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“Facts are the air of scientists.

Without them you can never fly.”

Linus Pauling



Identification and characterization of progenitor populations
in the human adult heart

Joakim Sandstedt

Department of Clinical Chemistry and Transfusion Medicine, Institute of
Biomedicine
Sahlgrenska Academy at University of Gothenburg,
Goteborg, Sweden

ABSTRACT

Traditionally, the heart has been regarded as a non-regenerative organ. During the last 10
years, this notion has been challenged. By '“C measurements, it was calculated that at the age
of 50, about 45% of all cardiomyocytes had formed after birth. An endogenous population of
progenitor cells in the heart has been suggested as the source of this regeneration. Until now,
most studies have however been conducted in animal models which may not fully reflect the
human situation.

The overall aim of this thesis was to add to our knowledge of the identity, distribution
and function of endogenous progenitor cells in the human adult heart. In paper I, a small
population of C-kit+ cells was identified, that could be sub-divided based on expression of
the hematopoietic marker CD45. The C-kit+CD45+ population was determined to be of
mast cell phenotype whereas the C-kit+CD45- population expressed endothelial associated
markers. Differentiation assays showed further endothelial maturation but no evidence of
cardiac differentiation. In paper II, heterogeneity within the C-kit+CD45- population was
further investigated by single cell qPCR. The results indicated that while most of the C-
kit+CD45- cells were committed to the endothelial lineage, a minor portion of them could
represent cardiac progenitors. In paper III, Side Population (SP) cells were identified in the
left atrium. The SP phenotype was linked to the MDR1 protein. On gene expression level,
the SP cells expressed high levels of MDRI as well as stem cell associated genes C-KIT and
OCT-4. Furthermore, the SP could be subdivided based on expression of the hematopoietic
marker CD45. The CD45- SP cells had an endothelial profile while the CD45+ SP cells
were neither committed to the endothelial, nor the cardiomyogenic lineage. In paper 1V,
expression of SSEA-1, 3 and 4 was investigated. All SSEAs were expressed at variable
levels. The SSEA-1+ population was determined to be of hematopoietic origin. Of the
SSEA-4+ cells, some co-expressed CD34. In right atrium, the SSEA-4+CD34- population
displayed a high expression of cardiomyocyte genes. By immunohistochemistry, SSEA-4+
cells were identified both within and outside the myocardium.

In conclusions, in the present thesis, three different cell populations with characteristics
were isolated from human cardiac biopsy material. One C-kit+CD45- population that
consisted of both endothelial and cardiac committed progenitors. SP cells where the CD45-
fraction showed evidence of endothelial commitment and SSEA-4+CD34- cells that showed
signs of cardiac commitment.

Keywords: Cardiac progenitor cells, heart, C-kit, Side Population, Stage Specific
Embryonic Antigens, FACS
ISBN: 978-91-628-8892-3



SAMMANFATTNING PA SVENSKA

Hjartat &r ett av kroppens mest fascinerande organ, vars funktion &r att pumpa runt
blodet i kroppen. Under en genomsnittlig livstid slar det méanskliga hjartat ungefar
3 miljarder génger. Trots detta har hjirtat fram tills nu betraktats som ett organ utan
lakningsforméga. Detta har man bl.a. baserat pa att det vid sjukdomar som drabbar
hjartat, t.ex. hjartinfarkt, inte sker nagon synbar ldkning av hjartvdvnaden. Istillet
bildas drrvdvnad som inte har formaga att dra sig samman da hjartat slar.

Under de senaste 10 aren har denna bild dock kommit att nyanseras. Nya tekniker
for att studera langsam cellomsittning, sdsom kol-14 datering, har visat att det 1 det
maénskliga hjértat sker en langsam nybildning av hjartmuskelceller under hela livet.
Det finns idag ocksa ett stort antal studier, i de flesta fall utférda i djurmodeller,
som visat pd forekomst av olika s.k. stam / progenitor cell populationer. Dessa har
visats kunna utvecklas till bade hjartmuskelceller, som ger hjirtat formaga att dra
sig samman, och endotelceller, som bygger upp insidan av blodkarl. Dessa blodkérl
ar 1 sin tur viktiga for transport av syre och naringsdmnen ut i1 hjartvivnaden.

Syftet med denna avhandling var att 6ka var kunskap om vilka populationer av
progenitor celler som finns i det ménskliga vuxna hjartat. Vidare ville vi studera om
det finns skillnader i distribution av dessa celler mellan hjartats hdgra och vénstra
sida samt ta reda pd vilken funktion dessa celler kan ha i hjértat. I de tva forsta
arbetena studerades en cellpopulation som uttryckte det stamcells-associerade
proteinet C-kit, men var negativ for proteinet CD45, som uttrycks av blodceller.
Denna population av celler verkade i huvudsak vara inriktad mot endotelutveckling
dven om vi sdg tecken till att en mindre del av cellerna istdllet var inriktad mot
hjartmuskel utveckling. Cellerna fanns till storsta delen i hjirtats hogra formak. I
det tredje arbetet identifierades en cellpopulation baserat pa formagan att pumpa
ut ett fluorescerande d&mne - Hoechst 33342. Denna forméga har man tidigare sett
hos andra stamcellspopulationer i kroppen, t.ex. i benmirgen. Denna cellpopulation
kunde bara identifieras i hjirtats vénstra formak. Formégan hos dessa celler att
pumpa ut det fluorescerande d&mnet kunde kopplas till proteinet MDRI1.

I det fjarde arbetet studerades uttryck av s.k. stage specific embrynoic antigens
(SSEAs). Dessa ar socker-strukturer som finns pé cellens yta. Man har tidigare
kopplat ett visst monster av SSEAs till olika utvecklingsstadier hos embryonala
stamceller. I det vuxna hjirtat ar dock inte s& mycket ként kring dessa markorer.
I var studie kunde vi se att alla SSEAs uttrycktes i1 varierande utstrackning dven i
det manskliga vuxna hjartat. I en del av de celler som uttryckte SSEA-4 (ett av de
SSEAs som studeras) sag vi tecken pa bade sen och tidig hjartmuskelcell utveckling.
Dessa celler skulle kunna representera en omogen cellpopulation med inriktning mot
hjartmuskelutveckling. Celler med denna profil kunde endast identifieras i hoger
formak.



Sammanfattningsvis kan man utifrén detta avhandlingsarbete dra slutsatsen att &ven
det minskliga vuxna hjértat innehaller flera potentiella progenitor populationer.
Dessa kan forhoppningsvis utnyttjas i framtida utveckling av nya behandlingsmetoder
for vanliga hjartsjukdomar sdsom hjértsvikt och ischemisk hjértsjukdom. For detta
krivs dock ytterligare forskning, inte minst vad géller funktionella aspekter hos de
olika cellpopulationerna.
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1 BACKGROUND

1 BACKGROUND

1.1 Normal structure and function of the heart

1.1.1 Anatomy and normal physiology of the heart

The heart works as a muscle pump, propelling the blood to all parts of the body.
In the human, it is located in the thoracic cavity, in the mediastinum. It is enclosed
by the pericardial sac. The mammalian heart, including that of the human, consists
of four chambers, two atrias and two ventricles. The right side of the heart pumps
poorly oxygenated blood to the lungs while the left side of the heart supplies the
remaining body with oxygenated blood. Between the atrias and ventricles and at
the outflow tracts of the ventricles are valves that prevent backflow of the blood.
The cardiac tissue itself is perfused by the coronary arteries, which emanates from
the ascending aorta just above the aortic valve (1). The heart rate is under normal
physiological conditions governed by the sinus node, which is situated in the right
atrium close to the opening of superior vena cava. The sinus node displays an
electrical self excitation, the pace of which can be modulated by both the sympathetic
and parasympathetic nervous system. An increase in sympathetic stimulation results
in an increase in heart rate whereas an increased parasympathetic stimulation has
the opposite effect. From the
sinus node, excitation is spread
among the rest of the atrial
cardiomyocytes and  then
transmitted to the ventricles
via the atrio-ventricular node.
In the ventricles, excitation is
spread partly via cardiomyocyte
to cardiomyocyte transmission,
partly via specialized Purkinje
fibers (2).

Figure 1.
Schematic
illustration of
the histological
organization
of the atrial
cardiac wall.

1.1.2 Histological
organization and cellular
composition of the heart

The cardiac wall is
histologically organized
into three layers (1, 3). Its
organization is schematically
illustrated in Figure 1. A

- — corresponding histological

icture of the atrial cardiac wall
Cardiac cavity Endocardium Myocardium Epicardium pictute 0 ¢ cardiac w
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is shown in Figure 2. The epicardium is the most superficial layer and constitutes
the visceral layer of the pericardial sac. It mainly consists of connective tissue,
where fibroblasts are the dominating type of cell. Its outermost layer is built up by
mesothelial cells, which produces the pericardial fluid. This enables the heart to
move in the pericardial sac in an almost frictionless manner. Parts of the epicardium
also have depositions of adipose tissue (4). Furthermore, the coronary arteries are
located within the epicardial layer.

The myocardium makes up the mid part of the cardiac wall. It is by far the thickest
layer, particularly in the ventricles. The main volume of this layer consists of
cardiomyocytes. Furthermore, branches of vessels from the coronary arteries
transverse the myocardium. These are build up by endothelial cells, smooth muscle
cells and pericytes.

The endocardium is the innermost layer. It is a very thin layer lining the entire inside
of the heart cavity. It consists mainly of endothelial cells. Notably, the inner surface
of the cardiac wall is highly irregular caused by trabeculations.

Epicardium

Myocardium
Figure 2 Actual histological picture of the right

atrial wall. The main picture to the left shows

the whole thickness of the right atrial wall. The
large empty spaces (indicated by *) within the
myocardium is caused by the trabeculation of the
heart. To the right, enlargements of the epicardium,
myocardium and endocardium are shown. Notably,
in the myocardium, the cardiomyocytes have been
cut transectionally rather than longitudinal. Endocardium
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The overall cellular composition of the heart has been determined both in the
murine and human heart. In older studies, where identification of different types of
cells were carried out based on morphological properties determined by electron
microscopy and gradient centrifugation, 30 - 40% of the total number of cells in
the rat heart were determined to be cardiomyocytes whereas 60 - 70% of the cells
were other types of cells (5, 6). In a more recent study by Banerjee et al. (7), where
different types of the cell were identified based on fluorescence-activated cell sorting
(FACS) and immunohistochemistry, the percentage of cardiomyocytes in the adult
rat heart was similarly to the results of previous studies determined to be an average
26.4%. In the adult mouse heart, the percentage of cardiomyoctes was on average
56% and thus much higher compared to the rat heart. Notably, the volume fraction
of cardiomyocytes in the adult rat ventricle has been determined to be about 80%
(8), thus almost inverse to the percentage of cells.

In the normal human adult heart, it has been shown by Olivetti et al. (9) that
cardiomyocytes constituted between approximately 70 - 90% of the total volume
of both right and left ventricle. The volume fraction of cardiomyocytes increased
with increased age. The total number of cardiomyocytes, to the contrary, decreased
with increased age. Vliegen et al. (10) showed similarly that on average 81% of the
volume of the normal adult human heart was made up of cardiomyocytes. When
cellular composition was determined on the other hand, on average only 30% of
the total number of cells were made up of cardiomyocytes. Taken together, it can be
concluded that while the volume of both rat and human hearts mainly are taken up
by cardiomyocytes, these cells account for only a minority of the total number of
cells.
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1.1.3 A description of the different types of cells found within the heart

As described above, the heart is composed of several different types of cells
including cardiomyocytes, fibroblasts, endothelial cells, pericytes and smooth
muscle cells. In this section, a short description of the function and common markers
used for identification of each type of cell will be given.

1.1.3.1 Cardiomyocytes

As described above, cardiomyocytes make up most of the volume of the heart. They
are often divided into three subgroups depending on location and function. The
two first groups, ventricular and atrial cardiomyocytes, have many similarities and
are responsible for the contraction of the heart. In addition to these groups, there is
also a heterogeneous third group of specialized cardiomyocytes that conducts the
electrical impulse in a coordinated manner as well as function as impulse generators.
Cardiomyocytes could generally be regarded as an intermediate between skeletal
muscle cells and smooth muscle cells. As skeletal muscle cells, they have a striated
pattern when observed in histological sections. This comes from the A and I bands
of the sarcomeres, which are the contractile units of the cardiomyocyte. These are
in its turn arranged in myofibrils. The cardiomyocytes are arranged in a syncytium,
connected to each other with intercalated discs which permits the exchange of
ions between cells. Furthermore, cardiomyocytes are electrophysiologically
competent. During contraction of the heart, an action potential is propagated by
opening of membranous voltage gated fast sodium channels and slow calcium-
sodium channels. This results in influx of Ca’+ ions both from the sarcomplasmic
reticulum and extracellular fluid which activates the contractile process of the cells.
The electrophysiological resting potential is then restored by opening of potassium
channels, a process called repolarization (2, 3, 11).

Compared to most other types of cells, cardiomyocytes have the ability to undergo
karyokinesis without cytokinesis (i.e. duplication of DNA without cell division).
This may result in multinucleation - the existence of two or more distinct cell nuclei
within the same cell, as well as polyploidization - the replication of DNA in one
cell nuclei without the formation of two distinct nuclei. In the human adult heart,
it has been determined that most cardiomyocytes are mononucleated (74% of all
cardiomyocytes). The next most common nucleus configuration is binucleation
(25.5%) while trinucleation (0.4%) and tetranucleation (0.1%) are rarely seen (12).
The percentages of the different nucleus configurations do not change considerably
from the early postnatal time to old age in human (13). Polyploidization on the
other hand has been shown to change considerably during childhood. While most
cardiomyocytes are diploid at birth, most nuclei become tetraploid and a few also
octaploid until the age of 10. After this, no further increase in polyploidization was
observed (14). Notably, the physiological functions of both multinucleation and
polyploidization in cardiomyocytes are still mostly unknown (15). The phenomena
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are however very important to consider when interpreting results from many
common assays used for studying cell renewal.

Commonly used markers for identification of mature cardiomyocytes are proteins
of the contractile apparatus such as cardiac troponin T (¢TnT), cardiac troponin [
(cTnl) and cardiac a-actin as well as gap junction proteins such as connexin 43 (11,
16). For detection of early cardiomyogenic differentiation in stem and progenitor
cells, transcription factors responsible for specification to the cardiomyogenic
lineage such as TBXS5, NKX2.5, GATA-4 and myocyte-specific enhancer factor 2C
(MEF2C) (17) are often used.

1.1.3.2 Endothelial cells

Endothelial cells are found within the cardiac wall, lining blood vessels of different
calibers. In addition, they make up the innermost layer of the cardiac cavity. The
general functions of the endothelium involves regulation of blood coagulation,
recruitment of inflammatory cells to the tissue via transendothelial migration and
regulation of the contraction state of smooth muscle cells found lining all blood
vessels except capillaries (3). In capillary vessels of the heart, endothelial cells are
also involved in the transportation of fluid in and out of the tissue, from and into the
vessel. In addition to these functions, it has also been shown that cardiac endothelial
cells release factors such as nitric oxide (NO), prostaglandin 12 and endothelin that
can influence cardiomyocytes and result in increased contractile force (18).

Commonly used markers for identification of endothelial cells include adhesion
protein CD31 (7, 18) and fetal liver kinase 1 (FLK-1) which is a receptor for
vascular endothelial growth factor (VEGF) (19). Another marker is von Willebrand
factor (VWF) which is involved in initiating the coagulation of blood (20).

1.1.3.3 Smooth muscle cells

Smooth muscle cells in the heart are found in the wall of all blood vessels except
capillaries. Their function is to regulate the flow of blood through contraction or
relaxation. Commonly used markers for identification includes smooth muscle
specific isoforms of proteins in the contractile apparatus, such as alpha-smooth
muscle actin (a-SMA) (7).

1.1.3.4 Pericytes

Pericytes are found outside the endothelial layer of blood vessels of the heart. They
form heterocellular junctions with endothelial cells as well as homocellular junctions
with other pericytes. The physiological function of pericytes involves regulation of
angiogenesis, coagulation and possibly also blood flow in small sized arteriols (21).
There is no known marker specific for pericytes but rather a combination of markers
must be used to distinguish them from other types of cells such as fibroblasts,
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smooth muscle cells and endothelial cells (22).

1.1.3.5 Fibroblasts

Cardiac fibroblasts are found dispersed within the cardiac wall. Their functions
include homeostasis of extracellular matrix, regulation of mechanical properties
of the heart and possibly also electrical signaling in the heart. As an indication of
the later, it has been found that fibroblasts form heterocellular gap junctions with
cardiomyocytes (23). Upon increased mechanical load, cardiac fibroblasts can
upregulate a-SMA, the same protein that is also expressed by smooth muscle cells.
This is observed in cardiac hypertrophy as well as at sites of previous myocardial
infarction (24). Fibroblasts expressing a-SMA are often called myofibroblasts.

A commonly used marker for identification of fibroblasts is vimentin, which
is an intermediate filament abundantly expressed in fibroblasts. This marker is
unfortunately also expressed by for example endothelial cells (23). DDR2, a collagen
specific receptor tyrosine kinase, has been described as a more specific marker for
cardiac fibroblasts. It has not been found in other types of cells in the heart (23, 25).
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1.2 Embryological development of the heart
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Figure 3 (overleaf). Schematic illustration of human cardiac embryonic development.
Related regions are color coded. Contribution of secondary heart field progenitors are
shown according to the results by Cai et al. (35). Approximate embryonic days in human
cardiac development are indicated below B - E. A) shows the two primary heart fields that
arise shortly after gastrulation. B) shows the cardiac crescent where the two primary heart
fields have fused in the middle. C) shows the linear heart tube. D) shows the heart after
looping and E) shows the finally remodeled heart.

SHE;, secondary heart field; PHF, primary heart field; V, ventricle; A, atrium; CT,
conustruncus; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; AVY,
atrioventricular valve; PA, pulmonary artery; Ao, aorta;, DA, ductus arteriosus.

Adapted from Srivastava (28) and Frances et al. (29)

The embryological development of the heart is a very complex process involving
the development of several cell types as well as the formation of a complicated 3-D
structure. It is schematically illustrated in Figure 3.

Mammalian embryonic development starts with the specification of cells into inner
cell mass and trophoblasts. The later give rise to the placenta whereas the inner cell
mass give rise to the embryo as well as amniotic cavity. Through gastrulation, the
three germ layers, ectoderm, mesoderm and endoderm, are formed (26). The heart is
developed from the mesodermal layer. During and shortly after gastrulation, a part
of the mesoderm becomes specified to cardiac development and is called cardiac
mesoderm. The cardiac mesoderm is bilaterally distributed on both sides of the
primitive streak, which is situated in the midline of the embryo (Figure 3A). The
embryonic disc then folds and the laterally separated areas of cardiac mesoderm
migrate inwards, fuse in the middle and form the cardiac crescent (Figure 3B). This
later develops into the cardiac tube (27-29) (Figure 3C). This process is completed
at about embryonic day 7 in the mouse and day 21 in the human, shortly after
which the heart starts beating (30). The heart tube then undergoes a process called
looping, through which atrias and ventricles are formed (Figure 3D). In the end of
this process, trabeculations of the luminal surface of the heart start to form. The
function of these may be to enable the myocardium to grow in mass without a fully
developed coronary circulation (31). The remodeling of the heart is complete at
about embryonic day 13.5 in the mouse and day 50 in the human (28, 29) (Figure
3E). The embryonic heart remain functional throughout this extensive remodeling
(32).

The mesodermal cell population that forms the heart tube is called the primary heart
field (33). The ion channel HCN4 has been described as a specific marker for this
population (34). In addition to this, another population of cells contributing to the
cardiac development, situated anterior of the primary heart field has been identified.
Called the secondary or anterior heart field, this population was originally believed
to contribute to the right ventricle and outflow tract of the heart (33). Later studies
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have suggested transcription factor Islet-1 as marker of the secondary heart field (35-
37). In a knock out mouse model, it was shown that mice lacking Islet-1 expression
developed severe cardiac malformations and failed to enter the looping phase. By
genetic lineage tracing, it was estimated that most of the heart including almost all
of the outflow tract and the right ventricle, approximately 2/3 of the atria and minor
portions of the left ventricle were formed from secondary heart field progenitors
(35) (this is graphically illustrated in Figure 3). However, in another study where a
mef2¢ enhancer region specific for the secondary heart field was used for lineage
tracing, a more limited contribution was found. It was speculated that Islet-1 might
also be expressed earlier in the embryonic development and thus also give rise to
some of the primary heart field in studies of lineage tracing (38). Notably, Islet-1
expression has also been found in the post-natal heart (36) and has been suggested
as potential marker of adult cardiac progenitor cells (39). This will be discussed in
further detail in section 1.6.3.

1.3 An introduction to stem cells

Stem cells are defined as undifferentiated cells capable of proliferation, self-
renewal, production of a large number of undifferentiated progeny and regeneration
of tissue (40). Stem cells are further categorized by their differentiation capabilities.
Pluripotent stem cells theoretically have the ability to generate all types of cells from
all three germ layers of embryonic development. Generally, only embryonic stem
(ES) cells have been thought to be pluripotent. ES cells are in vitro expanded cells
derived from the inner cell mass cells of early embryonic development (41). A few
years ago, it was however also shown that adult terminally differentiated cells such
as fibroblasts could be reprogrammed to a phenotype with differentiation capacity
similar to that of ES cells. This was done by transfection with certain stem cell
specific genes in vitro, resulting in overexpression of these genes. These transfected
cells, called induced pluripotent stem cells (iPS cells), were shown similarly to
ES cells to have the capacity to differentiate into types of cells derived from all
three germ layers (42). While iPS cells display impressive properties in terms of
differentiation potential and may in the future have clinical applications, it should be
pointed out that they are not believed to exist in vivo but represents an artificial type
of cell created in vitro.

In contrast to ES and iPS cells, stem cells in the adult have been regarded as tissue
specific and multipotent — restricted in their differentiative potential to only a few
types of cells.

Adult stem cells are thought to produce daughter progenitor / transient amplifying
cells by asymmetric cell division. These cells are in its turn capable of fast
proliferation and differentiation (43, 44). This is perhaps best characterized in the
hematopoietic system, where several different stem / progenitor populations have
been characterized as well as a developmental hierarchy (44, 45). Other examples of
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adult stem cells are intestinal crypt stem cells renewing the intestinal epithelium (43),
epidermal stem cells generating keratinocytes in the skin (46), satellite stem cells
capable of repairing skeletal muscle (47) and mesenchymal stem cells (MSCs) in
the bone marrow, at least capable of differentiating into bone, fat and cartilage (48).
It should be observed that the terms stem cells” and ”’progenitor cells” are not used
stringently in the field of cardiac regeneration but are often used as interchangeably
with each other. In this thesis, the term “progenitor cells” will generally be used to
indicate cells with uni- or multipotent differentiation capacity within the heart.

In recent years there has been a lot of debate regarding the plasticity of adult stem
cells. There have been several reports indicating that some populations of adult stem
cells, in particular stem cells derived from the bone marrow, may have a brooder
differentiation capability than what was previously believed (49, 50). This will be
discussed further in the context of cardiomyocyte regeneration from extra-cardiac
stem cells. Please see section 1.5.

1.4 The concept of the heart as a regenerative organ

During most of the 20th century, the heart was predominantly viewed as a post-
mitotic organ, soon after birth loosing the ability to generate new cardiomyocytes.
This dogma was supported by the apparent lack of regeneration after acute
myocardial infarction, as well as the inability to observe dividing cardiomyocytes
in histological sections in studies conducted in the beginning of the 20th century
(51). Furthermore, a rather constant number of cardiomyocytes throughout life was
noted by Linzbach et al. (52) in the 1950s. This was interpreted as further proof of
hypertrophy rather than hyperplasia of cardiomyocytes as the mechanism by which
the heart grow and adapts to physiological stress. It has also been observed that adult
cardiomyocytes fail to divide when cultured in vitro (53).

