem cell research and their translation

into new clinical treatments (Dixon et al. 2009).
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1.10. Porcine models for heart disease

To improve human health, scientific discoveries and technologies must be
translated into practical applications. Such advances typically begin with basic
research and then progress to the clinical level. Inherent in the development of
these technologies is the role of preclinical testing using animal models.
Although no animal model can fully replicate the complexity of human
pathological conditions, animal models are the key for the evaluation of
mechanisms of disease and testing of diagnostic technologies and
interventions. Large animal models that approximate human physiology,
function, and anatomy, are essential to develop discoveries from murine
models into clinical therapies and interventions. Following the results obtained
so far and the prospect of a future therapy in humans, it is considered
necessary to pursue these studies in an animal model intermediate between the
mouse and human: for this purpose it has been chosen the pig. The pig, in
fact, has been widely used as a model in cardiovascular research (Guiney et al.
1965; Bustad and McClellan 1966; Douglas et al. 1972; Hughes et al. 1986)
and, over the past decade, swine have been increasingly used in studies of

chronic ischemia because of their numerous similarities to humans (Table 2).
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Species Heart weight Heart Systolic pressure
(gr) (rate/min) (mmHg)
Pig 400-500 65-75 70-130
Human 360-480 60-90 60-120
Mouse 0.14-0.15 500-600 80-160

Table 2. Comparison of indicative anatomy and physiology data between the

pig, the human and the mouse (Gandolfi et al. 2011) (Appendix a).

The most widely used porcine model of chronic ischemia has been the
ameroid constrictor (Elzinga et al. 1969; Inou et al. 1980; O’Konski et al. 1987;
Roth et al. 1987), which has been utilized in preclinical studies of numerous
proangiogenic therapies. When the device is implanted around an artery, the
constrictor absorbs water and swells, compressing the artery and leading to a
progressive coronary stenosis with late occlusion with consequent myocardial
ischemia and ventricular dysfunction.

On the other hand, heart failure could be produced only by using acute
coronary occlusion caused by the ligation of the descending coronary artery.
In particular, in the ischemia/reperfusion model, the coronary artery occlusion
is followed by the reperfusion of the infarcted area after ~30-40 minutes.

Reperfusion offers two important advantages. It increases the success rate of
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cell therapy in limiting the damage to heart tissue and it also allows to reach
more directly the infarcted area through the intra-coronary artery injection of
cardiac stem cells. Two different ways of cell injection can be used.
Intra-arterial (IA) injection represents an experimental avenue for minimally
invasive delivery of stem cells to the injured heart but the achievement of the
injected cells to the ischemic area depends on the ability of these cells to
migrate from blood vessels to the damaged myocardium.

The intra-ventricular (IV) injection consists of the introduction of materials
for diffusion throughout the ventricular and subarachnoid space by means of
ventricular puncture. IV, instead, allows the injection of the cardiogenic cells

directly into the wall surrounding the infarcted area (Figure 18).

Figure 18. Surgical ligation of the descending coronary artery (a); intra-

ventricular injection of cardiogenic cells (b) (courtesy of Dott. F. Acocella).
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According to these evidences, recent several studies clearly established that the
best replacement for the lost myocardium after myocardial infarction is
functional autologous myocardial tissue. However, its derivation from
autologous stem cells is too slow and inefficient to be of real benefit in a
clinical setting (Torella et al. 2007). Therefore, it has recently been proposed
that a more promising approach to the regenerative medicine is to stimulate
the activation of the resident stem cell population (Nadal-Ginard et al. 2006;

Rosst et al. 2008).
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2. Aim of the research

The recent identification of different classes of cardiac progenitor cells
suggests that the heart, classically considered a terminally differentiated, post-
mitotic organ, may contain a stem cell compartment, responsible for both
tissue turn-over and regeneration, which follows acute or chronic damage to
the cardiac tissue (Bergamann et al. 2006; Hsieh et al. 2007).

Several groups have already reported the isolation of different types of cardiac
stem-like cells based on distinct cell surface markers, such as c-kit, Sca-1 and
Isl1 (Beltrami et al. 2003; Rota et al. 2008; Laugwitz et al. 2008; Matsuura et al.
2004; Oh et al. 2003), but the experiments carried out until now were
predominantly performed on mice and human. This restricts significantly the
possibility to apply the results obtained in preclinical studies that cannot be
performed using the human as a model and, at the same time, are limited by
the evident differences between mouse and humans, such as their size, mice
heart rate and their general anatomy. Therefore, large animal models, which
more closely approximate human physiology, function, and anatomy, are
essential to develop the discoveries from murine models into clinical therapies
and interventions.

However, cardiogenic cells were already found in large animal models. Dog

cardiogenic cells are available from different sources, such as skeletal muscle
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satellite cells (Yoon et al. 1995), bone marrow-derived cells (Silva et al. 2005)
or cardiac stem cells (Bartosh et al. 2008). Sheep instead contained
mesenchymal stem cells (Kalfa et al. 2010), bone marrow-derived cells
(Vincentelli et al. 2007), endothelial progenitor cells (Sales et al. 2010) and
skeletal muscle satellite cells (Ghostine et al. 2002). Pig was characterized for
the presence of cardiogenic cells, such as bone marrow-derived cells
(Kamihata et al. 2001; Bhakta et al. 2006; Makela et al. 2007; Doyle et al. 2008;
Pak et al. 2003; He et al. 2007; Liu et al. 2004), adipose tissue cells (Valina et al.
2007), amniotic fluid-derived mesenchymal cells (Sartore et al. 2005) and
resident cardiac stem cells, recently described in weanling pigs (Torella et al.
2000).

In this context, it seems to be accepted in the literature that the anatomy of
the pig heart is almost identical to that of man, respect to the dog and the
sheep (Lumb et al. 1966; Douglas et al. 1972; Hughes et al. 1986; Cooper et al.
1991; White and Wallwork 1993).

According with the recent discoveries that proposed as a more promising
approach to the regenerative medicine the activation of the resident stem cell
population, the aim of this study was to see whether resident cardiac stem cells
also existed in adult swine, in order to verify whether adult pig could be a

suitable model for a therapeutic approach.
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We also wanted to deepen the characterization of these cells in order to better
understand the molecular mechanisms involved in the tissue regeneration and
in the damaged myocardium reparation processes.

In particular, in this thesis we describe the isolation of a cell population
derived from aorta, ventricle and atrium of adult healthy pig, thasat we
arbitrarily defined Pig Adult Cardiac Progenitors (PACPs).

Cells were analyzed for their expansion ability and for the expression of
surface markers by flow cytometry. Molecular characterization was performed
using primers designed for pluripotency, mesenchymal and cardiac related
genes. Furthermore, the ability of PACPs to differentiate into cardiomyocytes
and into other mesodermal cell lines, such as smooth muscle, were assessed
using specific cardiac antibodies, when exposed to the appropriate inducing
media. The PACPs capacity to generate cardiomyocytes was confirmed by
fusion event analysis after coculture with fetal rat cardiomyocytes.

