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1 Introduction

1.1. Clinical relevance of cardiovascular disease and heart failure
According to the World Health Organization (WHO), cardiovascular disease is the most

common cause of death globally (206). In the course of the past decade the number of
deaths due to this diagnosis has even increased. Cardiovascular diseases killed 17.7
million people in 2015, that is three in every ten deaths. Of these, 7.4 million people died
of coronary heart disease and 6.7 million from stroke (205). Especially in high-income
countries cardiovascular disease has a high frequency as it causes more than half of all
deaths across the European Region. Therefore, it can be considered to be one of the main
public health problems.

Despite of the fact that much progress has been achieved in the areas of diagnosis and
therapy of cardiac diseases, the mortality rate remains high. This is mainly due to the
heart’s lack of ability to repair the remaining damages. Although the acute event of
myocardial infarction is more often treated successfully and thus can be survived, the
number of patients affected by subsequent heart failure increases.

Heart failure (ICD-10 150.-) is a term used for a complex clinical syndrome caused by
structural or functional abnormalities of the heart and therefore describes the final stage
of several cardiac diseases. It is defined as the inability to provide sufficient cardiac output
in order to maintain the appropriate blood circulation needed by the body (75). According
to the Framingham-Offspring-Study approximately 50% of the cases can be traced back
to high blood pressure as the primary cause. In the process, hypertension leads to the
pathogenic sequence of coronary heart disease, myocardial infarction, and heart failure
(75). In the subsequent seven to eight years after cardiac infarction, more than one third
of patients can be expected to develop heart failure, whereby those with left ventricular
dysfunction are at particular risk (24).

Heart failure has a current prevalence of over 5.7 million in the United States of America
and over 23 million worldwide. Projections indicate that it will increase by 46% until
2030, resulting in more than eight million people affected in the USA alone (130). Every
year 870,000 new cases of heart failure are reported in the USA. Therefore, the incidence
approaches 10 per 1,000 in the population of people over 65 years of age (130). The
lifetime risk of developing this syndrome is estimated as one in five, but also increases
with age (24). In 2012, total costs of heart failure in the USA were estimated to be $30.7
billion, of which 68% was attributed to direct medical costs. Furthermore, projections

expect those costs to increase by almost 127% to $69.7 billion in the period between 2012
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and 2030 (130). Because of the fact that heart failure is a chronic condition with hardly
any recovery, this diagnosis is accompanied by substantial risk of both morbidity and
mortality. According to the report of the American Heart Association, heart failure makes
the largest contribution to age-standardized years lived with disability among men and
women in high-income countries (130). It has already been determined by the
Framingham Heart Study in 2002 (110) that once heart failure has been diagnosed, the
mortality risk steadily increases. Even though survival rates improved over the past
decades, the five-year mortality from heart failure remains at least 50% (23). The
Rotterdam Study of prevalent cases in Europe (17) had a cumulative survival of heart
failure as little as 86% at 30 days, 63% at one year, and 35% at five years of follow-up.
The median survival in this study was only 2.1 years. Stewart ef al. even suggested that
heart failure was more ‘malignant’ than cancer in a study comparing five-year survival
rates and associated loss of expected life-years of heart failure and four common cancers
in Scotland. With the exception of lung cancer, heart failure was associated with the

poorest five-year survival rate (approximately 25% for both sexes) (170).

1.2. Pathogenesis and therapeutic measures
Myocardial infarction occurs when coronary blood flow is impaired, commonly due to

arterial occlusion. The peripheral parts of the heart, which are hereby deprived from
oxygen supply, suffer from persistent ischemic conditions. As a result, cardiac myocytes
die and the related part of the heart muscle turns into an area of coagulation necrosis (21).
The affected area differs in size and location depending on the individual topographical
arrangement of the coronary territories, the location of occlusion, and the duration of
ischemia. In consequence of inflammatory processes, the striated heart muscle is
converted into nonfunctional fibrin-containing scar tissue, which cannot contribute to the
pumping function of the heart anymore. Besides, myocytes distend and the actin-myosin-
filaments slide apart in response to ischemia. Due to this unfavorable transmission the
heart muscle’s contractility decreases and is not sufficient to maintain the appropriate
ejection fraction anymore (21). As an attempt to compensate this mechanism, heart
muscle growth can be observed causing a pathological organ hypertrophy. Hereby, the
cardiac output may potentially maintain normal for some time, but simultaneously the
heart’s energy consumption increases and intensifies the coronary insufficiency (21). As
the remodeling is irreversible, the heart’s deficiency thus is even enhanced by the counter-

mechanisms (compare also Figure 1).
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Figure 1: Vicious circle of coronary insufficiency and heart failure (21).
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Concerning therapeutic options, a distinction can be drawn between causal, symptomatic,
and prognosis-improving approaches. Causal therapies target mechanisms that contribute
to the pathogenesis in general, which includes malfunctions like arterial hypertension,
coronary heart disease, heart valve defects, and even extra-cardiac aspects like blood
lipids or diabetes. The therapeutic measures range from medication and adjuvant
recommendations such as nutrition, exercise, and weight reduction to interventional
procedures like endoluminal vascular prosthesis or surgery like coronary bypass or heart
valve replacement. Therefore, these treatments contain primary and secondary
prophylaxis in order to prevent the occurrence of cardiac events, but also include acute
measures that intend to keep the damage sustained from an event to a minimum.

After the onset of heart failure, the pharmacological therapy is based on five groups of
medication depending on the stage of disease as classified by the New York Heart
Association (NYHA) (compare Table 1). At all stages of heart failure angiotensin-
converting-enzyme (ACE)-inhibitors are indicated as they have been proven to slow down
the unfavorable remodeling processes (200). Additionally, beta blockers are used for all
patients that are in a state after cardiac infarction, but are otherwise also substituted
starting at NYHA stage II. The hereby intended effects are heart rate control, protection
against toxic effects by catecholamines, prevention of down regulation of beta receptors,
and anti-ischemic effects (75). Several studies have also shown that beta blocker therapy
reduces mortality in patients with advanced heart failure. Likewise, aldosterone
antagonists may improve mortality rates and are thus indicated from the second stage
onwards. In conclusion, angiotensin-converting-enzyme-inhibitors, beta-blockers, and

aldosterone antagonists may improve the patient’s prognosis and therefore prolong life.



Table 1: Medication of heart failure adapted to NYHA-classification (75)

NYHA-stage: I IO o
ACE-inhibitors X X X X
beta blockers X X X
aldosterone antagonists X X X
diuretics X X X
cardiac glycosides X X

In contrast, diuretics and cardiac glycosides have symptomatic effects only. Diuretics are
used to counteract fluid retention, signs of congestion, and hypertension. As they reduce
the heart’s preload as well as the peripheral resistance and thus the heart’s afterload,
diuretics are generally indicated from NYHA stage III onwards (75). Moreover, the
substitution of cardiac glycosides like digitalis is started at stage III as well, but is
additionally used at every stage with tachyarrhythmia or atrial fibrillation. Although
therapies with cardiac glycosides result in positive inotropic support for the heart,
influences on the mortality of heart failure have not been proven (75). Besides from
medication, other approaches can be taken into account especially in high stage heart
failure. These include cardiac resynchronization therapy (CRT), implantable

cardioverter- defibrillators (ICD) as well as heart transplantations (75).

Indeed, the pharmacological therapies currently in use improve the patient’s quality of
life as well as his survival time, but cannot compensate the loss of cardiac function. As
the affected tissue cannot regenerate itself, the damage and loss of heart muscle tissue
remains and likewise the accompanied negative effects. In order to cover up the deficit of

regenerative potential, new treatment approaches for cardiac diseases are needed.



2 State of the art

Several studies suggest that approaches based on the application of stem cells may be the
future strategy in order to compensate the regenerative deficiency of the heart. Therefore,
bone marrow derived hematopoietic stem cells have already been the main focus of
several studies since the beginning of the century. After promising preclinical results
(140) stem cell therapies were also introduced to clinical trials in order to investigate
effects on ischemic heart disease. In the course of time, numerous different research
groups were able to demonstrate that autologous stem cell transplantation has positive
therapeutic effects on infarcted myocardium as it improves the ventricular systolic
function and regeneration of heart muscle (171), (195), (142).

The department of heart surgery and the Reference- and Translation Center for Cardiac
Stem Cell Therapies (RTC) of the University of Rostock were also able to successfully
complete several experimental and clinical studies on the effects of hematopoietic stem
cells. This includes a clinical pilot trial (phase I) and subsequent controlled trial (phase
II) studying the impact of intramyocardial application of bone marrow derived CD133"
stem cells into the myocardial border zone of patients with myocardial infarction
undergoing coronary artery bypass grafting (CABG) surgery (169), (47), (49). Due to
the promising results of these studies, the first randomized, prospective, double-blind,
placebo controlled, phase III multicenter clinical trial was launched in 2009. This so
called PERFECT- study as an acronym for Intramyocardial TransPlantation of BonE
MaRrow Stem Cells For ImprovEment of Post-Infarct MyoCardial RegeneraTion in
Addition to CABG-Surgery was initiated in cooperation with the RTC, Miltenyi Biotec
GmbH, and other industrial and clinical associates (48). The referred studies showed that
CD133" application is safe and significantly improves the cardiac function concerning
the ejection fraction of the left ventricle as well as the revascularization and contractility
of the treated areas compared to CABG-surgery without stem cell application. This
benefit has also been confirmed in long-term follow up (136).

Concerning the prospects of therapy, a differentiation between the areas of myocardial
infarction has to be considered. Scar tissue cannot recover from ischemic damages even
if the perfusion is restored. Therefore, therapeutic measures will not have appreciable
effects on this tissue. On the other hand, so called hibernating myocardium marks the
border of the infarction area and consists of ischemic but non-infarcted myocardium.
These myocytes remain viable but have a decreased contractile function, which is

considered to be an adaptive reaction in order to reduce oxygen demand and to allow
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equilibration of supply and demand. Therefore, this state can partially or completely be
restored by improving blood flow and myocardial revascularization and thus offers a
target for therapeutic approaches (152), (77). Whether or not the cells are viable can be
detected by various imaging processes, including magnetic resonance imaging (MRI),
dobutamine stress echocardiography, and single photon emission computed tomography

(SPECT) (162).

Regarding the question which stem cells are particularly suitable for cardiac therapies,
several aspects have to be taken into account. Stem cells in general are defined to be in
an undifferentiated state. In response to external stimulation they are able to differentiate
into specialized functional cells, which work tethered with resident cells in order to form
an integrated system. Secondly, stem cells have to be capable of self-renewal in order to
preserve the cell population. Bearing in mind the pathological processes of cardiac
diseases, several desirable properties can be determined for the stem cells in use. As
myocardial infarction occurs due to reduced blood flow in the coronary arteries, the
formation of new blood vessels would be a preferable effect. This socalled angiogenesis
leads to an improved perfusion of the area. Because of the fact that myocardial infarction
results in distinct areas of necrosis, stem cells with the capability to differentiate into
cardiac myocytes would also be an obvious choice as they could possibly rebuild
destroyed heart muscle tissue. But in the search for suitable stem cells, various other
properties are of interest as well. This among others includes cells that interfere with
pathological immune mechanisms as well as cellular mediators and chemokines that
cause migration and homing processes. Besides, it is of tremendous importance whether
or not the cells are proofed to be safe in application. Concerning the therapeutic options,
it is possible to use cultivated cells as well as primarily isolated stem cells. Furthermore,
the cells can also be treated in advance in order to develop desirable properties. Likewise,
the stem cells can be applied in combination with active substances, which may contribute
to required effects. As the CD133 positive stem cell therapies and other approaches with
hematopoietic cells provide promising results, research has to examine more cell types in
order to achieve additional effects and thus to further improve the therapeutic measures.
Different cell populations are distinguishable from one another by their cluster of
differentiation (CD), which is a group of markers expressed on the cell surface. Through
the use of antibodies against those surface structures, different stem cell populations can
be identified and investigated separately. Bone marrow contains the greatest amount of

stem cells and thus is often focused as research subject. Bone marrow derived stem cells
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have the ability to differentiate into multiple specific cell types and are also capable of
self-renewal (140). The regenerative effects of hematopoietic stem cells are assumed to
base mainly on angiogenetic processes. Several studies showed that hematopoietic stem
cells can restore tissue vascularization after ischemic events as well as during
physiological processes (151). After local implantation of bone marrow stem cells high
proliferation of endothelial cells was detected (147). Other than that, hematopoietic cells
seem not to be able to differentiate into cardiac myocytes (133). Until now, no stem cell-
related cardiac complications following intramyocardial injection of bone marrow-

derived stem cells have been reported so that the therapy is considered to be safe (49).