In the end of the 20th century this dogma started to become questioned. Studies
of DNA synthesis in mammalian cardiomyocytes had shown that there might be
a low degree of DNA synthesis in adult cardiomyocytes (54), possibly indicating
that new cardiomyocytes are generated. Furthermore, studies of expression of the
proliferation marker Ki67 (55) showed expression in a small fraction of human adult
cardiomyocytes (56, 57) further strengthening this interpretation. Expression of
Ki67 in cardiomyocytes was markedly upregulated after myocardial infarction (56)
and tachycardia induced heart failure (57) respectively. This could be viewed as an
attempt to regeneration, although inadequate.

Another indirect evidence of cardiomyocyte renewal were studies of cardiomyocyte
death by apoptosis or necrosis in the failing heart (58, 59). It has been argued that
the rate of cardiomyocyte death is much greater than what would be expected from
the actual loss of cardiac mass. The obvious solution to this paradox that have been
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suggested is the existence of a simultaneous cardiomyocyte renewal (60).

1.4.1 Direct assessment of cardiomyocyte renewal

In animal models, assessment of newly formed cells including cardiomyocytes
have been conducted through administration of 5-bromo-2-deoxyuridine (BrdU).
This substance works as a analogue to the DNA base thymidine and is incorporated
instead of this during cell division. Thus, cell nuclei containing high levels of BrdU
must have formed during the labeling period. Waring et al. (61) showed that the
rat heart responded to physical exercise by both increased size of already existing
cardiomyocytes but also by increase in the number of small cardiomyocytes. This
group of cardiomyocytes was found to incorporate BrdU, indicating that these cells
were newly formed. The extent of formation of new cardiomyocytes was correlated
to training intensity. In the high intensity exercise group, about 7% of the total
number of cardiomyocytes was determined to have formed during a 4 week period
of training compared to below 2% in the control group. In a study by Urbanek et al.
(62) of BrdU incorporation in the normal mouse heart, as high as between 10 - 19%
of all cardiomyocytes (depending on which region of the heart that was assessed)
were determined to have formed during a period of 10 weeks. These results indicate
a surprisingly high turnover of cardiomyocytes, especially if taking into account that
in the study of Urbanek et al., BrdU was only administered for the first 6 days of the
study whereas in the study by Waring et al., BrdU was administered continuously
during the whole study period. One reason for this discrepancy could be differences
in cardiomyocyte turnover between rats and mice. However, in a study by Meinhardt
et al (63), mice were administered BrdU continuously for 14 days with a subsequent
chase period of 4 months (~16 weeks). After this period, BrdU retention in different
types of cells were investigated by immunohistochemistry. While BrdU staining
rarely was observed in endothelial cells, no incorporation of BrdU in cardiomyocytes
was observed. Instead, most BrdU+ cells stained positive for progenitor marker stem
cell antigen 1 (Sca-1). Although it could be argued that Meinhardt et al. used a less
advanced method of microscopic analysis, it seams unlikely that such a substantial
turnover of cardiomyocytes as above 10% of the total cardiomyocyte population
would be missed. The reasons for the different results of cardiomyocyte turnover
between the studies of BrdU incorporation thus remain unclear.

In the human heart, methods utilizing BrdU incorporation for identification of
cycling cells have not been possible due to ethical considerations. However, in a
study of Kajstura et al. (64), autopsy samples from the hearts of patients that had
received radiosensitizer IdU as a part of cancer treatment was analyzed. IdU,
similarly to BrdU, also works as a nucleotide analogue and is incorporated in
newly synthesized DNA during cell replication. In this study, on average 22% of
the pool of cardiomyocytes was calculated to be replaced in one year although a
quite high inter-patient variation was noted. Similarly to the study by Waring et al.
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(61) described above, newly formed cardiomyocytes was mostly mono-nucleated
excluding the possibility of these cells being the result of karyokinesis rather than
cytokinesis.

Another method of determining cardiomyocyte turnover in human, which is not
dependent on a certain treatment or category of patients, is analysis of *C content
in isolated cardiomyocyte nuclei. This analysis make use of the fact that during
atmospheric atomic bomb tests during the 50’s and beginning of the 60’s, *CO2
concentration in the atmosphere rose sharply. The level of “CO2 is in its turn in
equilibrium with C content in food which is in equilibrium with *C content in
newly synthesized DNA at that particular time (14). In the first study of human
cardiomyocyte '“C incorporation by Bergman et al. (14), it was shown that new
cardiomyocyte are formed throughout life. The rate of turnover was however modest
and negatively correlated with age. It was estimated that at the age of 50, about 45%
of all cardiomyocytes had formed after birth. Furthermore, it was noted that although
most cardiomyocyte nuclei were diploid at birth, most became polyploid during the
first ten years of life. After this, no further increase in polyploidization was observed.
These changes were compensated for in the calculations of cardiomyocyte turnover
described above.

To the contrary of the study by Bergman et al., a later study by Kajstura et al.
(65) found a dramatically higher turnover of cardiomyocytes both in the normal
and diseased heart. It was calculated that between the age of 20 and age of 78, the
cardiomyocyte compartment of the heart was turned over approximately 8 times. A
similar turnover rate was estimated for endothelial cells and fibroblast. Furthermore,
cardiomyocyte turnover was found to accelerate at old age rather than decrease. The
reasons behind these great differences in results are unclear. When reading the study
by Kajstura et al., it however seems unclear how they have come to their conclusions
based on the *C data presented. The study by Bergman et al. on the other hand has
a clear line of reasoning and although it has be acknowledged that the technique is
very complicated, it is possible to understand how their conclusions are generated
from the underlying data. Taken together, the study by Bergman et al. seems more
methodologically robust. Furthermore, the results are much more reasonable in the
light of the well established very limited regenerative capacity of the human heart in
cardiac disease.
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Figure 4 (overleaf). Schematic illustration of different sources of cardiac regeneration

that have been proposed in the literature. A) shows different cell populations derived from
the bone marrow or peripheral blood. Both EPCs (endothelial progenitor cells) and HSCs
(hematopoietic progenitor cells) have been proposed to be able to migrate to the heart and
transdifferentiate into cardiomyocytes. MSCs (mesenchymal stem cells) have been used

in the setting of cell therapy but are not believed to be able to migrate through the blood
circulation. EPCs are believed to be at least partially derived from the bone marrow, which
is indicated by the dashed arrow.

B) shows different populations of cells identified within the cardiac tissue that have been
shown to be able to differentiate into both cardiomyocytes or endothelial cells in vitro and /
or in vivo. C) illustrates regeneration of cardiomyocytes through re-entry into the cell cycle
of pre-existing cardiomyocytes.

EPDCs, Epicardium derived progenitor cells.

1.5 Extracardiac stem cells as the source of cardiac
regeneration

Since both direct and indirect evidence points toward a regeneration of all types of
cells composing the heart, the logical following question is how this regeneration
takes place. Theoretically, this can be achieved by either the migration of a population
of cells outside the heart via the blood circulation that in the heart differentiates into
the different cell types composing the heart, or by a regenerative process confined to
the heart. In this section, studies investigating contribution of external cell sources
to cardiac regeneration will be discussed. These are schematically outlined in Figure
4A.

1.5.1 Hematopoietic stem cells as the source of cardiac regeneration

Just after the turn of the century, there were several reports describing the possibility
of hematopoietic stem cells being able to transdifferentiate into cardiomyocytes.
Orlic et al. (50) showed that mouse bone marrow derived C-kit+ lineage negative
cells, when injected into the myocardium after myocardial infarction, were able to
differentiate into cardiomycytes, endothelial cells and smooth muscle cells. Just 9
days after cell transplantation, on average 68% of the infarcted region was occupied
by newly formed cardiomyocytes derived from the injected cells. In another study
by the same group, bone marrow cells were instead mobilized by subcutaneous
injections with cytokines (stem cell factor, SCF and granulocyte colony-stimulating
factor, G-CSF) before and shortly after myocardial infarction. This resulted in
mobilization of C-kit+ lineage negative cells into the blood, regeneration of 76%
of the infarction area by functional myocardium and substantial improvements in
cardiac function as measured by ultrasonic cardiography (66).

A few years after these very promising studies of differentiation capacity of
hematopoietic stem cells, there were however several studies published which all
failed to reproduce these initial results. In a study by Murry et al. (67), two different
cardiac-restricted reporter strains of mice were used to asses differentiation capacity
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of isolated hematopoietic stem cells including C-kit+ lineage negative cells. Evidence
of cardiomyogenic differentiation of these hematopoietic stem cells could not be
detected in a single mouse of the total of 145 mice that received cell transplantation.
This, regardless of whether mice had first been subjected to myocardial infarction
or not. Similarly, in a study by Balsam et al. (68) where different populations of
bone marrow stem cells (including C-kit+ lineage negative cells), were isolated
from GFP expressing animals and injected in the peri-infarction area, no evidence
of transdifferentiation of these cells into cardiomyocytes could be observed. To the
contrary, these cells adopted mature hematopoietic fates. A minor improvement of
cardiac function was noted in the treatment groups, however, this was only evident
after 6 weeks.

The reason behind this discrepancy between the different studies is not clear.
It has however been suggested that in the original study by Orlic et al. (50),
autofluorescence in the myocardium may wrongly have been interpreted as GFP
positivity and as evidence of transdifferentiation of the transplanted cells (67).
Notably, several studies of bone marrow transplantation assessing the contribution
of marrow derived cells to the formation of new cardiomyocytes, show a minor but
detectable contribution. This has been shown both in animal models (69, 70) and
in studies of human female patients that have received a bone marrow transplant
from a male donor (70). The mechanism behind these rare events of marrow derived
cardiomyocytes have however been shown to be cell fusion with already existing
mature cardiomyocytes rather than transdifferentiation (71). Cell fusion has also
been shown to take place infrequently when hematopoietic cells were injected into
the infarcted myocardium (72) and may thus be another possible contributing factor
to the results by Orlic et al. (50). It is however far to infrequent to account for all of
the massive regeneration reported in that study.

1.5.2 Other beneficial effects of hematopoietic stem cells not related to
regeneration of cardiomyocytes

Although hematopoietic stem cells do not seem to be able to differentiate into
cardiomyocytes to any substantial degree, studies in both animal models (68, 73-75)
as well as clinical studies (76, 77) (which will be discussed in further detail in section
1.8) have observed beneficial effects of these cells when injected after myocardial
infarction. Several possible mechanisms have been suggested. First of all, there are
some evidence that the injected cells may transdifferentiate into endothelial cells
and thus improve perfusion of the heart (78). As for cardiomyogenic differentiation,
other studies have however failed to observe this (68, 75). Furthermore, long term
engraftment of injected hematopoietic cells into the heart have been shown to be
minimal (75, 79) and thus seems unlikely as the cause of functional improvement.
Other studies have instead focused on paracrine signaling as the mechanism of
action. It has been shown that bone marrow derived cells secrete cyokines that have
pro-angiogenic (73, 78, 80), anti-inflammatory (74) and anti-apoptotic effects (80).
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Furthermore, when supernatants of cultured bone marrow derived cells were injected
into the hearts of infarcted animals as well as intraperitoneal for an additional period
of time, a short term increase in cardiac function compared to control animals was
observed (80).

1.5.3 Mesenchymal stem cells

MSC:s, although also described in other tissues, will here refer to cells derived from
the bone marrow as this is the most well described source of MSCs and thus most
studies have been based on this source of cells. They were discovered during the 60°s
and 70’s and described as a population of non-hematopoietic cells derived from the
bone marrow that adhered and grew on ordinary plastic cultureware. It has been well
established that they have a differentiation capability into chondrocytes, osteocytes
and adipocytes (48). Although later on, several markers have been reported that can
be used to prospectively isolate MSCs (81, 82), adherence to plastic is still the most
common method of isolation.

In the context of cardiac regeneration, several studies have investigated MSCs as
treatment after myocardial infarction. Most of these have shown a reduction in
infarction size (83) or improvement of cardiac function (84-88), although notably,
there is also one study of human MSCs which did not observe any positive effects
of cell treatment (89). The mechanism of action of the transplanted cells is however
not clear. It was first suggested that MSCs, similarly as what was proposed for
hematopoietic stem cells, differentiated into cardiomyocytes and endothelial cells
and by this mechanism attenuated infarction size (83). Several in vitro studies have
also suggested that MSCs are able to differentiate into cardiomyocytes when co-
cultured with cardiomyocytes (90-93). The frequency of differentiation is however
only in the range of 3 - 5% of all MSCs (92, 93), although the MSC population may
contain sub populations with higher cardiomyogenic differentiation capacity (93).
Furthermore, it has been shown that only by co-culture with neontal cardiomyocytes,
and not adult, was it possible to induce MSCs to differentiate into the cardiomyogenic
lineage (90). This call the relevance of these in vitro differentiation data in question
since only mature cardiomyocytes may be present in the setting of treatment after
myocardial infarction. Notably, there is also one study which could not observe
any signs of in vitro cardiomyogenic differentiation of human MSCs except minor
effects on gene expression (94). As an additional argument against cardiomyogenic
differentiation in vivo as a major contributing factor to improvement in cardiac
function, several studies where MSCs were injected after myocardial infarction only
observed a very limited long term retention of these cells in the heart (85, 88, 89).

As for hematopoietic stem cells, other mechanisms not involving transdifferentiation

has been suggested for MSCs. It has been shown that human MSCs secrete a number
of cytokines including VEGF, hepatocyte growth factor (HGF), leukemia inhibitory
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factor (LIF) and IL-6 which may have beneficial effects such as preventing
apoptosis and stimulating angiogenesis (85, 95). Consequently, MSCs have been
shown to prevent apoptosis of cardiomyocytes both in direct co-culture systems
(96) as well as in a system where only culture media from MSCs was evaluated
(85). Treatment with MSCs after myocardial infarction have also been associated
with increased capillary density (97). Finally MSCs are also well known to have
immunomodulatory properties, which has been exploited in the field of hematology
to prevent graft versus host disease (98). These properties may also be relevant in
the context of treatment after myocardial infarction. It has for example been shown
that treatment with MSCs after myocardial infarction resulted in short term increase
in the levels of anti-inflammatory cyokine IL-10 gene expression relative to gene
expression of other cytokines (87).

1.5.4 The role of Endothelial progenitor cells (EPCs) in cardiac
regeneration

Endothelial progenitor cells (EPCs) are circulating cells in the blood with a well
established capacity to differentiate into endothelial cells. It has been proposed
that EPCs may be subdivided into immature EPCs that have CD133+CD34+FLK-
1+ cell surface marker signature and mature EPCs that do not express CD133 but
have upregulated markers of mature endothelial cells including VWF and vascular
endothelial cadherin (VE-cadherin) (99). It has also been shown that there is a
population of circulating CD34 negative cells positive for monocyte associated
antigen CD14 which have the capacity to differentiate into endothelial cells when
cultured in vitro (100). Whether there is a hierarchical link between this population
and the CD34+ populations described above is however unclear. It should be noted
that in addition to definitions of EPC identity based on cell surface markers, many
studies have instead used a culture based definition where EPCs are defined as
adherent growing cells from cultures of peripheral blood (101-103).

The origin of EPCs is not entirely clear. While many reviews of the EPC system
suggest a model where EPCs are thought to be derived from the bone marrow
(99, 104), there is also a study by Lin et al. (105) where human patients that had
received gender mismatched bone marrow transplantations were examined for EPC
origin. In this study, it was shown that 95% of freshly isolated EPCs were derived
from the recipient. However, in EPCs that were expanded in vitro, a progressively
higher fraction of cells were derived from the donor with increased time in culture.
At day 27 in culture, approximately 83% of the cells were derived from the donor.
No attempt was made to correlate these two apparently different populations to
different cell surface signatures. The in vivo contribution of bone marrow derived
EPCs to vascular homeostasis has been further illustrated by Brittmann et al. (106)
In this study, autopsy material from patients that had undergone gender mismatched
bone marrow transplantation were analyzed. Donor derived cells were found in the
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capillary bed and co-expressed endothelial marker CD31.

Clinically, EPCs have attracted much attention as a potential marker in different
settings of cardiovascular disease. For example, EPC number has been found
to increase in patients with acute ischemic heart disease (101, 107) as well as in
patients with heart failure due to dilated cardiomyopathy (108). When it comes to
cardiac regeneration, as previously described for both hematopoietic stem cells and
MSCs, several studies have indicated a positive effect after myocardial infarction
of either EPC transplantation (109, 110) or increased mobilization and recruitment
(111). It was initially suggested that EPCs might improve cardiac function by
differentiation into cardiomyocytes. In a study by Badorff et al. (112) human
EPCs were shown to differentiate into cardiomyocytes in vitro when co-cultured
with neonatal rat cardiomyocytes. It was further shown that direct cell-cell contact
was necessary to obtain differentiation. In a later study by Gruh et al. (113), the
results by Badorff et al. were however not possible to reproduce. Furthermore,
it was extensively shown that this discrepancy most likely was the results of
methodological shortcomings in the study by Badordd et al. These involved failure
of identifying autofluorescence of cardiomyocytes in differentiation analyses by
FACS and incorrectly interpreting EPCs laying on top of neonatal cardiomyocytes as
a sign of differentiation in immunohistochemical analyses. Furthermore, it has also
been shown that EPCs rarely migrate over the endothelial barrier of blood vessels
(114), which further speak against cardiomyogenic differentiation of EPCs in vivo.
Other possible mechanisms of action of EPC treatment after myocardial infarction
involve formation of new capillary vessels (111) and secretion of paracrine factors
such as IGF-1 and transforming growth factor beta-1 (TGF-B1) (110). It has indeed
been shown that only conditioned media from cultured EPCs, without cells, gave
positive effects of cardiac function when injected intramyocardial after myocardial
infarction (110, 115). In one of these studies, improvement was linked to prevention
of apoptosis in cardiomyocytes, which in its turn was coupled to IGF-1 secretion
(115).

1.5.5 Studies of chimerism in gender mismatched cardiac
transplantation

Although both hematopoietic stem cells, MSCs and EPCs have been found to have no
or very limited capacity of differentiation into the cardiomyogenic lineage, it would
be theoretically possible that another extracardiac progenitor population exists that
contribute to renewal of cardiac cells including cardiomyocytes under physiological
conditions. To fully elucidate the contribution of extracardiac cells in a population
independent way, several studies have investigated biopsy and autopsy material
from patients that have undergone gender mismatched cardiac transplantations.
Generally, male patients that have received female hearts have been used. All cells
that have a male origin in the heart (identified by the existence of a Y-chromosome
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by fluorescence in situ hybridization) are assumed to be derived from the recipient
of the cardiac transplant. This technique was first demonstrated by Hruban et al.
(116). In this initial study, two hearts that had been explanted in the process of re-
transplantation due to accelerated arteriosclerosis were analyzed. Most of the donor
derived cells within the heart were found to be infiltrating mature hematopoietic
cells. No chimerism was detected in cardiomyocytes or smooth muscle cells, whereas
a minor contribution of donor derived cells to the endothelial lineage was noted. In
contrast to these initial results, in a study by Quaini et al. (117), a high percentage
of donor derived cardiomyocytes was noted. When corrected for efficiency of Y-
chromosome detection, on average 18% of the cardiomyocytes were found to be
donor derived. A high degree of chimerism was also noted in endothelial cells and
smooth muscle cells. Notably, at about the same period of time, two studies showing
a high regenerative capacity of bone marrow derived stem cells were also published
(50, 66) (described in further detail in section 1.5.1). This together generated a
high interest for the contribution of extracardiac cells to cardiac regeneration.
Consequently, several other studies were initiated exploring incorporation of
recipient derived cells in gender mismatched cardiac transplantation. In a study
by Glaser et al. (118), published shortly after the study by Quaini et al., over 6000
cardiomyocyte nuclei were examined for Y-chromosome content which would be
indicative of extracardiac origin. However, not a single Y-chromosome positive
nucleus could be identified. In contrast to this, a low level of chimerism in smooth
muscle cells was noted. In another study by Laflamme et al. (119), which was also
published shortly after the study by Quaini et al., chimeric cardiomyocytes were
observed. The frequency of these, when adjusted for efficiency of Y-chromosome
detection sensitivity, was however only on average 0.04% of all cardiomycoytes.
It was argued that the source of this discrepancy most likely was not differences
in clinical parameters of the included patients but rather technical differences.
In the study by Quaini et al., confocal microscopy was used to identify chimeric
cardiomycoytes whereas in the study by Laflamme, standard light microscopy
was used. It was proposed that in the study by Quaini et al., infiltrating leukocyte
nuclei superimposed on top of a cardiomyocyte nuclei may have incorrectly been
interpreted as a chimeric cardiomyocytes. Notably, in a later study by the same
group where contribution of recipient derived cells to non-cardiomyogenic lineages
in the heart including endothelial cells and smooth muscle cells were investigated,
a much higher degree of chimerism was noted. For endothelial cells, about 24.3%
of the cells were found to be chimeric whereas the percentage of chimeric smooth
muscle cells were 3.4% (120). These levels were noted to be in the same range as
in the study by Quaini et al. (117). After the initial studies by Glaser et al. (118) and
Laflamme et al. (119), several other groups have also reported data from studies of
chimerism after gender mismatched cardiac transplantation. In these studies, levels
of chimerism in cardiomyocytes range from virtually no chimeric cardiomycoytes
to a maximum of 1 - 2% (121-124). Notably, although stringent criteria were used
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to identify true chimeric cardiomyocytes, in one of these studies where a subset of
apparent chimeric cardiomyocyte nuclei were subjected to a detailed analysis with
Z-stack confocal microscopy, it was noted that most of these cells were in fact
artifacts due to superimposed leukocytes (122).

Taken together, studies of gender mismatched cardiac transplantation show that
while extracardiac cells make a substantial contribution to the vasculature of
the heart, there seems to be very little or no contribution to the cardiomyocgenic
lineage. It should finally also be noted that in most cases of cardiac transplantations,
minor portions of atrial tissue of the heart of the recipient is left (119). It can thus
not be excluded that the possible minor contribution of recipient cells to renewal
of cardiomyocytes originates from cells that migrate out of this tissue rather than
extracardiac sources.

1.6 Intracardiac progenitor cells as a source of cardiac
regeneration

During the last 10 years, a number of putative progenitor populations have been
identified in the adult heart (summarized in Figure 4B). Different methods have been
used for identification and isolation of these populations, including culture systems
regarded to be selective for stem cells, functional assays and cell surface markers.
Notably, of the markers and assays that have been used, several have originally been
used to identify stem cells in the hematopoietic system.

1.6.1 C-kit

C-kit is a tyrosine kinase receptor, well characterized in the hematopoietic system
as a marker for hematopoietic stem cells. Upon differentiation into the different
lineages of blood, these cells lose their expression of C-kit, with the exception of
the mast cell lineage (125). It was one of the first markers used to identify stem
cells in the adult heart. The first report of an intracardiac population of C-kit+ cells
was published in 2003 by Beltrami et al. (126). In this, a population of C-kit+ cells
negative for hematopoietic lineage markers was identified in the rat heart. These
cells were shown to be able to differentiate into all three major cell lineages of the
heart - cardiomyocytes, endothelial cells and smooth muscle cells. This was shown
both in vitro and in vivo, in an infarction model. Furthermore, the cell population
was shown to be clonogenic, i.e. one cell could give rise to a progeny of cells that
were able to differentiate into all lineages of the heart. C-kit+ cells with similar
characteristics have also successfully been isolated from cardiac tissue of other
animals including mice (127, 128) and dogs (129).
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1.6.1.1 C-kit as a marker for human cardiac progenitor cells

In the human heart, C-kit+ cells were first identified by immunohistochemistry
in tissue samples from the outflow tract. Parts of these cells expressed markers
indicative of early cardiac commitment, such as GATA-4 and MEF2 (130). C-kit+
cells isolated from human cardiac tissue samples were found to be clonogenic and
to have the ability to differentiate into cardiomyocytes, endothelial cells and smooth
muscle cells. They were also found to express telomerase, which is a prerequisite
for long term high proliferative capacity. When human C-kit+ cells were injected
in mouse or rat hearts after induction of myocardial infarction, the human cells
differentiated into cardiomyocytes and formed capillary vessels (131). It should be
mentioned that in paper I and II in this thesis, the isolation and characterization of
human cardiac C-kit+ cells are described. To the contrary of the results described
above, we observed a predominant endothelial profile of the C-kit+CD45-
population. This is described in further details in the results and discussion sections
of this thesis.