Thus, all these experiments were carried out in order to evaluate the potential
future application for human cell therapy of PACPs that may represent an
interesting tool for preclinical and translational studies of stem cell-based

cardiovascular therapy.
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3. Materials and methods

3.1. Isolation and culture of Pig Adult Cardiac Progenitors

Adult healthy pig hearts were collect at the slaughterhouse and then
transported to the laboratory in a saline solution (0.9% NaCl) in controlled
temperature conditions. Once they arrived in the laboratory, hearts

were rinsed in saline solution to remove blood residues. Then, aorta, atrium
and ventricle were cut in small pieces. Each piece was rinsed in PBS (Sigma-
Aldrich™ Ttaly) with Ca?t/Mg?" and sharply dissected into 1-2 mm diameter
fragments. They were transferred to 35 mm Petri dishes (Sarstedt, Germany)
pre-coated with 0.1% porcine gelatin, in the presence of 500 ul Dulbecco’s
Modified Eagle’s Medium high glucose (DMEM, Gibco, Italy) supplemented
with 10% fetal bovine serum (FBS, Gibco, Italy), 1% glutamine and 1%
antibiotics (Sigma-Aldrich™, Italy) (complete medium) (Table 3). Heart
fragments were cultured for 10 days at 37°C. After the initial outgrowth of
fibroblast-like cells, small and round cells appeared in suspension, given their
lower adhesion ability respect the other cells present in the culture
(predominantly fibroblasts). This cell population was easily collected by gently
pipetting the original culture and counted by limited dilution on a 0,1% gelatin

(Table 4) pre-coated 35 mm Petri dish (Sarstedt, Germany). After 3 days,
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PACPs were washed 2 times in PBS, incubated for 5 minutes with 1 ml
Trypsin (Sigma-Aldrich™, Italy) and centrifuged at 1250 rpm for 5 minutes.
The supernatant obtained was removed and the pellet was resuspended in the
specific volume to obtain the right density. PACPs were expanded 2 vitro in

flask (T25, Nunc) for further characterization.
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Components Quantity

Dulbecco’s Modified Eagle’s Medium

High glucose (DMEM, Gibco, Italy) 88 ml

Fetal Bovine Serum (FBS, Gibco,

Ttaly) 10 ml (10%)

L-glutamine 200 mM (Sigma-

Aldrich™, Italy) 1 ml (1%)

Penicillin/Streptomycin 10 mg/ml

(Sigma-Aldrich™, Italy) 1 ml (1%)

TOT: 100 ml

Table 3. Complete medium used for PACPs iz vitro culture.

Components Quantity

Porcine gelatin 01g

Cell Culture Water (Sigma-Aldrich™,

Italy) Up to 100 ml

Table 4. Sterile solution of 0.1% porcine gelatin.
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3.2. Analysis of Pig Adult Cardiac Progenitor proliferation ability

PACPs isolated from aorta, atrium and ventricle respectively were plated in 4
well dishes (Nunc, USA) in complete medium at a density of 5 x 10%cells/cm?.
Each population derived from aorta, atrium and ventricle was plated with 4
replicates. Cells were then counted every 3 days for 21 days using Kova
Glasstic® slide (Hycor, UK). During the analysis, PACPs were washed with
PBS, trypsinized and then 10 ul were used for the counting. Cells were stained
with 0.8 mM Trypan Blue (Sigma, Italy) at room temperature for 30 minutes
to discriminate living cells from dead ones that stained blue due to trypan blue
uptake. The total number of living cells was determined by the following

proportion:

(N° of cells counted/10 fields) * 90 (constant) * 100 (dilution factor)
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3.3. Karyotype of Pig Adult Cardiac Progenitors

Karyotype analysis was carried out on cells undergoing active proliferation. In
particular, 2 x 106 cells were plated in 4 well dishes in complete medium and
allowed to reach 80% confluence. PACPs were washed with PBS and
incubated with 10 pg/ml colcemid (Gibco, Italy), to arrest cells in metaphase,
for 40 minutes in a humidified incubator (5% CO2, 37°C) and then
trypsinized. Mitotic PACPs were centrifuged at 1000 rpm for 5 minutes.

The pelleted cells were resuspended in 5 ml 0.075 M hypotonic buffer (0.04 M
KCl and 0.025 M NaCl) and incubated for 20 minutes at room temperature.
PACPs were pelleted again at 1000 rpm for 5 minutes. The supernatant
fraction was carefully aspirated and discarded. Cells were resuspended in 5 ml
methanol/glacial acetic acid (3:1) fixative solution and incubated for 20
minutes. PACPs were pelleted by centrifugation at 2000 rpm for 2 minutes
and resuspended in 100 pl fixative solution. Fixed cells were stored at 4°C;
otherwise cells were dropped on wet slides and air-dried for the following
procedure.

Giemsa staining was carried out using the KaryoMAX® kit (Giemsa, Gibco,
Italy). Mitotic spreads were stained with Giemsa 1X staining buffer at room
temperature for 20 minutes. Slides were rinsed with Gurt’s buffer for 3 times

and air-dried at room temperature for 30 minutes.
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Metaphases were fully karyotyped under a Leica HC microscope. Images were
then captured with digital camera Leica DC250 and using Leica CW4000

Karyo software.
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3.4. Gene expression profile

3.4.1. RNA extraction

Total RNA from PACPs was obtained following the method described by
Chomczynski and Sacchi 1987. Cell RNA was isolated during cells lysis for 10
minutes at room temperature with 1 ml Trizol reagent (Invitrogen, Italy), a
monophasic denaturing solution that maintains RNA integrity during the lysis
process. Samples were left at room temperature for 5 minutes, to maximize
the solution denaturing power and its ability to inhibit cellular RNases and
disaggregate nucleoprotein complex, favoring the release of free RNA. Two
hundred pl chloroform (200 pl each ml of Trizol) were added to the sample,
shaking the tubes for 15 seconds and allowing them to rest at 4°C for 5
minutes. Cells were centrifuged at 14000 rpm for 15 minutes at 4°C to
separates the solution into an organic phase and an aqueous phase, which
contained the RNA. After transferring of the aqueous phase into new tubes,
RNA was recovered by precipitation with 500 pl isopropyl alcohol (ml
Trizol/2) and stored at -20°C over-night. After the precipitation, samples were
centrifuged at 14000 rpm for 10 minutes at 4°C and then the supernatant was
discarded without to dry the sample. Cells were resuspended in 1 ml ethanol

70% and centrifuged at 9000 rpm for 5 minutes at 4°C. Besides, genomic
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DNA contaminations were removed incubating the samples with DNAase I
(1U/ul, Invitrogen, Italy) for 30 minutes at 37°C. Subsequently, they were
incubated for 10 minutes at 55°C to inactivate the DNases. The pelleted cells
were dried and resuspended in 25 pl DiEthylPyroCarbonate (DEPC-treated
water) (Invitrogen, Italy), a strong RNases inhibitor, and reverse transcribed.