In addition to the well-studied hematopoietic stem cells, bone marrow also contains a
population named after their ability to differentiate into various cell types of
mesenchymal origin. These multipotent stem cells are expandable and modifiable in cell
culture and offer several distinctive characteristics, which make them a promising
therapeutic approach for damaged heart tissue (144). Especially the ability of these
mesenchymal stem cells (MSCs) to differentiate into vascular endothelial cells (124) as
well as cardiac myocytes (123), (181), (96) supports the concept that the application of
these cells may decrease infarct size and myocardial fibrosis (53). Thereby, cardiac
remodeling in total may be attenuated as well as the heart’s contractility improves (53).
Furthermore, MSCs have paracrine effects that inhibit apoptosis of endothelial cells in
hypoxic condition, increase their survival, and thus stimulate angiogenesis processes (88).
Several reports suggest that these paracrine mechanisms also include the secretion of
various angiogenetic cytokines such as vascular endothelial growth factor (VEGF),
which augment collateral perfusion by stimulating the proliferation and migration of
endothelial cells and smooth muscle cells (88). In addition to their regenerative potential,
studies report that MSCs may home to the site of acute cardiac injury or ischemia and
localize in the infarct- and border zones (148). After several studies were able to show
the potential of mesenchymal cells in vitro (144), (181) the mechanisms in question were
also confirmed in vivo (148). As another advantage, MSCs do not express any antigens
of histocompatibility and thus can be used in allogenic transplantation as well. Quite the
contrary, these cells even have immunomodulatory paracrine effects that counteract
inflammatory responses (157), (43). As inflammatory processes play a decisive role in
the development of chronic heart diseases and have a negative influence on the heart
function, these effects may also improve the therapy significantly. After the

transplantation, MSCs may be able to stimulate the production of reparative growth
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factors, inhibit local inflammatory response, and replace damaged cells (135).
Consequently, mesenchymal stem cells may even “create an environment that favors
endogenous cardiac repair” (135).

Apart from these positive effects, difficulties with the practical application arise from the
large heterogeneity of mesenchymal stem cells as well. Thus, it is uncertain to predict
which exact cell type arises from the MSC population after the application. Indeed, a
study by Yoon ef al. showed that the direct transplantation of unselected bone marrow
cells into the infarcted myocardium induces significant intramyocardial calcification
(199). This clearly demonstrates the research demands in order to guarantee the safety of
MSCs as therapeutic option. The development of methods for the identification and
isolation of MSC subpopulations is crucial for a determined specific function and a
successful clinical application. Besides, possible side effects such as immunogenic
activity, arrhythmia, and tumorigenesis have to be investigated. Furthermore, it is difficult
to compare and contrast research results with one another as different methods of
isolation, expansion and thus cell characterization are used. The Mesenchymal and Tissue
Stem Cell Committee of the International Society for Cellular Therapy proposed three
minimal criteria to define human MSCs. First, it is required that MSCs are adherent to
plastic under standard cell culture conditions. Second, MSCs have to be able to
differentiate to osteoblasts, adipocytes, and chondroblasts in vitro. Third, MSCs have to
express several specific surface antigens (46). Concerning these antigens, it was
recommended that MSCs need to express a combination of CD105, CD73, and CD90
whereas they have to lack CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR
surface molecules (28). Unfortunately, these proposed patterns alone are not sufficient to
isolate MSCs from bone marrow.

The identification of specific markers allows the use of a homogenous subpopulation with
defined properties. A currently much examined MSC subtype is characterized by the
expression of the surface marker CD271. Several studies showed that this marker is one
of the most specific concerning bone marrow derived MSCs (22). Thus, there may be a
particular suitability of CD271 positive MSCs for preselected cell products. CD271 is
also known as low affinity nerve growth factor receptor (LNGFR) or neurotrophin
receptor p75 (NTR) and enables prospective cell isolation of MSCs from bone marrow
derived mononuclear cells (150). Neurotrophins and their receptors have been shown to
be essential in the formation of the heart as they influence the survival of endothelial cells,

vascular smooth muscle cells, and cardiac myocytes. Furthermore, these proteins regulate
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angiogenesis and vasculogenesis by autocrine and paracrine mechanisms (27). Studies
indicated that the nerve growth factor (NGF) as one ligand of the CD271 receptor is
present in the infarcted human heart under physiological conditions and that it increases
cell survival as well as cardiac repair and function. Besides, this cytokine promotes
neovascularization and thus myocardial blood flow (128), (108).

In conclusion, CD271 positive MSCs are a particularly promising subpopulation, which
may contribute to cardiovascular regeneration and which could influence immune

reactions by paracrine modulation.

3 Aim of study

This study intends to examine the therapeutic potential of mesenchymal CD271 positive
stem cells in comparison to hematopoietic CD133 positive cells. At this, it should be
determined if CD271" MSCs can improve the effectiveness of the stem cell therapies
currently in use. We expect that the multiple characteristics and various regenerative
effects of mesenchymal stem cells will result in greater therapeutic impact on ischemic
heart disease. In this context, the effects of CD271" cells alone as well as in combination
with CD133" are going to be explored with the main focus on angiogenic potential. The
interactions between these two subpopulations and to what extent the combination may
enhance heart regeneration has not been investigated yet.

First of all, it is necessary to guarantee an efficient and reproducible cell selection in order
to ensure a safe and predictable application. Therefore, a standardized immuno-magnetic
isolation procedure and characterization of the requested stem cell populations is going
to be established as well as a reliable quality management, which has to verify aspects
such as cell purity and stability. Furthermore, proliferative properties are going to be
investigated by means of colony-forming-unit fibroblast (CFU-F) activity. The
angiogenic qualities of the different cell populations are investigated based on an in vitro
angiogenesis assay with Matrigel. For the evaluation three-dimensional microscopy, cell
staining, immunohistochemistry (IHC), and gene expression analysis are going to be
applied on the in vitro angiogenesis model. In order to evaluate the effect of stem cell
therapies on infarcted hearts, an in vivo analysis is necessary. In an established mouse-
model the cardiac response to the application of human CD133" and CD271" stem cells
is going to be investigated. The small animal model is designed to obtain information on
immune reactions and the influence of stem cell application on the heart’s regenerative

potential. Therefore, gene expression analysis is performed on the heart tissue.
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4 Methods

Cell Extraction from BM (MACS)
|
Quality Management (FACS)

in vitro characterization in vivo characterization
|
I I

CFU-F assays angiogenesis model mouse model

| I
3D-microscopy gene expression
I (mRNA-PCR)
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Figure 2: Conceptual scheme of study.

4.1 Manual Immuno-Magnetic Cell Separation (MACS)
of human CD271" and CD133" stem cells from bone marrow'

For coronary artery bypass surgery, a median sternotomy is performed in order to get
access to the thoracic cavity. With given informed written consent and authorization by
the patient that their bone marrow may be used for research according to the Declaration
of Helsinki, sternal bone marrow was aspirated from the hereby exposed sternal bone and
was directly delivered to our institute stored in syringes.

The immuno-magnetic cell separation method isolates certain stem cells according to
their surface antigens. Therefore, antibodies that are coated with magnetic iron particles
are added to the cells and bind to their specific antigens (Figure 3). Afterwards, the cell
suspension is applied to a column within a magnetic field, which holds back the iron
bound stem cells (Figure 4). All unbound cells - that are thus negative for the antigen in
question - pass through the magnetic field without any restriction and are separated from
the others. The positive cells are then removed from the magnetic field and can be
collected for further procedure (Figure 5). Performed successively with different

antibodies, various types of cells can be isolated from the patient’s bone marrow.

! According to ““MiniMACS extraction protocol for human CD133" cells from bone marrow” AND
“MiniMACS extraction protocol for human CD2717 cells from bone marrow” by Miltenyi Biotec.

12



Figure 3: Schematic drawing of the stem cell labeling with antibodies. Stem cells with different
surface antigens and antibodies coated with magnetic iron particles specifically bind to each other.
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Figure 4: Magnetic cell separation. The cell suspension is applied to the MACS column within a
magnetic field. Antigen positive cells stay in the column whereas antigen negative cells pass through and
can be collected.

Figure 5: Release of the antibody-labeled cells. Being removed from the magnetic field, the labeled
cells are no longer hold back in the column and can be collected.
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Sample preparation
First of all, portions of bone marrow were supplemented by PBS/EDTA, RPMI,

collagenase B stock solution, and DNase stock solution. In the next step Lymphocyte
separation medium, also referred to as LSM or Ficoll-Plaque, was used in order to
generate a density gradient within a Leukosep tube. Above the cell strainer was a white
or clear layer of monocytes, lymphocytes, and platelets that has been covered by a fatty
layer at the very top of the tube. The monocytes were collected and resuspended in MACS
puffer, which consists of phosphate buffered saline (PBS), 0.5% bovine serum albumin
(BSA), and ethylenediaminetetraacetic acid (EDTA).

The magnetic labeling and the separation of CD133 and CD271 positive cells were
performed according to the MiniMACS extraction protocols by Miltenyi Biotec. For the
isolation of the second type of stem cells the collected flow through of the first column
was used, containing unlabeled negative cells. Therefore, the cell suspension was given

on fresh equilibrated columns in order to remove possible remnants of the first fraction.
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4.2 Quality management by fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is a specialized type of flow cytometry,
which allows the sorting of viable cells according to receptor expression. Therefore, the
receptors in question are identified by means of specifically binding fluorescent dyes. The
characterization of cells is based upon the emission of optical signals as the cells pass
through a laser beam. The specific light scattering and fluorescence characteristics allow
the acquisition of quantitative information about each single cell that has been analyzed.
For this purpose, the prepared cell suspension is transferred into a narrow but rapid stream
flow which breaks up into small droplets by means of a vibrating mechanism. This
hydrodynamic focusing is adjusted in a way that each droplet contains one cell only,
which allows individual cell analysis. The characterization of the cells is performed as
they pass the laser beam. First, the amount of scattered light correlates with the cellular
size and its complexity. Hereby, the forward scatter (FSC) measures at a flat angle and
thus depends on the cell volume. On the other hand, the side scatter (SSC) measures the
distribution of light at right angle, which is influenced by the cell’s complexity such as
surface properties, granularity, the size of nucleus, and the amount of vesicles. In the
meantime, the fluorescence of the added dye is also detected during flow cytometry. By
using varicolored laser beams and filter, several different dyes can be applied in each
measurement, which increases the density of information. At this, the dyes can be
combined with antibodies against specific surface structures like cluster of differentiation
and thus mark e. g. CD271" or CD133" cells. Furthermore, dyes can also be used to
quantify intracellular structures such as DNA. The specific dyes propidium iodide (PI) or
seven-amino-actinomycin D (7-AAD) intercalate between nucleobases and thus enable to
determine the amount of DNA within the cell as well as whether or not the cells are alive.
The cell separation is finally performed using an electrical charged ring. In accordance
with the prior measurement, a charge is transmitted to the droplets. Thus, the cells are
sorted based upon this polarization as they pass through an electrostatic deflection system

and can be collected in separate tubes (compare also Figure 6).
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Figure 6: Schematic drawing of fluorescence-activated cell sorting.

The samples were measured with a LSR II flow cytometer by BD Biosciences and the
associated DIVA™ software. Cytometry analysis was used to evaluate the purity of the
cell samples and thus the quality of the isolation procedure. Second, the viability of the
cell suspensions and thus the cell loss was investigated by means of 7-AAD. The CD133"
population was stained for CD133" CD34" taking into account that the majority of
CD133" cells express CD34" as well (176). The CD271" population was stained for
CD271" CD45" as a quality control (37). Furthermore, the surface marker CD29, CD73,
CD105, and CD44, which are used to define mesenchymal stem cells (28), were also
applied on the freshly isolated CD271" population. Compensation was established using
single stained controls and gating was performed with matched isotype/ fluorescence
minus one (FMO) controls. The Boolean gating strategy for CD133" cells was modeled
on the International Society of Hematotherapy and Graft Engineering (ISHAGE)
guidelines for CD34" cell analysis. CD271" cells were gated based on viable SSC'*¥ cells.
Additionally, the influence of fresh samples versus storage was examined.