1.6.1.2 Location of C-kit+ progenitor cells

The distribution of C-kit+ cells has been thoroughly investigated in the mouse heart.
C-kit+ cells were present as nests of cells in atria, base-mid region and apex. These
nests of cells had the characteristics of stem cell niches, consisting of extracellular
matrix proteins such as laminins and fibronectin. They contained both uncommitted
C-kit+ cells and C-kit+ cells with signs of early lineage commitment. The frequency
of stem cell niches were reported to be 8-fold higher in apex and atria compared
to the base-midregion of the ventricles (62). In the human adult heart, C-kit+ cells
have been described as most numerous in the left atrium and right ventricle. In
contrast to the mouse heart, C-kit+ cells were significantly less common in the apex.
Furthermore, most of the human C-kit+ cells were found within the epicardial layer
of the heart (132). When cells were expanded as monolayer culture from different
locations of the adult heart, C-kit+ cells could be isolated from cultures of all four
chambers of the heart. The number of C-kit+ cells in cultures was highest from
right atrium. Between other locations, there were no significant differences (133).
Distribution of C-kit+ cells have also been determined in the young human heart,
in patients suffering from dilated cardiomyopathy. In this study, samples from all 4
chambers of the heart were compared with each other. Right atrium had by far the
highest percentage of C-kit+ cells, followed by right ventricle, left ventricle and left
atrium (134).

1.6.1.3 Subpopulations of C-kit+ progenitor cells

The human cardiac C-kit+ progenitor population has been subdivided based on
expression of the VEGF receptor FLK-1 and insulin-like growth factor (IGF)
receptors respectively. C-kit+FLK-1+ cells were found to be present predominantly
in the epicardiac layer of the heart in vicinity of coronary arteries, arterioles and
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capillaries. C-kit+FLK-1- cells on the other hand were found within the myocardium.
When differentiation capacity in vitro was investigated, C-kit+FLK-1+ cells mostly
gave rise to endothelial cells and smooth muscle cells. C-kit+FLK-1- cells on the
other hand mostly gave rise to cardiomyocytes. The capacity of human C-kit+FLK-
1+ cells to form functional vessels was further investigated in a dog model of critical
stenosis of the left anterior descending artery. C-kit+FLK-1+ cells were infused
in vicinity of the stenosis and formed new collateral vessels around the stenosis
area (135). C-kit+FLK-1+ cells have also been isolated from endocardial biopsies,
although from this sampling location, only a minor percentage of the cultured C-kit+
population was found to co-express FLK-1 (136).

The C-kit+ population has also been subdivided based on expression of IGF 1
and 2 receptors (IGF-1R, IGF-2R). Only IGF-1R+ cells were found to respond to
stimulation with IGF 1 and 2 (IGF-1, IGF-2) with increased proliferation as well
as increased differentiation into cardiomyocytes. On the other hand, activation of
the C-kit+IGF-2R+ population with IGF-2, especially if combined with stimulation
with agiotensine II, resulted in increased apotosis. It was suggested that this may
be a mechanism by which homeostasis of the intracardiac C-kit+ population is kept
(137).

1.6.1.4 Effects of cardiac disease on the C-kit+ cardiac population

A few studies have investigated how disease affects the distribution, frequency and
to lesser degree function of C-kit+ stem cells. In the human heart, the first study
of C-kit+ cells in disease by Urbanek et al. (130) investigated frequency of C-kit+
cells in patients with aortic stenosis. Theses patients generally have increases left
ventricular pressure which may induce a concentric hypertophy of the left ventricle.
It was observed that in tissue samples from the outflow tract, the number of C-kit+
cells was increased 8 - 19 fold compared to control hearts. Furthermore, evidence
of increased proliferation within the C-kit+ population was detected in the disease
group by increased expression of Ki67 and telomerase. In another study, frequency
of C-kit+ cells in end stage heart failure was investigated by flow cytometry.
Compared to control hearts, failing hearts contained significantly higher number
of C-kit+ cells. The cause of heart failure however did not affect the frequency
of cells. The C-kit+ cells were characterized as CD45dim (138). As discussed in
further detail in section 1.6.1.6, this population may however represent mast cells
rather than true C-kit+ progenitor cells. In expanded cells from cardiac biopsies,
from patients undergoing cardiac surgery of various reasons, frequency of C-kit+
cells were correlated to several clinical characteristics. Of these, only hypertension
significantly increased the number of C-kit+ cells. Factors such as medication,
smoking, left ventricular hypertension, pulmonar hypertension valvular disease and
impaired left ventricular function had on the other hand no effect on the number of
C-kit+ cells. This is in contrast to the report by Urbanek et al (130) where aortic
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stenosis was found to dramatically increase the number of C-kit+ cells. In this study
however, tissue sections were used for quantification. Since a primary monolayer
culture system may increase the percentage of C-kit+ cells by several order of
magnitudes by itself, the final percentage of C-kit+ cells may not accurately reflect
the original percentage of C-kit+ cells. This could in its turn explain the discrepancy
between the studies.

In animal models, the role of C-kit+ cardiac stem cells have recently been investigated
in a beta-adrenergic overload model where administration of isoproterenol induced
a diffuse subendocardial and apical cardiomyocyte death as well as heart failure.
This model has similarities with the Takotsubo cardiomyopathy. Interestingly, it
was shown that upon this diffuse myocardial damage, C-kit+ endogenous stem cells
were activated and were able to restore the cardiac function through regeneration of
cardiomyocytes (139). This is notably in contrast to damage caused by an ischemia
in a myocardial infarction, where no significant regeneration takes place. It could be
speculated that from an evolutionary point of view, there has been a need to protect
the individual from stress induced cardiac damage whereas this has not been the
case for ischemic heart disease which often occurs at high age after the reproductive
period.

1.6.1.5 Functional aspects of the C-Kit receptor

The C-kit receptor is activated by binding of either soluble or membrane bound SCF.
This results in dimerization of the receptor and activation of its intrinsic tyrosine
kinase activity. C-kit activation have been linked to activation of several downstream
targets including the Ras / Erk and the P13 / Akt pathways (140).

There are a few studies which have investigated functional aspects of C-kit and
SCF in the context of myocardial regeneration. Mice with defect C-kit signaling
were shown to develop heart failure at old age (12 months). This was accompanied
with a decrease in the number of C-kit+ cells residing in the heart. Histologically,
hypertrophy of cardiomyocytes was observed as well as lower vascular density. It
was hypothesized that this cardiomyopathy state might be caused by the reduced
number of resident C-kit+ cells or impairment of the function of the resident C-
kit+ cells (141). In contrast to this, when mice of 8 weeks of age with defect C-kit
signaling were subjected to pressure overload, defects in C-kit signaling were on
the one hand found to increase the proliferative capacity of cardiomyocytes as well
as the number of C-kit+ stem cells. On the other hand, differentiation of these cells
into cardiomyocytes were impaired (142). This discrepancy may be explained by
that different strains of mice have been used. Furthermore, effects of defect C-kit
signaling may change with increased age.

Effects of SCF have been investigated in the context of myocardial infarction.
Overexpression of SCF within the heart resulted in improved cardiac function and
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decreased fibrosis. This was associated with increased number of C-kit+ cells within
the heart as well as decreased apoptosis of cardiomyocytes (143, 144).

1.6.1.6 Cardiac mast cells also express C-kit and may inadvertently have been
interpreted as progenitor cells

C-kit+ cells either directly isolated from cardiac tissue samples or isolated from
primary cell cultures derived from tissue samples have mostly been described as
negative for hematopoietic lineage markers (126, 131, 133). A dim expression of pan-
hematopoietic marker CD45 has however also been reported in most of the C-kit+
cells directly isolated from human biopsy material (138). Although it was suggested
that these C-kit+CD45dim cells actually represented cells with progenitor properties,
an alternative explanation could be that they in fact represented contaminating
cardiac mast cells. Mast cells are hematopoietic cells with a well established role
in acute and chronic allergic reactions. They are known to reside in a number of
tissues, including the heart, have a C-kit+CD45dim signature and express several
specific markers intracellularly such as tryptase and chymase. The percentage of
mast cells in a cell suspension of dissociated atrial tissue was determined to be in the
range of 0.5 - 1.5%. Similar preparations from ventricular tissue however contained
less than 0.1% mast cells (145). In tissue sections from human cardiac biopsies,
co-localization of C-kit with tryptase as well as CD45 showed that 85-100% of all
C-kit+ cells had in fact a mast cells identity (146, 147). This doesn’t exclude the
existence of a small population of non-mast cell C-kit+ progenitors, but it calls for
caution when interpreting results from studies where directly isolated cells or tissues
sections have been used. This is of particular importance when investigating how
disease effects the C-kit+ population since mast cells also have been shown to be
affected by cardiac disease. For example, the number of mast cells was shown to be
correlated to the degree of fibrosis in patients with idopathic dilated cardiomyopathy
(148). Furthermore, when myocardial infarction was induced in rats, mast cell
number greatly increased (149). Interestingly, mast cells may also be relevant from
a therapeutic point of view since infusion of mast cell granulae post myocardiac
infarction have shown to have a cardioprotective effect (150). It should be pointed
out that although mast cell contamination may have been a factor in studies looking
at C-kit+ cells in tissue sections or directly isolated cells, mast cells generally have
a limited culture capacity and are not believed to be able to differentiate into other
types of cells. Thus, mast cell contamination is improbable in studies where cultured
C-kit+ cells have been used and been induced to differentiate.

1.6.2 Sca-1

Sca-1 is a member of the Ly-6 protein family. It is known as a marker for bone
marrow stem cells in the mouse that give rise to the thymic subset (151). In the
first report about a cardiac Sca-1+ population, dissociated mouse cardiac tissue was
shown to consist of approximately 14 - 17% Sca-1+ cells. These cells were negative
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for hematopoietic markers as well as most endothelial markers. When cultured in
vitro, they were shown to be able to up-regulate cardiomyocyte specific proteins
upon treatment of cytosine analog 5-Azacytidine. /n vivo differentiation into
cardiomyocytes of injected Sca-1+ cells in the context of myocardial infarction were
also confirmed. Notably, about half of the differentiated cells were determined to be
caused by cell fusion with pre-existing cardiomyocytes (152). Further differentiation
of Sca-1+ cells into fully competent beating cardiomyocyte like cells was induced by
treatment with the hormone oxytocin. It should however be noted that this process
was quite inefficient with only about 1% of the cells exhibiting spontaneous beating
(153). In another study where differentiation capacity of mouse Sca-1+CD31-
cardiac cells were assessed, a limited degree of endothelial differentiation was
observed in addition to differentiation into cardiomyocytes (154).

1.6.2.1 Sca-1+ cells in the human heart

Although the Sca-1 protein has been well characterized in the mouse, currently
no human homologue exists although some human gene products have shown
limited sequence homology to the Ly-6 protein family (151). When expanded cells
from single cell cloning of dissociated human cardiac tissue were investigated
for expression of stem cell antigens, they however surprisingly showed reactivity
with an antibody against the mouse Sca-1 protein. When Sca-1+ cells were instead
prospectively isolated from human fetal or adult cardiac tissue, they showed
similar morphology compared to the cells isolated by single cell cloning. Upon
treatment with 5-Azacytidine, ascorbic acid and TGF-fB1, cells differentiated into
cardiomyocytes and exhibited spontaneous beating (155). Histologically, Sca-
1+ cells have been identified within the atrium, the intra-atrial septum, the atrial
- ventricular junction as well as scattered within the epicardial layer of the human
fetal heart. The human cardiac Sca-1+ population was negative for hematopoietic
markers (156).

When human fetal and adult Sca-1+ cells were compared with each other, cells
derived from both stages of age were able to differentiate into cardiomyocytes as
well as endothelial cells and smooth muscle cells. Fetal cells differentiated into
cardiomyocytes however exhibited spontaneous beating to a greater extent compared
to adult cells whereas adult cells showed a more mature electrophysiological profile.
In terms of endothelial and smooth muscle differentiation, fetal Sca-1+ cells tended
to generate more endothelial cells relative smooth muscle cells whereas the opposite
was true for adult cells. Furthermore, fetal cells showed evidence of a broader
differentiation capacity as these cells could also differentiate into adipocytes (157).

1.6.3 Islet-1

Islet-1 is a transcription factor involved in cardiac development and has been
described as a marker for the secondary heart field progenitors (35-37). Its role in
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this context is described in further detail in section 1.2. Its expression and function
in the adult heart is however more controversial. In the early post-natal rat heart,
Islet-1+ cells were observed in the outflow tract, at the junction between outflow
tract and ventricular tissue as well as a few scattered cells within the right atrium.
Most of these cells showed evidence of cardiac differentation by co-expression of
c¢TnT while only a minor percentage were cycling as determined by proliferation
marker Ki67. In the adult heart, scattered Islet-1+ cells were observed in the outflow
tract, co-expressing ¢TnT (36). By using a conditional genetic marker technique,
Islet-1+ cells have been isolated from primary cultured cells derived from the early
post-natal mouse heart. These cells were able to differentiate into cardiomyocytes
when co-cultured with neontal cardiomyocytes. No such differentiation was
observed when Islet-1 negative cells were tested (39). Expression of Islet-1 has
also been found in the human fetal heart. The distribution of these cells within the
heart varied depending on the developmental stage (158, 159). Between 11 and 18
weeks of gestation, they were primarily found in the right atrium, outflow tract, left
atrial wall and appendage. The number of Islet-1+ cells decreased with increased
age of gestation (159). Since Islet-1 is an intracellular marker, this precludes it from
being sorted without either intracellular staining,which at the same time kills the
cells, or genetic tracing. The later is unfortunately not possible to use when working
with human biopsy samples since it require either genetically modified animals or
extensive in vitro culture of cells. As a consequence of this, differentiation potential
of human Islet-1+ cells has only been determined in a model of human embryonic
stem cells. In this study, Islet-1+ cells were found to be multipotent and able to
differentiate into cardiomyocytes as well as endothelial and smooth muscle cells
(159). It should however be noted that when Islet-1+ cells in tissue sections of
human fetal hearts were co-stained for cell cycle marker Ki67, only a few Islet-1+
cells expressed this marker (158). This apparent lack of self renewal within the Islet-
1+ population in vivo in contrast to the embryonic stem cell model could indicate
that the embryonic stem cell model not fully corresponds to the in vivo situation.

There is currently no data available on Islet-1+ expression in the human adult heart.
In 3D cultures of cells derived from the human right atrium, Islet-1 gene expression
has however been detected (160, 161). Which cells that are responsible for this
expression as well as its functional implications, however remain to be determined.

1.6.4 Stage specific embryonic antigens (SSEAs)

Stage specific embryonic antigens (SSEAs) were originally discovered in the late
70’s. They are defined by reactivity of certain monoclonal antibodies. These have
later been found to bind to different glycolipids on the cell surface (162, 163). Thus,
expression of a certain SSEA does not directly correspond to expression of a certain
protein but rather the expression of a certain combination of glycosyltransferases
which determine the pattern of glycosylation of lipids. In embryology and ES cell
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research, SSEA-1, 3 and 4 have been used to determine differentiation status of cells
(164). Importantly, the expression pattern of SSEAs differs between different species.
In the mouse, SSEA-1 is expressed by undifferentiated ES cells while SSEA-3 and
4 are not detectable. Upon differentiation, SSEA-1 is downregulated and SSEA-3
and 4 are upregulated. In human ES cells to the contrary, SSEA-3 and 4 are highly
expressed by the undifferentiated cells while SSEA-1 is undetectable. When these
cells differentiate, SSEA-1 is upregulated while SSEA-3 and 4 are downregulated
(164, 165). The physiological functions of the different SSEAs are largely unknown.
SSEA-1, which has been studied the most, has been implicated in the compaction
phase in early embryonic development (166). Furthermore, overexpression of the
glycosyltransferase FUT4, which in its turn increases expression of SSEA-1, in
mouse ES cells resulted in enhanced cardiomyocyte differentiation. In human ES
cells, inhibition of SSEA-3 and 4 expression have been tested and was found to
neither affect pluripotency properties, nor differentiation capacity (167).

In the adult organism, expression of SSEAs is much less known compared to the
expression during the embryonic period. Nevertheless, SSEA-4 expression have
been described as a marker for human mesenchymal stem cells in the bone marrow
(82) as well as a marker for very small embryonic like cells (VSELs) (168, 169).
These are circulating cells also derived from the bone marrow which have been
described as multipotent stem cells. Outside the bone marrow, SSEA-4 has been
identified in periodontal ligament stem cells (170) as well as in lung cancer where it
indicates poor prognosis (171).

1.6.4.1 Expression of SSEAs in the murine and human heart

Cells positive for SSEAs were first described in the rat heart by Ott et al. (172). In
this study, SSEA-1+ cells were detected both in the neonatal and in the adult heart.
When expanded in an in vitro system, SSEA-1+ cells grew in suspension and were
able to differentiate into both cardiomyocytes, endothelial cells and smooth muscle
cells. Differentiation into cardiomyocytes was observed spontaneously in primary
cultures but could be further enhanced by co-culture with neontal rat cardiomyocytes.
When injected after myocardial infarction, differentiation into these lineages were
also shown in vivo. No expression of SSEA-4 was found within the rat heart.

In the human heart, expression of SSEA-4 has been investigated in tissue sections
of fetal and neonatal hearts. While scattered SSEA-4+ cells were readily identified
in both the atrial and ventricular myocardium in the fetal heart, only a minor portion
of the neonatal specimens contained a SSEA-4+ population (173). In the adult
heart, SSEA-3 and 4 positive cells have been identified in tissue sections in vessel
structures as well as individual cells within the myocardium. These cells were found
to co-express endothelial marker CD31. These cells were however not characterized
further (174). In addition to this, in paper IV in this thesis, SSEA-1, 3 and 4 positive
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cells were characterized and isolated from human atrial biopsy material. For further
details, please see the result and discussion sections.

1.6.5 Side Population

The Side Population (SP) assay was originally developed in 1996 by Goodell et al.
(175) for identification of hematopoietic stem cells. SP cells were defined as cells
capable of excluding the fluorescent dye Hoechst 33342. When such cells were
isolated from the bone marrow, they were found to have high potency in repopulation
assays, which is a hallmark for hematopoietic stem cells. After this initial study, SP
cells with progenitor properties have been identified in various tissues including the
limbus area of the eye (176), the aorta (177) and in the airway epithelium (178). The
ability of cells to exclude Hoechst 33342 has been attributed to the expression of
membrane bound ABC transporter proteins. Of these, multidrug resistance protein
1 (MDR1) and ATP-binding cassette sub-family G member 2 (ABCG2) are the
most well known. In most studies, one of these proteins have been liked to the SP
phenotype. In addition to excluding Hoechst 33342, these proteins have also been
shown to transport a number of drugs out of the cell, including several cytostatic
drugs. They are frequently over expressed in cancer cells where they contribute to
drug resistance (179, 180).

1.6.5.1 Properties of SP cells in the murine heart

In the heart, a small population of SP cells was first described in a mouse model
by Hierlihy et al (181). In this initial study, these cells were described as negative
for other hematopoietic stem cell markers such as Sca-1 and C-kit. In contrast to
this, Pfister et al. (182) showed that most of the cardiac SP population in the mouse
heart was positive for Sca-1 and could be further subdivided based on expression of
endothelial marker CD31. Although most of the SP population consisted of CD31+
cells, when sorted for in vitro expansion, only the Sca-1+CD31- subpopulation
grew in culture. This population could be induced to differentiate into functional
cardiomyocytes by co-culture with adult cardiomyocytes. In vitro differentiation of
rat cardiac SP cells into cardiomyocytes has also been accomplished by treatment
with oxytocine or TSA. Furthermore, these SP cells could also be induced to
differentiate into the adipogenic and osteogenic lineages (183). It should however
be noted that in this study, neonatal SP cells were used, which may have a broader
differentiation potential compared to cells isolated from adult animals. Furthermore,
in this study, only a minor portion of the SP population was CD31+. This could
potentially be due to differences between rats and mice.

Although the mouse SP Sca-1+CD31+ population was initially not studied because
of culture difficulties, these problems have later been overcome. In a study of this
population by Liang et al. (184), it was shown that this population had properties of
endothelial progenitor cells with the ability to form capillary structures both in vitro
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and in vivo after injection into the infarcted heart.

The in vivo differentiation potential of cardiac SP cells has been investigated in an
infarction model. When SP cells isolated from neonatal rat hearts were injected in
the tail vein of adult animals with myocardial infarction, they were able to home
to the infarction area and differentiate into both cardiomyocytes and endothelial
cells. Interestingly, when SP cells were administered to non-infarcted animals, much
lower number of the cells homed to the heart and no evidence of differentiation was
observed. This indicates that factors in the infarction environment is necessary both
for homing of the cells as well as for inducing differentiation (183). In another study,
migration of SP cells with Sca-1+CD31- cell surface marker combination derived
from adult mouse hearts was investigated after injection into a non-ischemic area
of the infracted heart. It was shown that also in this setting, the SP cells were able
to migrate into the infarction area and although at a low frequency, were able to
differentiate into cardiomyocytes and endothelial cells. Based on up regulation of
Stromal cell-derived factor 1 alpha (SDF-1a) within the infarction area and in vitro
migration studies, it was proposed that the SDF-1a. / CXCR4 chemotaxis system
plays a role in migration of cardiac SP cells (185).

1.6.5.2 Effects of developmental stage on frequency and ABC transporter
protein profile of cardiac SP cells

In several studies, it has been observed that the frequency of SP cells is affected
by developmental stage. The highest percentages of SP cells have been observed
in the fetal heart (183). In the murine heart, frequency of SP cells then gradually
declines with increased age during early post-natal time until adult age (183, 186,
187). In contrast, when SP frequency in adult mice was analyzed, it was found that
the percentage of SP cells was higher in mice of old age (188). Interestingly, the
same phenomenon has been observed for the C-kit+ population. When frequency
of C-kit+ cells was measured in human biopsy material, it was found to decrease
in the age span of early post-natal time to adolescence (134). When patients in the
age interval between 19 to 104 years of age were studied however, there was a
correlation between increased number of C-kit+ cells and increased age (189). This
indicates that the limited capacity of regeneration upon injury of the old heart is not
attributed to a decrease of cardiac progenitor populations.

The dynamic expression of the ABC transporter proteins mdrl and abcg2 in the
cardiac SP population has been extensively investigated in mouse models where
mdrl and abcg2 respectively were knocked out. It was shown that while abcg2 was
responsible for the SP phenotype in the neonatal mouse, the significance of mdrl
expression for the SP phenotype gradually increased with increased age. At the same
time, the significance of abcg2 decreased. In the adult mouse, mdrl was determined
to be the dominant efflux protein in the SP population (187).
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1.6.5.3 Functional significance of ABC transporter proteins

The physiological function of the ABC transporter proteins in progenitor populations
including the cardiac has to a large extent been unknown. Both mdr1 (190) and abcg2
(191) nock out mice display normal fertility, growth and phenotype in laboratory
housing conditions. Interestingly, nock out of abcg? resulted in high sensitivity to
the phototoxin pheophorbide which may be present in food based on vegetables
(191), indicating an evolutionary value in protecting the organism from normally
occurring toxins. Although the extrusion of pheophorbide may not be directly linked
to expression of ABC transporter proteins in progenitor cells, it would be plausible
that the expression in these cells could have an evolutionary value in directly
protecting them from various naturally occurring toxins.