The amount of extracted RNA was assessed by reading the absorbance values
using a spectrophotometer (BioRad, SmartSpec™ 3000) at a wavelength of
260 nm. Spectrophotometer was first calibrated with 100 ul DEPC water (the
sample blank). Quantification was carried out taking 1 ul RNA from each
sample and resuspending it in 100 ul DEPC water before the reading. The

amount of RNA was calculated using the following proportion:

1:40=Abs260:X

The spectrophotometer was also used to calculate the “ratio” (Abszs0/Abs2so),
which indicates the purity of the RNA extracted.

The quality of the extracted RNA was checked after 5% agarose gel
electrophoresis. This method also allows to highlight the possible presence of
contaminating genomic DNA. The 5% agarose gel was composed of 1.7 g
agarose in 95 ml 1X TAE (Tris-acetate-EDTA) buffer plus 1 ul ethidium

bromide (0.5 pg/ul, Sigma-Aldrich™, Ttaly), which binds to RNA nucleotide
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bases and makes them visible at UV light. The electrophoretic run was carried
out in 1X TAE buffer at 80 V. Five ul 50 bp Ladder (Invitrogen, Italy) was
used as a marker in the electrophoretic run and samples were added with 5 ul
Loading Die (0.25% bromophenol blue, 0.25% xylene cyanol + 30% glycerol,

Sigma-Aldrich™, Italy).

3.4.2. RINA reverse transcription

Reverse transcription was carried out using the SuperScript® II Reverse
Transcriptase kit (Invitrogen, Italy). For each sample, aliquots of 1 pg total
RNA were reverse transcribed and diluted in 8.5 ul of DEPC water. 1 ul 10
mM dNTPs mix and 1 pl oligo (dT) were added to the tubes. Samples were
then heated at 65°C for 5 minutes to denature any loops on the RNA strand

and then resuspended in:

— 4 ul First-Strand Buffer 5X

1.5 ul MgClz 50 mM

2l DTT 0,1 M

— 1 ul RNaseOUT (Recombinant Ribonuclease Inhibitor).
They were heated at 42°C for 2 minutes and then 1 ul SuperScript® RNase H

Reverse Transcriptase was added to the tubes. Samples were incubated at 42°C
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for 1 hour. The enzyme was inactivated at 70°C for 15 minutes. The cDNA

obtained was stored at -20°C until use. Reverse transcription was carried out

using a 480 DNA Thermal Cycler (Perkin-Elmer).

3.4.3. Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) is a technique used to amplify a single or few
copies of a piece of DNA across several orders of magnitude, generating
thousands to millions of copies of a particular DNA sequence. The method
consists of cycles of repeated heating and cooling of the reaction for DNA
melting and enzymatic replication of the DNA. Primers (short DNA
fragments) contain sequences complementary to the target region. PCR
reactions were carried out using the Taq DNA Polymerase® Recombinant kit
(Invitrogen, Italy).

Our PCR mix included:

2 ul Buffer 10X (200 mM Tris-HCI pH=8.4, 500 mM KCI)
— 1 ul MgCl2 50 mM

— 1 pl ANTPs mix (10 mM)

— 1 ul Primer forward (100 pmol/ul)

— 1 ul Primer reverse (100 pmol/pl)
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— 0.3 ul Taq polymerase (5 U/pul)
— 1l cDNA template

—  Sterile water until 8.5 ul

It always involved:

[1] Initialization step 94°C for 5 minutes
[2] Denaturation step 94°C for 1 minute

[3] Annealing step Toa=Tm-4°C

[4] Elongation step 72°C for 1 minute

[5] Final elongation step 72°C for 7 minutes
[6] Final hold 4°C

PCR products were run in 5% agarose gel. Amplifications were carried out in
an automated thermal cycler (iCycler, Bio-Rad, Italy), using the conditions

appropriate for each set of primers.

3.4.4. Pig Adult Progenitor gene excpression

c-kit, LY6GOF (Sca-1), Oct4, Nanog, Sox-2, Gata6, CD31, CD34, CD44,
Mespl, Mesp2, Mef2a, Nkx2.5, ANP, Cx43, Cardiac Actinin, Tbx5, Tbx18,
MyoD, Myf5 and B-actin primers were designed on pig genome sequence

available in database bank using the oligo program Primer3 Input. PCR were
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carried out using the conditions specific of each pair of primers (Table 5).
Positive controls were always included using genomic DNA or cDNA
obtained from the appropriate tissue, depending on the gene (Table 0).
Expression of [B-actin was examined as an internal control of the sample
quality. To confirm the identity of the RT-PCR fragments, amplification
products from each primer pair were separated by gel electrophoresis in 2%
agarose gels, purified using Spin-X centrifuge tube filters (Corning, Italy),
sequenced (SEQLAB, Gottingen, Germany) and aligned using Clustal W 1.82

(EMBL-EBI service).
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GENE | pomoonn,
ckit | NM_001044525.1 | I CTOAAGEECOACTATCATE S 60°C 238 bp
e | wsouonsiss | JICIOGAMACCECTORSTOASY | swe | zuomp
Oct-4 NM_001113060 55’ N ﬁ%i?%g%gggéﬁfgf&cgf 50°C 335bp
Nanog DQ447201.1 e, 60°C 438 bp
o2 | evsoins | 3 ocoCISONSTACARTEOTT | e | zionp
cont | x| LCATTCCMUCTOASCRSSAY | swc | 1w
CD44 XM_003122866 | ° Sj'f:ggTTTcaTﬁgTCmC&%i%ic_ﬁ 56°C 151 bp
vepi | avesnmss | SCCACHISCTSSTICTAY | we | sy
veps | Awovzz | SISCCTIACISCCICIETSS | swe | om
Mef2a EF194143 glgigﬁé;gggééé{;%ﬁgéé 56°C 165 bp
Nkx2.5 NM_008700 | 1 e e 58°C 150 bp
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Cote | nwLoouzesoss | 3 CATCCTOCTICOARCTCRS, | sc | zuanp
Toxi8 | XM_001926951 | 3. SCCTITOCTECIARTEASAC. 50°C 238 bp
woo | ummas | ISCTATIICACCOCTIES | e | eaw
wts | souousziz | ST AAOSACTIASASEACT | e | autop
p-actin DQ452569.1 5’-CCCTCCTCTCTTGCCTCTCT-3 . 296 bp

5’-GGGGAGTCACGTCAGACCTA-3’