The recorded FACS data was displayed in dot plot diagrams, in which the cells were
sorted according to their size, complexity, and receptor expression (Figure 7). In these
diagrams an adequate sorting can be accomplished by adaptation of gating regions from

a broad spectrum of channels (compare Figure 8).
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Figure 7: Schematic dot plot diagram of FACS data.

17



Cir-:

Cli
Cll

Tube: BM3

Popuia on I'Events %Parent %Total
All E.enls 50.000 100.D
W iime 50,000 1000 100.0
cells <2,487 80.0 85.0
W iable -1.34 905 037
M Jicble CD45+ 1.735 998 835
viable CD271+ 813 19 1S
M iable CD271+ sSC1 W 472 58.1 D.9
i1a le CD271+ IYmPhD 264 55.9 05
0 viable CD27 - blastImono 185 392 04
iable CD27 +CD45- 23 49 DO
2012-101-BM 3x 2012-101-BM 3x
g &
- = viable
- <
T [& ]
9 (2]
=1 [<x]
o]
o
TTI].I TTTTIT]TITTTI1] |'|||l|||‘||||||II|
100 150 200 250 ) 10 10°
FSC-A (x 1,000) T-AAD-A
2012-101-BlIll 3t 2012-101-BM 3X 150271
= 2
33
>, -
wizhle COZ714 1 vable CD271+
o]
N_
2]

viable C02?1+ SSC lew

2 J2..101-B'I3x

a
o

o vidble CD271+- blast/ mmo

viable CD271+- CD45-  Viable CD271+ lympho

T T T T T
10 Lo 10' 10
Amcyan-A

Figure 8: Exemplary gating strategy of CD271 cell analysis.
18




4.3 In vitro stem cell characterization

4.3.1. Colony-forming assays
CFU-F assays are primarily used to quantify functional mesenchymal stem cells and their

proliferative potential. Mesenchymal stem cells are defined as plastic-adherent and
fibroblast like clonogenic. As they proliferate, they form colonies termed colony forming
units-fibroblasts (CFU-F). This activity has been observed in CD271" populations, but
not for CD271" cells (150). Therefore, these assays were used to compare proliferative
properties as well as residual CFU-F activity of the stem cell populations after being
cultivated over a defined period of time. At this, three populations were evaluated in each
assay:

- one sample of mononuclear cells (MNC) with one million cells,

- one sample of the CD271" CD133" fraction with one million cells,

- one sample of the CD271" fraction with 40,000 cells.
One assay contains cells of one patient only.
All cells were cultivated in mesenchymal stem cell growth medium (MSCGM). This
medium consists of basal medium (MSC BM), growth supplement (MSC GS) and L-
Glutamine. Additionally, it includes GA-1,000, which consists of gentamicin sulfate in
combination with amphotericin B as an antifungal medication. Furthermore, streptomycin
and penicillin complete the medium. A six-well plate was prepared with MSCGM each.
Afterwards, the calculated amount of cell suspension containing the desired cell number
as indicated above was added to the medium. The assays were incubated at 37°C with 5%
CO; for seven days. Medium exchange was performed at the seventh day with fresh
MSCGM. The colonies were counted after 14 days, whereby CFU-F colonies had to be
1-8mm in diameter. Besides, cell clusters of at least 20 cells were counted as a colony as
well. For better counting conditions the cells can also be fixed and labeled by Giemsa
stain. For the analysis a Zeiss Axiovert 40 CFL fluorescence microscope with Axio Cam

MRm and the ZEN (Zeiss efficient navigation) software was used.

4.3.2. Angiogenesis assays
In order to investigate to what extent the stem cells build networks of endothelial cells

and thus to evaluate their angiogenetic capabilities, the isolated fractions of CD133" and
CD2717 cells were cultivated in special growth matrices and endothelial growth medium.
Each patient’s CD271" and CD133" cells were seeded separately in order to compare their

tendency to build network structures. Additionally, one assay consisting of both cell types
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in equal amounts was created with the aim of investigating whether they influence each
other and alter the network formation. All assays contained cells of one patient only.

Stem cells require a special surrounding to attach, grow, and proliferate, which cannot be
sufficiently achieved on plastic surfaces of common lab ware. Therefore, the gelatinous
protein mixture called reduced growth-factor BD Matrigel™ Matrix (Becton Dickinson)
was used to create a complex extracellular environment with structural proteins like
laminin, entactin, and collagen which resembles natural conditions. Thus, complex
cellular behavior like network formation of endothelial cells can be induced. In the assays
of consideration, greater volume of Matrigel was used in order to build a three-
dimensional cell network instead of monolayer structures. For the purpose of stimulating
the cell growth and endothelial differentiation EGM-2 was used as an endothelial growth
medium. For the assays 100,000 cells were used in each well on a chamber slide. For
every patient’s sample one well with 100,000 CD271" cells and one well with 100,000
CD133" cells were seeded. Additionally, one well with both cell types in one to one ratio,
i.e. with 50,000 CD271" and 50,000 CD133" cells was established. Therefore, the cell
suspensions containing the intended number of cells were filled up with EGM-2, so that
each sample was 100ul in total volume. Afterwards, 100ul Matrigel were added, mixed
carefully and then the whole suspension could be spread into the chamber slide. The
Matrigel was thawed on ice and the transfer was performed by means of cold pipettes in
order to avoid early polymerization. To finally polymerize the gel, the chamber slide was
incubated at 37°C for twenty to thirty minutes. Afterwards, additional 200ul EGM-2 were
given on the solid Matrigel so that the cells were completely layered with medium (Figure

9). The medium has to be renewed every two days to guarantee a sufficient supply.

Endothelial Growth Medium (EGM-2)

Cell network in matrigel and medium

Figure 9: In vitro angiogenesis assay with Matrigel.
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3D-microscopy analysis
After two weeks the assays were analyzed according to the criteria of tube length and

number of network nodes. Therefore, z-stack images were acquired using the Zeiss high-
resolution confocal microscope ELYRA S.1 and corresponding software. Z-Stack images
are transversal slice images (two-dimensional) of the three-dimensional assay and thus
allow representative analysis of the structures. For every well, five z-stacks with ten
images each were taken into account. The evaluation was carried out using the Image J
image analysis program. Since the networks are three-dimensional structures, the
monitored tubes emerge not only in one image of the stack, but probably in several. Thus,
the structures can and need to be compared as well as followed from image to image in
order to prevent measuring them more than once (compare Figure 10). This can also be
perceived in the merged pictures on the right (Figure 10), in which the overlay of all
images of the stack was inserted. For better illustration, the different levels of the stack
are marked in different colors. Likewise, the amount of nodal points was counted,
respectively. In total, 900 images (n= 6) were analyzed and measured. As the analysis
was performed by one person only, a constant procedure with high comparability was

guaranteed.

Figure 10: Exemplary images of the process of network measurement. Single microscope images on
the left and combined with stack overlay on the right (10x magnification).
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4.3.3. Identification of stem cell phenotype in vitro
In order to further investigate the cell networks accomplished in Matrigel (Chapter 4.3.2),

immunochemistry was carried out on the angiogenesis assays. Therefore, the cells were
stained with fluorescent dyes, which are supposed to make the structures more perceptible
and differentiable. In this regard, the assays containing both cell types were of particular
interest. By using different dyes for the stem cell subpopulations the staining should
reveal whether both cell types take part in building the network structures and to which
extent. Furthermore, this analysis could indicate whether the subpopulations act
individually or if they are able to cooperate with each other in terms of network formation.
Thus, at least two different dyes were needed in order to label the subpopulations CD133*
and CD271". These dyes had to be applicable as well as non-toxic for living cells.
Furthermore, the emission spectra of the fluorescent substances had to differ from each
other and had to allow the combination in one assay. Obviously, the cells needed to be
stained separately and thus before they were merged in the assay. In order to evaluate the
cell’s involvement in the network structures, the staining consequently needed to last
reliably during the whole time of cultivation. Furthermore, the dyes had to label the cells
significantly and specifically.

The fluorescent dyes chosen for this purpose were CFDA-SE on CD133" cells and PKH26
on CD271" cells. CFDA-SE or carboxyfluorescein diacetate succinimidyl ester is a
lipophilic cell permeable dye that enters the cells by passive diffusion. The dye is
colorless and non-fluorescent until intracellular esterase enzymes cleave the molecule’s
acetyl groups. This dye has also been successfully used on mesenchymal stem cell
subpopulations (183). PKH26 is a red fluorescent lipophilic tracer with long aliphatic
tails, which incorporates into the lipid bilayer of cytoplasmic membranes. The appearance
of the labeled cells depends on the cell type, the composition of the cell membrane, and
the extent to which membrane internalization occurs after the staining process. The cell
labeling was performed with both reagents on the freshly isolated stem cells, which were
used in the angiogenesis assays as described above (Chapter 4.3.2).

Additionally, both cell types were stained with Hoechst 33324 stain, which labels the cell
nuclei. Hoechst stains (bis-benzimides) are blue fluorescent dyes that bind to the minor
groove of the double-stranded DNA helix with a preference for sequences rich in adenine
and thymine. Being cell-permeable and supravital the dye binds to DNA in fixed as well
as in living cells without harming them. Hoechst dye was also applied on the angiogenesis

assays, but other than before, the staining was performed after the cultivation period. This
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handling was possible as both cell types were already stained and did not need to be
labeled separately anymore.

The staining methods were first established on mononuclear cells and mesenchymal stem
cells as these cells are more available compared to the limited material of CD271" or
CD133" cells. In microscope photography after 6, 11, and 14 days the green fluorescence
of CFDA could be slightly detected around the cells, so that the dye was not only
specifically within the cells (Figure 11). The PKH26 dye labels the cells more specifically
than CFDA, so that in most cases only the cells were marked with fluorescence.
Furthermore, the red color builds a stronger contrast to the background than the green
CFDA stain (Figure 12). The application of Hoechst dye resulted in highly satisfactory
staining of the cellular nuclei (compare Figure 13). The analysis of the staining results

was performed using the Axiovert 40 CFL fluorescence microscope with Axio Cam MRm

ZEN (Zeiss efficient nav1gat10n) software.

Flgure 11 Images of CFDA stalnmg on MNCsm dlfferent magmﬁcatlon .

Flgure 12: Images of PKH26 Stalnlng on MNCs in different magnifications.
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\ N
Figure 13: Images of Hoechst staining on MSCs.

In order to establish a method that further characterizes the cell networks and the stem
cells contained within, staining of the surface marker CD29, CD105, CD73, and CD271
was performed. Hereby, it would be possible to obtain information on the stem cell
differentiation and its properties within the network. In this context, it could be evaluated
to which extend the subpopulations differ from each other in different assays. In order to
establish this method, it had to be evaluated if the antibodies are able to reach the cells
throughout the Matrigel. Otherwise, the network assays would need to be embedded in
paraffin, sectioned, fixed on slides, and can only be stained afterwards. As initial objects
of investigation the marker CD29 (127), (36), (83), CD105 (83), and CD73 (127), (28),
(36) were chosen, which are known to be associated with the MSC phenotype.
Furthermore, antibodies marking CD271 were tested on MSCs.

CD29 is a single chain transmembrane glycoprotein, which is also known as beta-one-
integrin, fibronectin receptor beta or gplla. The protein is expressed on a majority of
hematopoietic and non-hematopoietic cells including leukocytes, fibroblasts, epithelial
cells, smooth muscle cells, and endothelial cells. Integrins in general bind to several
extracellular matrix and cell surface molecules. CD29 complexes with one of nine
integrin alpha subunits and belongs to the very late antigen (VLA) subfamily of adhesion
molecules. Therefore, it is involved in a variety of cell-cell and cell-matrix interactions
such as adhesion, migration, proliferation, cell signaling, proliferation, and angiogenesis
(137).