Recently, a few studies have also directly investigated the role of ABC transporters
in the function of cardiac SP cells. All of these have been focused on the abcg2
protein, there is currently no studies available that have investigated the functional
importance of mdrl expression for the cardiac SP population. In a study by Phister
et al (187), it was shown that knock out of abcg2 resulted in impaired proliferative
capacity in the cardiac SP population (isolated from adult animals) whereas
overexpression resulted in increased proliferative capacity but on the other hand
impaired cardiomyogenic differentiation capability. Furthermore, it was shown
that lack of abcg2 expression rendered the SP cells more susceptible to oxidative
stress. The protective effects of abcg2 expression on oxidative stress have also been
demonstrated by overexpression of the protein in embryonic fibroblasts (192). In a
recent study where the role of abcg?2 for proliferation of SP cells was investigated in
more detail, it was shown that lack of abcg2 expression resulted in inability of the
cells to progress from G1 to S phase. Furthermore, it was shown that silencing of the
abcg2 gene in SP cells resulted in a shift in cell division from primarily symmetric
cell division to asymmetric cell division (193). This may explain earlier findings
of impaired cardiac differentiation capability when abcg2 was overexpressed since
differentiation is generally believed to be a result of asymmetric cell division (44).
The role of abcg?2 has finally also been investigated in the context of myocardial
infarction. In this study, it was clearly observed that mice deficient of abcg2 function
had a much lower survival rate compared to control mice. This was linked to impaired
survival of cardiac microvascular endothelial cells. In these, lack of functional
abcg? resulted in increased oxidative stress which was caused by accumulation of
protoporphyrin X (194). It should however be noted that in this study, it was not
assessed whether these abcg2 expression endothelial cells was equivalent to SP cells
identified by efflux of Hoechst 33342.

1.6.5.4 SP cells in the human heart

In the human heart, there are only a few studies that have investigated the occurrence
of SP cells. In a study by Marah et al (195), SP cells were identified in the human
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neonatal heart. In this study, no attempt was made to sort this population. Thus its
properties remains to be determined. Notably, the SP population was sensitive to
treatment with Fumitremorgin C (FTC) which has been described as selective for the
ABCG?2 transporter protein (196, 197). This indicates that ABCG?2 is the dominant
efflux protein also in the human neonatal cardiac SP population. In the human adult
heart, the existence of a SP population has currently only been described by our
group. Data from this study are presented in paper III in this thesis, for further details
please see the results and discussion sections. In addition to this study, there are also
two studies which have indentified ABCG2 expression in the human adult heart by
immunohistochemistry (174, 198). In this context, it should however be pointed out
that SP is defined by the function of excluding Hoechst 33342 rather than expression
of certain ABC transporter proteins alone. Since no attempt was made to correlate
the ABCG2+ cells with efflux function, those identified cells should not be regarded
as SP cells.

1.6.6 Identification of stem cells based on culture system -
Cardiospheres

In addition to isolation and identification of cardiac progenitor populations based
on expression of cell surface markers or functional assays, several studies have
instead utilized culture systems regarded as selective for progenitor cells. This
was first described in 2004 by Messina et al (199). In this study, both mouse and
human cardiac tissue were investigated. From cultures of mildly dissociated cardiac
tissue, loosely adherent, phase bright cells could repeatedly be harvested. These
cells were able to form sphere like structures (often named cardiospheres) that grew
either loosely adherent or in suspension. The spheres were able to differentiate into
functional cardiomyocytes either spontaneously (if derived from mouse hearts) or
through co-culture with mature cardiomyocytes (if derived from human hearts). This
technique was later on further optimized, and was shown to also be able to generate
cardiospeheres from small endomyocardial biopsies of the human adult heart
(200). In this study, the regenerative potential of these cells was also investigated
in vivo in an infarction model. It was shown that cardiospheres improved cardiac
function and was superior to fibroblasts as well as vehicle (phosphate buffered
saline, PBS) injection. By immunostaining, differentiation of the cardiospheres
into cardiomyocytes and endothelial cells was observed. Cardiospheres have
also successfully been generated from the early post-natal and adolescent human
heart. Although these inefficiently differentiated into cardiomyocytes in vitro,
they similarly to the cardiospheres generated from adult hearts improved cardiac
function in vivo in an infarction model and showed evidence of cardiomyogenic
differentiation in this context (134).

In the studies described above, no direct comparison was done between cardiospheres
derived from adult and neontal human hearts. This was investigated in further detail
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by Simpson et al (201). It was found that although cardiospheres could successfully
be generated from both neonatal and adult hearts, cardiospheres dervied from
neonatal hearts showed higher efficiency in cardiac differentiation in vitro. Notably,
the differentiation efficiency for both neonatal and adult derived cardiospheres was
quite low with only a few percent of the cells differentiating into cardiomyocytes. In
contrast to previous results (200), when cardiospheres in the study by Simpson et al.
were injected in vivo in an infarction model, only those cardiospheres derived from
neonatal hearts improved cardiac function. Furthermore, in vivo differentiation into
cardiomyocytes was only observed in neonatal cardiospheres.

1.6.6.1 Criticism of the cardiosphere system

Several studies have noted a considerable heterogeneity within cardiospheres, with
cells staining positive for both stem cell markers like C-kit and Islet-1 (200, 201) as
well as markers for fibroblasts (202, 203), smooth muscle cells (202), endothelial
cells (200, 202) cardiomyocytes (201, 202) and mesenchymal cells (134, 200, 202).
Furthermore, the cellular composition varies considerably between different studies.
For example, while some studies have found that either no or just a few percent of
the cells in cardiospheres express C-kit (202-204), others have found levels up to
about 20 percent (200). Furthermore, it seems like the percentage of C-kit+ cells is
higher if cardiospheres were generated from neontal hearts compared to adolescent
or adult hearts (134, 201). Although it has been argued that the mix of different cells
in a cardiosphere may function as a 3D niche for the cardiac stem cells (201), the
heterogeneity of the system makes it hard to correlate which cells in vivo that actually
form the cardiospheres. More importantly, as there is no separation of different
cell types when cells are detached from the primary outgrowth of biopsies to form
cardiospheres, these could potentially be contaminated by mature types of cells.
These could then be detected in differentiation assays and interpreted as a result of a
differentiation process. This hypothesis was thoroughly investigated by Andersen et
al. (205) in the murine heart. In this study, cardiospheres were found to partly consist
of contaminating explant tissue. If cells used for cardiosphere generation were
filtered, expression of cardiomyogenic proteins as well as spontaneous beating were
abolished. To the contrary to a previous study which suggested a clonal origin of
cardiospheres (199), cardiospheres were found to be formed in a process of cellular
aggregation. Furthermore, when cardiospheres derived from filtered cells were co-
cultured with rat cardiomyocytes, no signs of cardiac differentiation was observed.
In this study, those phase bright cells referred to in many studies as migrating out
from cultured explants were characterized as contaminating CD45+ hematopoietic
cells. These also made up a part of the final cardiospheres. In this regard, it should
be pointed out that other studies have not detected CD45 expression in cardiospheres
(200, 203). Additionally, in a study on cardiospheres generated from biopsy material
from patients that had undergone cardiac transplantation, it was concluded that
cardiospheres were not derived from extracardiac sources such as contaminating
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blood cells (206). The reasons for this discrepancy is unclear.

1.6.6.2 Effects of cardiospheres unrelated to differentiation

Although the cardiosphere system, as described above, has been criticized for being
heterogeneous and possibly be a result of contaminating mature tissue fragments,
several studies have found beneficial effects of transplantation of cardiospheres
after myocardial infarction (134, 200, 207, 208). Although differentiation of
cardiospheres into functional cardiac tissue may contribute to these effects, it has
also been suggested that paracrine signaling may play a role. It has been shown that
cardiospheres secrete several cytokines including VEGF, HGF and IGFs, both in
vitro and when transplanted in vivo after myocardial infarction. In vitro, paracrine
signalling from cardiospheres was shown mediate both anti apoptotic effects
on cardiomyocytes and stimulate capillary formation of endothelial cells (209).
Furthermore, diluted conditioned media from cardiosphere cultures has been shown
to increase contractility of cardiomyocytes in vitro and prevented cardiomyocyte
contractile dysfunction associated with angiotensine II treatment (204). These
effects, if also present in vivo, could potentially enhance the contractility of the
remaining cardiomyocytes after a myocardial infarction.

1.6.7 Epicardium derived progenitor cells

Epicardium derived progenitor cells have been described as a population of cells
derived from the proepicardium and epicardium during embryonic development.
These cells undergo an epithelial to mesenchymal transition and can differentiate
into cardiomyocytes, endothelial and smooth muscle cells (210, 211). Fate mapping
have suggested transcription factors Tbx18 (211) and Wilms tumor protein
(Wtl) (210) respectively as markers for these embryonic progenitor populations.
The developmental potential of these cells was found to be determined by the
embryonic developmental stage. Only Tbx18+ cells in the early embryo were able
to form cardiomyocytes whereas Tbx18+ cells later in embryonic development were
restricted to endothelial and smooth muscle cell development (211).

In the adult heart, expression of Wtl mRNA expression was restricted to the
epicardium covering atrioventricular sulcus and apex. No expression was found in
myocardial or endocardial layers of the heart (212). Upon induction of myocardial
infarction, a transient upregulation of Wtl expression in the epicardium bordering the
infarction zone was noted (212-214). By lineage tracing, these cells were found to
regenerate the epicardial layer in the infarction area. Whereas one study also found a
small population of Wtl derived cardiomyocytes after infarction (212), others could
not detect this in animals with myocardial infarction that had not been subjected
to treatment (214). Several studies have investigated the possibility of augmenting
the activation of epicardium derived progenitors after myocardial infarction by
treatment of thymosin beta 4. This is monomer binding peptide involved in normal
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heart development where it affects growth of the heart, vasculogenesis and epicardial
development (215). Treatment with thymosin beta 4 after myocardial infarction has
been shown to improve cardiac function (216) and resulted in upregulation of Wt1+
cells in the epicardium (214, 217). Whether the beneficial effects of tymosin beta
4 treatment on cardiac function are attributed to activation of a Wtl+ progenitor
population is however unclear. While two studies showed differentiation into
cardiomyocytes of Wtl+ cells (214, 217), others could only detect fibroblast and
myofibroblast / smooth muscle cell differentiation in the Wtl progeny (215). This is
in agreement with the results of Huang et al. (213) which showed that inhibition of
C/EBP, the transcription factor responsible for upregulation of Wtl after myocardial
infarction, resulted in decreased myocardial fibrosis and improved cardiac function.

1.6.8 Other putative progenitor populations in the adult heart.

In addition to the different cardiac progenitor populations described earlier in this
sections, there are also a few additional populations that have not yet received as
much attention. These will be briefly reviewed in this section.

1.6.8.1 Telocytes

By Hinescu et al. (218), a population of interstitial cells with similarities to Cajal
cells of the intestine was identified in the human atrium. These cells were identified
based on ultrastructural properties with electron microscopy and described as
cells with long very thin processes with a small cell body. In later studies, these
cells have been named “Telocytes” (219). These cells have been found to form
heterocellular junctions with other types of cells including cardiomyocytes (220). By
immunohistochemistry, Telocytes have been characterized as CD34+SB100+C-kit+
(219). Thus it seems unclear whether this population is distinct from the population
of C-kit+ cardiac progenitor cells described by other groups (126, 139), since these
cells have not been characterized ultrastructurally.

1.6.8.2 Nestin+ progenitorcells

A population of cells positive for the neural progenitor marker Nestin was first
detected after myocardial infarction, only in the infarction area. These cells have
been associated with neural and oligodendrocyte differentiation (221) as well as
angiogenesis in the infarction area (222).

1.6.8.3 Aldehyde dehydrogenase bright cells

Aldehyde dehydrogenase is a cytosolic enzyme involved in oxidation of aldehydes.
It is highly expressed in a number of different stem cell populations and have been
shown to mediate resistance to certain cytostatic drugs in hematopoietic cells.
A method for isolation of cells expressing high levels of aldehyde dehydrogenase
was first developed in the hematopoietic field. These cells were characterized as
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hematopoietic stem cells (223). Recently, a population of cells expressing high levels
of aldehyde dehydrogenase has also been found in the human heart. These cells were
distinct from the previously described C-kit+ population but expressed Islet-1. When
sorted and co-cultured with neonatal rat cardiomyocytes, the cells expressing high
levels of aldehyde dehydrogenase differentiated into functional cardiomyocytes.
The cardiomyogenic differentiation was found to be superior of that of cardiosphere
derived cells (224).

1.7 Division of pre-existing cardiomyocytes as a mechanism
of cardiac regeneration

In previous sections, the possibilities of a contribution of either extra or intracardiac
stem / progenitor cells to cardiac regeneration have been discussed. Principally
however, there is also a third mechanism by which new cardiomyocytes may be
formed. This is by de-differentiation and re-entry into the cell cycle of already
terminally differentiated cardiomyocytes (outlined in Figure 4C). This may in
some respects seem more intuitive since it is well established that DNA synthesis
in cardiomyocytes may occur postnatally (14, 54). Although this mostly results in
either multinucleation or popyploizidation, it would seem plausible that this in some
cases also results in a complete cellular division.

1.7.1 Cardiac regeneration by de-differentiation of pre-existing
cardiomyocytes in the zebrafish

The teleost fish zebrafish is well known for its much greater regenerative capacity
compared to mammals. It has been shown that the zebrafish is able to regenerate
structures such as fins, optic nerve and spinal cord upon injury (225). In 2002, it
was shown by Poss et al. (226) that the adult Zebrafish also had a remarkable ability
to regenerate cardiac tissue. When approximately 20% of the apical region of the
ventricle was surgically removed, this tissue was fully regenerated after just 60
days. This ability has later been shown to be present during the whole life of the
zebrafish, and was not attenuated by old age (227). In contrast to the mammalian
heart, minimal amount of scarring was observed in the study by Poss et al. Based
on the BrdU incorporation pattern in cardiomyocytes after injury, it was proposed
that the regeneration was accomplished by re-entry into the cell cycle of already
existing cardiomyocytes. Most later studies using transgenic zebrafish models
to trace the origin of newly formed cardiomyocytes upon injury confirm this
hypothesis (228, 229). Interestingly, it was noted by electronic microscopy that
this process involved ultrastructural changes of these pre-existing cardiomyocytes
including disorganization of the sarcomeric structure (228). It should however also
be noted that the literature is not entirely clear as there is also one study of genetical
tracing that indicate a contribution of epicardial undifferentiated progenitors to the
regenerative process (230).
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In human, damage to the heart is infrequently caused by direct trauma / amputation
of tissue but rather by ischemia. This was mimicked in a zebrafish model of hypoxia
/ reoxygenation by Parente et al. (231). In this study, it was shown that this treatment
similar to the mammalian heart, caused oxidative stress, an inflammatory response
and myocardial death by apoptosis and necrosis. In contrast to the mammalian
heart however, this was followed by proliferation of cardiomyocytes without any
detectable fibrosis. This was accompanied by recovery of the cardiac function.
Interestingly, proliferation of cardiomyocytes in the zebrafish has also been observed
in a model of long term exercise (232). On the other hand, no signs of hypertrophy
was observed which would have been the principal response in the mammalian heart
(233). It thus seems that the principal response of the zebrafish heart, not only in the
setting of traumatic amputation but also in other contexts, is that of proliferation of
cardiomyocytes.

1.7.2 Evidence of cardiac differentiation by re-entry into the cell cycle
of pre-existing cardiomyocytes in the mammalian heart

Although it is obvious that certain animals such as the zebrafish posses a great
capacity for cardiac regeneration, this is obviously not the case for mammals
including human. However, in a study by Porello et al. (234), it was shown that
this is not true for the neonatal heart. When a part of the left ventricular apex was
surgically resected in day 1 old mice, a complete regeneration was observed within
21 days. By genetical lineage tracing as well as histological observations, it was
concluded that this regeneration was due to de-differentiation and re-entry into the
cell cycle of pre-existing cardiomyocytes. Notably, the time window of regneration
was narrow since a similar surgical resection in 7 days old mice did not result in any
regeneration but rather the formation of scare tissue. A complete regeneration in the
neontal heart has also been observed in a sheep model where the injury was caused
by ischemia rather than trauma. While no cardiac regeneration was observed in adult
sheep, neonatal sheep displayed evidence of cardiomyocyte renewal determined by
BrdU incorporation as well as no deterioration in cardiac function (235).

In another study by Senyo et al. (236), the origin and rate of the formation of new
cardiomyocytes was measured by a combination of genetical lineage tracing and
multiple-isotope imaging mass spectrometry in mice. By this approach, it was
determined that a slow physiological regeneration of cardiomyocytes takes place
throughout life although the rate of regeneration declines with increased age.
Furthermore, it was determined that physiological regeneration was caused by
replication of pre-existing cardiomyocytes rather than differentiation of progenitor
cells. Furthermore, it was shown that the rate of regeneration increased after
myocardial infarction. In this context, it would also be possible with a contribution
from a progenitor population to the observed cardiomyocyte renewal.

37



1 BACKGROUND

In the human heart, few modern studies have investigated cardiomyocyte renewal by
cellular division of pre-existing cardiomyocytes. In a study by Mollova et al. (13), it
was however shown by an image analysis based strategy that mitotic cardiomyocytes
existed throughout life although it decreased with increased age. Direct evidence of
cytokinesis in cardiomyocytes was observed in samples from patients <20 years of
age but was undetectable in patients of older age. Furthermore, it was noted that in
age range of 1 - 20 years of age, the heart grow both by increased size of existing
cardiomyocytes as well as increased number of cardiomyocytes (3.4 fold increase).

1.8 Clinical studies

During the past decade, a number of clinical studies have been initiated to test
safety as well as efficacy of transplantation of various adult cell populations to treat
ischemic heart disease (both acute and stable) as well as heart failure. Most of the
initial studies were small non-randomized safety studies with relatively short time
of follow up (237). However, as will be discussed later in this section, there are
now also data available from randomized trials with longer follow up times. This
section aims to give a short summary of clinical results from the most well studied
cell populations.

1.8.1 Skeletal myoblasts

The first type of cell to be tested clinically in cardiac disease was the skeletal
myoblast. In the first case study by Menasche et al. (238), one patient who suffered
from advanced heart failure due to ischemic heart disease was given intramyocardial
injections with expanded autologous skeletal myoblast during coronary artery bypass
graft (CABG) surgery. After this, several studies have been conducted, most of which
have been small and carried out without randomization or even control groups (239).
Notably in one of the few studies where randomization was employed and a proper
control group included, primary endpoints of increase in global left ventricular
function was not reached. For those patients receiving the highest dose of cells, a
reversion of adverse left ventricular remodeling was however noted (240). From a
safety point, skeletal myoblasts have raised concerns of increased risk of serious
arrhythmias including sustained ventricular tachycardia and ventricular fibrillation.
As a consequence of this, in more recent trials, patients have as a precaution received
implantable cardioverter-defibrillators (ICDs) (239). The mechanism of action for
transplanted myoblasts is not clear. It has been suggested that theses cells may form
functional electrophysiological junctions with cardiomyocytes (241). However, in
animal studies, long term engraftment has been poor (242) which argues against this
mechanism. Paracrine effects of the injected cells may be another way by which
skeletal myoblasts can have positive effects on the cardiac function (243).
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1.8.2 Bone marrow derived cells

A large number of clinical studies have investigated beneficial treatment effects of
bone marrow derived cells in cardiac disease. Different populations of cells have
been used. Although most studies have used relatively heterogeneous populations
of bone marrow derived mononuclear cells (BMNCs) (77), studies of purified
populations of CD34+ (244, 245) or CD133+ (246, 247) cells as well as cultured
MSCs (248, 249) have also been reported. Most studies have used autologous cells,
but for MSCs there are also studies on allogeneic cells (249, 250). In these studies,
no adverse effects of signs of rejection were noted. One explanation to this could be
the immunomodulatory properties of MSCs that previously have been described in
the context of bone marrow transplantation (98).

It should also be noted that different routes of administration have been tried.
While some of the studies on bone marrow derived cells have used direct injection
of cells into the myocardium from either the epicardial side during CABG surgery
(251), or from the endocardial side via a catheter based delivery system (252),
most studies have used intracoronary infusion of cells (77). Notably, the retention
of bone marrow mononuclear cells has been determined to be very low regardless
of mode of delivery. In a study in pig, it was shown that by direct intramyocardial
injection, which produced the highest retention, only 11% of the cells were retained
in the heart. For the intracoronary route, only about 3% of the cells ended up in the
heart (253). A similar degree of short term retention for the intracoronary route was
also demonstrated in human where radiolabeled cells were traced non-invasively.
Notably, retention was markedly better for purified CD34+ bone marrow derived
cells (in the range of 14 - 39%) which indicate better homing of this population of
cells (254).

Most studies using bone marrow derived cells have focused on treatment after acute
myocardial infarction, although there are also studies that have investigated treatment
effects in chronic ischemia as well as heart failure (255). In a recent Cochrane meta-
analysis by Clifford et al. (77), results from all randomized trials investigating
effects of bone marrow derived cells on treatment of acute myocardial infarction
were summarized. In this study, 33 trials with a total of 1765 participants were
included. A high degree of heterogeneity between the included trials of both clinical
and statistical nature was observed. No statistically significant effects of treatment
were observed for either mortality or morbidity. In contrast to this, a moderate
and statistically significant effect on cardiac function measured by left ventricular
ejection fraction (LVEF) was observed both short term (< 12 months) and long term
(12 - 61 months). Furthermore no difference in adverse events between treatment
and controls were noted, except for trials where G-CSF had been administered to
mobilize bone marrow derived progenitor cells to the peripheral blood for harvest.
These events were described as related to G-CSF administration and resolved when
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G-CSF administration was discontinued.

For other indications than acute myocardial infraction, considerable fewer trials have
been carried out and no meta-analyses exists. For refractory angina pectoris, catheter
based infusion of CD34+ mobilized bone marrow cells has been tried. It was shown
that treatment compared to placebo reduced both symptoms of angina pectoris as
well as the consumption of nitroglycerine medication (244). In a similar study where
instead the total mononuclear fraction from bone marrow aspirates was used for
cell transplantation, symptomatic improvements were also reported. Furthermore, a
minor but significant improvement in LVEF was noted (256). For heart failure, there
have also been few studies conducted, and most of them have been small and non
randomized. In studies where BMNCs have been administered by intramyocardial
injection during CABG surgery, no or very small positive effects have been observed
except in one study where purified CD133+ cells were used (257). In this study by
Stamm et. al. (247), a moderate increase LVEF in the cell treatment group compared
to CABG only was noted at 6 months follow up. Furthermore, it was shown by
positron emission tomography - computed tomography (PET-CT) that cell treatment
increased perfusion of the heart. Finally, there is one study by Assmis et al. (258)
where BMNCs were compared with circulation derived mononuclear cells in a
cross-over design of 75 patients suffering from heart failure. Both cell populations
were administered intracoronary. At 3 months follow up, patients that had received
BMNCs showed a moderate improvement in LVEF compared to control. No
improvement was observed in the group of patients that had received circulating
mononuclear cells. Similar results were noted in the crossover part of the study.

1.8.3 Cardiac derived stem cells

There are today two clinical studies that have investigated treatment effects of
in vitro expanded cardiac derived stem cells. Both are phase 1 trials and thus of
limited size with the primary objective to establish safety of the cell transplantation
procedure. In the SCIPIO trial (259), patients with LVEF <40% that had experienced
a previous myocardial infarction and were planned for CABG surgery were included.
The study was designed as partly open labeled, partly randomized. During CABG,
atrial biopsies were harvested and from these, cells were expanded from which C-
kit+ cells in its turn were isolated. Patients that still 3-4 months after CABG surgery
had a LVEF < 40% received autologous C-kit+ cells via intracoronary infusion.
In the treatment group, a progressive increase in LVEF was noted with time. At 4
months, the absolute increase in LVEF was an average 8.2 LVEF percent points
whereas at 12 months it had increased 12.3 percent points. In contrast, no increase
in LVEF was noted in the control group. A part of the patients that had received cell
treatment was subjected to detailed analysis of infarction size by cardiac magnetic
resonance (CMR) imaging (260). In this, it was shown that at 12 months follow up
point, infarction size was reduced by approximately 30 or 40%, depending on which
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method of calculation that was used. Concurrently, viable LV mass increased by
an average 21.5% at 12 months of follow up. From a safety standpoint, no adverse
events was noted in the treatment group.