Table 5. List of primers used for PCR detailing accession number, primer

sequence, annealing temperature and expected amplification product size.
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GENE POSITIVE CONTROL
kit Ovary cDNA
(Yoshinori Okamura et al.,2001)
LY6G6F (Sca-1) Genomic DNA
Genomic DNA
Oct4 (Brevini et al, 2010)
Nano Genomic DNA
9 (Brevini et al, 2010)
Sox2 Genomic DNA
(Brevini et al, 2010)
Ovary cDNA
GATAG . . -
(Carolina Gillio-Meina et al.,2003)
CD31 Genomic DNA
CD34 Genomic DNA
CD44 Genomic DNA
Mespl Muscle cDNA
Mesp2 Muscle cDNA
Mef2 Ovary cDNA
elca (Maria D. Ivanova et al.,2003)
Nkx2.5 Genomic DNA
ANP Genomic DNA
Cx43 Genomic DNA
Cardiac Actinin Heart cDNA
Tbx5 Heart cDNA
Thx18 Heart cDNA
MyoD Genomic DNA
Myf5 Genomic DNA
B-actin Genomic DNA

Table 6. PACPs gene expression through RT-PCR analysis. The appropriate
positive control was selected depending on the gene and is indicated in the far

right column.
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3.5. Characterization of Pig Adult Cardiac Progenitors surface markers

PACPs were plated in 4 well dishes in complete medium and, once they
reached the density of 5 x 105 cells/cm?, cells were washed three times in PBS
and trypsinized. PACPs were centrifuged at 1250 rpm for 5 minutes and then
the pelleted cells were putted in ice. Cells were resuspended in 100 ul PBS and
1 pl specific antibody for each surface marker was added followed by
incubation at 4°C for 30 minutes. PACPs were then washed in PBS and
centrifuged at 2000 rpm for 5 minutes. Supernatants were discarded and the
pelleted cells were fixed with 200 ul 2% paraformaldehyde (PFA, Sigma-
Aldrich™/ Ttaly) at 4°C for 10 minutes in the dark. Cells were then washed
again in PBS and stored at 4°C. Flow cytometry was catried out with a
FACSCalibur Flow Cytometer (Beckton Dickinson, Lincolin Park, USA) and
analyzed with FACSDiva v6.1.3 software. Cells incubated with primary
isotypic antibody were used as a control.
The antibodies used were:

- R-Phycoerythrin ~ (R-PE)-Conjugated  Rat  Anti-Mouse = CD34

Monoclonal Antibody (BD Biosciences, Italy);
- Fluorescein Isothiocyanate (FITC)-Conjugated Rat Anti-Mouse CD44

Monoclonal Antibody (BD Biosciences, Italy);
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Fluorescein Isothiocyanate (FITC)-Conjugated Mouse Anti-Mouse
CD31 Monoclonal Antibody (ID Labs inc., USA);

Fluorescein Isothiocyanate (FITC)-Conjugated Mouse Anti-Mouse
CD45 Monoclonal Antibody (BD Biosciences, Italy);

Fluorescein Isothiocyanate (FITC)-Conjugated Mouse Anti-Mouse L-

Alkaline Phosphatase (Santa Cruz Biotecnology, Germany).
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3.6. Pig Adult Cardiac Progenitor differentiation ability

3.6.1. Cardjac differentiation

PACPs cardiac differentiation ability was carried out plating cells in 4 well
dishes pre-coated with 0.1% porcine gelatin at a density of 2.5 x 10%n the
presence of 500 ul complete medium, supplemented with 10 uM 5’-azacytidine
(Sigma, Hybri-Max™). The differentiation medium was changed every 48

hours for 7 days.

3.6.2. Smooth muscle differentiation

Differentiation ability into smooth muscle cells was also tested. In order to
address PACPs towards this commitment, cells were plated in 4 well dishes
pre-coated with 0.1% porcine gelatin at a density of 2.5 x 10> in 500 ul
complete medium, supplemented with 5 ng/ml transforming growth factor

beta (TGFB, PeproTech, Inc, USA).
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3.6.3. Skeletal muscle differentiation

Skeletal muscle differentiation ability was assessed by coculturing PACPs with
C2C12 myoblasts. Cells were plated at a rate of 1:5 respectively and cultured
for 7 days in complete medium. After these treatments PACPs were analyzed

through immunofluorescence techniques.
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3.7. Immunocytochemistry and immunofluorescence

At the end of the differentiation culture, 4 well dishes containing PACPs were
washed 3 times with PBS and fixed with 4% PFA for 10 minutes at 4°C for all
the antibodies or with a solution composed of methanol/glacial acetic acid
(1:1) for the MF20 antibody. Cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich™, Italy) for 20 minutes at room temperature, rinsed 3 times
with the solution formed by 0.1% PBS-Tween (Sigma-Aldrich™, Italy)-5%
bovine serum albumin (BSA) and then nonspecific binding sites were blocked
with 10% donkey serum for 30 minutes at room temperature. Markers of
muscular and cardiac cells were assessed by immunocytochemistry using the

following primary antibodies:

MF20 (1:500, Santa Cruz, USA);

- Smooth Muscle Actin (SMA, 1:800, Santa Cruz, USA);
- Desmin (1:200, Chemicon, USA);

- Cx43 (1:2000, Santa Cruz, USA);

- a-Tropomyosin (1:200, Abcam, UK);

Lamins A/C (1:200, Novocastra, UK).

Primary antibodies diluted in blocking solution composed of 10% donkey
serum were incubated over-night at 4°C. Cells were then stained and revealed

usingthe appropriate secondary antibodies for 45 minutes at room temperature
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(488 and 594 Alexafluor, Invitrogen, Italy). Nuclei were stained with 4°,6-
diamidino-2-phenylindole (DAPI). Samples were observed either under an

Eclipse TE200 (Nikon, Japan) or an Eclipse E600 microscope (Nikon, Japan).
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38. Pig Adult Cardiac Progenitors cocultured with fetal rat

cardiomyocytes

Fetal cardiomyocytes were obtained from wild-type rat embryos. Hearts were
removed and the ventricles were dissected and digested with collagenase type
II (108 U/ml, Worthington Biochemical Cotporation, USA) and with
pancreatine (0.6 mg/ml, Gibco, Italy) for 20 minutes at 37°C. Cells were
collected by centrifugation and resuspended in newborn calf serum (NBCS;
Gibco, Italy). These steps were repeated until the ventricles were completely
digested. Cells were collected and subjected to centrifugation through a
discontinuous Percoll gradient. The middle band containing cardiomyocytes
was collected. Cells were counted with Burker’s chamber and then were plated
on gelatin-coated 35-mm plastic tissue culture plates at a density of 5x104/50
ul in a culture medium consisting of a 4:1 mixture DMEM and medium 199
supplemented with 10% HS and 5% FBS, 1% L-glutamine and 1%
penicillin/streptomycin. These cells were maintained at 37°C. Cultures were
then shifted, 24 hours after plating, to a maintenance medium containing both
HS and FBS to a final concentration of 5% and 1% cytosine arabinoside (Ara-
C, 10 mM) to kill fibroblasts and endothelial cells (all medium were from
Gibco). Forty-eight hours after the plating of the cardiomyocytes, PACPs were

added at different concentrations for 5 days. Cells were stained with an anti-
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Lamins A/C antibody that recognizes only pig nuclei, leaving rat cells
unstained and DAPI. Fusion phenomena were scored randomly choosing 10
microscopy fields and averaged. Samples were observed under an Eclipse

E600 microscope (Nikon, Japan).