CDI105 is a membrane glycoprotein also known as endoglin, which is a receptor for the
transforming growth factors (TGF) beta one and beta three and modulates their signaling.
This receptor is highly expressed on angiogenetic endothelial cells and can be induced by
hypoxia (127). Besides, endoglin is involved in cardiovascular development,

angiogenesis, and vascular remodeling (156). Mark et al. were further able to show that
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the transplantation of hMSC with high CDI105 expression significantly improved
myocardial performance in mice with a post-myocardial infarction status (127).

CD73 is an enzyme also known as five’-ectonucleotidase or NTSE that catalyzes the
conversion of five’ adenosine monophosphate (AMP) to bioactive adenosine at neutral
pH. It consists of two identical 70kDa subunits, which are connected to the external part
of the plasma membrane by a glycosylphosphatidylinositol anchor (GPI-anchor). Being
expressed on the surface of endothelial cells, mesenchymal stem cells as well as subsets
of lymphocytes the enzyme plays a major role in mediating activation signals. Besides,
CD73 regulates cell interaction with components of the extracellular matrix and mediates
proliferative and metastatic properties of cancer cells as well as tumor angiogenesis (189).
This enzyme promotes endothelial migration and new vessel formation via upregulation
of the vascular endothelial growth factor (VEGF) expression. Consequently, measures

against CD73 impair angiogenesis in tumors (6).

For the culture of human mesenchymal stem cells (hMSCs) the negative fraction obtained
after CD133 isolation was used. The basal growth medium MSCBM was combined with
trypsin/EDTA and penicillin/streptomycin in order to prevent adverse bacterial growth.
The cells were cultivated until the colonies reached confluency. The staining procedures
were performed afterwards. Therefore, the antibodies were diluted with EGM-2 and
incubated on the cells for half an hour (compare Table 2). Afterwards, the assays were
washed with EGM-2. For every marker an isotype control was applied in the same way
in order to obtain a negative control. If desired, the staining could be accompanied by

Hoechst nucleus staining for improved imaging.

Table 2: Amounts of antibodies applied on 88,000 MSC per well

Antibody Amount of dye | EGM-2 | Dilution ratio
CD29-APC & iso-control 20ul 200ul 1:10
CD271-APC & iso-control 10ul 200ul 1:20
CD73-PE & iso-control 20ul 200ul 1:10
CD105 AF488 & iso-control 10ul 200ul 1:20

On the CD271" and CDI133" angiogenesis assays only CD73 antibodies were applied.
Therefore, the network assays were cultured as described in Chapter 4.3.2. Afterwards,
the CD73 antibodies were diluted with EGM-2 in 1:10 ratio and added to the assays. After

half an hour of incubation, the analysis could be performed.
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The analysis was performed by means of the Zeiss high- resolution confocal microscope
ELYRA S.1 and corresponding software. Z-stack images were used for three dimensional

reconstructions.

4.3.4. Gene expression analysis by means of mRNA-PCR
The amount of messenger ribonucleic acid (mRNA) within a cell is directly related to the

expression rate of the according gen on the deoxyribonucleic acid (DNA). Thus, mRNA
can be used as molecular evidence whether proteins are expressed and to which extent.
Aside from the results gained by surface receptor analysis, we hereby are able to achieve
information on two different cellular levels on how the stem cells differentiate in the
angiogenesis assays. Yet the amount of mRNA within a cell is too small to measure it
quantitatively. The nucleic acid sequences can be multiplied by polymerase chain
reaction (PCR), which only can be processed on double-strands. Hence, the mRNA has
to be reverse-transcripted into complementary deoxyribonucleic acid (cDNA) before it
can be analyzed in Real-Time PCR.
This leads to multiple steps:

1. cell culture

2. mRNA-isolation

3. reverse-transcription of the mRNA into cDNA

4. quantitative Real-Time PCR
The stem cells were tested for CD271/NGFR expression as well as endothelial and
muscular properties. As marker for endothelial differentiation vVWF (von Willebrand
factor) and eNOS (endothelial nitric oxide synthase) were chosen. Furthermore, a-SMA
also referred to as ACTA (alpha smooth muscle actin) served as marker for muscular
parts. Aside from the stem cells in question, standard curves for each marker had to be
established with positive control groups in order to classify the data. Therefore, human
umbilical vein endothelial cells (HUVECs) in networks served as endothelial cells. The
material for muscular reference was isolated from an atrial auricle of a human heart.
Hypotonic preconditioned MSCs were used as additional control group for CD271/
NGFR expression.

Cell culture
The human umbilical vein endothelial cells (HUVECs) were isolated from the umbilical

cord by staff members of the laboratory and stored in liquid nitrogen. The thawed cells
were suspended in EGM-2 medium and seeded into culture flask. After several days the

cells have grown sufficiently for splitting, which is the case if they achieve approximately
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90% confluence. For the splitting the medium was discarded from the flask, thoroughly
rinsed with PBS, and supplemented by Trypsin/EDTA. Afterwards, the cells were
resuspended in EGM-2. The cell culture was established using Matrigel and EGM-2 in
order to sustain the same conditions as in the angiogenesis assays and thus to make the
different assays as comparable as possible. Therefore, the bottom of each well in a twelve-
well-plate was covered with 200ul Matrigel. After curing, the assays were completed by
70,000 HUVECs in 1ml EGM-2 medium each. After three to four days of growing TRIzol
was added to the dense networks and the RNA Isolation was carried out.

Humane mesenchymal stem cells (hMSCs) were obtained by culturing the negative
fraction from bone marrow isolation in mesenchymal stem cell growth medium
(MSCGM). In these assays only directly cultured MSCs were used, which have not been
cryopreserved before. For the purpose of generating hypoosmolar conditions, a mixture
of 60% MSCGM and 40% sterile water was established. In the wells of a six-well-plate
50,000 cells were seeded with 2ml hypotonic MSCGM and 200ul Matrigel. After 24
hours of incubation at 37°C, TRIzol was added to the cells and RNA isolation was carried
out.

Parts of human heart atrial auricle were used as muscular tissue samples. These were
received during heart surgery, in which the atrial auricles are sometimes removed in order
to reduce thromboembolic risk as the blood flow through these structures tends to build
blood clots. The samples were shock frozen with liquid nitrogen and ground into powder
with a mortar. The tissue must not thaw during the process. Afterwards TRIzol
supplementation and RNA isolation was performed.

For the genetic survey the same stem cell angiogenesis assays were used as referred to in
Chapter 4.3.2. Thus, the analysis was carried out on CD271°, CDI133", and
CD271"/CD133" stem cell assays. At this, 1ml TRIzol was added to the wells and the

RNA isolation was subsequently performed.

RNA-isolation
TRIzol® reagent by Life Technologies Corporation was designed for high quality RNA

isolation and can be applied on cells and tissue samples. The RNA isolation was
performed according to the product protocol. In order to determine the RNA
concentration, the absorbance (A) at 260nm and 280nm was measured by Nanodrop 1000

spectrometry and substituted into the following formula:

Aze0x dilution x 40 = RNA-concentration [pug RNA/ml].
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The RNA samples were stored at -80°C afterwards. The isolation was performed equally

on all cell and tissue samples.

Reverse transcription of mRNA into cDNA
In order to obtain single-stranded coding DNA sequences from total mRNA-molecules

the retroviral enzyme reverse transcriptase was used. For the transcription the “High

Capacity cDNA Reverse Transcription Kit” by Applied Biosystems was used.

Quantitative real-time polymerase chain reaction (QRT-PCR)
Polymerase chain reactions serve the in vitro amplification of specific DNA-sequences.

In this study, the TagMan™ assay by Applied Biosystems was used. As markers for
endothelial differentiation vWF (von Willebrand factor) and eNOS (endothelial nitric
oxide synthase) were chosen. Furthermore, a-SMA also referred to as ACTA (alpha
smooth muscle actin) is the predominant microfilament in smooth muscles such as
vascular walls and therefore is used as indicator for muscular differentiation in this study.
For the CD271", CD133", and CD2717/CD133" stem cell network analysis constant
amounts of 40ng cDNA were used for each primer. The expression of the house keeping
gene ribosomal protein, large, PO (RPLPO) was used as endogenous control on each cell
type. In the positive control assays increasing cDNA amounts from Sng to 160ng were

tested (compare Table 3).

Table 3: PCR primer and positive controls

PCR primer | positive control group amount of cDNA
eNOS HUVEC 5ng, 10ng, 20ng, 40ng, 80ng, 160ng
vWF HUVEC 5ng, 10ng, 20ng, 40ng, 80ng, 160ng
NGFR hypotonic MSC S5ng, 10ng, 20ng, 40ng, 80ng, 160ng
a—-SMA/ ACTA atrial auricle 5ng, 10ng, 20ng, 40ng, 80ng, 160ng

PCR - analysis
The assessment was performed according to the instructions by Applied Biosystems. The

measured fluorescence of the sample and the intensity of the background fluorescence
given by the no-template-control (NTC) are set in relation to the emission intensity of the
passive reference. The difference between both is defined as 4R,. At this, the passive
reference is a dye that is added to the mastermix and is used to normalize the signal. It
corrects fluctuations of the fluorescence due to different concentrations of the mastermix

and adapts the signal to the respective conditions within each tube. The no-template-
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control NTC should not show any increase of fluorescence intensity during the

amplification.
AR reporter emission intensity (sample)  reporter emission intensity (NTC)
n= -
passive reference intensity (sample) passive reference intensity (NTC)

The threshold cycle C;is defined as the first cycle, in which the fluorescent signal can be
detected within the background fluorescence. Thus, the threshold cycle indicates how
many templates are contained within the sample. The later the threshold is reached, the
less amplicon was initially in the sample. The endogenous control RPLPO is a reference
gene, which is always expressed to the same extent and thus represents the quantity of the
DNA sample. Quantification based on the endogenous control allows comparing the Cr
value without any standard curve. It indicates whether varying signals are due to different
expression intensities of the amplicon or whether the amount of cDNA in the sample was
minor to others. Furthermore, the reference gene is used to confirm that the PCR process
was performed correctly. If a sample does not express a signal for the tested primer, but
neither for the reference gene, these results must not be taken into account. Therefore,
ACr is the difference between the threshold cycles of the analyzed gene and of the
endogenous control (RPLPO).
ACTt = Cr (analyzed gene) — CT (endogenous control)

Furthermore, this variance has to be related to the numerical value of the calibrator.
Thus, AACris the difference between ACt of the sample and ACr given by the
calibrator. In this analysis the AC; for calibration was given by the positive control

groups.
AACT = ACT (analyzed gene) — ACT (calibrator)

With the term RQ = 224 the relative gene expression can be determined.

For the AACT calculation the efficiency of the target amplification and the efficiency of
the reference must be approximately equal. At this, the efficiency is the rate at which the
amplification takes place, commonly expressed as a percentage value. Ideally, the PCR
amplicon doubles in quantity during each cycle of the PCR, which corresponds to 100%
efficiency. The word target refers to the gene of interest whereas the reference is
represented by the endogenous control (RPLPO0). Furthermore, the calibrator is the sample
that is used as the basis and thus allows comparison of expression results. In order to
analyze the relative efficiencies of the target and reference amplifications, standard curves

are assessed for all target genes.
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First, ACris the difference between the threshold cycles of the analyzed gene and of the
endogenous control (RPLPO).
ACTt = Cr (analyzed gene) — CT (endogenous control)

For the establishment of standard curves the ACt values are plotted versus the logarithmic
values of the input amount of DNA in order to create a semi-logarithmic regression line.
The slope of this resulting line can be used as a general criterion for passing the validation.
According to Applied Biosystems the absolute value of the slope has to be less than 0.1
to pass the validation. This can be confirmed for all standard curves in this study (Figures

14-17). The negative controls did not show any activity.
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Figure 14: Standard curve of ACTA (left) and RPLPO (right) on cells of the human atrial auricle.
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Figure 15: Standard curve of eNOS (left) and RPLPO (right) on HUVECs.
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Figure 16: Standard curve of vWF (left) and RPLP0 on HUVECs.
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Figure 17: Standard curve of NGFR (left) and RPLPO (right) on hypotonic preconditioned MSCs.