In the CADUCEUS trial (261), patients were included that recently (< 4 weeks)
had experienced a myocardial infarction that had been successfully reperfused and
that had a moderate left ventricular dysfunction (LVEF 25 - 45%). The trial was
randomized but open label. In the treatment group, endomyocardial biopsies were
sampled and from these, cardiosphere derived cells were expanded (see section
1.6.6 for more information regarding cardiospheres). These cells were then delivered
intracoronary at the site of previous occlusion. From a safety point of view, seven
adverse events were noted in the treatment group. One of these, a non-Q wave
myocardial infarction, was determined to be possibly related to the cell treatment
procedure. No increase in arrhythmia incidence was noted in the treatment group.

From an efficiency point of view, a reduction in scare size was noted by CMR
analysis at both 6 months and 12 months of follow up. At 12 months, patients in the
treatment group had an absolute decrease in scare size of 12.3%. To the contrary of
this, in the control group, only a small decrease of 2.2% was noted. When viable
myocardial mass was measured, a reciprocal increase was noted in the treatment
group. In contrast to these results, no differences in LVEF between treatment group
and controls were observed neither at 6 months follow up, nor at 12 months (262).

Although both the SCIPIO study and CADUCEUS study overall show promising
results, it should be emphasized that both studies have been designed to primarily
evaluate safety, are limited in size and open label. Furthermore, controls were not
been given a placebo treatment. Thus, to establish treatment effects of expanded
cardiac derived stem cells, further studies with proper sizes, randomization and
ideally placebo treatment will be needed.
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2 AIMS OF THE THESIS

The overall aim of this thesis was to add to our knowledge of endogenous progenitor
cells in the human adult heart.

The specific aims were:

e To study the identity and differentiation properties of human cardiac C-kit+
cells, including the development of a suitable culture system and the comparison of
directly isolated and cultured C-kit+ cells (addressed in paper I).

e To study heterogeneity within the C-kit+CD45- progenitor population in regard
of endothelial, cardiac and stem cell properties on single cell level by using single-
cell quantitative real time PCR (single cell gPCR) technique (addressed in paper II).

e To elucidate whether also the human heart contains a population of SP cells and
to further characterize these cells in regard of SP phenotype determinant and lineage
commitment (addressed in paper III).

*  To investigate the expression of SSEAs within the human adult heart and to
explore whether these markers may be used to identify cardiac progenitor cells

(addressed in paper V).

* To investigate differences in distribution of C-kit+ cells, SP cells, and cells
expressing SSEAs between right and left atrium (addressed in paper 11, III and IV).
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3 METHODOLOGICAL CONSIDERATIONS

For a detailed description of methods used in this thesis, please see the material and
methods sections of each individual paper included in the thesis. The aim of this
section is to provide a general discussion of the methods used.

3.1 Ethical considerations

All of the studies have been based on human biopsy samples. Only tissue that was
removed as a part of the routine surgical procedure and otherwise would have been
discarded was used. Thus, there were no adverse effects associated with participation
in the studies. An ethical approval was obtained from the local ethical committee at
the University of Gothenburg. In addition, an informed consent was obtained from
each individual patient.

3.2 Sources of human cardiac biopsy material

Biopsy material was obtained from the right atrium, from patients undergoing
either CABG or valvular replacement surgery at the thoracic surgery unit of
Sahlgrenska University Hospital. This material was used in all four papers. From
patients undergoing Maze surgery, a surgical procedure to treat atrial fibrillation
(263), it was possible to obtain material from both left and right atrium of the heart.
Biopsy material from this group of patients was also used in all four papers. It has
unfortunately not been possible to obtain tissue from hearts without any cardiac
disease. The patients included ranged from 32 to 84 years of age. Patients from both
genders were included.

3.3 Isolation of cells

Cardiac biopsies (Figure 5SA) were collected in cold PBS during surgery and directly
transported to the cell culture lab. Biopsies were washed with additional PBS to
remove residual blood. Then, remaining epicardial adipose tissue was removed
and biopsies were weighted. Biopsies from patients undergoing Maze surgery were
generally much larger (weights in most cases over 1 g) compared to biopsies from
patients undergoing surgery of other causes (weights in most cases under 1 g). Tissue
material were cut into small pieces (Figure 5B) and dissociated with Liberase type 3
/ TM (Roche, Basel, Switzerland) at 37 °C, 4.5h. This dissociation product consists
of combination of two highly purified collagenases and a protease, thermolysin.
Collagenases work by breaking down collagen fibers of the extracellular matrix.
Thermolysin on the other hand break down proteins of the extracellular matrix as
well as proteins that attach cells to each other. This is done by hydrolysis of peptide
bounds involving hydrophobic amino acids (264). By this initial dissociation,
extracellular matrix was removed to a high degree but we observed that cell-
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Figure 5. A - B shows a representative left atrial biopsy before (4) and after (B) mechanical
mincing of the tissue. C - D show an enzymatically dissociated biopsy before (C) and after
(D) treatment with trypsin-EDTA. By this treatment, cellular aggregates still remaining after
collagenase treatment are broken into single cells.

cell attachment still remained. To obtain a better single cell suspension to enable
subsequent FACS analysis, the dissociated tissue was also incubated with 0.05%
Trypsin-EDTA (Life technologies, Carlsbad, CA, USA) for about 10 minutes (Figure
5C - D). Trypsin is also a protease but to the contrary of thermolysin, it breaks down
peptide bounds on the carboxyl side of the basic amino acids lysine and arginine.
Thus, this proteolytic enzyme is complementary to thermolysin. By this additional
incubation, a sufficient single cell suspension was obtained. This cell suspension
was filtered through a 100 um cell strainer to remove residual tissue fragments as
well as most cardiomyocytes. The remaining cell suspension was either seeded
to monolayer culture (paper I, IV), stained for FACS analysis (paper I, 111, IV) or
underwent and epitope regeneration treatment prior FACS analysis (paper [, I, IV).
Cells that would be subjected to direct FACS analysis were also treated with an
erythrocyte lysis buffer (155 mM NH4CIL, 10 mM KHCO3 and 0.1 mM EDTA) to
remove residual erythrocytes.
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3.4 Epitope regeneration treatment

In paper I, II and IV, an epitope regeneration treatment step was used on directly
isolated cells from tissue samples, to enhance detection of cell surface antigens in
subsequent FACS analysis. Cells were incubated in suspension in DMEM:F12 (Life
Technologies) supplemented with 5% fetal bovine serum (FBS) (Sigma, St. Louis,
MO, USA) and | mM EDTA (Sigma) with mild agitation for 7 - 10 hours. The
rational for this step is that during dissociation, not only proteins of the extracellular
matrix and cell - cell attachment proteins are broken down but also cell surface
antigens that are of interest to detect in FACS analysis. By allowing the cells to
recover in suspension, they have time to at least partially replace cell surface antigens
by endocytic recycling pathways (265). After the epitope regeneration treatment, cell
suspension was briefly incubated with an erythrocyte lysis buffer (described in the
previous section) to remove residual erythrocytes, then subjected to FACS staining.

Ak /4

Primary monolayer cultured cells Primary explant cultured cells

Figure 6. Representative pictures of cultured cardiac cells prior dissociation for FACS
analysis.

3.5 Culture of cardiac derived cells

For culture of cells from cardiac biopsy material, both an explant culture system
and a monolayer culture system were assessed in paper 1. An explant culture system
has previously been used both in the generation of cardiospheres (199, 200) and for
isolation of C-kit+ cells (131). An explant culture system was established by cutting
biopsies in small pieces and then seeding these into Primaria® flasks (BD, Franklin
Lakes, NJ, USA) with no prior treatment with dissociative enzymes. Explants were
cultured in a basic growth media consisting of DMEM:F12 supplemented with 10%
human serum (HS), penicillin/streptomycin (PEST, PAA Laboratories, Pasching,
Austria) and L-glutamine (Life technologies). Explants were observed to attach to
the bottom of the culture vessels and cells started to migrate out of them. Explants
were cultured for 19 - 24 days without passages, then subjected to FACS analysis.
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At this time, a layer of fibroblast like cells around the explants had been established
(shown in Figure 6). Notably, this culture time was about the same as what was used
in the first study of cardiospheres by Messina et al. (199).

A monolayer culture system was used for expansion of dissociated cardiac cells in
paper I and IV. Cells were seeded at about 1 mg of tissue/cm2 in the same basic
growth media used for explant cultures. A weight to surface area measurement of
seeding density was used since this was deemed to have less variability compared
to counting of cells. Cells were grown without passages until confluence (11 - 15
days), then subjected to FACS analysis. Typical cell morphology at the time of
FACS analysis is shown in Figure 6.

3.6 Culture of cell lines

Figure 7. Representative pictures of the morphology of the cell lines used in paper I and I11.

In paper I, human umbilical vein endothelial cells (HUVECs) and human fibroblasts
(LGC Standards AB, Boras, Sweden) were used as control cell lines. Both cell lines
were cultured as monolayer and passaged at 70-80% of confluence, according to
manufacturer’s description.

In paper 111, lung cancer cell line A549 and neuroblastoma cell line SK-N-FI (both
obtained from LGC standards) were used as control cell lines in the SP assay. The
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AS549 cell line is known to highly express the ABC transporter protein ABCG2 (266)
whereas the SK-N-FI cell line expresses ABC transporter protein MDR1 (180). Both
cell lines were cultured according to manufacturer’s description. While A549 cells
grew as a monolayer, SK-N-FI cells were observed to form 3 dimensional structures.
Typical morphology of the different cell lines are shown in Figure 7.

3.7 Methods of inducing differentiation

In paper 1, in vitro differentiation into the endothelial and cardiomyogenic lineages
of sorted C-kit+CD45- cells was assessed.

3.7.1 Endothelial differentation

For endothelial differentiation, sorted cells were seeded at 8 - 10,000 cells / cm?2
into collagen type 1 (BD) coated primaria® plates. Differentiation was induced by
culturing the cells in endothelial growth media EGM-2 MV for 10 days. This media
includes several growth factors important for endothelial development, including
VEGEF. It has previously been shown to be able to induce endothelial differentiation
in ES cells (267). Endothelial differentiation was assessed by FACS analysis, gPCR
and by cell morphology.

3.7.2 Cardiomyogenic differentation

For cardiomyogenic differentiation in paper I, sorted cells were seeded at 30,000
cells/cm? into gelatin coated 48 well plates. Differentiation was induced by
treatment with 5-Azacytidine and TFG-B1 according to a protocol which previously
successfully have induced cardiomyogenic differentiation of human cardiac Sca-
1+ progenitor cells (268). 5-Azacytidine is often described as a de-methylating
agent of DNA, but should perhaps more stringently be described as an inhibitor
of methylation of DNA. It undergoes intracellular conversion into 5-aza-2’-
deoxycytidine which is incorporated into the DNA of replicating cells as an analogue
to the nucleoside cytidine. When incorporated, 5-aza-2’-deoxycytidine inhibits
DNA methyltransferases which results in hypomethylation of DNA and activation of
previously silenced genes (269, 270). Cardiac differentation was assessed by qPCR
and visual inspection of cells for beating colonies.

3.8 FACS analysis

FACS analysis and sorting of cells have been used in all four papers. FACS
technology enables the analysis of several parameters simultaneously for a large
number (> 10°) of individual cells. These parameters include basic cellular properties
such as relative size (forward scatter, FSC) and granularity (side scatter, SSC) as well
as fluorescence intensities in a number of different wavelength bands. Depending
on the instrument configuration, several different wavelengths of excitation may
also be used simultaneously with minimal interference between each other. If the
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instrument is equipped with a cell sorting unit, cells of interest may also be sorted
for further analysis. In all FACS analyses, a FACSaria II instrument (BD) was used.
Cells were either obtained from directly dissociated tissue (all four papers) or from
dissociated monolayer cultured cells (paper I, IV). Cells were resuspended in FACS
staining buffer which consisted of PBS supplemented with 5% FBS, 1% BSA and 2
mM EDTA. FBS and BSA were included to reduce unspecific binding of antibodies
whereas EDTA was included to minimize aggregation of cells. To remove any
residual aggregates of cells or mature cardiomyocytes, cells were poured through a
40 pum cell strainer prior FACS analysis.

In paper L, II and 1V, cells were incubated with antibodies directly conjugated with
fluorochromes directed to cell surface antigens for 30 minutes, 4 C°. The usage of
directly conjugated antibodies makes it possible to analyze several different antigens
simultaneously using antibodies produced in the same species but conjugated to
different fluorochromes.

In addition, 7-amino-acitinomysin D (7-AAD) was included as a dead cell
discriminator. Live cells are normally non-permeable to 7-AAD and are thus not
stained. In dead cells, the cell membrane is damaged and 7-AAD is able to transverse
the cell membrane and bind to DNA in the nucleus (271). Dead cells are important
to exclude since they have high autofluorescence and bind antibodies unspecific.
Furthermore, dead cells may affect results of subsequent analyses on sorted cells.
Compared to propidium iodide (PI) which also is a DNA binding dye often used
for dead cell discrimination, 7-AAD has the advantage of less spectral overlap with
PE and is not excited by UV light which may pose a problem when analyzing cells
for SP. Furthermore, 7-AAD seems to be more specific for dead cells whereas PI
stain a larger portion of live cells (in house, unpublished data). In paper III and 1V,
cells were also stained for SP. For details on this staining procedure, please see the
section 3.9.

Analysis of FACS data was carried out using the FACSDiva software version 6.1.1
(BD). Generally, an inclusive FSC vs SSC gate was used to not miss any populations
that could be of interest. Events with very high FSC values were however excluded
as these probably represent small aggregates of cells. 7-AAD+ cells were also
excluded in the gating strategy. Gates for the different parameters were set using
isotypic controls as negative samples. Generally, isotypic controls were set in the
range of 0 - 1% false positive. When percentages of positive cells were calculated,
isotypic controls were always subtracted in order to avoid a bias toward positive
staining. FACS data are generally presented in the papers by representative plots
from one experiment with statistics reflecting mean + standard error of the mean
(SEM) of all experiments carried out.
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3.8.1 FACS sorting

In all papers, FACS sorting was used to isolate progenitor populations for further
culture or analysis by qPCR. The principles of FACS sorting using the FACSaria
instrument are outlined in Figure 8. Sorting is carried out by giving droplets with
cells that fulfill criteria for sorting a positive or negative charge. A high voltage field
is applied in the path of the falling droplets and change trajectory of the charged
droplets. To ensure high purity, only droplets containing one particle is allowed
to be sorted. Furthermore, for single cell sorting, a special sorting protocol which
optimizes trajectory of the sorted droplets at the expense of sorting efficiency was
employed. Sorting purity was determined to be 90 - 95% pure by re-analysis of
sorted cells.

In paper I, cells were sorted for further culture into polypropylene FACS tubes
containing cold PBS supplemented with 20% FBS and PEST. In paper I, III and
IV, cells were sorted for qPCR into either RLTplus buffer including DTT (Qiagen,
Hilden, Germany) or cold PBS. The RLTplus buffer has the advantage of instantly
lysing the cells and it then protects the RNA from degradation. When sorting larger
number of cells, this was however not possible to use due to dilution of the RLTplus
buffer by the sorting buffer (i.e. sheet fluid). Thus, these larger populations were
sorted into cold PBS, centrifuged after sorting and snap frozen into liquid nitrogen.
Samples were stored at -80 °C until further analysis.

In paper 11, cells were single cells sorted for further qPCR analysis directly into 96
well plates with lysis buffer and DNAse type 1 (both from Life technologies). Thus,
cells were instantly lysed and RNA was then protected by RNase inhibitors included
in the lysis buffer. According to manufacturer’s description, “stop solution” was
added to the wells before storage at -80 °C.
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Figure 8 (overleaf). Schematic illustration of the FACSaria system. Cells pass through

the laser interrogation point in a stream of fluid (A), just before the formation of droplets.
Here, fluorochromes bound to the cells are excited by laser light in different wavelengths.
The different laser wavelengths are separated from each other to minimize spectral bleed
through. Emitted light is then separated in different wavelengths by mirrors and filters (B).
Signal strength for each wavelength window is recorded and processed by a computer (C).
According to the gating strategy (D), droplets with cells fulfilling the criteria for sorting are
given different electrical charges (E). By applying an electrical field (F), the trajectory of
the droplets are affected depending on the charge. Droplets with different charge, containing
different types of cells, are collected in different collecting tubes (G). It is also possible to
sort cells into plates, but then only one population of cells can be sorted.

Modified from the FACSaria instrument manual.

3.9 Side Population assay

In the SP assay used in paper III and IV, cells with the ability to exclude Hoechst
33342 were identified. Principles of the staining are outlined in Figure 9. Cells
were resuspended in staining medium (DMEM hepes modified medium (Life
technologies) supplemented with 2% FBS) at 1 x 10° cells / ml. To be able to gate
the SP population as well to elucidated which ABC transporter protein that was
responsible for the SP phenotype, ABC transporter inhibitors Fumitremorgin C
(FTC), Verapamil and sodium azide with the addition of 2-D-Deoxyglucose (all
obtained from Sigma) were included. FTC has been described as a specific inhibitor
for ABC transporter ABCG2 (196, 197) whereas Verapamil has been described as
an inhibitor to ABC transporter MDR1 (197). Sodium azide with the addition of
2-D-Deoxyglucose works as a general inhibitor of metabolism and should block
all energy dependent transport proteins (266). When inhibitors were used, samples
were pre-incubated with these for 20 minutes and inhibitors were then added in
all subsequent steps. Next, Hoechst 33342 (Life technologies) was added at a
concentration of 5 pg/ml. Cells were incubated for 45 minutes at 37 °C, then washed
and incubated for additional 45 minutes 37 °C without Hoechst 33342. This two step
procedure with an additional incubation period without Hoechst 33342 differs from
the original SP protocol described by Goodell et al. (175), where only one incubation
period was used. It has however been described in the literature as a way of reducing
background in the SP assay (266) which is of particular importance when analyzing
an heterogeneous sample of cells such as that of directly isolated cells from a cardiac
biopsy. After the second incubation period, cells were washed and resuspended in
cold FACS staining buffer and stained for dead cells and cell surface antibodies as
described in section 3.8. Cells were strictly kept at 4 °C / on ice until FACS analysis
to prevent additional Hoechst efflux in inhibitor treated samples.

On the FACSaria II instrument, Hoechst 33342 staining was visualized using a 375
nm near UV laser. To indentify SP cells, Hoechst blue (emission between 440 - 460
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nm) was plotted against Hoechst red (emission above 670 nm). Hoechst emission
spectra has been shown to be blue shifted approximately 50 nm when bound to
DNA (272). Thus, Hoechst blue may mostly correspond to Hoechst 33342 bound to
DNA whereas Hoechst red may correspond to Hoechst 33342 freely available in the
cytoplasm. The SP population was generally gated based on the 2-D-Deoxyglucose
treated samples since this inhibitor was most effective in blocking Hoechst 33342
efflux.

Before treatment with Efflux periods Staining status at the
Hoechst 33342 time of FACS analysis

Progenitor cell

® Hoechst Reduced accumulation
ABCG2 or MDR1 efflux of Hoechst 33342

Hoechst 33342 incubation
Treatment with inhibitors

=~ Blockage of Accumulation of
hoechst efflux hoechst 33342

Somatic cell

Hoechst 33342

incubation )

With or without

inhibitor treatment
No expression of Accumulation of
ABGCG2 or MDR1 hoechst 33342

Figure 9. Schematic illustration of the SP assay. In the upper part of the figure, staining of
a SP progenitor cell is shown while in the lower part, staining of a non SP somatic cell is
illustrated. For further details, please see the section 3.9 in the main text.
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3.10 Immunohistochemistry and image analysis

Compared to FACS analysis, immunohistochemistry has the advantage of providing
information of location of a protein expression in a tissue. Furthermore, there is
no need to use dissociative enzymes which may adversely affect detection of cell
surface antigens. On the other hand, immunohistochemistry does generally not
provide any statistical information or intensity measurements of individual cells. It
may thus be hard to reliably identify populations of cells that are small in number.

In paper 1V, immunohistochemistry was used to study the location of SSEA-4
expression in tissue slides. Biopsies from right and left atrium were imbedded in
TissueTek OCT (Histolab, Gothenburg, Sweden) and frozen on dry ice. From these,
7 um frozen tissue sections were prepared (Histo-center, Gothenburg, Sweden).
Although frozen sections generally have less good morphology compared to sections
from formalin fixed and paraffin embedded tissue, they generally provide better
compatibility with staining with antibodies. In the case of SSEA-4 staining, both
frozen and formalin fixed, paraffin embedded sections were tested but only in frozen
sections could a positive staining be detected (data not shown).

Sections were fixed with -20 °C acetone for 10 minutes, washed with PBS and
incubated for 30 minutes with blocking solution consisting of PBS supplemented
with 1% BSA (Sigma) and 5% goat serum (Life technologies). Serum and BSA
were used to reduce unspecific staining of antibodies. Primary antibodies were then
added and incubated in a moisture chamber over night at 4 °C. Primary antibodies
used were mouse anti SSEA-4 (eBioscience, San Diego, CA, USA) and rabbit
monoclonal anti CD34 (Abcam, Cambridge, UK). Corresponding isotypic controls
were used to evaluate background staining.

Sections were then washed and incubated with secondary antibodies conjugated to
fluorchromes (alexa 488 and alexa 546 dyes) for 1 hour at room temperature in a
moisture chamber. To enable triple staining with ¢TnT, a mouse anti cTnT antibody
(Thermo Scientific, Waltham, MA, USA) were labeled with alexa 647 using the
Zenon kit (Life technologies). This kit works by creating an immune complex
between the primary ¢TnT antibody and a secondary fluorochrome conjugated
antibody before staining the tissue. Surplus secondary antibody is removed by adding
additional mouse IgG of the same isotype as the primary antibody. This prevents
remaining secondary antibody from staining antibodies that are already present in
the tissue sections. The labeled ¢TnT antibody and a corresponding isotypic control
were added after washing of tissue sections, for 45 minutes in a moisture chamber,
at room temperature. The tissue sections were then washed and fixed with Histofix
(Histolab) for 15 minutes to prevent slow dissociation of immun-complexes between
primary and secondary antibodies which could result in undesired cross labeling
of the ¢TnT and SSEA-4 antibodies. After additional washing, sections were
mounted using Prolong gold antifade with 4’,6-diamidino-2-phenylindole (DAPI)

53



3 METHODOLOGICAL CONSIDERATIONS

(Life technologies). The DAPI dye binds to double stranded DNA and was used to
visualize cell nuclei.

Staining was visualized using a Nikon EclipseTi inverted fluorescence microscopy
(Nikon, Tokyo, Japan). Images were acquired using and Andor iXon X3 camera and
NIS elements 4.12 software (Nikon). Large images (approximately 2 x 2 mm?) were
acquired using a motorized board and the “stich images” option in the software.
The ability to create high resolution large images is important since only a small
percentage of the total number of cells in the tissue were SSEA-4+. To further enable
accurate identification of SSEA-4+ cells, images were scanned in at least 3 levels in
Z-axis.

Aquired images were exported to Image] v. 1.47h, Fijii distribution. This is an
open source software for biological image analysis (273) which enables detailed
analyses and quantification of images. In order to distinguish background staining
from positive staining, displayed pixel ranges for each fluorochorme channel were
set so that the corresponding isotypic control was essentially black. The upper
limits of the displayed pixel ranges were adjusted so that the whole dynamic range
of intensities was shown without saturated pixels. Areas with artifacts related to
for example folding of the section were excluded from further analysis. SSEA-4+
cells were identified manually and counted. A clear staining morphology around a
nucleus was required for positive identification. Customized macros were developed
for determining co-localization between SSEA-4 and CD34, to determine the total
number of nuclei in an image and to determine the number of SSEA-4+ cells outside
and inside myocardium as defined by cTnT staining. An approximate percentage of
SSEA-4+ cells was calculated by assuming that one DAPI nucleus corresponds to
one cell.