3.9. Data analysis

All experiments were carried out three times using four replicates each and
subjected to statistical analysis using ANOVA (Sigma Stat). Errors are
presented as standard deviation (SD). Data with a p value <0.05 were
considered statistically significant. In flow cytometry studies at least 10.000

events for each sample were counted.
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4. Results

4.1. Isolation and proliferation ability of Pig Adult Cardiac

Progenitors

Within 10 days from explants plating, small and poorly adhering cells appeared
floating on the initial outgrowth of fibroblast-like cells adherent to the Petri
dishes. These cells in suspension were collected by gently pipetting (Figure

19a-c).

Figure 19. PACPs isolated from explants (*) of aorta (a), ventricle (b) and
atrium (c) of healthy adult pig heart. Note the presence of rounded cells on

top of fibroblast layer (arrows), bar: 100 pm.
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Cultures of this cell population was carried out and maintained in complete
DMEM medium until senescence. We could observe that PACPs were
efficiently and reproducibly obtained from aorta, ventricle and atrium regions.

We termed these cells aortic, ventricular and atrial PACPs (Figure 20d-f).

Figure 20. Growing PACPs isolated from aorta (d), ventricle (¢) and atrium

(f) after 8 passages 7 vitro, cultured in DMEM complete medium, bar: 50pum.

We analyzed the proliferation rate of the cells obtained. Four replicates for
every lineage were evaluated in three separate experiments.

The results showed that PACPs have a doubling time of 35 h and keep a
relatively slow proliferation rate for approximately 25 passages. They achieve
senescence after 28 passages, when large cells appeared at increasing frequency

that did not divide anymore (Figure 21g-1) (Vanelli et al. 2011) (Appendix b).
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Figure 21. PACPs isolated from aorta (g), ventricle (h) and atrium (i) after 28

passages iz vitro that reached senescence, bar: 20 pm.

Analysis of PACP ability to proliferate showed that aorta- and ventricle-

derived population replicate faster than cells isolated from atrium (Figure 22).

Proliferation Rate
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Figure 22. Proliferation curves of PACPs in complete DMEM medium. Aorta
and atrium cells had a significant higher proliferation rate than those of

ventricle (a;b p<0.05 by ANOVA).
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4.2 Karyotype analysis of Pig Adult Cardiac Progenitors

Karyotype analysis demonstrated that PACPs appeared to be genetically stable
and displayed the number of chromosomes typical of normal pig cells, namely
38 chromosomes (Figure 23a). The presence of normal karyotypes were
confirmed when analysis was performed both at 14 and 25 passages. This
allows us to exclude the presence of anomalies that could be caused by
prolonged iz wvitro culture of PACPs (Figure 23b). We also evaluated the
percentage of euploid karyotypes in relation to aneuploid karyotype in early
and late passages. The results indicated that also in late passages, PACPs did
not possess significant karyotype abnormalities (Figure 24) (Vanelli et al. 2011)

(Appendix b).

@ . x> ©® }“ AE AR ux &%
* ¢ | |
& o AA AA
* s ® -
Al $
‘.\)aa ‘gp RNE 52X NK =x == XX
) o A T R
"*& v:n‘ 00 AN 0 oA en ~a
Figure 23. Representative karyotype analysis of PACPs after 14 passages (a).

Cells showed the correct numbers of chromosomes, namely 38 (b).
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PACP karyotype analysis
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Figure 24. Percentage of euploid and aneuploid karyotypes of PACPs derived

from aorta, ventricle and atrium at 14 and 25 passages.
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4.3 Characterization of Pig Adult Cardiac Progenitors surface markers

Three independent replicates of PACPs obtained from the different heart
regions considered were analyzed for the presence of CD34, CD44, CD31,
CD45 and Alkaline Phosphatase (AP) by flow cytometry (Figure 25-27).
CD44, CD45 and AP antibodies were labeled with FITC fluorochrome while
CD34 and CD31 antibodies were labeled with RED fluorochrome. The
difference between the blue graph values (blank) and the black graph values
(sample) gave the percentage of PACPs expressing the marker examined.

Thus, the analysis of the presence of these specific surface markers
demonstrated that all cell lines examined were positive for the hematopoietic
marker CD34 and for the mesenchymal marker CD44. A subpopulation of the
analyzed cells expressed the endothelial marker CD31. In particular, 17.05% of
the cells in the lines obtained from aorta, 5.38% in those derived from
ventricle and 8.33% of the atrium derived populations were positive for CD31.
Screening for CD45 gave not significant results in all cells of all the lines
obtained, regardless to their origin. Expression of AP was restricted to a small
subpopulation (2%) of cells obtained from aorta (Vanelli et al. 2011)

(Appendix b).
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Figure 23. PACPs analysis of the surface markers CD34, CD44, CD31, CD45

and AP (a). Summary of the percentage values of the flow cytometry
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48 80 2
36 60 ] 31
99,89% 100%
24 ° 40 99.12%| 5 °
12 20 10
0 0 h + } 0
10° 100 10°  10® 10" 10° 100  10° 10° 10* 10 100 102 10®  10*
RED RED RED
49 % 89
37 68 67 99,64%
o 99,88%| . M, 2999%/ .5 lm
12 23 2
0 3 0 \“ b " o h - .
10° 100 102 10° 10" 1©° 100 10° 10° 10" 10° 10 10° 10° 10
FITC FITC FITC
8 91 71
6 68 14.5% 53 1649%
4 17,05% 46 36 +§
—_—
2 23 18 +§
0 —t 0 —— b ———— 0}
10° 10" 10° 10° 10" 10° 10" 10° 10° 10 10° 100 10 10° 10
RED RED RED
79 44
2,08% 59 1,88% 3 4,06%
40 22
—— ——
20 1
R —— -t 0 T T T E,
100 10 10t 10 100 1’ 10 10" 100 10 10 100 10
FITC FITC FITC
89
3,24% 67 0%
45
—_—— ]
2
e ‘ ‘ o : : :
100 100 10° 10 10° 1000 100 100 10
FITC FITC
(b) Aorta 10 passages
0
CD34 99,67%
CD44 99,83%
0
CD31 17,05%
0
CD45 2,67%
0
AP 1,58%
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(a) Flow cytometry analysis of ventricle-derived cells at 10 passages
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Figure 24. PACPs analysis of the surface markers CD34, CD44, CD31, CD45
and AP (a). Summary of the percentage values of the flow cytometry

experiments carried out on ventricle-derived cells at 10 passages (b).
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@) Flow cytometry analysis of atrium-derived cells at 10 passages
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Figure 25. PACPs analysis of the surface markers CD34, CD44, CD31, CD45
and AP (a). Summary of the percentage values of the flow cytometry

experiments carried out on atrium-derived cells at 10 passages (b).
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4.4 Gene expression analysis of Pig Adult Cardiac Progenitors