The validation curves demonstrate that the efficiency of the target amplification and the
efficiency of the reference control gene amplification are sufficient. Therefore, the AACr

method can be used to calculate fold-differences in target gens between different samples.
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4.4 In vivo stem cell characterization

44.1. The myocardial ischemia mouse model
In our research group, SCID-mice (SCID beige; strain CB17.Cg-Prkdc*““Lyst®¢/Ctl,

female, 22 + 2 g, Charles River) were used for an induced myocardial ischemia model.
SCID is an acronym for severe combined immunodeficiency, which is a genetic disorder
affecting T- and B-lymphocyte development. These mice are not able to sustain an
appropriate immune response and therefore provide a wide tolerance to the application of
human cells. Other than this immunodeficiency, SCID- mice do not differ in any respect
from normal mice. The experimental animals were kept with a twelve-hour day/ night
cycle and were fed a sterile standard diet for rodents with free access to water.

Myocardial ischemia induced by LAD-ligation is a well-established model used in
different studies all over the world. This surgical technique is highly reproducible and
delivers a constant and comparable outcome. The intervention of LAD-ligation was
performed by Dr. Ralf Gébel, who has expertise in experimental surgery after the
guidelines of the Federation of European Laboratory Animal Science Associations
(FELASA). The surgical interventions were carried out under general anesthesia and
mechanical ventilation with the Mouse Ventilator MINIVENT Type 845 Hugo Sachs
Elektronik Harvard Apparatus GmbH. For this purpose, Pentobarbital (50mg/kg
bodyweight) intraperitoneal was used as anesthetic whereby Fentanyl also provided a
strong analgesic effect. The surgery was initiated by a left- lateral thoracotomy and a
pericardial incision. Afterwards, the temporary ligation of the /left anterior descendent
artery (LAD) was accomplished. Thereby, the blood supply to the corresponding area of
the myocardium was interrupted, starving the cells of nutrition and oxygen. After 45
minutes each mouse received an intramyocardial cell injection. The CD271" as well as
the CD133" stem cells were obtained from human bone marrow and isolated by means of
manual immuno-magnetic cell separation with antibodies as described above (Chapter
4.1). For the cell treatment, 10° stem cells were suspended in 10pl PBS containing 0.5%
BSA and 2mM EDTA and mixed with an equal amount of Matrigel™. The injections of
four times Sul were given along the border of the blanched myocardium. Subsequently,
the ligation was removed and as a result, a reperfused myocardial infarction was initiated.
In order to ensure that the animals suffer as little pain as possible, analgesics were used
the day before the surgery as well as the day after. The same experimental set-up was
applied to the control groups. The myocardial infarction control, also referred to as MIC,
correspondingly received a left-lateral thoracotomy, a pericardial incision, and a ligation
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of the left anterior descendent artery (LAD). Since stem cell application was supposed to
be the only difference between the test and control group, the MIC mice also received
injections into the myocardial muscle using cell suspension buffer and Matrigel™ for
application. The control referred to as SHAM group was used as healthy control. In order
to create comparable conditions this group underwent identical surgical procedures

without LAD-ligation.

Explanted hearts
48 hours after the surgical intervention all mice received terminating applications of 5%

potassium chloride, which arrests the heart in diastole. The hearts were explanted,
embedded in O.C.T.™ Compound Tissue-Tek®, and snap-frozen in liquid nitrogen.
Using the Leica CM 1900 cryostat the infarction area of the heart tissue was divided into
five horizontal levels A to E from apex to basis (compare Figure 18). Within each section
a given amount of fine-cuts were produced for potential future microscopic analysis. On
the other hand, the interlayer material was collected and used for subsequent RNA

isolation (Chapter 4.4.2.).

A) 8 cuts of 60um in thickness
Al- A5 with 3 cuts of 6um each

B) 10 cuts of 60pum in thickness

area of B1- B8 with 3 cuts of 6um each
myocardlal C) 10 cuts of 60pm in thickness
infarction C1- C8 with 3 cuts of 6pm each

D) 10 cuts of 60um in thickness
D1- D5 with 3 cuts of 6um each

v E) 10 cuts of 60um in thickness

Figure 18: Cryostat sections of the heart tissue. Horizontal levels A to E with rough cuts for RNA
isolation and fine cuts for future microscope analysis.

4.4.2. Gene expression analysis by means of mRNA-PCR

The 60pum interlayers of the cryosectioned hearts were used for RNA-isolation, which
was performed with TRIzol® Reagent by Life Technologies Corporation (compare
Chapter 4.3.4.). Therefore, the samples were kept cold in liquid nitrogen and ground into
fine powder with a mortar. The tissue must not thaw until it achieves this consistency.

The reverse transcription as well as the polymerase chain reaction were performed using

the RT? Profiler PCR Array Mouse Angiogenesis® kit by Qiagen. These arrays are
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designed to analyze a large quantity of genes in the same sample. Therefore, the PCR
principle is combined with the properties of microarrays in order to analyze many genes
simultaneously. In these arrays the RT? SYBR Green ROX qPCR Mastermix by Qiagen
was used.

The array contains several controls in order to guarantee high quality results and to
evaluate the consistency between wells, plates, and samples. For the gene expression
analysis each Cr value has to be normalized by means of the reference genes (RefG).
Therefore, the ACr for each gene of interest (GOI) has to be calculated with the following
term: A Cp= C1801_ CAVG RefG

In order to compare each gene across the different test groups the AACrt has to be

calculated according to the following term:

AA CT - CTexperimental sample __ CTcontrol sample
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5 Results

The statistical assessment was performed using the SigmaPlot 11.0® (Systat Software
Inc., USA). All results are presented as mean values with standard deviations and are
further displayed as bar charts. The statistical significance between different test groups
was calculated using the one-way analysis of variance (ANOV A) method. Post hoc tests
and pair-wise multiple comparisons were performed with the method of Holm-Sidak. In
doing so, probability values p of < 0.05 were considered to be statistically significant.

The data taken into account for Chapter 5.1 and 5.2 was not only collected by me, but
also includes cell numbers and quality data of isolations performed by other members of

the laboratory, which have been used for other projects.

5.1 Manual Immuno-Magnetic Cell Separation (MACS)
of human CD271" and CD133" stem cells from bone marrow

First of all, the question was how many stem cells can be isolated by the MACS procedure
and whether or not the amount of cells is sufficient for therapeutic approaches. The
average volume achieved by bone marrow aspiration was around 53.8ml. By means of
manual immuno-magnetic cell separation 123.2 million mononuclear cells (MNCs) were
isolated on average. From these a mean of 0.29 x 10° viable CD271" cells and 0.42 x 10°
viable CD133" were separated (Figure 19).

500.0 4

0.5 ~ u
0.0 ]

MNC CDI33 CD271

Figure 19: Mean cell numbers of MNCs, CD133*, and CD271" cells achieved by MACS isolation
from bone marrow. n =45.
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5.2  Quality Management by Fluorescence-Activated Cell Sorting

In order to guarantee a safe cell product for clinical application, fluorescence-activated
cell sorting was used in order to investigate the quality of the isolated stem cells and to
further characterize them. CD133" as well as CD271" cells showed high purity and
viability after isolation. At this, CD133" cells showed a mean purity of 81.7 &+ 1.8% and
mean viability of 91.8 + 1.3%. For CD271" cells a purity of 72.4 + 3.4% with a mean
viability of 81.6 & 3.3% has been achieved (Figure 20).
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Figure 20: Purity and viability of CD271" and CD133" CD34" cells after MACS isolation.
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Furthermore, analysis revealed that the amount of CD271" cells shows a linear

dependence on the initial amount of MNCs that has been used for isolation (Figure 21).

1.2

CD271+ |million|]

0 100 200 300 400 500
MNC [million]

e MNC vs. CD271
linear regression

Figure 21: Dependence of CD271 positive cell number on initial amount of MNCs.
Linear regression with R =0.871. n = 26.
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Furthermore, it has been examined if CD133" and CD271" cells form separate populations
in bone marrow or if the surface proteins are also expressed simultaneously by an overlap
population, which is an important aspect in order to evaluate the feasibility of a combined
therapeutic approach. As demonstrated below (Figure 22), 0.04 £ 0.01% of bone marrow
mononuclear cells (MNCs) expressed both CD133 and CD271. This subpopulation
represents 2.21 + 0.43% of total CD133" stem cells and 4.65 + 1.68% of total CD271"

stem cells.

total MNC total CD133+ total CD271+
population population population

Figure 22: Percentage shares of CD271+ CD133+ overlap cells to different populations. n=11.

Furthermore, 1.14 + 0.50% of the isolated CD133" population were positive for CD271,

and 3.00 £ 0.99% of the isolated CD271" cells were also positive for CD133 (Figure 23).
5

4,5

isolated CD133+ isolated CD271+
cells cells

Figure 23: Percentage shares of CD271* CD133" overlap population to isolated populations. n=11.

In order to optimize the procedure of cell isolation it had to be determined which impact
the dual isolation strategy has on the cell product, which population should be isolated
first or whether the order of isolation does not influence the outcome. Therefore, the

CD133" population was isolated from the CD271" fraction as well as the other way around
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(Figure 24). Thus, the quality of the cell populations resulting from the isolation was

compared with each other.

S0e%8

Figure 24: Dual Isolation strategy.

CD271 positive
fraction

CD133 positive
fraction

S0e%S

At this, no indication that the order of isolation has a negative or significant influence on
the quality or cell number was detected (Table 4).

Additionally, the influence of fresh samples versus storage was examined. The bone
marrow samples reach the laboratory depending on the time the heart surgery is
performed, which cannot always be predicted precisely. Considering the fact that one
single MACS-isolation takes around five hours, the possibility of sample storage would
make experimental work much easier and effective. Furthermore, it is unavoidable that
the cells undergo storage for at least several hours due to processing and transportation.
This applies for storage of bone marrow as well as for negative fractions.

No reference was found that overnight storage of the initial material at 4°C has any
significant negative influence on numbers or quality of the cells resulting from the

isolation (Table 4).

Table 4: Influence of storage (4°C) and order of isolation during the dual isolation of CD271*/
CD133* cells on cell numbers and quality.

Isolation Cell Purity Viability Cell Purity Viability
/ number | CD271 CD271 number CD133 CD133
storage | CD271 CD133
mean |[n| mean |n| mean |n|mean | n | mean | n | mean | n
Single 0.11 | 8| 7643 | 7| 5875 | 7] 029 | 1 | 8342 | 1 | 94.12 | 1
isolation 2 5 3 9 2 0 3 0
fresh
BM
Storage | 048 | 4| 82.14 | 4| 89.50 [ 4| 0.50 | 8 | 8540 | 6 | 93.27 | 6
BM 2 8 9 6 1 2
Storage | 020 | 4| 4750 | 2| 7729 |2] 033 | 5| 7321 | 3 | 82.89 | 3
CD133- 3 0 0 8 3 5
Storage | 0.17 | 7| 8843 | 6] 89.82 |6 0.13 | 7 | 8829 | 3 | 96.18 | 3
CD271- 0 0 4 7 2 2
p 0.321 0.088 0.239 0.393 0.306 0.296
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Additionally, several surface markers were investigated to further characterize the stem
cell populations. First, the surface markers CD73, CD105, and CD44 were investigated
on the freshly isolated CD271" population (Figure 25). At this, CD73 was significantly
more expressed in the CD271" population (9.2 + 2.8%) compared to the whole bone
marrow (0.6 + 0.2%). Likewise, 8.3 + 2.8% of CD271" cells expressed CD105, which
was found in only 0.5 = 0.2% of bone marrow cells. The expression of CD44 did not
show any significant difference. The co-expression of two of three markers was also
significantly more frequent in the CD271" population than in the whole bone marrow.
However, only a small fraction of these CD271" cells co-expressed all three markers (1.2

+0.3% CD271" CD44" CD73* CD105").