3.11 RNA analysis by qPCR

RNA analysis of FACS sorted cells by qPCR was used in paper I, III and IV. In
addition, RNA analysis was carried out on cultured cells in differentiation
experiments in paper I. In paper I, single cell gPCR was conducted. The qPCR
process including cDNA synthesis, preamplification and real time PCR was in
principle carried out in the same way as described in this section. However, RNA
isolation as well as data analysis were carried out differently and will be described
further in section 3.11.1.

Total RNA was extracted with RNeasy Micro or Mini Kit (Qiagen) depending on
the number of cells. Removal of residual genomic DNA from samples was done
with either genomic DNA columns or DNasel treatment (Qiagen). Extraction was
either carried out manually or automatically in a QIAcube (Qiagen) according to
manufacturer’s description.
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Extracted RNA was first transcribed into cDNA using High Capacity cDNA Reverse
Transcription Kit (Life technologies). This kit uses random hexameres primers for
initiation of reverse transcription and thus all of the RNA is transcribed into cDNA.
Samples with low cell number and correspondingly low total RNA quantity as
measured by a Nanodrop instrument were pre-amplified using TagMan PreAmp
Master Mix (Life technologies). By this method, specific genes are amplified
by PCR in an unbiased manner to allow for more genes to be analyzed in the
subsequent qPCR. 14 cycles of amplification was used. The pre-amplification step
has been validated in house by comparing with identical samples that had not been
pre-amplified. Relative gene expression levels were similar regardless of whether
pre-amplification had been used or not.

gPCR offers both highly sensitive and specific quantification of mRNA expression.
Compared to traditional PCR, where data is collected at the end of the reaction,
in qPCR, data is collected continuously throughout the PCR process. The qPCR
analysis was carried out using commercially available TagMan primers and probes
for the genes of interest. When possible, primers spanning two different exons
were chosen to eliminate the risk of detection of residual genomic DNA. For genes
where genomic DNA contamination could not be excluded by primer design, gPCR
was carried out on residual RNA samples that had not been reverse transcribed. If
differences in cycle threshold (Ct) values (described further below) were greater
than 5 between RNA samples and cDNA samples, genomic DNA contamination was
considered insignificant.

The principle behind TagMan qPCR analysis was first described by Holland et al
(274) and is outlined in Figure 10. It is based on an oligonucleotide probe containing
a reporter fluorescent dye and a quencher. When the probe is intact the reported dye
and quencher are in close proximity to each other and fluorescence is quenched
by fluorescence resonance energy transfer (FRET). If the target of the probe
is present in the sample, the probe will anneal downstream of one of the primer
sites. It will then be cleaved by the 5 nuclease activity of the Taq DNA polymerase
which replicates the template strand. This results in separation of reporter dye and
the quencher, which increases the fluorescence of the reporter dye. For each cycle,
fluorescence will increase approximately 2 fold. Fluorescence intensity is measured
continuously during the qPCR analysis. In all papers included in this thesis, analysis
was done using a 7900HT instrument (Life technologies). By setting a threshold
level of fluorescence signal at the exponential phase of the curve, a Ct value was
determined. For quantification of data, the relative comparative Ct method was used
(275). CREBBP was selected as reference gene as this has been shown have a stable
expression in cardiac tissue in previous work by our group (160). Furthermore,
we have compared expression of CREBBP in FACS sorted directly isolated and
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Figure 10. Schematic illustration of the gPCR assay showing template
strand replication, strand displacement and cleavage of the probe
which results in emission of fluorescence. For further details, please see
section 3.11 in the main text. Modified from www.lifetechnologies.com.
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monolayer cultured cells from cardiac biopsies and obtained similar expression
levels (in house data). Furthermore, values have been normalized to a calibrator
sample included on each plate to be able to compare data between different plates.
All samples were analyzed in duplicates. The technical variability was generally
observed to be very low. Gene expression data are presented in the thesis in relative
units.

3.11.1 Single cell qPCR analysis

Single cell gPCR was carried out in paper II. As described in section 3.8.1, cells
were sorted as single cells into a lysis solution. Lysis of cells, cDNA synthesis,
preamplification and gene expression analysis was carried out using the TagMan®
PreAmp Cells-to-CT™ Kit (Life technologies) with minor modifications as
described in detail in the supplemental material and methods section to paper II.
cDNA synthesis, pre-amplification and real time PCR were carried out in principle as
described in the previous section (3.11). When it comes to data analysis, the relative
comparative Ct method can not be used for single cells. This is due to that while
a reference gene is stably expressed in large group of cells, this is not the case on
single cell level (276). On the other hand, cells had been sorted with high precision
as one cell per well. Thus, data was instead expressed as raw Ct values / cell. This
method precluded from the usage of a calibrator sample for normalization. However,
such a sample was included in each plate and showed minimal variation between
plates. 2-dimensional cluster analysis was carried out using GenEx v. 5 software
(MultiD Analyses AB, Gothenburg, Sweden) to find subgroups of cells. Ward’s
algorithm with eucledian distance was used for both gene and cell clustering.

3.12 Statistical analyses

For statistical analysis, depending on nature of the analyzed data, two-sided Student’s
t-test for either group wise or pair wise comparison was carried out. A p<0.05 was
considered statistical significant. Statistical calculations were carried out using either
SPSS v. 20 (IBM, New York, NY, USA) or Excel v. 2003 (Microsoft, Redmond,
WA, USA). The t-test assumes normal distribution of data. To obtain a better normal
distribution of gene expression data, these were log transformed before calculation.
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4 SUMMARY OF RESULTS

An overview of the study designs of the included papers are given in Figure 11.
Here follows a summary of the most important results. For further details, please see
the individual papers.

4.1 C-Kit+ cells are present in both directly isolated cells
and cultured cells from human atrial tissue and could
be subdivided based on hematopoietic marker CD45
(Papers I and II)

Cardiac atrial biopsies from left and right atrium were dissociated and cardiomyocytes
were depleted by filtration. There was a clear population of C-kit+ cells in both right
and left atrium (Figure 12). Most of these cells co-expressed hematopoietic marker

Isotypic controls C-kit vs CD45
Right Ckit-CD45- | 89 2 %
atrium

C-kit+ CD45- | *0.078 +0.018%
C-kit+ CD45+ | *0.42 +0.09 %
5 C-kit-CD45+ | 77 +06 %

I 1)
Left @ C-kit-CD45- | 87 3 %
atium 2 ~ - * °
| C-kit+ CD45- | *0.010 £ 0.004%
L d C-kit+ CD45+ | *0.86 +0.12 %
1 ’ C-kit-CD45+ | 95 +36 %

n=6

1gG1-Control CD45

Figure 12. FACS analysis of C-kit and CD45 staining in cells from right and left atrial
biopsies. Plots to the left show gating strategy for one representative experiment while
statistic tables to the right show mean value for all analyzed biopsies + SEM. Numbers (n)
of biopsies analyzed are indicated in the figure. * denotes a significant difference (P < 0.05)
in expression between right and left atrium.

CD45 while in the right atrium, there was a small but clearly identifiable population
of C-kit+CD45- cells. This population was on the other hand barely detectable in
cells derived from left atrial biopsies. By FACS analysis, the directly isolated C-
kit+CD45- population was determined to co-express EPC marker CD34 and as well
as CD31 (Figure 13). The C-kit+CD45+ population on the other hand was negative
for these markers but instead expressed CD33. This is a cell surface maker known to
be expressed by mast cells. Notably, by FACS analysis, no expression of progenitor
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markers Sca-1, CD133, MDR1 and ABCG2 were found in either directly isolated,
or monolayer cultured cells.
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Figure 13. Cell surface antigen expression of directly isolated cells. In the upper left part of
the figure, C-kit plotted against CD45. Co-expression of CD34 and CD31 are shown for the

different cell populations as indicated by the arrows. For C-kit+CD45+ cells, expression of
mast cell antigen CD33 is shown as well.

As the number of C-kit+CD45- cells that could be isolated from directly dissociated
tissue was rather low, a culture system was developed to expand cells from cardiac
biopsies prior sorting. Initially, an explant culture system was compared to a
monolayer culture system. Although both these culture systems retained a population
of C-kit+CD45+ cells that stained positive for mast cell associated markers CD33
and CD69, the monolayer culture system was found to greatly increase the number
of C-kit+CD45- cells and was thus used in further experiments. Monolayer cultured
C-kit+CD45- cells similar to directly isolated cells co-expressed EPC markers
CD34, CD31 and chemokine receptor CXCR4 to almost 100% (Figure 14). They
dimly expressed FLK-1. By gene expression analysis, the C-kit+CD45- cells were
shown to highly express C-KI/T. Both directly isolated and monolayer cultured C-
kit+CD45- cells expressed endothelial genes (CD31, VWF, FLKI) significantly
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more than C-kit-CD45- cells. In addition, C-kit+CD45- cells expressed higher levels
of cell fate determiner NOTCH]. In analysis of whole population gene expression
(paper 1), cardiac specific markers were either undetectable or expressed in very low
levels. No difference was observed between C-kit+ and C-kit- cells. C-kit+CD45+
cells were observed to express of mast cell specific genes TPSG! (tryptase) and
CMA1 (chymase).
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Figure 14. Cell surface antigen expression of monolayer cultured cells. C-kit plotted against
CD45. A smaller gate (P1) is drawn around the clearly positive CD45+ C-kit+ cells. Co-
expression for EPC markers are shown for the different cell populations as indicated by the
arrows.
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4.2 Differentiation capacity of monolayer cultured
C-kit+CD45- cells (Paper I)

Differentiation capacity into the endothelial lineage was evaluated by culturing
sorted C-kit+CD45- cells in a media containing endothelial growth factors on
collagen type I coated culture vessels. In this media, cells were observed to assume
an endothelial morphology (Figure 15 A, thin arrow). By FACS analysis, EPC
marker CD34 as well as C-kit were downregulated which could be interpreted as
further differentiation into the endothelial lineage. By qPCR analysis, C-kit+CD45-
cells expressed similar levels of C-kit as the endothelial control cell line HUVEC
whereas expression of endothelial genes were similar or higher compared to the
HUVEC cell line.

Figure 15. (A) C-kit+ cells grown in media optimized for microvascular endothelial cells.
Two distinct cell morphologies appeared one fibroblast like (thick arrows) and one with a
rounded appearance growing in clusters (thin arrow).

(B) C-kit- cells grown in media optimized for microvascular endothelial cells.

Cardiac differentiation was assessed by a combination of 5-Azacytidine and TGF-
B1 treatment. However, no signs of cardiac differentiation was observed by either
visual inspection for beating cells or by qPCR analysis for cardiac specific genes.

4.3 Investigation of heterogeneity within the C-kit+CD45-
population in regard of cardiac and endothelial
commitment by single cell gPCR (Paper II)

Although the C-kit+CD45- population both when directly isolated from tissue

biopsies and when isolated from cultured cells primarily showed an endothelial

profile, it could not be excluded that a small subpopulation of cardiac committed
progenitors was also present. To elucidate this further, C-kit+CD45- cells from right
atrial biopsies were FACS sorted as single cells for gPCR analysis. Most of the cells
with verified C-KIT+CD45- gene expression profile were found to express VWF
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Figure 16. Cell and gene cluster analysis of single-cell sorted C-kit+CD45- cells with either
CKIT+ VWF- or NKX2.5+ gene expression. Cluster analysis was carried out according to
Wards algorithm, Euclidean distance. Clustering of genes is shown on the X-axis whereas
clustering of cells is shown on the Y-axis. Arrows denotes NKX2.5+ cells also positive for
VWF.
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indicative of late endothelial differentiation. This is in line with our previous results
presented in paper 1. However, a minor portion of the cell (19%) were found to be
negative for VWF expression. In addition, a few cells (1.1%) expressed cardiac
transcription factor NKX2.5. These cells were further analyzed for additional genes
indicative of cardiac, endothelial, smooth muscle cells, fibroblast and stem cell
identity. By 2-dimensional cluster analysis, four groups of cells were identified
(Figure 16). One of these expressed late cardiac genes but no endothelial markers
while another expressed endothelial genes with a few cells also expressing one or
two cardiac genes. Of the two remaining groups, one was negative for all analyzed
genes (but as mentioned above, positive for C-KIT) and the other consisted of two
subpopulations where one expressed FLK-/ and the other expressed cardiac gene
alpha-cardiac actin (ACTCI). The gene cluster analysis showed, as expected, a
clustering of endothelial and cardiac genes.

4.4 Identification of Side Population cells in the human adult
heart (Paper III)

Left atrium Right atrium

1,000
ix 1,000)

Hoechst blue

L s e s e e
50 100 150 200 250
(x 1,000)

Hoechst red

Figure 17. SP analysis by FACS. Comparison between cells derived from the
left and the right atrium. A gate is drawn around the SP population in the left

In parallel with the identification and characterization of cardiac C-kit+ cells, an
assay for identification of cells based on the ability to efflux Hoechst 33342 was
developed. Right and left atrial biopsies were dissociated and stained with this assay
for identification of SP cells. In cells derived from right atrial biopsies, no clearly
distinguishable SP population could be identified. On the other hand, in cells derived
from left atrial biopsies, a SP population was observed (Figure 17). Cells from left
atrium were further analyzed by known inhibitors of Hoechst 33342 efflux. It was
observed that while ABCG2 inhibitor FTC did not affect the SP population, the SP
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population was partially decreased by treatment with MDR1 inhibitor Verapamil.
The SP was almost completely abolished by treatment with a combination of sodium
azide and 2-D-Deoxyglucose, which work as a general inhibitor of metabolism
(Figure 18A). Control cell lines known to highly express ABCG2 and MDRI1
respectively were also included. In both of these cell lines, Hoechst 33342 efflux
was attenuated by treatment with sodium azide and 2-D-Deoxyglucose. As expected,
the SP in the MDRI1 control cell line was only affected by Verapamil treatment while
the ABCG2 control cell line was only affected by FTC treatment (Figure 18B - C)

By co-expression analysis, SP cells were found to express hematopoietic marker
CD45 to a variable degree.
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Figure 18. Inhibitor analysis of SP by FACS. FTC, Verapamil and sodium azide with
addition of 2-D-Deoxyglucose were compared with samples with no added inhibitor. Gates
for SP cells were set to get a minimum of positive events in the inhibitor-treated samples.
Percentages for one representative experiment are shown. A) Cardiac cells derived from the
left atrium. * denotes a significant difference (p < 0.05) between inhibitor and untreated
sample. Statistical calculations were performed using the paired Students t-test. B) SK-N-FI
cell line expressing MDR1. C) A549 cell line expressing ABCG2.
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SP and other cells except SP (named main population, MP cells) were sorted for
gPCR analysis. In line with inhibitor results, a high MDRI gene expression was
observed in the sorted SP cells. Furthermore, expression of stem cell associated
genes C-KIT and OCT4 were significantly higher expressed in SP cells compared to
MP cells. When SP cells were subdivided based on CD45 expression and both these
subpopulation were sorted, it was found that the SP CD45- population expressed
higher levels of endothelial genes compared to SP CD45+ cells and MP cells. The
expression of cardiac genes on the other hand was low or undetectable in both MP
and SP cells, regardless of CD45 expression status. Expression of C-KIT was noted
to be mostly confined to the CD45+ subpopulation.

4.5 Expression of SSEAs in directly isolated and monolayer
cultured cells derived from human adult heart biopsies
(Paper IV)

To characterize expression of SSEAs in the human adult heart, biopsies from left and
right atrium from patients undergoing Maze surgery as well as biopsies from right
atrium from patients undergoing surgery of other causes were obtained, dissociated
and analyzed by FACS. Both right and left atrial biopsies had a clear expression
of SSEA-4 and SSEA-3. Expression of SSEA-1 on the other hand was generally
low (Figure 19A). These SSEA-1+ cells stained dimly for CD45 and thus probably
consisted of contaminating hematopoietic cells. SSEA-4 expressing cells were
also detected in biopsies from patients not undergoing Maze surgery, although the
percentage was lower compared to biopsies from patients undergoing Maze.

When cells derived from cardiac biopsies were monolayer cultured, expression of
SSEA-4 and SSEA-3 could still be identified. Furthermore, expression of SSEA-1
was markedly upregulated.

4.6 Subdivision of the SSEA-4+ cardiac population based
on CD34 expression reveals a potential cardiomyocyte
progenitor population (Paper IV)
In analyses of co-expression, it was noted that the SSEA-4+ cardiac population could
be subdivided based on expression of EPC and hematopoietic progenitor marker
CD34 (Figure 19B). When the SSEA-4+CD34- population was FACS sorted for
gPCR from right atrial biopsies, it was found to have a high expression of both early
and late genes indicative of the cardiomyogenic lineage (Figure 20). This pattern was
not observed when SSEA-4+CD34- cells from left atrium were analyzed. Expression
of endothelial genes was low in the SSEA-4+CD34- population regardless of
location, but high in the SSEA-4-CD34+ population. When SSEA-4+CD34- cells
were isolated after a primary monolayer culture, expression of cardiac genes was
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lost in the right atrial derived cells.

Expression of SSEA-4 was also investigated in tissue sections by
immunohistochemistry. Expression could be identified both within and outside the
myocardium as defined by c¢TnT staining. Similarly to analysis of directly isolated
cells by FACS, most SSEA-4+ cells were found to be CD34+.
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Figure 20. Cardiac and endothelial gene expression analysis of sorted cells from
dissociated cardiac biopsies when SSEA-4 was plotted against CD34. Mean relative
values for the different populations + SEM are shown. Statistical calculations, where the
SSEA-4+CD34- population was compared to the other populations, were performed using
Students t-test, pair wise comparison.

4.7 Relationship between SSEA-4+ cells, C-kit+ and SP
cardiac progenitor cells (Paper IV)

By FACS analysis, the C-kit+CD45- population derived from right atrial biopsies
was found to be enriched in SSEA-4 expression both when directly isolated from
tissue and after monolayer culture. These cells were predominantly CD34+. Notably,
as the C-kit+CD45- population identified in directly isolated cells was much smaller
compared to the SSEA-4+ population, only a minor portion of the SSEA-4+ cells
were C-kit+.
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As described above, cardiac SP cells could only be identified in directly isolated
cells from left atrial biopsies. When these were co-stained for SSEA-4 expression,
no expression was found in the SP cells.
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Figure 21 (overleaf). Summary of the major molecular characteristics and distribution of
progenitor cells in the human heart based on the results in paper I - IV. Characterization

on protein level is indicated by roman typeface whereas characterization on gene levels are
indicated by italic typeface. Markers that were used for isolation of the cell populations are
indicated by bold typeface. Furthermore, markers of endothelial differentiation are written
in green whereas markers of cardiac differentiation are written in red. RA, right atrium, LA,
left atrium.

In the upper part of the figure, the subdivision of SSEA-4+ cells based on co-expression

of CD34 is shown. Although SSEA-4+CD34- cells could be identified in both right and

left atrium, only cells derived from the right atrium showed evidence of cardiomyogenic
commitment. In the lower left of the figure, subdivision of C-kit+ cells based on
hematopoietic marker CD45 is shown. In paper 11, differentiation status of the C-kit+CD45-
population was further investigated on single cell level. For a summary of these results,
please se Figure 22. In the lower right part of the figure, the subdivision of cardiac SP cells
based on the hematopoietic marker CD45 is shown.

S DISCUSSION

The aim of this thesis has been to identify, isolate and further characterize cell
populations from human cardiac tissue with stem / progenitor properties. Based on
previously published work, mostly carried out in animal models, we have focused
on the cardiac C-kit+CD45- cells, SP cells and cells expressing SSEAs. Since the
percentage of progenitor cells in the cardiac tissue is very low, FACS analysis and
sorting has been the main method of identification and isolation of cells of interest.
A summary of the results in regard of molecular characteristics and location of these
cell populations are found in Figure 21.

5.1 The cardiac C-kit+ population predominantly consists of
CD45+ mast cells

In paper I, a population of C-kit+ cells was identified in directly isolated cells from
human atrial tissue. C-kit is a well known marker for stem cells in the hematopoietic
system (125). In previous studies, cardiac C-kit+ cells have been isolated both
from small (126-128) and large (129) animals as well as from the human (131).
These cells have been described as clonogenic and multipotent with the ability to
differentiate into cardiomyocytes, endothelial cells and smooth muscle cells. In
paper I, we observed that most of the C-kit+ cells were also CD45+. This was even
more pronounced in paper II, where an epitope regeneration treatment was used.
This method enhances the detection sensitivity of cell surface antigens including C-
kit. The C-kit+CD45+ cells were found to co-expression cell surface antigens CD33
and CD69 to a high degree and on gene expression level expressed TPSGI and
CMA1. All these markers have previously been associated to mast cells (145, 277)
which strongly suggest that the C-kit+CD45+ cells identified in paper I and II have
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a mast cell identity.

In addition to the C-kit+CD45+ population, a much smaller population C-kit+CD45-
cells of less then 0.1% of the total cell population was identified. This is in contrast
to a study by Bearzi et al. (131), which found a much higher percentage of about 1%
of C-kit+CD45- cells in similar human cardiac tissue samples. The reason behind
this discrepancy is unclear. Surprisingly, in the study by Bearzi et al., virtually no
C-kit+ cells co-expressed CD45. On the other hand, when the density of mast cells
were determined in dissociated human atrial tissue, about 0.5 - 1.5% of the total
cell suspension was determined to have a mast cell phenotype (145). Furthermore,
when identity of C-kit+ cells in the human atrium was investigated by co-expression
analysis for a panel of mast cell markers, the majority of all C-kit+ cells (85 - 100%)
was determined to have a mast cell identity (146). This is also in agreement with
a study by Kubo et al. (138) who observed a dim expression of CD45 in most C-
kit+ cells isolated. Taken toghether, it thus seems like the study by Bearzi et al.
underestimates the number of C-kit+CD45+ mast cells and that these are included in
the C-kit+CD45- population. This could potentially be a result of usage of different
antibodies to CD45 binding to different epitopes of the protein with different
susceptibility to dissociation associated destruction. In the study by Kubo et al.
(138), differentiation of C-kit+CD45+ cells into cardiomyocytes was shown. Since
it is highly unlikely that mast cells would be able to transdifferentiate in this manner,
this could be potentially be explained by a small non-mast cell subpopulation present
within the C-kit+CD45+ population. Another possible explanation to the results
Kubo et al. is contamination by other cells with cardiomyogenic differentiation
properties since sorting purity was reported to be not more than 38%.

5.2 Within the human cardiac C-kit+ population, there is
also a small population of CD45- cells with predominant
endothelial commitment

In both paper I and paper 11, a minor portion of the C-kit+ cells directly isolated from
atrial biopsies were found to be negative for CD45. These cells to a large extent co-
expressed late/mature EPC markers CD34 and CD31 but were negative for early/
immature EPC marker CD133. Endothelial commitment within the directly isolated
C-kit+CD45- population was also shown by qPCR analysis on groups of cells in
paper I.

In contrast to these results, cardiac C-kit+ cells isolated from the rat heart was
originally described by Beltrami et al. (126) as mostly consisting of uncommitted
stem cells that were clonogenic and multipotent. The C-kit+ cells were negative for
endothelial, fibroblast and smooth muscle markers with a minor portion (about 7 -
10%) of the cells expressing transcription factors indicative of early cardiomyogenic
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commitment. These results are in line with an immunohistochemical study
where C-kit+ cells were characterized as either uncommitted or committed to the
cardiomyogenic lineage in patients suffering from hypertrophic cardiomyopathy
(130). In another study by Urbanek et al. (278), where cardiac biopsies from patients
suffering from ischemic heart failure were examined, both uncommitted C-kit+
cells as well as C-kit+ cells committed to the endothelial, smooth muscle cell and
cardiomyogenic lineages were detected. In the study by Bearzi et al (131), C-kit+
cells were isolated from human hearts and were similarly to C-kit+ cells isolated
from the murine heart described as clonogenic, multipotent and mostly negative for
markers indicative of endothelial or cardiac differentiation.