Gene expression was assessed through RT-PCR experiments. RNA was
extracted from PACPs deriving from all the different heart regions considered.
The results demonstrated that PACPs express genes related to pluripotency as
well as genes involved in mesodermal and cardiac development (Figure 28,
Table 7). In particular, PACPs expressed c-kit, Gata6, CD44, Mespl, Mef2a
and ANP while transcription of Mesp2 and Nkx2.5 was detected only in aorta-
and ventricular-derived cells. PACPs expressed some early endothelial markers
such as CD31, suggesting a possible endothelial origin for these cells. Similarly,
transcription of CD34 indicated a correlation with circulating vascular
progenitor cells. RT-PCR analysis also demonstrated the expression of genes
distinctive of epicardial progenitors such as Tbx5 and Tbx18. Furthermore,
PACPs were positive for the pluripotency related marker Oct4, implying that
these cells might belong to a residing cardiac stem cell population. On the
other hand, no expression of Nanog, Sox-2 and LY6GGF (Sca-1) was detected.
When exposed to the appropriate inducing media, PACPs showed positivity
for Cx43 and Cardiac Actinin, while skeletal myogenic markers such as MyoD
or Myf5 were negative in all cell lines (Figure 28, Table 7) (Vanelli et al. 2011)

(Appendix b).
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Figure 28. Expression of the genes c-kit, LYOGOF (Sca-1), Oct4, Nanog, Sox-
2, Gata6 (left column), CD31, CD34, CD44, Mespl, Mesp2, MyoD, Myf5
(middle column), Mef2a, Nkx2.5, ANP, Cx43, Cardiac Actinin, Tbx5 and
Tbx18 (right column), was investigated in samples from aorta, ventricle and
atrium obtained from five different hearts. The appropriate positive control
was used, depending on the gene considered (Table 7). Expression of B-actin

was always examined as an internal control of the sample quality.
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GENE AORTA | VENTRICLE | ATRIUM
c-kit + + +
LY6G6F (Sca-1) - - -
Oct4 + + +
Nanog - - R
Sox-2 - - R
GATAG6 + + +
CD31 + + +
CD34 + + +
CD44 + + +
Mespl + + +
Mesp2 + + -
Mef2a + + +
Nkx2.5 + + -
ANP + + +
Cx43 + + +
CardiacActinin + + +
Tbx5 + + +
Thx18 + + +
MyoD - - -
Myf5 - - -
f-actin + + +

Table 7. PACP expression of pluripotent, hematopoietic, endothelial,

mesenchymal and cardiac genes.
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4.5 Differentiation ability of Pig Adult Cardiac Progenitors

PACPs were tested for their ability to differentiate into other cell types that
belong to the mesoderm lineage. In particular, it was verified whether PACPs
possess the ability to differentiate into smooth muscle cells and skeletal muscle

cells, with particular interest to their ability to differentiate into cardiomyocytes

(Vanelli et al. 2011) (Appendix b).

4.5.1. Analysis of Pig Adult Cardiac Progenitor ability to differentiate into

smooth muscle

Analysis of PACP ability to differentiate into smooth muscle cells were carried
out after treatment with 5 ng/ml TGFp. The results obtained through
immunostaining experiments indicated that PACPs were able to differentiate
into smooth muscle cells. In particular, 72% of aorta cells, 58% of ventricle

cells and 71% of atrium cells displayed immunopositivity for SMA (Figure 29).
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Figure 29. Staining with an anti-SMA antibody (red) showed PACP ability to
differentiate into smooth muscle cells, with 72% of aorta cells, 58% of
ventricle cells and 71% of atrium cells displaying immunopositivity for SMA;
nuclei were stained with DAPI (blue) (a-c), bar: 50 um. Insert shows SMA-

positive PACPs in higher magnification (ci), bar: 20 um.

4.5.2. Analysis of Pig Adult Cardiac Progenitor ability to differentiate into

skeletal muscle

PACPs were also tested for their ability to differentiate into skeletal muscle
cells after coculture with C2C12 myoblasts for seven days. PACP
differentiation was assessed after immunostaining with the specific MF20
antibody that recognizes the sarcomeric myosin. The results obtained
indicated that PACPs had a poor ability (less than 1%) to differentiate into

skeletal muscle (Figure 30). These data confirmed the negative results obtained

109



Results

in the experiment section related to gene expression studies that demonstrated

no transcription for MyoD and Myf5 muscular genes.

Ventricle

Figure 30. Representative ventricle-derived PACPs (a). Immunostaining with
MF?20 antibody (red) after coculture with C2C12 myoblasts demonstrated that
PACPs did not differentiate into skeletal muscle (b). Cell nuclei were stained

with DAPI (blue), bar: 20 pum.
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4.5.3. Analysis of Pig Adult Cardiac Progenitor differentiation ability into

cardiomyocytes

Particular interest was addressed to the assessment of PACPs ability to
differentiate into cardiomyocytes. The results obtained indicated that PACPs
were not able to spontaneously differentiate into beating cardiomyocytes, even
when cultured with a medium containing low serum, which has been
previously shown to trigger this event in mice (Galvez et al. 2008). By contrast,
they predominantly differentiated into cardiomyocytes when treated with 10
uM 5’-azacytidine, which also induced a change in cell morphology that

became closer to that of genuine cardiomyocytes (Figure 31).
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Atrium

Figure 31. Morphological analysis of PACPs before (left column) and after
(right column) treatment with 5’-azacytidine. PACPs acquired a morphology
closer to that of cardiomyocytes. Aorta-derived cells in complete DMEM
medium (a); aorta-derived cells after treatment with 5’-azacytidine (b);
ventricle-derived cells in complete DMEM medium (c); ventricle-derived cells
after treatment with 5’-azacytidine (d); atrium-derived cells in complete
DMEM medium (e); atrium-derived cells after treatment with 5’-azacytidine

(f), bars: 50 um.
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In order to confirm PACPs differentiation into cardiomyocytes,
immunostaining experiments were carried out using antibodies specific for
skeletal muscle and cardiac proteins. In particular, staining with an anti-
Desmin antibody, specific for intermediate filaments found in muscle cells,
showed PACP ability to progress to mesenchymal cell lineage with 96% of
aorta cells, 89% of ventricle cells and 74% of atrium cells displaying positivity

(Figure 32).

Ventricle DAP

Figure 32. Staining with an anti-Desmin antibody (red) showed PACP ability
to progress to mesenchymal cell lineage; cell nuclei were stained with DAPI
(blue) (a-c), bar: 50 pum. Insert shows Desmin-positive PACPs in higher

magnification (bi), bar: 20 pm.
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Similarly, the use of an anti-Cx43 antibody, which recognizes gap junction
connecting cardiomyocytes, demonstrated that 61% of aorta cells, 30% of
ventricle cells and 32% of atrium cells formed cardiomyocytes (Figure 33).
These data were supported by the fact that, after treatment with 5’-azacytidine,
PACPs expressed Cx43 and Cardiac Actinin transcription factors, which have
been investigated in the section related to gene expression studies through RT-
PCR experiments that demonstrated the transcription for Cx43 and Cardiac

Actinin genes (Figure 28, Table 7).