100
90 - . (CD271+ MSC fraction
80 - — MNC fraction
70 - * p<0.05
60 - ’J_‘
- 50
S, 15

* *
10 -
” *
5 - *
N = BLE m

CD73+ CD44+ CD105+ CD73+ CD73+ CD44+
CD44+ CD105+ CD105+

Figure 25: Expression of the surface markers CD73, CD44, and CD105 in the CD271" population
compared to the whole bone marrow. n = 6.
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Besides, freshly isolated CD271" cells showed a mixed expression of the pan-leukocyte
marker CD45 although cultivated MSCs do not (Figure 26). In the CD271" cell
population, CD45%™ held the biggest share with 67.1 £ 5.6% whereas CD45°1eht
represented 11.5 + 3.8% and CD45" cells had a percentage of 8.1 + 2.0%.

80 +

60 o

40 |

[% of CD271+]

20 +

NN N

CD45 CD45 CD45-
bright dim
Figure 26: CD45 expression on freshly isolated CD271" cells.
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5.3 Invitro Stem Cell Characterization

5.3.1. Colony-forming assays (CFU-F)
The stem cells were investigated concerning proliferative properties and their tendency

to form colonies termed colony forming units-fibroblasts (CFU-F) after being cultivated
over a defined period of time (Figure 27). For mononuclear cells a mean CFU-F formation
of 10.7 = 4.0 colonies per million cells was detected. Besides, this formation was further
enriched by CD271" purification. For purified cells a mean CFU-F formation of 375.0 +
93.6 colonies per million CD271" cells was determined. On the other hand, CD271" cells

— including CD133" fractions - did not show any colony formation.
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Figure 27: CFU-F formation in MNCs, CD271*, and CD271" cells. n=8.

5.3.2. Angiogenesis assays (3D-microscopy Analysis)

In order to investigate to what extend the isolated fractions of CD133" and CD271" cells
build networks of endothelial cells, cultivation in special growth matrices was used. The
angiogenesis assays were analyzed according to the criteria of tube length and number of
network nodes (Figure 28). At this, each patient’s CD271" and CD133" cells were seeded
separately as well as in a combined assay. The CD271" cells formed well-defined, three
dimensional networks in Matrigel, whereas CD133" cells only built minimal networks in
three out of six experiments at all. The dual assays consisting of CD271" and CD133"
cells also showed well-defined, three dimensional networks. CD271" cells generated
networks with mean lengths of 81.20 + 86.02mm, combined CD2717/CD133" assays
formed networks with 60.35 + 44.81mm in length, and CD133" cells only build 1.5 +
4.74mm of network structure. Thus, in terms of tube length CD271" and CD2717/CD133"
assays were both significant (p < 0.001) compared to CD133™.
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Moreover, networks formed by CD2717/CD133" cells contained the highest number of
nodal points (mean 893.2 + 838.4), which is significant (p < 0.001) compared to CD133*
cells alone. Likewise, the amount of nodal points built in CD271" networks was also
significant (p = 0.04) compared to CD133" (with 639.9 & 901 nodal points for CD271"
and 18.1 + 75.4 for CD133" cells, respectively).
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CD271* CD2717/CD133* CD133 CD2717 CD2717/CD133* CD133"

* p < 0.05 compared to CD133"* * p < 0.05 compared to CD133*

Figure 28: Network length (left) and network nodes (right) in Matrigel angiogenesis assays
with CD271%, CD271%/ CD133*, and CD133" cells. n = 6. Below exemplary images of the networks
(10x magnification).
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5.3.3. Identification of stem cell phenotype in vitro
In order to further define the cell networks accomplished in Matrigel, immunochemistry
was performed on the assays. The CD133" and CD271" cells have been specifically
stained with CFDA and PKH 26 within the angiogenesis assays. At this, both fluorescent
dyes can be detected within the network structures (Figure 29).

- ‘.fr‘J"- e SV o - lf AT ~ s
- . .

Figure 29: Exemplary images of CD271*/ CD133* dual angiogenesis assay with 80,000 CFDA
stained CD133" cells (green) and 20,000 PKH26 stained CD271* cells (red) with additional Hoechst
nuclear stain (blue). Top left and right 20x magnification, lower left 10x magnification, lower right 40x
magnification.
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As another illustration, only CFDA fluorescent signal of CD133" cells is shown in
Figure 30, which shows that the signal really comes from within the network sturctures.

Figure 30: CD271%/ CD133" dual angiogenesis assay with 80,000 CFDA stained CD133* cells (green)
and 20,000 CD271* cells (40x magnification).

In order to establish a method that further characterizes the cell networks and the stem
cells contained within, staining of the surface marker CD29, CD105, CD73, and CD271
was performed. At this, the MSCs were positive for CD73-PE and the staining was
specific. The performed staining with the isotype was negative and serves as a satisfactory
control. The same applies to the staining with CD29-APC (compare exemplary
reconstruction Figure 31). The mesenchymal cells were positive for this marker and the
isotype control was negative. Conversely, the staining with CD271-APC and its isotype
control were both negative. Furthermore, the staining with CD105-AF 488 was positive
on MSCs, but the isotype control was not very specific. Thus, this marker always requires

a control group in order to get reliable results.

Figure 31: Three dimensional reconstruction of a MSC network stained with CD29 APC (red) and
Hoechst (blue).
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Based on these results, CD73-PE antibodies were tested on the CD271" and CD133"
angiogenesis assays. At this, the staining was specific and limited to the network
structures. CD271" (Figure 32) and dual CD2717/ CD133" networks (Figure 33) showed
CD73-PE expression. In those assays in which no networks were built — like in most of
the assays with CD133" cells alone - no fluorescent signal of CD73PE was detected. In

those rare assays where CD133" cells built network structures, the fluorescence was also

found within the cellular extensions.

Figure 32: CD271" stem cell angiogenesis assays stained with CD73PE (red) and Hoechst (blue).
(10x magnification).

W ¢ . :
Figure 33: CD271+ and CD133+ dual stem cell angiogenesis assays stained with CD73PE (red) and
Hoechst (blue). (10x magnification).
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5.3.4. Gene expression analysis by means of mRNA-PCR
Since mRNA can be used as molecular evidence whether or not proteins are expressed

and to which extent, PCR was used in order to achieve further information on how the
stem cells differentiate in the angiogenesis assays. At this, CD271/NGFR expression as
well as marker for endothelial (eNOS, vWF) and muscular properties (ACTA) were
investigated (Figure 34).
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Figure 34: A Expression of ACTA as a marker for muscular differentiation with a 10-fold higher
expression in CD133" monoculture compared to CD271" influenced assays. B Expression of ACTA,
NGFR and vWF in CD271" monoculture as well as in CD271/CD133 coculture without any
significant differences and no expression on CD133".

5.4 In vivo Stem Cell Characterization
5.4.1. Gene expression analysis by means of mRNA-PCR

To the present state of research, animal experiments are necessary to evaluate the effect
of stem cell therapies on infarcted hearts. Due to the fact that complex pathophysiological
processes have to be taken into account, an entire organism with intact circulation,
vegetative nervous system, and cellular interaction is essential to guarantee reliable
research results. Using a small animal model the stem cells were investigated on their
potency to differentiate and the associated gene expression patterns.

The AACtrmethod was also used to calculate fold-differences in target gens compared to

the SHAM control in the in vivo assays.
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The CD133 stem cell treated group showed a significantly lower expression of the
tyrosine kinase with immunoglobulin-like and EGF-like domains Tiel (MIC 1.669,
CD133 0.690, CD271 0.957 fold difference vs. SHAM) and the transforming growth
factor-beta TGFB3 (MIC 1.670, CD133 1.103, CD271 2.421) whereas the expression of
the chemokine (C-X-C motif) ligand 1 Cxcll (MIC 0.415, CD133 1.384, CD271 0.753)
and chemokine (C-X-C motif) ligand 2 Cxcl2 (MIC 0.523, CD133 2.758, CD271 0.601)

were significantly increased (Figure 35).
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Figure 35: Relative expression of Tiel, TGFp3, Cxcll and Cxcl2 illustrated as fold differences of the
MIC control as well as CD133 and CD271 stem cell treated groups normalized to SHAM control.
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The CD133 stem cell treated group showed a significantly higher expression of the
interleukin-14 1L13 (MIC 0.522, CD133 1.736, CD271 0.598 fold difference vs. SHAM)
and interleukin-6 IL6 (MIC 0.522, CD133 2.738, CD271 0.945) as well as the chemokine
(C-C motif) ligand 11 Ccll1 (MIC 0.520, CD133 3.460, CD271 1.508) and the tissue
inhibitor of metalloproteinases Timpl (MIC 1.045, CD133 2.763, CD271 1.909). The
vascular endothelial growth factor Vegfc was significantly increased in the CD271 stem

cell treated group (MIC 1.656, CD133 0.869, CD271 3.017) (Figure 36).
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Figure 36: Relative expression of IL1§, IL6, Ccll1, Timp1 and VEGFc illustrated as fold
differences of the MIC control as well as CD133 and CD271 stem cell treated groups normalized to
SHAM control.
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The CD271 stem cell treated group showed a significantly higher expression of
angiogenin Ang (MIC 1.309, CD133 1.384, CD271 3.034). Midkine Mdk (MIC 1.319,
CD133 2.765, CD271 3.015) as well as ephrin B2 Efnb2 (MIC 2.642, CD133 1.381,
CD271 1.515) showed an increased expression in both stem cell treated groups. On the
other hand, the ephrin type B receptor 4 Ephb4 (MIC 2.118, CD133 1.388, CD271 1.193)
was less expressed in the CD271 stem cell treated group (Figure 37).
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Figure 37: Relative expression of Ang, Mdk, Efnb2 and Ephb4 illustrated as fold differences of the
MIC control as well as CD133 and CD271 stem cell treated groups normalized to SHAM control.
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6 Discussion

6.1 Manual Immuno-Magnetic Cell Separation (MACS) and
Quality Management by Fluorescence- Activated Cell Sorting
(FACS) of Human CD271" and CD133" Stem Cells from Bone Marrow

Quality management
The results from the manual immuno-magnetic cell separation in combination with the

FACS analysis revealed that bone marrow contains only a small amount of CD133" and
even less CD271" cells (Figure 19). At this, the initial amount of MNCs allows an early
assessment of the number of CD271" cells that can be expected from the isolation since
they show a linear dependence (Figure 21). However, the initial cell numbers and
percentages highly differ between patients. This may be influenced by the medical
condition of the donor - including age, diseases, and previous treatments — as well as by
the applied methods such as the technique of puncture, storage, processing of bone
marrow, and cell isolation.

The fluorescence-activated cell sorting was performed in order to analyze various aspects
of the isolated stem cell subpopulations. First, the purity of the cell samples and thus the
quality of the isolation procedure needed to be evaluated. Second, the viability of the cell
suspensions and thus the cell loss was investigated. At this, CD133" as well as CD271"
cells showed high purity and viability after isolation (Figure 20).

Different studies that deal with stem cell applications are not always consistent since
multiple isolation protocols are in use. An exemplary description and analysis of this
central problem can be found in the study performed by Seeger et al. (165) who compared
the different study protocols of the ASTAMI trial (121) using Lymphoprep and the
REPAIR-AMI trial (160) using Ficoll. For instance, bone marrow derived MNCs that
have been isolated by the ASTAMI protocol showed a significantly reduced invasion
capacity as well as an abolished capacity to augment neovascularization in an
experimental hindlimb ischemia model (165). In conclusion, the decision which protocol
is going to be performed may have considerable impact on the outcome and the success
of the therapy. Furthermore, it is vital to guarantee an efficient and reproducible cell
product in order to ensure predictable and therefore safe applications. We consider our

protocol to highly meet these expectations.

50



Overlap population and order of isolation
It was examined if CD133" and CD271" form separate populations in bone marrow or if

the surface proteins are also expressed simultaneously by an overlap population. This is
an important aspect in order to evaluate the feasibility of a combined therapeutic
approach. In conclusion, CD271+ CD133+ cells represent a higher proportion of CD133+
as well as CD271+ cells than of total mononuclear cells (Figure 22). Nevertheless, only
a small percentage of isolated cells express both surface markers (Figure 23). During
magnetic cell separation no selective enrichment or depletion of double or single positive
cells took place. Therefore, the separation of the two populations is considered to be

sufficient for this study and the investigation of their separate and combined effects.