In later studies, the VEGF receptor FLK-1 has also been suggested as marker for
further subdivision of the C-kit+ population into cells with either predominant
endothelial (C-kit+FLK-1+ cells) or cardiac (C-kit+FLK-1- cells) developmental
potential (135, 136). Notably, in a study of primary cultured cells from human
cardiac biopsies, only a minor portion (about 3%) of the C-kit+ cells were described
as FLK-1+ (136). Taken together, these previous studies suggest that most C-kit+
cells are either uncommitted or committed to the cardiomyogenic lineage in vivo.
This is summarized in Figure 22, upper part.

To further elucidate the differentiation state of human cardiac tissue derived cells
as close to the in vivo situation as possible, a single cell gPCR approach was
used in paper II. Although this technique does not allow for detection of protein
expression but only gene expression, it has the advantage of being both highly
sensitive and specific. In contrast, identification by immunohistochemistry is always
more or less subjective and observer dependent. Indeed, over-interpretation of
immunofluorescence has for example been suggested as one possible reason to the
initially reported very high cardiac differentiation potential of hematopoietic stem
cells (50, 66) that in later studies was not reproducible (67, 68). Furthermore, with
single cell qPCR, a large number of different genes may be analyzed for the same
cell whereas immunohistochemistry only allows for simultaneous analysis of a
rather limited number of markers.

In paper II, in contrast to previous studies described above, but in line with the
results in paper | (discussed above), most cells with confirmed C-KIT+CD45- gene
expression showed evidence of endothelial commitment expressing either late
endothelial marker VWF or FLK-1. A high degree of overlap between the VIWF+ and
FLK-1+ population was noted. Very few cells on the other hand expressed NKX2.5,
a transcription factor expressed in different stages of developing as well as mature
cardiomyocytes (17, 279). Furthermore, its expression has been described in a part
of the C-kit+ population in several previous studies (126, 134, 139) where it has
been interpreted as a sign of early cardiomyogenic specification. The major findings
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Figure 22 (overleaf). Schematic illustration of the hierarchy of C-kit+ cardiac progenitor
cells. Sizes of the C-kit+ cells indicate an approximate relative fraction of the total C-kit+
population that is made up of that particular sub-population.

In the upper part of the figure, the C-kit hierarchy based on previous studies (126, 130, 131,
135, 136). Proposed differentiation paths are indicated by arrows. Notably, most of the C-
kit+ cells are either uncommitted stem cells or cardiac committed progenitor cells.

In the lower part of the figure, major sub-populations of C-kit+CD45- cells based on the
single cell gPCR analysis in paper Il are shown. Possible hierarchical links are indicated by
dashed arrows. Most of the C-kit+CD45- cells expressed markers indicative of endothelial
maturation.

in paper Il are summarized in Figure 22, lower part.

The reason behind this difference in commitment of the C-kit+ population between
our study and previous studies is not clear. One potential reason could be different
disease background of the included patients. In order to obtain large volumes of tissue
for isolation of a sufficient number of cells for single cell qPCR, biopsy material
from patients undergoing Maze surgery was used. This is a surgical procedure to treat
atrial fibrillation or flutter (263). Consequently, although we have not had access to
the medical history of the patients, it can be assumed that these patients suffer from
either constant or paroxysmal atrial fibrillation or flutter. These conditions have
been linked to structural changes within the atria including fibrosis (280). Whether
this may affect the C-kit+ population is no known. In patients with ischemic heart
failure, it was noted that the number of both endothelial and cardiac committed C-
kit+ precursor cells were increased compared to control hearts (278). In the study by
Bearzi et al. (131), where human C-kit+ cells were isolated, no data are available on
either medical history, cause of surgery or if the biopsies were obtained from atrial
or ventricular tissue. In an animal model of isoproterolol induced cardiomyopathy,
a clear increase in cardiomyogenic commitment within the C-kit+ population was
noted (139). Taken together, no of these previous studies have identified a disease
dependent endothelial commitment of the C-kit+ population. It thus seems unlikely
that patients suffering from atrial fibrillation or flutter which are not associated with
ischemia but caused by improper impulse conduction should have a fundamentally
different commitment profile of the C-kit+ population. Furthermore, it should be
noted that in paper I, a high expression of endothelial genes was noted in the total
C-kit+CD45- population. Importantly, biopsies used for this analysis were derived
from patients undergoing other types of surgery than Maze (not disclosed in the
published paper). This further argues against that discrepancies between paper 11
and previous studies in regard of commitment of the C-kit+ population are due to
inclusion of different groups of patients.

It should also be noted that there are a few studies of genetic lineage tracing of cardiac
C-kit+ cells that similarly to us have found a predominant endothelial commitment
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in this population. In a study by Jesty et al. (281), where differentiation potential
of C-kit+ cells were investigated both in the neonatal and adult mouse heart, only
C-kit+ cells isolated from neonatal mice could differentiate into cardiomyocytes.
Adult cardic C-kit+ cells were however still able to contribute to an angiogenic
response in the context of myocardial infarction. In another study by Tallini et al.
(282), expression of C-kit after myocardial infarction was associated with fibrous
and vascular repair, but not cardiomyogenic differentation in the adult mouse.

5.3 Single cell qPCR reveals subgroups of cells within the
VWEF negative C-kit+CD45- population

In paper II VWF- and NKX2.5+ cells of the C-KIT+CD45- population were
analyzed for a wider panel of genes and subjected to 2 dimensional cluster analysis.
This revealed four different groups of cells. The cardiac group was observed to
express genes coding for structural proteins indicating late cardiac development.
Surprisingly, very few cells expressed early transcription factors NKX2.5, GATA-
4 or MEF2C. One potential explanation to this could be methodological reasons.
While single qPCR is sensitive and specific, it could potentially fail to detect genes
with very low copy number. Thus, if structural genes are expressed more abundantly
than transcription factors, these would be detected while expression of transcription
factors would be underestimated. Another explanation could be re-expression of C-
kit in already mature cardiomyocytes. Although mature cardiomyocytes may express
transcription factors such as NKX2.5, expression decreases with increased age and
was only noted in a fraction of all cardiomyocytes in the human adolescent heart
(22). In the study by Tallini et al. (282), expression of C-kit was noted in already
terminally differentiated cardiomyocytes. The classification of cardiomyocytes as
terminally differentiated was based on mature cTnT staining and a lack of mitotic
figures or pHH3 staining indicative of cell cycle activity. On the other hand, in a
study on in vitro expanded rat cardiomyocytes, de-differentiation of these cells
was noted which was accompanied by expression of C-kit (283). While it is highly
improbable that the cells included in the single cell gPCR study would represent
mature cardiomyocytes due to multiple filtration steps prior FACS analysis, it can not
be ruled out that they represent de-differentiated cardiomyocytes with smaller cell
size that potentially could pass through the filtering process. In a study by Mollova
et al. (13), proliferating cardiomyocytes were indeed observed also in vivo, in the
human heart. Although no detailed analysis of size of these cycling cardiomyocytes
was carried out, based on the presented images they seem to be about 100 um of
size. This would argue that these cells would have been excluded during the filtering
process prior FACS analysis. However, notably, as newly formed cardiomyocytes
derived from cellular division logically would be only half the size of the parent
cell, these could theoretically in some cases pass through the smallest filter of 40
um. It should also be noted that it is still unknown whether cycling cardiomyocytes
in vivo upregulate C-kit in any part of this process.
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In paper 11, there was also one group of cells that did not express VWF but instead
showed expression of other endothelial genes (CD31, FLK-1). In both the maturation
of EPCs and the differentiation of human ES cells into endothelial cells, expression
of endothelial markers such as CD31 and FLK-1 have been shown to precede the
expression of VWF (284, 285). Thus, the group of VWF- cells with expression of
other endothelial genes could be regarded as a more undifferentiated endothelial
progenitor population compared to the group of VWF+ cells. Within the group of
VWEF- cells with expression of other endothelial genes, a few cells also expressed
cardiac genes which could be interpreted as cells with bi-potent differentiation
capacity. Interestingly, there was also one group of cells expressing no other genes
than C-KIT. It could be hypothesized that this group consists of cells not committed
to any lineage of differentiation. Although no expression of stem cell associated
marker OCT-4 was identified, this has also been noted previously in for example
Sca-1+ progenitor cells in the mouse (286) and human fetal heart (156). Thus, it
may not be a prerequisite in cardiac progenitor populations.

5.4 Expanded C-kit+CD45- cells showed endothelial
differentiation potential but could not be induced to
differentiate into the cardiomyogenic lineage

In paper I, C-kit+CD45- cells isolated after monolayer culture expressed markers
indicative of endothelial commitment both on protein level by FACS and on
mRNA level by qPCR analysis. When these cells were cultured in an endothelial
growth media, expression of CD34 and C-kit were downregulated which could be
interpreted as further endothelial maturation. As a further evidence of endothelial
maturation of the C-kit+CD45- population, it was noted in a pilot experiment that
these cells could form capillary structures in vitro (unpublished data).

Cardiomyogenic differentiation was also tested in paper I, on isolated C-kit+CD45-
cells, with a protocol based on 5-Azacytidine treatment together with TGF-B1. This
protocol has previously been used to induce differentiation of Sca-1+ progenitors
into cardiomyocytes (268). Notably, 5-Azacytidine treatment has also been used
to induce cardiomyogenic differentiation of C-kit+ cells (133). In paper I however,
no evidence of cardiomyogenic differentiation was observed. In addition to 5-
Azacytidine treatment, other agents previously shown to induce cardiomyogenic
differentiation including dexamethasone (126) and oxytocine (153) were tested
in pilot experiments during the work with paper I. No sign of cardiomyogenic
differentiation was however noted (data not shown).

C-kit+CD45- cells have previously been described as multipotent with the ability to
differentiate in vitro into both endothelial, smooth muscle cells and cardiomyocytes.
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This has been shown in small animals by Beltrami et al. (126), large animals by
Linke et al. (129) and in human by Bearzi et al. (131), D’Amario et al. (136) and
Itzhaki-Alfia et al. (133). In all of these studies except that of Itzhaki-Alfia et al.,
dexamethasone appears to have been used as a general inducer of differentiation into
all three lineages. In the study by Itzhaki-Alfia et al. on the other hand, 5-Azacytidine
was used to selectively promote differentiation into the cardiomyogenic lineage. The
reason behind this discrepancy in differentiation potential between paper I and the
studies listed above is not clear. Possible explanations however include different
methods of expansion and isolation of C-kit+ cells, different cellular composition,
different biopsy locations and contamination of other types of cells. Each of these
topics will be discussed below.

In previous studies, different methods of expansion of C-kit+ cells have been used. In
the study by Bearzi et al., C-kit+ cells were either isolated from directly dissociated
tissue or from explant cultures. On the other hand, in the study by D’ Amario et al.,
C-kit+ cells were isolated from monolayer cultured cells similarly to the method
used in paper I. Thus, it does not seem like the method of expansion affects the
differentiation capacity of the C-kit+ cells.

When it comes to cellular composition of the isolated C-kit+ population, it is
notable that in the study by D’ Amario et al., only a minor fraction of the C-kit+ cells
(about 3%) were observed to express FLK-1. These predominantly were able to
differentiate into endothelial cells and smooth muscle cells but also cardiomyocytes
upon addition of dexamethasone. The vast majority of FLK-1 negative cells on
the other hand preferentially adopted cardiomyogenic fate with a minor portion
differentiating into endothelial cells and smooth muscle cells. Although no
subdivision of C-kit+ cells based on FLK-1 was carried out in paper I, this does not
seem to be a likely explanation why no cardiomyogenic differentiation was observed
since also in this study, the majority of the C-kit+CD45- cells (about 80%) were
FLK-1 negative as determined by FACS. Furthermore, in the study by D’Amario et
al. (136), C-kit+ cells did not express other endothelial markers such as CD31 prior
dexamethasone treatment. This was regardless of FLK-1 expression status. In paper
I, on the other hand, nearly 100% of the C-kit+CD45- cells co-expressed CD31 as
well as other markers associated with the endothelial lineage when isolated from
primary monolayer cultured cells. Importantly, in paper I, a similar high expression
of endothelial markers in the C-kit+CD45- population was also observed in directly
isolated cells. Thus, it can not be regarded as an effect of the in vitro culture system.

Another possible explanation to the difference in differentiation capacity of the C-
kit+ population between paper I and the study by D’Amario et al. could be different
biopsy locations. In the study by D’Amario et al., endomyocardial biopsies were
used whereas in paper I, whole wall atrial biopsies were used. In the study by Bearzi
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et al. (131) no data were available on either patient characteristics or location origin
of the biopsies. Thus, it is not possible to tell whether different biopsy locations may
be an explanation to different differentiation capacity compared to paper 1.

In the study by Itzhaki-Alfia et al. (133), monolayer expanded human cardiac cells
were analyzed for C-kit expression and used for in vitro differentiation. In vitro
differentiation into cardiomyocytes was confirmed by positive staining for cTnT.
Notably, in this study, cells in passage 3 were used whereas in paper | primary
cultured cells were used. Furthermore, as judged by the C-kit FACS data presented,
background staining seems rather high and thus the cells sorted as C-kit+ may have
been contaminated by cells false positive for this antigen. Furthermore, about 60%
of all monolayer cultured cells showed evidence of cardiomyogenic differentiation
based on GATA-4 and cardiac alpha actin positive staining. Thus, it is possible
that the cTnT+ cells observed after 5-Azacytidine treatment were the result of
contaminating cells already positive for cardiac markers but negative for C-kit.

5.5 Characterization of SP cells in the human adult heart

SP was originally described by Godell et al. (175) as a population of highly potent
hematopoietic stem cell population within the bone marrow. Thereafter, SP cells
have been described in a number of tissue specific stem / progenitor cells (176-
178). In the heart, SP cells have been characterized as progenitor cells in the murine
system (182, 183, 185). In the human, SP cells have previously only been identified
in fetal cardiac tissue. Although expression of both MDR1 (130) and ABCG2 (174,
198) have been shown in the human adult heart, no functional assay of Hoechst
33342 efflux had been carried out. This was done in paper III, where for the first
time, it was shown that also the human adult heart contains a population of SP cells.
These cells could only be identified in left atrium which will be further discussed in
the section 5.8.

In previous studies of SP stem / progenitor cells, the ability of these cells to exclude
Hoechst 33342 has been linked to expression of MDR1 and / or ABCG2 which are
both ABC transporter proteins. In mouse cardiac SP cells, a dynamic expression
profile of these transporter proteins was found depending on age. While the SP
phenotype was predominantly determined by ABCG2 expression in early post-
natal mice, this was shifted towards MDR1 dependence with increased age. In
paper 11, ABC transporter dependence of the human adult cardiac SP population
was extensively investigated by inhibitor analysis, FACS and qPCR. In the inhibitor
analysis, Verapamil was used as an inhibitor to MDR1 while FTC was used as an
inhibitor for ABCG2. In addition, sodium azide together with 2-D-Deoxyglucose
was used as a general inhibitor to energy dependent transport systems. The ability of
cardiac cells to efflux Hoechst 33342 was attenuated by Verapamil and sodium azide
and 2-D-Deoxyglucose treatment respectively while it was not affected by FTC
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treatment. This points toward MDRI1 as the predominant efflux protein in human
adult cardiac SP cells similar to adult mouse cardiac SP cells. Notably, in a previous
study of human neonatal cardiac tissue, the SP population was in contrast to our
study attenuated by treatment with FTC. No other inhibitors were tried (195). This
indicates that also in the human heart, there is a shift from ABCG2 to MDR1 as the
dominant efflux protein of the SP with increased age. In paper 111, a high expression
of MDRI1 in the cardiac SP was shown on mRNA level by qPCR analysis. In
accordance with the inhibitor analysis, no difference in expression of ABCG2 was
noted between the SP cells and all other cells. On the other hand, surprisingly, no
expression of either ABCG2 or MDR1 was observed on protein level by FACS co-
expression analysis. Although it can not be fully excluded that the Hoechst 33342
efflux in human SP cells is caused by another ABC transporter protein previously not
described in cardiac SP cells, a more likely explanation to this difference between
gene and protein expression data would be destruction of epitopes during tissue
dissociation. This has also been observed as a problem in paper I and II. Notably,
in paper 11, no epitope regeneration treatment was used as this was not necessary
for the SP assay. Although the epitope regeneration treatment used in paper I and 11
can enhance detection of cell surface antigens, it unfortunately also results in loss
of cells. As the SP assay in itself also results in loss of cells due to aggregation,
cell yield was prioritized over the potential benefits of using an epitope regeneration
treatment step for protein identification.

It should also be noted that although the results in paper III clearly indicates
MDRI1 as the major determiner of the human adult SP phenotype, as mentioned
above, ABCG2+ cells have previously been identified in the human adult heart
by immunohistochemistry in a study by Emmert et al. (174) and Wohlschlaeger
et al (198). The reason why these cells apparently do not have a SP phenotype is
unclear. Although most focus on regulation of Hoechst 33342 efflux have been on
differential expression of different efflux proteins as well as the effects of inhibitors
to these proteins, there may also be other regulatory mechanisms. In study by Zhou
et al. (287) it was observed that ABCG2 was located both in the cytoplams and
bound to the cell membrane in a tumor cell line. By overexpression of CD147, a
transmembrane glycoprotein, localization was shifted to the cell surface. Furthermore,
CD147 expression resulted in homodimerization of ABCG2 proteins. Together, this
resulted in an enhanced efflux activity of ABCG2 without increased ABCG2 mRNA
expression. In another study by Takada et al. (288), activation of the PI3K-Akt
signaling pathway was linked to internalization of ABCG2 in LLC-PK1 cells stably
overexpressing ABCG2. Interestingly, in the study on cardiac ABCG2 positive
cells by Wohlschlaeger et al (198), ABCG2 staining was noted to be cytoplasmatic.
This also seems to be the case in the study by Emmert et al. (174) judged by the
immunohistochemical pictures presented. It could thus be hypothesized that ABCG2
expression in the adult heart has a predominant cytoplastmic localization and
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thus do not contribute to the SP. This underlines the importance of distinguishing
between SP which is only defined by the functional assay of Hoechst 33342 efflux,
and expression of individual ABC transporter proteins.

In paper 111, a variable co-expression of the pan hematopoietic marker CD45 was
found in the cardiac SP cells, indicating partial hematopoietic origin. This has
previously been observed in the rat (183) but not in the mouse heart (182, 289).
CD45+ SP cells were found to express low levels of endothelial genes and tended
to have a higher expression of C-KIT compared to CD45- SP cells. CD45+ SP cells
with a moderate expression of C-kit but negative for CD34 have previously been
described in human peripheral blood by Preffer et al. (290). In vitro, these cells gave
rise to lymphoid and dendritic progeny in an assay of hematopoietic differentiation.
Although it could be argued that the CD45+ cardiac SP cells merely represent
contaminating peripheral blood, this would not explain why these cells could only be
detected in left atrial biopsies. As shown in paper II, the percentage of contaminating
CD45+ hematopoietic cells is about the same in both left and right atrial biopsies,
indicating a similar degree of peripheral blood contamination regardless of
biopsy location. Thus, it seems like the CD45+ SP in human left atrium represent
a resident population of cells. Whether these cells adopt hematopoietic fates or
possibly contribute to renewal of cardiac cells remains to be determined. Although
contribution of hematopoietic cells to regeneration in the heart is highly controversial
(as described in further detail in the background section), differentiation of CD45+
SP cells into non-hematopoietic progeny has for example been observed in such
cells derived from human liver tissue (291).

The CD45- human cardiac SP cells were on the other hand found to express high
levels of endothelial genes. Previous studies of murine cardiac SP cells have showed
that these could be subdivided based on expression of endothelial marker CD31.
While the CD31- SP cells were able to differentiate into the cardiomyogenic lineage
(182), the CD31+ SP cells displayed properties of endothelial progenitor cells
(184). Notably, the majority of all SP cells were CD31+ (182). Our qPCR data
of sorted CD45- SP cells supports a predominant endothelial commitment of this
population also in the human. On the other hand, no evidence of early commitment
to the cardiomyogenic lineage was observed. This does however not exclude the
possibility of non endothelial progenitor population within the SP CD45- population.
Notably, the total SP population had a higher expression of stem cell associated
gene OCT-4 compared to all other cells. This could indicate that within the total SP
population, there is s small subpopulation of uncommitted progenitors with a high
OCT-4 expression. Further studies are needed to elucidate possible sub-populations
within the human cardiac SP population, potentially with the aid of single cell gPCR
analysis.
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It should also be acknowledged that while repeatedly tried, it was not possible to
establish a reproducible in vitro culture system of directly isolated SP cells. Possible
explanations to this include general problems with a long dissociation and staining
period which may render the cells functionally impaired. Furthermore, Hoechst
33342 staining has been observed to have toxic side effects on the cells (292, 293).
Future studies have to be carried out in order to optimize these conditions further. In
this regard, it should however be noted that it may not be possible to substantially
lower the concentration of Hoechst 33342 since the fluorescence properties of this
dye in the “blue” and “red” spectra may depend on a certain concentration (272). As
an alternative approach it might be possible to exchange Hoechst 33342 for another
non-toxic substrate of MDR1 efflux such as rhodamine 123 (292).

5.6 SSEAs are expressed in the human adult heart where a
subpopulation of SSEA-4+CD34- cells may represent a
cardiomyogenic progenitor population

SSEAs were originally described as markers for different stages in embryonic
development and differentiation of embryonic stem cells. In more recent years, there
have also been some reports regarding expression of SSEAs in adult stem cells (82,
168-171). In the murine heart, SSEA-1+ cells have previously been described as a
population with progenitor properties (172). In the human fetal, neonatal (173) and
recently also adult (174) heart, SSEA-4+ cells have been identified in tissue sections
by immunohistochemistry. However, these cells were not quantified or characterized
further. In paper IV, the existence of SSEA-1, 3 and 4 positive cells in both left
and right atrium of the human heart is shown by FACS analysis. The SSEA-1+
population also dimly expressed pan hematopoietic marker CD45. As this antigen
is also known to be expressed by certain granulocytic populations (166, 294), these
cells probably represent contaminating hematopoietic cells.

In co-expression analyses with EPC and hematopoietic progenitor marker CD34, it
was noted that the SSEA-4+ population could be subdivided based on expression
of this antigen. While the majority of SSEA-4+ cells co-expressed CD34, there
was also a smaller subpopulation of SSEA-4+CD34- cells. When this population
was isolated from directly isolated cells derived from right atrium, it showed a
very high expression of both early and late genes associated with cardiomyogenic
development. Expression of endothelial genes was on the other hand generally low.
Taken together, these results indicate that the SSEA-4+CD34- population may harbor
cells specified to the cardiomyogenic lineage. This would be in line with previous
results from the murine heart where cardiomyogenic differentiation potential was
shown for SSEA-1+ cells (172). In this context, it should be reminded that SSEA-
1 in the murine system has the same expression pattern as SSEA-3 and 4 in the
human system (164, 165). In the adult human heart, SSEA-3 and 4 positive cells
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were recently described by Emmert et al. (174) as present in vessels and as single
cells co-staining for endothelial marker CD31 by immunohistochemistry. In paper
IV, to the contrary, qPCR analysis of several endothelial genes including CD31
showed generally low expression in SSEA-4+ cells with a tendency toward higher
expression in the SSEA-4+CD34+ population compared to the SSEA-4+CD34-
population. One possible explanation to the discrepancy between our results and the
results by Emmert et al. could be that different locations of the heart were used for
SSEA-4 profiling. Furthermore, our results does not exclude the possibility of some
cells within the SSEA-4+ population being committed to endothelial lineage as these
cells were not entirely negative for endothelial gene expression. In particular, the
SSEA-4+CD34+ population as described above, tended to have a higher expression
of endothelial genes compared to the SSEA-4+CD34- population which potentially
could be explained by some of the cells in the SSEA-4+CD34+ population being
committed to the endothelial lineage. Future studies by for example single cell gPCR
are needed to elucidate this potential heterogeneity further.