-

— | Ventricle DAPI — | Atrium DAPI

Figure 33. Immunostaining with an anti-Cx43 antibody (green) after
treatment of cells with 5’-azacytidine demonstrated the PAPC ability to form

cardiomyocytes. Nuclei were stained with DAPI (blue) (a-c), bar: 20 um.

PACPs were also stained with Rhodamine Phalloidin, a probe conjugated to
the red fluorescent dye that recognized the F-actin cytoskeleton, used to
analyze the cytoskeletal organization of the cells. The results indicated that

aorta- and ventricle-derived PACPs, after treatment with 5’-azacytidine,
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acquired a cytoskeletal organization similar to that of cardiomyocytes (Figure
34a,b). By contrast, atrium-derived cells did not respond to the treatment and

did not display the expected morphological changes (Figure 33c).

Ventricle DAP

Figure 34. Immunostaining withRhodamine Phalloidin (red) after PACPs
treatment with 5’-azacytidine demonstrated that aorta- and ventricle-derived
cells possessed the cytoskeletric organization similar to that of genuine
cardiomyocytes (a,b), in contrast to atrium-derived PACPs (c). Cell nuclei were

stained with DAPI (blue), bar: 50 pm.

These data were confirmed after staining with the specific MF20 antibody,
which recognizes the sarcomeric myosin (Figure 35), and an anti-o-
Tropomyosin antibody, which binds the tropomyosin protein associated with
actin filaments, both typical of contractile structures of the skeletal muscle

(Figure 36).
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Ventricle DAP]

Figure 35. Representative ventricle-derived PACPs. Immunostaining with
MF20 antibody (red) after treatment with 5’-azacytidine demonstrated PACPs
ability to differentiate into cardiomyocytes characterized by the correct
sarcomeric contractile structures. Cell nuclei were stained with DAPI (blue),

bar: 20 pm.
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Ventricle DAPI

Figure 36. Representative ventricle-derived PACPs immunostaining with
MF20 (red) and a-Tropomyosin (green) antibody after treatment with 5-
azacytidine showing PACP ability to differentiate into cardiomyocytes. Cell

nuclei were stained with DAPI (blue), bar: 20 um.
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4.6 Fusion ability of Pig Adult Cardiac Progenitors

Coculture with fetal rat cardiomyocytes demonstrated PACP ability to give rise
to fusion events. However, this property appeared to be limited to aorta- and
ventricle-derived PACPs that gave rise to 5% fusion rate with rat
cardiomyocytes (Figure 37). Atrium-derived cells appeared to lack this ability
since no fusion event was detected (data not shown). Fusion phenomena were

scored in 10 microscopy fields and averaged.
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Figure 37. PACP coculture with rat fetal cardiomyocytes. Both rat and pig
nuclei stained with DAPI (blue). However, Lamins A/C antibody (red) only
recognized pig nuclei, leaving rat cells unstained. Coexistence of blue and pink
nuclei within a cell demonstrated fusion event. A fusion rate of 5% for aorta-
(a, representative image) and ventricle-derived cells (c, representative image),
bar: 50 wm. Higher magnification of aorta and ventricle fusion events (b,d),

bar: 20 um.
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5. Discussion

The development of an effective regenerative therapy of the heart is not likely
to be achieved in the near future since clinical and animal studies show that
true cardiac regeneration does involve more complex aspects than injecting the
right type of cells in the right place (Segers et al. 2008).

Unfortunately, the experiments carried out until now were predominantly
performed on mice and humans. This restricts significantly the possibility to
apply the results obtained in preclinical studies that cannot be performed using
the human as a model and, at the same time, are limited by the evident
differences between mouse and humans. Consequently, to improve human
health, large animal models that approximate human physiology, function, and
anatomy, are essential to develop discoveries from murine models into clinical
therapies and interventions.

Large animal models have a well-established role in cardiovascular research
and the derivation of different types of cardiogenic stem cells in different
species indicated that these models could certainly provide a substantial
contribution to the development of cell therapies.

In the last few years, several groups described many different cardiac
stem/progenitor cells in different species with high phenotypic and molecular

variability. It is unclear whether they represent specific differentiation stages of
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a common multipotent cardiovascular progenitor cell population, whether they
result from different methods of isolation, culture media and anatomical origin
or whether they are genuine, distinct and specific cardiac progenitors, co-
existing in the organ.

Cardiogenic stem cells of porcine origin have been object of intense studies. In
particular, mesenchymal stem cells obtained in this species have been widely
used to explore new delivery methods (Liu et al. 2004) and resulted in
successful engraftment and differentiation into cardiomyocytes (Makkar et al.
2005). Cardiogenic stem cells have also been derived from pig adipose tissue
(Valina et al. 2007) and from amniotic fluid-derived mesenchymal cells
(Sartore et al. 2005).

In the present thesis, we report the derivation of adult cardiac progenitor cells
from adult healthy pig hearts. We show the possibility to isolate cardiac
progenitors from three different heart regions, such as aorta, ventricle and
atrium, respectively (Figure 19-22). This observation indicates that this
subpopulation of committed, but still proliferating, cardiac progenitor cells are
not confined to a specific region within the organ, but rather distributed to
several areas.

However, our results indicate that PACPs are unlikely to derive from the inner
regions since the starting explants were obtained from the outer layers of the

organ. This is consistent with experimental data, indicating the epicardium as a
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possible site of origin for resident stem or progenitor cell populations in the
mouse and in the human. Recently, in fact, a novel cardiogenic precursor
marked by the expression of the transcription factor Wtl and Tbx18 and
located within the epicardium were isolated and characterized (Zhou et al.
2008). These cells, termed epicardium-derived progenitor cells (EPDCs),
expressed Nkx2.5 transcription factor and differentiate into a number of
mature cardiovascular cell types, including vascular smooth muscle cells,
cardiomyocytes, and, arguably, some endothelial cells (Smart et al. 2009; Smart
et al. 2011). According to these evidences, we analyzed the presence of Tbhx18
and Tbx5 and confirmed their expression in our cells. Since these T-box genes
are expressed in the epicardial cell layer of the heart and its progenitors
(Plageman et al. 2005; Kraus et al. 2001; Hatcher et al. 2004; Tanaka et al.
2004), PACPs may belong to an epicardial progenitor population (Figure 28,
Table 7).

PACPs were able to grow iz witro until senescence and displayed a
chromosomal set up typical of the porcine species. A normal karyotype was
preserved unaffected along the culture passaging, suggesting that the protocol
used to isolate, maintain and propagate PACPs 7 vitro was not affecting cell
stability and/or inducing chromosomal alterations (Figure 23, 24).
Unexpectedly, PACPs expressed the pluripotent marker Oct4 (Figure 28,

Table 7). In the literature, Torella et al. already reported the expression of
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Oct4 in the mammalian heart. This group proposed that specific regions,
defined harbours, contain Oct4 positive cells that belong to the cardiac stem
cell pool and may represent the true resident stem cells in the organ. The
expression of Oct4 gave to these cells the ability to differentiate into real
cardiomyocytes, smooth muscle cells, endothelial cells and in other mesoderm
cell types when grown with the appropriate media (Torella et al. 2000).
Although this must be further investigated, we may hypothesize that PACPs
might belong to this residing cardiac stem cell population, because of these
similarities with the cardiac stem cells described by Torella’s group.