Besides, it has been investigated if the order of isolation has any impact on the achieved
cell numbers or their quality. At this, no negative or significant influence has been
detected (Table 4). Therefore, it is recommendable to first isolate the CD271" fraction,
since the cell numbers are in general smaller than those of CD133" populations. Hereby,
the second isolation would not be performed, if the achieved CD271" cell number was

not sufficient for the intended assay.

Storage of material
Another point of practical relevance is the question if the different materials may only be

processed in fresh condition — i.e. directly after the isolation - or if the materials may also
be stored. As mentioned before, the bone marrow samples reach the laboratory depending
on the time the heart surgery is performed, which is not always predictable precisely. The
possibility of sample storage makes experimental work much easier and effective.
Furthermore, it is unavoidable that cells undergo storage for at least several hours due to
processing and transportation. This applies on multicenter studies in particular. Therefore,
the possibility of storage makes stem cells much more practicable for therapeutic
approaches. In clinical setting, autologous stem cells may be transplanted 24 to 30 hours
after bone marrow aspiration (122). Thus, establishing standard conditions for storage are

essential in order to ensure an optimal cell product.

In the mid-1980s, Lasky et al. have already shown that the viability and colony forming
potential of progenitor cells in unpurified bone marrow are fairly well maintained for up
to three days even if stored at room temperature (107). Likewise, a study by Kao et al.
confirmed that bone marrow products maintain optimal cell viability under storing

conditions regardless if at 4 or 20°C for 72 hours. In contrast, peripheral blood stem cell
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products showed better viability at 4°C. However, they also reported a mean viable
CD34" cell recovery of 75% for both product types stored at 4°C (95). According to
Antonenas ef al. the mean loss of viable CD34" stem cells in bone marrow stayed below
10% after 24 hours of storage at refrigerated temperature (8). A recent study by our study
group closely investigated the impact of short-term storage on human CD133" cells (122).
At this, standardized non-freezing storage conditions were used for up to 72 hours. It was
stated that cell number as well as metabolic activity decreased after 30 hours, although
no significant alterations were observed in cell viability at this point in time. However,
storage of 72 hours also resulted in a significant decrease of viability. Likewise, colony
forming capability and cell proliferation remained high up to 30 hours of storage, but also
decreased after 72 hours. Other than that, the expression of CD133 as well as CXCR4, a
surface receptor that interacts with SDF-1 and contributes to chemotaxis, was preserved
at all time points and no significant changes were detected concerning endothelial-like
differentiation. With these results it was showed that the isolated CD133" cells can be
stored with high viability and functionality (122).

Furthermore, different clinical trials including the ASTAMI trial (Autologous Stem cell
Transplantation in Acute Myocardial Infarction trial) (121) and REPAIR-AMI trial
(Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial
Infarction trail) (160), also used bone marrow derived mononuclear cells that have been
stored for one day and detected high viabilities. However, Seeger et al. reported that the
expression of CXCR4 has been significantly downregulated after storage (165).

Our results do not show any reference of a negative influence of storage on cell numbers
or quality (Table 4). This applies for storage of bone marrow as well as negative fractions.
Nevertheless, the time of storage should be limited in order to avoid cell loss. However,
a limited number of damaged or dead transplanted cells may have only negligible impact
in relation to the amount of neutrophils that infiltrate the ischemic cardiac tissue during
reperfusion. In contrast, Lux ef al. considered the possibility that storage might even have
positive side effects. They assumed that “in a stored BM-MNC product, decomposing
cells may be taken up by neighbor phagocytes, thus preventing the release of toxic cellular

content and further cell damage” (122).

Additionally, stem cells can also be isolated from cryopreserved materials, but this may
go along with an overall loss of viable cells due to the freezing and thawing process. At

this, Sartor et al. reported a mean recovery of 90% for viable CD34" cells from

52



cryopreserved bone marrow, but with a high range from 68 to 100% (158). Additionally,
multiple severe clinical side effects including cardiovascular ones have been described
by various studies (41), (173), (93). Other studies stated that cryopreserved mesenchymal
stem cells show a lower initial CD271 surface expression level compared to freshly
expanded bone marrow derived MSCs (10), (76). However, PCR analysis has not
confirmed a decrease of CD271 expression on the mRNA level (76). According to a study
by Mamidi et al., successive or multiple rounds of cryopreservation did not impact the
main characteristics of MSCs including morphology, growth properties, differentiation
potential, and gene expression patterns (125). Therefore, cryopreservation seems to
influence the surface expression of CD271, but does not necessarily alter intracellular
expression levels. Nevertheless, these surface alterations may impact the functionality of
CD2717" cells in their therapeutic application. Therefore, liquid storage should be

preferred over cryopreservation.

Surface expression analysis
Cultivated mesenchymal stem cells are often characterized by the expression of several

surface markers including CD73, CD105, and CD44 as well as the absence of others,
including CD45 and CD34 (144). In our analysis the expression of CD73 and CD105 was
significantly increased on CD271" cells compared to other bone marrow cells (Figure 25).
Gibel et al. have already detected a favorable survival pattern, improved healing
performance, and a more robust preservation of cardiac function for CD105" cells in
infarcted hearts (61). Therefore, the increased expression on the CD271" population can
be expected to have a positive influence on the regenerative potential.

Other than that, the expression of CD44 did not show any significant differences (Figure
25). These results correspond with the findings of Qian et al. who detected primary
mesenchymal stem and progenitor cells in the CD44" cell fraction. Furthermore, they
showed that these cells acquire the CD44 expression after in vitro culture (149).
Whereas most of cultivated MSCs do not express CD45, the largest proportion of freshly
isolated CD271" cells expressed CD45%™ (Figure 26) — a surface marker that has been
correlated to mesenchymal colony formation by Cuthbert ef al. (37). The percentage of
CD45" cells was small and showed considerable fluctuations between patients. In
conclusion, the most frequent population in purified CD271" cells presumably consists

of mesenchymal progenitors.
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In conclusion, the established isolation protocol used for this study is highly suitable to
gain high quality stem cells, which can be used for research intentions as well as
therapeutic approaches. As such, bone marrow derived CD271" stem cells have
previously been successfully investigated by our research group as a suitable cell type to

prevent arrhythmia after myocardial infarction (154).

Preconditioning
Since the percentage shares of total bone marrow cells or MNCs that are positive for

CD271 is very small, it is quite challenging to achieve the cell numbers intended for
treatment. Thus, methods that increase the cellular outcome would be favorable for
research as well as therapeutic applications. Hypoosmolar preconditioning may be
suitable for such intentions. Studies by Herrmann S and Ramos et al. indicated that
hypoosmolar preconditioning can be used to enhance CD271 expression on cultured cells
(153) and fresh MNCs (76). At this, 60% hypoosmolar adjusted medium increased
CD271 expression on MSCs, HUVECs, and MNCs without any loss of viability (76).
This effect on MNCs has further been shown to be time-dependent since exposure for
half an hour as well as five hours was not sufficient to induce the expression as opposed
to exposure for 24 hours. Herrmann S also showed that hypoosmolar preconditioning of
whole bone marrow does not increase CD271 expression and thus indicated the need of
MNC isolation before the application of the preconditioning treatment. Besides,
Herrmann S indicated that hypoosmolar treatment may increase the ability of MNCs and
MSCs to build network structures or at least to increase MNC proliferation. At this, the
combination of hypoosmolality and NGF treatment resulted in the best outcome
concerning tube length and amount of network nodes (76). Thus, the preconditioning may
even improve the effects of the stem cell treatment. However, it needs to be further
evaluated whether these cells really show the same effects as CD271" cells that have been
isolated without preconditioning. Therefore, in vitro and in vivo studies should be carried

out to guarantee a safe and efficient product.
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6.2 Invitro Stem Cell Characterization

Colony forming assays
Mesenchymal stem cells are defined as plastic-adherent and fibroblast-like clonogenic.

As they proliferate, they form colonies termed colony forming units-fibroblasts (CFU-F).
Therefore, these assays were used to compare proliferative properties and residual CFU-
F activity of the stem cell populations after being cultivated over a defined period of time.
Quirici et al. stated that this activity can only be observed in CD271" populations, but not
in CD271" cells (150). In accordance with their results, colony-formation was only
detected in mononuclear cells and CD2717 fractions, but neither in CD271 norin CD133"
populations (Figure 27). The ability to proliferate is a major contributor to the impacts
and effectiveness of stem cells in clinical applications. This applies to various functions
such as differentiation into specialized mature cells as well as self-renewal or angiogenic
processes.

Although CD133" hematopoietic stem cells do not show colony formation in CFU-F
assays, they have been demonstrated to proliferate and generate offspring with endothelial
characteristics in so called CFU-EC assays (122). These differentiated colony-forming
units-endothelial cells acquire the functional phenotype of endothelial cells and also show
typical gene expression including von Willebrand-factor (122) and angiogenic factors
such as FGF3, PDGFB, and others (139). Several studies have shown that bone marrow
derived endothelial progenitor cells (EPCs) are recruited into the circulatory system in
response to vascular damage or ischemia (15). Benndorf et al. indicated a correlation
between the number of CFU-EC and the number of circulating CD133%/CD34"/CD146"
cells and thereby provided evidence that these cells represent functional endothelial
progenitor cells (15). In accordance with this, Ong et al. detected a significant
augmentation of EC-colonies after hypoxic preconditioning of CD133" cells and thus
assumed that hypoxia may lead to the differentiation of CD133" cells towards endothelial
lineage (139). Additionally, Attar ef al. detected a strong correlation of the number of
circulating angiogenic cells (CACs) with the number of CD133"/CD309" cells (11).

In conclusion, both CD271" and CD133" cells have been shown to possess proliferative,
colony-building properties. However, all mesenchymal progenitors originated from

CD271" cells.
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Angiogenesis assays
However, the results of the CD271" and CD133" stem cell in vitro angiogenesis assays

indicate that the in vitro network formation relies on CD2717 cells. Since CD133™ cells
alone rarely build network structures at all, it is remarkable that they will nevertheless
contribute to the network, if they are cultivated in combination with CD271" cells (Figure
28). The fluorescence images provided evidence for this contribution as both fluorescent
signals were detected from within the networks (Figure 29). Even more, no obvious
differences of proportional contribution to the network structures were apparent. Besides,
the CD271" CD133" dual angiogenesis assays were smaller in terms of tube length, but
were better connected as they nonetheless had more nodal points (Figure 28). Therefore,
the combination seems to be more effective concerning networking abilities in vitro than

each cell type on its own.

Identification of stem cell phenotype in vitro
With the antibody staining we established a method to illustrate and characterize cellular

networks. This method will enable further investigations on the differentiation and
interaction of cells as well as their mutual impact. As initial objects of investigation the
marker CD29, CD105, and CD73 were chosen in order to establish the method on MSCs.
All three markers were detectable on MSC networks, which has been expected since they
are known to be associated with the MSC phenotype. Additionally, CD73 PE was
successfully applied on CD271" and CD133" angiogenesis assays. Apparently, the
antibodies were able to reach the stem cells throughout the Matrigel as they specifically
mark cell structures after direct application (Figure 32-33). Thus, this method does not
need embedding in paraffin prior to the staining and enables us to analyze assays directly.
Hereby, it is possible to obtain information on the stem cell differentiation and its

properties within the network.

CD73-PE
As mentioned before, CD73 is oftentimes mentioned relating to the MSC phenotype

(127), (28). In our analysis the expression of CD73 was significantly increased on
CD271" cells compared to other bone marrow cells (Figure 25). However, only 9.2 +
2.8% of freshly isolated CD271" cells express CD73. Nevertheless, networks built by
CD271" as well as CD2717/CD133" cells strongly expressed the marker on their surface
in the angiogenesis assays (Figure 32-33). Furthermore, CD133" cell networks also
expressed CD73 whereas the marker was not detected on CD133" cells that did not form

network structures. In conclusion, CD73 seems be increasingly expressed during the
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differentiation process. Thus, the question is which properties or processes can be

associated with the CD73 expression other than the descriptive MSC phenotype.

The surface marker CD73 is also referred to as five’-ectonucleotidase or NT5E and
catalyzes the conversion of five' adenosine monophosphate (AMP) to bioactive
adenosine. Aside from mesenchymal cells, the marker is further known to be expressed
on the surface of endothelial cells and is involved in mediating various activation signals.
Several studies have identified CD73 to be involved in cell interaction with the
extracellular matrix and thus to regulate proliferation, migration of endothelial and cancer
cells (64). According to Ghiringhelli ef al. CD73-generated adenosine even plays a key
role in tumor immunoescape (67).