Although in vitro culture of directly isolated SSEA-4+CD34- cells was tried, it
unfortunately proved to be difficult to set up such culture system in a reproducible
manner. As discussed in the previous section (5.5), this may be due to a combination
of a long dissociation and staining procedure which rendered the cells functionally
impaired. To circumvent the problems with culturing of directly isolated FACS
sorted cells and to potentially increase the number of SSEA-4+CD34- cells available
for sorting, a mixed monolayer culture system similar to that used in paper | was
tried. Also in monolayer cultured cells, all SSEAs could be identified. SSEA-1
was markedly upregulated while SSEA-4 was a bit donwnregulated. The SSEA-4+
population could still be subdivided based on CD34 expression. However, in contrast
to directly isolated cells, the expression of genes indicative of cardiomyogenic
differentiation was lost in the SSEA-4+CD34- population. In paper I, it is shown
that monolayer culture of the cardiomyocyte depleted fraction of cardiac cells may
profoundly alter cellular composition and increase the percentage of C-kit+ cells. It
is thus not unreasonable that this system also may alter the differentiation path of the
SSEA-4+CD34- cells or favor the growth of a subpopulation of non-cardiomyogenic
progenitors within this population. It could be speculated that either cell-cell
contact or paracrine signaling from mature cardiomyocytes may be necessary for
cardiomyogenic specification of the SSEA-4+CD34- population. This is in line with
previous studies showing induction of cardiomyogenic differentiation of stem cells
by co-culture with cardiomyocytes (91, 295, 296).
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5.7 Relationship between different stem / progenitor
populations in the adult heart

As described in the background section, many putative cardiac progenitor
populations have been described during the last decade. These include C-kit+ (126-
129, 131), Sca-1+ (152, 153, 155), Islet-1+ (35-37, 39) and SSEAs+ (172, 173)
cells as well as cells identified based on functional assays such as SP (181-183) and
Aldehyde bright (224). Furthermore, there is also a population of epicardium derived
progenitor cells (210, 211) which have been associated with Wt-1 expression (210,
212-214). Whether these populations overlap each other or are hierarchically linked
have however not been fully elucidated, especially in the human.

5.7.1 Relationship between C-kit+ cells and other progenitor
populations

In paper I, C-kit+ cells were identified in human atrial biopsies. In this study, both
directly isolated and monolayer cultured cells were also stained for ABCG2, MDRI,
Sca-1 and CD133 but were found to be completely negative for these antigens. In
contrast to these results, in a study by Urbanek et al. (278), C-kit, MDR1 and Sca-
1 positive cells were all identified in the human heart by immuohistochemistry.
The majority of these cells (about 60%) expressed all three of these antigens. A
similar degree of co-expression was observed by the same group in the dog (129)
and the mouse heart (127). When cells expressing either one, two or all three of
these antigens were isolated from dog heart and compared to each other, all cell
populations had similar cloning efficiency and gave rise to approximately the same
fraction of cardiomyocytes, endothelial cells and smooth muscle cells. However,
it was noted that cells only expressing C-kit gave rise to a higher total number of
differentiated cells (129). Other studies of mouse cardiac Sca-1+ cells did however
not detect any co-expression of C-kit within this population (152, 286). Furthermore,
in a study by Dey et al. (297) where C-kit+, Sca-1+CD31-CD45- and SP cells
respectively were isolated from mouse hearts and analyzed by micro-array, the C-
kit+ population was found to be the most distinct and least correlated with the other
two progenitor populations. The total Sca-1+ cardiac population was also noted to
be about 3 times as large as the C-kit+ population. Both these results strongly argue
against a large overlap between these two populations.

It should be acknowledged that as others have identified Sca-1+ cells in the human
heart by immunohistochemistry (155, 278), it can not be excluded that the lack
of Sca-1 expression in paper | may be a result of dissociation associated epitope
destruction. As it is not known which human protein that is detected by antibodies
with reactivity to the mouse Sca-1 protein, it was unfortunately not possible to
investigate Sca-1 expression on gene level in sorted cells.
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As mentioned above, a high overlap between C-kit and MDR1 was observed in
the human heart by Urbanek et al. (278). This is in contrast to paper I where no
expression of MDR1 was found on either protein or gene expression level in directly
isolated C-kit+CD45- cells. MDRI1 expression has previously been linked to the
SP phenotype in the adult mouse heart (187) and was also found to be the major
determinant of the human adult SP population in paper III. Previous studies of SP
cells, isolated from the adult murine heart have shown no or very little co-expression
of C-kit (152, 182, 184, 289). Although one of these studies stated dissociation
associated epitope destruction as a potential reason of no C-kit expression (182),
taken together, these studies argues against a significant overlap between MDR1 and
C-kit. Furthermore, in the human heart, the C-kit+CD45- progenitor population was
preferentially located to the right atrium (paper II) whereas the SP was only clearly
distinguishable in the left atrium (paper III). On the other hand, in paper III, the
SP was found to express C-kit significantly higher compared to all other cells. This
expression tended to be confined to the CD45+ SP population. In line with these
results, in a pilot experiment where SP cells were co-stained for C-kit, a few C-kit+
SP cells were noted that had a dim expression of CD45 (unpublished data). Although
as discussed in section 5.1, most C-kit+CD45+ cells represent mast cells, it can not
be excluded that a minor portion of these cells consists of hematopoietic derived
progenitors. Importantly, however, these cells can not represent the C-kit+MDRI1+
cells found in the study by Urbanek et al. (278) as those cells were described as of
non-hematopoietic origin. Notably, in a study by Kubo et al. (138), C-kit+ cells with
a dim expression of CD45 was sorted from human hearts and were found to be able
to differentiate into cardiomyocytes in a co-culture system. Although this could be
due to contamination of other cells as the sorting purity was noted to be rather low,
another explanation would be the existence of a progenitor sub population within
the C-kit+CD45+ population that otherwise predominantly consists of mast cells.
As SP is indicative of stem / progenitor properties in many different tissues, it could
be hypothesized that this subpopulation consists of C-kit+CD45+ SP cells. Further
studies are however needed to elucidate this possible relationship.

For the other ABC transporter protein, ABCG2, which has been linked to SP
phenotype predominantly in the early post natal heart (187), we did similarly as
for MRD1 not find any expression on either protein or gene expression level in
the directly isolated C-kit+CD45- population (paper I). This is in accordance with
a previous immunohistochemical study of human cardiac tissue where no co-
expression between ABCG2+ cells and C-kit+ cells were observed, although these
cells were sometimes found in close proximity to each others (174).

In the embryonic heart, Islet-1 has been identified as a marker for progenitor

cells of the secondary heart field (35-37). Islet-1+ cells have been identified
in human fetal heart (298), but there are no data on Islet-1+ cells in the human
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adult heart. Interestingly, these cells were characterized as largely C-kit+ by
immunohistochemistry. In this context, it should be noted that during the work on
paper 11, Islet-1 was analyzed in all C-KIT+VWF- or NKX2.5+ cells. No expression
of this gene was however found in any of these cells (data not shown). This indicates
that in contrast to the human fetal heart, C-kit+ cells in the adult heart are negative
for Islet-1 expression.

5.7.2 Relationship between SSEA-4 and other progenitor populations

In paper IV, expression of SSEA-1, 3 and 4 was investigated in the human adult heart.
For SSEA-4, a more detailed co-expression analysis was carried out with SP and C-
kit since the SSEA-4+CD34- population showed signs of being a cardiomyogenic
progenitor population based on qPCR analysis of sorted cells. When SP cells were
co-stained SSEA-4, no co-expression was found. This indicate that the SSEA-4+
population was distinct from the SP population. On the other hand, when directly
isolated cells from right atrium were co-stained for C-kit and SSEA-4, the C-
kit+CD45- progenitor population was found to be enriched for SSEA-4 expression.
This was even more apparent in monolayer cultured cells. Importantly, however, the
total SSEA-4+ population was approximately two orders of magnitude larger than
the C-kit+CD45- population in directly isolated cells, i.e. the overwhelming majority
of SSEA-4+ cells were not C-kit+. Furthermore, as almost all of the C-kit+CD45-
cells were CD34+, the C-kit+SSEA-4+ cells were distinct from the SSEA-4+CD34-
putative cardiomyogenic progenitor population. Few previous studies have
investigated expression of SSEAs in the heart. In a study of primary cultured SSEA-
1+ cells derived from rat heart, no co-expression of C-kit or Sca-1 was found (172).
SSEA-4+ cells have been identified in human fetal (173) and adult heart (174). In
these studies however, no co-expression analysis was carried out. In a study by Hou
et al (299) on sheep heart, SSEA-4+ cells were identified in tissue sections as well
as in clonally expanded cells. Although some of the expanded clones expressed both
moderate levels of C-kit and SSEA-4 by FACS and qPCR analysis, no direct co-
expression analysis by FACS or single cell analysis by qPCR were carried out. Co-
expression analysis was neither carried out in tissue sections. Thus, data presented
in paper IV represent the first direct comparison between SSEA-4 and C-kit and SP
cells respectively.

5.8 Distribution of progenitor populations in the adult heart

In paper I, 11l and 1V, distribution of C-kit+, SP and SSEAs were compared between
right and left atrium. These both tissue locations were possible to obtain from
patients undergoing Maze surgery. The C-kit+CD45+ population that in paper I was
characterized as predominantly consisting of mast cells, was readily identified in
both right and left atrium in paper Il with approximately twice as many cells in the
left compared to the right atrium.
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The number of cardiac mast cells have previously been shown to be affected by
disease such as idopatic dilated cardiomyopathy (148) and myocardial infarction
(149). This was also noted in an animal model of pressure overload induced
susceptibility to atrial fibrillation. Interestingly, in this study, it was shown that
attenuation of mast cell function by treatment with cromolyn strongly reduced the
incidence of atrial fibrillation after atrial burst stimulation. This was in its turn linked
to reduced fibrosis (300). Although the mechanism behind atrial fibrillation is not
entirely clear, it has more recently been suggested that it is sustained through a non-
random electrophysiological activity emanating from the left atrium (301). Based on
this, it could be hypothesized that the increased number of mast cells in left atrium is
associated with maintenance of atrial fibrillation in this group of patients. To further
elucidate this, a comparison with biopsy material from both left and right atrium of
patients not suffering from atrial fibrillation would obviously be needed.

In paper II, The C-kit+CD45- progenitor population was only clearly identifiable
in right atrium and only barley detectable in left atrium. In paper III on the other
hand, SP cells could only be clearly identified in the left atrium. The reason behind
this observed difference in distribution between C-kit+CD45- and SP progenitor
cells is not clear. Few previous studies have investigated the atrial distribution of
these cell populations. In a study by Urbanek et al. (62), mouse cardiac C-kit+ cells
were identified as nests of cells present throughout the heart. The frequency was
approximately 8 fold higher in apex and atria compared to the base - mid region of
the ventricles. In a immunohistochemical study by Castaldo et al. (132), distribution
of C-kit+ cells in left and right atria was investigated in human normal and failing
heart. To the contrary of the results in paper II, the number of C-kit+ cells were
slightly higher in the left compared to the right atrium. One possible explanation to
this discrepancy could be inadvertent interpretation of mast cells as C-kit+ progenitor
cells in the study by Castaldo et al. Although it is stated that hematopoietic cells were
excluded in the material and method section in the study, no direct co-expression
analysis between C-kit and hematopoietic markers seems to have been carried out.
In another study of the early post natal and adolescent human heart by Mishra et al.
(134), by far the highest percentage of C-kit+ cells was found within the right atrium
(5%) while the lowest percentage was found within the left atrium (0.3%). These
results comply well with the results in paper II. Although percentages of C-kit+ cells
were much higher in the study by Mishra et al. compared to paper 11, this could be
attributed to the much younger age of the included patients. Indeed, it is shown by
Mishra et al. that the number of C-kit+ cells clearly decline up to the oldest included
patients of 13 years of age. Based on our results and as well as the results by Mishra
et al., it could be speculated that the human right atrium might serve as a pool for
human cardiac C-kit+CD45- progenitor cells. In line with this theory, it has been
possible to induce migration of C-kit+ cells from the atrioventricular groove area of
the mouse heart to an area within the ventricle by injections HGF and IGF-1 (127).
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In contrast to the C-kit+ population, there are currently no other studies that have
investigated the distribution of SP cells within the heart. One possible reason
to the differential distribution of SP cells and C-kit+ progenitor cells could be
different embryonic origin. However, as both right and left atrium have the same
developmental source with approximately 2/3 of the cells originating from the
secondary heart field with the remaining 1/3 of the cells from the primary heart field
(35), this does not seem to be a likely explanation. Similarly to C-kit+ cells, SP cells
have been found to be able to migrate through the cardiac tissue. This ability was
linked to the CXCR4 / SDF-1a system (185). Interestingly, in paper I, C-kit+ cells
were also observed to highly express CXCR4. In a study by Liang Tang et al. (302),
CXCR4 expression in C-kit+ cells was further augmented by hypoxic conditions.
Similarly to SP cells, recruitment of C-kit+ cells to an infarction area was linked
to the CXCR4 / SDF-1a system. Based on these results, it could be speculated that
while C-kit+CD45- cells in the human adult heart serve as progenitors for the right
atrium and potentially also the right ventricle, SP cells has a similar function in the
left atrium and potentially left ventricle. Further studies are needed to elucidate this
in further detail.

In paper 1V, a population of SSEA-4+CD34- cells was identified in both right and
left atrium. Although equally distributed, only cells isolated from right atrium
were committed to the cardiomyogenic lineage. The reason for this difference in
commitment between the localizations is unclear.

It should be acknowledged that in the included papers, only atrial biopsy samples
have been included. Although it would have been ideal to also have ventricular tissue
for comparison, this has not been possible to obtain. From patients undergoing routine
cardiac surgery such as CABG or valvular replacement surgery, only needle biopsies
would be possible from ventricular locations. These are unfortunately to small for
cell identification and isolation by FACS. To address this issue, we have initiated
a study on explanted hearts from patients undergoing cardiac transplantation. This
will hopefully in the future add to our knowledge of tissue distribution of cardiac
progenitors also in the ventricles.

5.9 General limitations associated with conducting research
on human cardiac material

It should be acknowledged that in both paper III and IV, no in vitro differentiation
data are presented. Furthermore, in paper I, it would have been desirable to include
more assays to assess endothelial and cardiac differentiation such as detailed
analysis of capillary forming ability, uptake of acetylated LDL and intracellular flow
cytometry to identify cardiomyogenic differentiation combined with qPCR analysis
of sorted cells for verification. These analyses would ideally have been conducted
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both before and after induction of differentiation. A general limitation when working
with human biopsy material is however both the availability and the amount of tissue
material that is possible to obtain. Furthermore, the cell populations of interest only
represent small fractions of the total number of cells. Taken together, this greatly
limits the number of assays and conditions that can be included. On the other hand,
results from human cardiac material compared to animal models can be considered
to be much more relevant from a clinical perspective (303, 304). It should also be
acknowledged that in papers I - III, no comparison is carried out between different
groups of patients. In paper IV on the other hand, results from patients undergoing
Maze surgery and patients undergoing surgery of other causes were accounted
for separately. Unfortunately, it has not been possible to obtain control samples
of cardiac tissue from patients without any cardiac disease. Notably, in studies by
other groups, autopsy material has often been used to obtain normal control heart
tissue (130, 132, 174). This source of tissue unfortunately only allows for analysis
by immunohistochemistry and is not possible to use for analysis and isolation of live
cells by FACS.

It should also be noted that the ethical permit used in paper I - IV has not allowed for
storage of patient data other than cause of surgery and age. This have precluded us
from carrying out post-hoc analyses of different groups of patients. In this context,
it should be mentioned that we have currently initiated a study on explanted cardiac
tissue from patients undergoing transplantation surgery, where patient data will be
recorded. As comparison, we plan to use tissue samples from explanted donor hearts
not suitable for transplantation that are used for extraction of aortic valves for later
valvular replacement surgery.
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6 CONCLUSIONS

In this thesis, three different progenitor cell populations have been identified and
isolated from the human adult heart. These have been found to be largely distinct
from each other.

In paper I, we showed that C-kit+ cells could be isolated from the human adult
heart. These cells could be subdivided based on the hematopoietic marker CD45.
The C-kit+CD45+ cells were determined to have a mast cell identity whereas the
C-kit+CD45- cells had a predominant endothelial commitment. C-kit+CD45- cells
could also be successfully isolated from monolayer expanded cells. These cells had
a similar gene and protein expression when compared with directly isolated cells.
Although no cardiac differentiation could be induced, these cells showed evidence of
further endothelial maturation when cultured in an endothelial differentiation media.

In paper II, heterogeneity within the C-kit+CD45- cardiac population was
investigated by single cell qPCR. While most of the cells were found to have an
endothelial gene expression profile, a minor portion of the cells showed evidence of
cardiomyogenic lineage commitment. Furthermore, some of the cells did not express
any markers of lineage commitment. These cells could represent uncommitted
progenitor cells.

In paper III, SP cells were identified in the human adult heart. Inhibitor analyses as
well as gene expression analyses pointed toward MDR1 as the major determinant of
the SP phenotype. The cardiac SP was partly positive for the hematopoietic marker
CD45. While the SP CD45- population showed evidence of endothelial lineage
commitment, expression of cardiac genes were either low or undetectable in SP cells
regardless of CD45 expression status.

In paper IV, expression of SSEA-1, 3 and 4 were shown in cells derived from
the human adult heart. SSEA-1+ cells when isolated directly from the heart, were
determined to be of hematopoietic origin. SSEA-4+ cells could be further subdivided
based on CD34 expression status. SSEA-4+CD34- cells directly isolated from the
right atrium were found to be committed to the cardiomyogenic lineage based on
gene expression analysis.

Location of progenitor cells were investigated in paper IL, III and IV. C-kit+CD45-
cells were predominantly confined to the right atrium. SP cells on the other hand,
could only be identified in the left atrium. SSEAs were expressed in both right and
left atrium, but only SSEA-4+CD34- cells derived from the right atrium showed
evidence of cardiomyogenic lineage commitment.
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In conclusions, this thesis adds to our knowledge of the existence, identity and
distribution of cardiac progenitor populations in the human adult heart. It both
provides new information regarding previously described C-kit and SP cell
populations as well as suggests SSEA-4+CD34- cells to represent a novel progenitor
cell population with cardiomyogenic commitment.
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Cardiovascular disease, together with cancer, is the leading cause of death in the
western world. For major cardiac diseases such as ischemic heart disease and heart
failure, the treatment strategy until now has been to protect and preserve remaining
myocardial tissue. As the heart has been regarded as a non-regenerative organ,
loosing its ability to form new cardiomyocytes shortly after birth, little effort has
been put into developing treatment strategies of regenerating myocardial tissue. The
knowledge of a limited regenerative capacity in the human adult heart however, open
new possibilities. These include cell therapy with expanded cardiac or extracardiac
derived progenitor cells, development of drugs that stimulate endogenous progenitor
cells or development of drugs that stimulate cardiomyocytes to re-enter the cell cycle
and start to proliferate. Which path that should be chosen however, depends on the
underlying mechanism of cardiac regeneration.

Until now, three different mechanisms of cardiac regeneration have been proposed.
These are regeneration through differentiation of a pool of endogenous cardiac
progenitor cells, regeneration through migration and transdifferentiation of
extracardiac derived progenitor cells and re-entry into the cell cycle and proliferation
of pre-existing cardiomyocytes. In the literature, there is a lot of conflicting data
regarding the properties and developmental potential of different cell populations.
Furthermore, as has been shown in this thesis for the C-kit+ population, there is often
a low degree of reproducibility between the results of different groups. Importantly,
this is not unique for the field of cardiac regeneration but has been pointed out as
a growing general problem in the field of biomedical basic research (305, 306).
Thus, there is a need for more replicating studies in the future, ideally by groups
independent from each other, to firmly establish or reject the potential of different
cell populations in the context of cardiac regeneration. In particular, there is a need
for more studies on human biopsy material as there may be differences between
species as well as differences between different groups of patients.

Although not complete, the previously published literature when taken together,
indicate that extracardiac progenitor populations are unlikely to be the source
of cardiac regeneration. Notably however, such cells may in the future have a
therapeutic role as they seem to have other beneficial effects when administered
after myocardial infarction. Further studies are however needed to optimize factors
such as type of cell, route of administration and timing.

When it comes to endogenous cardiac progenitor cells versus cycling of pre-existing
cardiomyocytes as the source of cardiac regeneration, studies in favor of both
mechanisms exist and it is theoretically possible that these co-exist. Further studies
comparing different progenitor populations with each other are however needed to
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elucidate which endogenous progenitor populations that have the greatest potential
to regenerate myocardial tissue. Furthermore, it remains largely unknown whether
these different populations are hierarchically linked to each other. Indeed, at least
seven different cell populations in the heart that have been described as multipotent
progenitors with the ability to differentiate into cardiomyocytes and endothelial
cells. Taken into consideration the rather limited regenerative capacity of the heart, it
seems unlikely that the heart would harbor such large number of different progenitor
populations that are unrelated to each other. In animal models, hierarchal links
could be further elucidated by genetic lineage tracing. In the human, this method is
however unfortunately not possible. Instead, it might be possible to use a single cell
analysis approach, which was employed in this thesis to investigate heterogeneity
in the C-kit+CD45- population. If two cell populations are hierarchically linked, it
would be reasonable to assume that the transition is continuous and that it thus would
be possible to identify individual cells that are on different stages of transitioning
from one of the cell populations to the other.

In this thesis, it has been demonstrated that different progenitor populations are
distributed unevenly between right and left atrium. The functional implications of
this distribution however remain to be determined. Furthermore, little is known about
the distribution of different progenitor populations in the right and left ventricle and
whether this may be affected by cardiac diseases.

In this thesis, data are presented for three different and largely distinct progenitor
populations in the human heart. Of these, C-kit+CD45- and SSEA-4+CD34- cells
would theoretically be possible to isolate and expand for cell therapy purposes
whereas identification of SP cells currently require staining with hoechst 33342
which makes it unsuitable for clinical applications. The discovery of a population of
SP cells within the human adult heart is however of potential clinical value as it may
be possible to stimulate this populations of cells by for example local injections with
cytokines. This has been shown in animal models, but before initiation of clinical
studies, further investigations regarding the differentiation potential and function of
human SP cells are needed. In this regard, it will also be necessary to optimize the
staining procedure used to identify SP cells in order to improve viability after sorting
of cells. This may either be carried by titrating the concentration of hoechst 33342
or by adopting another staining that is effluxed by MDRI.

There is currently one published clinical study where C-kit+ cells were used (259,
260). In that study, cells were expanded in a way similar to the monolayer culture
system presented in this thesis. Although clinical improvement was noted in that
study, the results in this thesis indicate that this expansion system may not be optimal
as it seems to favor the expansion of endothelial committed progenitor cells over
a smaller subpopulation of cardiac committed progenitors. Further studies are thus
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needed to investigate whether culture conditions may be optimized to instead favor
the expansion of the cardiac committed C-kit+ subpopulation. Conditions that may
be of importance include coating of culture vessels, media composition and oxygen
tension. In this regard, factorial design of experiments may be a possible approach
to systematically evaluate several culture condition factors simultaneously. This
methodology has previously successfully been used to optimize culture conditions
for other types of cells, such as chondrocytes (307).

When it comes to the population of SSEA-4+CD34- cells, this has previously not
been described in the literature. In this thesis, it has only been possible to do an
initial characterization by FACS and qPCR. As this population on group level shows
evidence of cardiomyogenic commitment, in contrast to both C-kit+ and SP cells,
it may be superior to both these populations of cells in terms of cardiomyogenic
differentiation potential. Further studies are however needed to establish a
reproducible culture system for these cells, that retain the cardiomyogenic
commitment profile. Furthermore, it would be of interest to carry out a single
cell gPCR analysis of these cells to determine whether all cells show evidence of
cardiomyogenic commitment or if this is confined to a sub population of the cells.
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