At the same time, PACPs showed the expression of genes specific of
mesenchymal stem cells (MSCs), such as CD44 (Catlson et al. 2011), Mesp1
(Saga et al. 1999; Kitajima et al. 2000) and Mesp2 (Kitajima et al. 2000) (Figure
28, Table 7). This indicates that PACPs are likely to have a mesodermal origin
and display part of the transcription pattern, which has been previously
described in mouse and human MSCs (Saga et al. 1999; Kitajima et al. 2000;
Pittenger et al. 1999; Pittenger et al. 2004). Mesenchymal stem cells of
different origin have proved to be readily available also in large animal models
and showed the same properties of their human counterpart. Furthermore,
similarly to MSCs, which have the ability to differentiate into different
mesoderm-related cell types, including muscle tissue (Pittenger et al. 1999;

Pittenger et al. 2004), PACPs were able to efficiently differentiate into smooth
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muscle cells in response to TGFJ, with a high percentage of cells displaying
immunopositivity for SMA (Figure 29). In contrast, gene expression analysis
of PACPs did not show skeletal myogenic-related transcripts, such as MyoD
and Myf5 (Figure 28, Figure 30, Table 7) (Beltrami et al. 2003; Galvez et al.
2008).

This was supported by the immunonegativity for a specific MF20 antibody,
indicating the inability of these cells to differentiate into striated muscle tissue.
It is however interesting to note that the concomitant expression of specific
endothelial and hematopoietic markers, such as CD31 and CD34 (Figure 23-
25), suggests that PACPs might have a possible vascular origin or a close
association with the vessel wall. This data was confirmed through RT-PCR
analysis, which showed the positivity of CD31 and CID34 transcription factors
(Figure 28, Table 7). The result is also in agreement with data previously
described that shows the isolation from mice of a cell population that has the
ability to differentiate into cardiomyocytes, endothelial cells and vascular
smooth muscle cells (Galvez et al. 2008; Bearzi et al. 2007). It has also been
suggested that, during the pre-and postnatal development, cells derived from
the growing vessels maintain a multipotent state that allows them to acquire a
cardiac phenotype, indicating 7z vitro transdifferentiation of endothelial cells

into heart cells (Condorelli et al. 2001).
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Although PACPs share some molecular and functional properties with MSCs,
they also express genes representative of early and late cardiac transcription
factors, such as Gatab (Koutsourakis et al. 1999), Mef2a (Potthoff et al. 2007),
Nkx2.5 (Arminan et al. 2009; Arminan et al. 2010) and ANP (Guan et al. 1999;
Miller-Hance et al. 1993), respectively (Figure 28, Table 7), indicating that they
are part of a progenitor population addressed to the formation of the cardiac
mesoderm (Rajala et al. 2011). This gene expression pattern is possibly
involved in conferring PACPs the ability to respond to specific stimuli and
further differentiate along the cardiac lineage. However, consistent with
previous experiments carried out in human mesoangioblasts, human
embryonic stem cells and human MSCs (Galvez et al. 2009; Yoon et al. 2000;
Balana et al. 2006), PACPs were unable to spontaneously differentiate into
beating cardiomyocytes, as it happens in the mouse (Galvez et al. 2008;
Fukuda et al. 2001). On the other hand, after exposure to 5’-azacytidine, they
acquired the positivity for Cx43 (Figure 33) (Bayes-Genis et al. 2005; Hierlihy
et al. 2002) and Cardiac Actinin (Wainwright et al. 2010) (Figure 28, Table 7),
which are typical of differentiated cardiomyocytes and are required to establish
electrical intercellular connections between atrial and ventricular myocytes and
essential for cardiac contraction (Hierlihy et al. 2002; Lobe et al. 2002; Bayes-
Genis et al. 2005). Furthermore, after this treatment, PACPs progressed to

cells that showed a change in the morphology (Figure 31), which became more
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similar to that of cardiomyocytes, and in the cytoskeletal organization, as
demonstrated by the immunopositivity for Desmin (Figure 32), F-actin (Figure
34), myosin (Figure 35) and tropomyosin (Figure 306). These proteins are
important in maintaining cardiomyocytes contractile structure (Srinivasan et al.
2011), although this property appeared to be limited to PACPs isolated from
aorta- and ventricle. These findings altogether indicate that PACPs have a
higher similarity with cardiac progenitors derived from the human species
(Galvez et al. 2009; Yoon et al. 2006; Balana et al. 2000).

Moreover, in the recent years, several authors have considered fusion ability as
a marker of differentiation 7z wvitro (Galvez et al. 2009; Minasi et al. 2002;
Galvez et al. 2008; Galli et al. 2005; Leri et al. 2005). Indeed, cell fusion
experiments further demonstrated PACP ability to differentiate iz vitro and to
give rise to fusion events, reflecting a distinct property common to many types
of cardiac progenitors, although this property appeared to be limited to aorta-
and ventricle-derived cells (Figure 37). In particular, PACPs showed 5% rate
of fusion events, consistent with previous data obtained using different cell
types, such as mouse embryonic stem cells, human MSCs and human cardiac
stem cells, that reported similar fusion efficiency (Pittenger et al. 2004;
Christoforou et al. 2010; Acquistapace et al. 2005). On the other hand, much
higher fusion rate has been previously described for human and mouse

mesoangioblasts (Galvez et al. 2009; Galvez et al. 2008; Galli et al. 2005).
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Although we have no ready explanation for this variability, we may
hypothesize that different cell types may lead to dissimilar fusion results.
Furthermore, species-related diversities cannot be ruled out.

During the preparation of the present thesis an exhaustive study has reported
the isolation of a c-kit™/CD45- cardiogenic cell population from weanling pigs
(Ellison et al. 2011), demonstrating a strong regenerative effect of these cells
that are most likely involved in the myocardium hyperplastic growth and
maturation to adulthood, consistent with data previously shown in neonatal
mice (Zaruba et al. 2010). PACPs display a high molecular affinity, such as c-
kit, Oct3/4, Sox-2, CD45, CD34 and Nkx2.5, and share many differentiation
abilities, such as smooth muscle and endothelial cells, with this resident cardiac
c-kitt/CD45 progenitor cell population. Among these cells, the number of
committed myogenic progenitors (c-kitPos/Nkx2.5p0s  cells)  significantly
increased in the infarct and border regions of the treated hearts in a dose-
dependent manner.

Altogether, the data presented in this thesis indicate the possibility that,
although more abundant and active in the neonatal and post weaning period,

cells with cardiogenic properties can also be isolated in the heart of adult pig.
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