For this study the involvement of the marker in angiogenic processes is of particular
importance. At this, CD73 does not only seem to be associated with cells that are involved
in angiogenesis, but appears to play a crucial role in the process itself. A study by Wang
et al. found that capillary-like structures were formed more in CD73(+/+) pulmonary
microvascular endothelial cells (PMECs) than in CD73(-/-) PMECs in vitro. In
accordance with that they also observed that the extent of tumor angiogenesis as well as
the tumor size was greater in CD73 (+/+) mice compared to CD73(-/-) mice in vivo.
Furthermore, CD73 expression decreased the adhesion of endothelial cells to collagen IV
and promoted migration. Thus, they concluded that CD73 contributes to endothelial cells
forming new vessels especially in cancer conditions (189). A study by Allard et al.
demonstrated that both tumor and host-derived CD73 are involved in these processes. In
fact, tumor-derived CD73 enhances the production of vascular endothelial growth factor
(VEGF) by tumor cells whereas host-derived CD73 is required for in vivo angiogenic
responses. Furthermore, they also confirmed that endothelial cells require CD73
expression for tube formation and migration (6). Consequently, measures against CD73
have been shown to impair angiogenesis in tumors (6), (9). However, Boring et al. stated
that CD73 deficiency has no effect on angiogenesis in their mice model of hind limb
ischemia (19). Thus, it is not certain if the angiogenic effect applies on tumor tissue only
and might be different in non-tumor environment. Apart from the influence on endothelial
cells, Klein ef al. identified CD73" multipotent cells within the adult human arterial
adventitia that exhibit typical mesenchymal stem cell characteristics. Moreover, they
showed that these cells differentiate to pericytes/ smooth muscle cells, which cover the

wall of newly formed endothelial capillary-like structures in vitro (101).
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As mentioned before, the CD73 marker seems to be upregulated during the differentiation
process in our in vitro angiogenesis assays. In contrast to that, a study on bone marrow-
derived MSCs by Delorme ef al. mentioned a high enrichment in CFU-Fs for CD73 but
a downregulation of CD73 in differentiated cells (43). On the other hand, Bi et al. stated
that microvesicles that have been release by bone marrow-derived mesenchymal stem
cells expressed CD29, CD44, CD73 and CD105 (16). Jiang et al. investigated MSC-
derived endothelial cells and detected no significant change in the phenotype concerning
CD73 (90). Additionally, Shamis et al. performed a phenotypic analysis of human
embryonic and induced pluripotent stem cells during the course of differentiation towards
fibroblasts that have been shown to secrete proangiogenic mediators and stimulate
endothelial cell sprouting in an in vitro angiogenesis model. At this, they detected that

both cell types progressively acquired pericytes lineage markers including CD73 (166).

In conclusion, the increased expression of CD73 especially on CD271" cells may have

positive impact on the angiogenic potential of the stem cell treatment.

Other mesenchymal marker: CD29 and CD105
As mentioned before CD29 is a single chain transmembrane glycoprotein, which is also

known as beta-one-integrin, fibronectin receptor beta or gplla. It is expressed on a
majority of hematopoietic and non-hematopoietic cells including fibroblasts, epithelial
cells, smooth muscle cells, and endothelial cells. Integrins in general bind to several
extracellular matrix and cell surface molecules. CD29 in particular complexes with one
of nine integrin alpha subunits and belongs to the very late antigen subfamily (VLA) of
adhesion molecules. Therefore, it is involved in a variety of cell-cell and cell-matrix
interactions such as adhesion, migration, proliferation, cell signaling, proliferation, and
angiogenesis (137).

Kubota et al. investigated the role of CD29 on HUVECs and showed that antibodies
against CDw49b and CD29 inhibit capillary formation up to 70 per cent. This effect has
further been shown to be dose-dependent. Additionally, they realized that HUVECsS that
have been pretreated with those antibodies do not form capillary-like structures with a
hollow lumen encircled with endothelial cells, which has been observed after culture in
Matrigel without antibodies. Therefore, they concluded that CDw49b/CD29 integrins are
necessary for the interaction between endothelial cells with the extracellular matrix and
thus for the differentiation of endothelial cells during angiogenesis (105). Tijore et al.

further reported the recruitment of CD29 in human MSCs during commitment towards
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cardiomyogenic lineage (180). Additionally, Li ef al. identified the adhesion molecule to
be critical for inducing therapeutic angiogenesis in cell-based therapies since it is
involved in the regulation of cell survival as well as differentiation after the implantation
into ischemic tissue (115).

In conclusion, the expression of CD29 could be an interesting target for further analysis

on the CD271 and CD133 angiogenesis networks as well as freshly isolated cells.

CD105 is a membrane glycoprotein that is also referred to as endoglin and that is
classified as an accessory receptor for transforming growth factor beta (TGF-B), a
pleiotropic cytokine regulating cellular proliferation, differentiation, migration, and
adhesion (134). Studies have shown that the expression of endoglin is upregulated in
actively proliferating endothelial cells (134). In accordance with that, endoglin is highly
expressed in the neo-vasculature of ischemic tissues and tumors. At this, Sanchez-Elsner
et al. have shown a transcriptional regulation that is induced by hypoxia (156). A study
by Alev et al. has demonstrated a dynamic expression pattern of endoglin and suggested
an important role in the transition from endothelial progenitors to functional cells during
early vascular development (5). Furthermore, endoglin has been identified as a
component of the endothelial nitric oxide synthase pathway and thus NO-dependent
vasodilation (89). The involvement of endoglin in angiogenic processes is further
confirmed by studies on knockout mice that died from defective vascular development.
At this, Li DY et al. showed that a loss of endoglin results in poor vascular smooth muscle
development and arrested endothelial remodeling (112). Li C et al. further investigated
the interaction of endoglin with TGFB1 and detected that the inhibition of endoglin
translation enhances the ability of TGFB1 to suppress growth and migration of cultured
HUVECs. As a result, they indicated that endoglin antagonizes the inhibitory effects of
TGFP1on vascular endothelial cells and thus is required for new vessel formation (111).
Additionally, endoglin plays an important role in tumor-related angiogenesis and thus has
been identified as a promising target for tumor imaging, prognosis as well as therapeutic
approaches (50).

With regard to bone marrow derived mesenchymal stem cells, Bi et al. have already
detected that released microvesicles express CD105 as well as CD29 and CD73 (16). In
our analysis the expression of CD105 was significantly increased on CD271" cells
compared to other bone marrow cells. A study by Delorme et al. also described a low
enrichment for CD105 in bone marrow-derived mesenchymal stem cell CFU-Fs (43).

Furthermore, Gibel et al. have already detected a favorable survival pattern, improved
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healing performance, and a more robust preservation of cardiac function for CD105" cells
in infarcted hearts (60). Studies were further able to show that the transplantation of
hMSCs with high CD105 expression significantly improves myocardial performance in
mice with a post-myocardial infarction status (127).

In conclusion, the increased expression of CD105 on the CD271" population can be
expected to have a positive influence on the regenerative potential and its therapeutic

approach.

CD271
Interestingly, staining with CD271-APC was negative on mesenchymal stem cell

networks, although Hermann stated that culture expanded MSCs displayed an initial
CD271 expression of 65% + 12% under standard culture conditions (76). Furthermore,
we also detected CD271 expression on mRNA-level of MSCs (Figure 17). Thus, MSCs

might lose the surface receptor during their differentiation.

Relative Quantitation of Gene Expression
The CD133" cell culture resulted in a 10-fold higher level of ACTA gene expression in

comparison to the CD133"/ CD271" co-culture (Figure 34). However, Lu et al. observed
that following culture in endothelial cell-promoting environment CD133™ cells did not
produce endothelial-like cells that expressed a-SMA, but only HUVEC and CD34"
progenitor cells (120). As mentioned before, the majority of CD133" cells express CD34"
as well (176). Remarkably, CD133" a-SMA" phenotype has been found only in
association with blood vessels of cancer-associated fibroblasts (185), confirming the
linkage of the a-SMA expression to endothelial origin and cell activation. A possible
reason for less ACTA mRNA levels in a CD271+ cell co-culture might be by the
phenotypical alterations of CD133" hematopoietic stem cells when applied together with
MSC and/or due to the maintained undifferentiated state of MSC in co-culture model
(97), (84). Hence, these in vitro co-culture conditions may have a reducing effect on the

o-SMA mRNA levels in total.
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6.3 In vivo Stem Cell Characterization

6.3.1 Angiogenesis

Vascular endothelial growth factor

The vascular endothelial growth factor (VEGF) is one of the best studied signal proteins
associated with the formation of blood vessels. Various studies proved that VEGF
promotes angiogenesis and improves cardiac function after myocardial infarction. In
1996 Li et al. have already described the expression kinetic of VEGF and its receptors in
angiogenesis associated with myocardial infarction (113). Therefore, VEGF is considered
a promising factor for clinical applications and thus is utilized in many various studies
concerning targeted delivery of proangiogenic factors to the ischemic myocardium as
well as tumor therapies. To name a few, Yang et al. investigated the effects of modified
VEGF, which has been transferred to the ischemic myocardium by intravenous injections
and observed a decreased scar size, enhanced angiogenesis and improved cardiac function
(198). Cheng C et al. further showed that the expression level of VEGF positively relates
to the increasing density of microvessels in the infarct area (32). Liu et al. observed
enhanced cardiac function, increased perfusion and angiogenesis in vivo using MSCs as
a VEGF delivery system (117). Similar to that, Zhu et al. used local intramyocardial
injections of VEGF165 along with a biodegradable hydrogel to induce angiogenesis and
improve cardiac function in a rat model using artery ligation. Furthermore, they noted
reduced collagen content and infarction area (202). But also epicardial implantation of
VEGF and cardiac stem cells using a poly (I-lactic acid) mat showed therapeutic effects
on angiogenesis and cardiomyogenesis if applied to acutely infarcted myocardium. This
resulted in reduced cardiac remodeling and enhanced global cardiac function (33).

Thus, the significantly increased expression of VEGF in the CD271" stem cell treated
group (Figure 36) will result in improved angiogenesis as well as cardiac function in the
infarcted area. In fact, our study group was able to demonstrate that co-transplantation of
CD271" mesenchymal stem cells and CD133" hematopoietic stem cells lead to enhanced
synergistic effects on cardiac remodeling. At this, hematopoietic stem cells were
associated with blood vessel formation, whereas CD271" cells were identified to

contribute to transdifferentiation (109).
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Angiogenin (Ang)
Angiogenin (Ang) encodes a member of the pancreatic ribonuclease A (RNase A)

superfamily and has been identified as a potent inducer of neovascularization. Therefore,
it interacts with endothelial and smooth muscle cells to induce a wide range of
physiological and pathological cellular processes including cell migration, invasion,
proliferation, survival, differentiation, and formation of tubular structures (196), (167).
Angiogenin exerts its function through various signal pathways. First, the interaction
between angiogenin and cell-surface receptors is assumed to lead to degradation of the
extracellular matrix and activation of matrix metalloproteinases that promote cell
migration and invasion (167). Second, released angiogenin undergoes receptor-mediated
endocytosis from the cellular surface to the inside of endothelial cells (129) as well as
smooth muscle cells (197). One of the involved angiogenin-binding proteins has been
identified as smooth muscle alpha actin (129). Under growth conditions angiogenin is
then translocated into the cellular nucleus, which has been determined as an essential step
in the process of angiogenesis (197). Hence, angiogenin plays a role in regulating gene
expression, stimulates ribosomal RNA procession, and contributes to mRNA
transcription under growth conditions (167). As rRNA transcription determines the
translation potential of a cell, angiogenin is required for cell proliferation. Kishimoto et
al. further showed that nuclear angiogenin is also necessary for angiogenesis induced by
other angiogenic factors and thus may serve as a crossroad in the whole angiogenetic
process. This includes angiogenesis induced by acidic and basic fibroblast growth factors
(aFGF and bFGF), epidermal growth factor (EGF), and vascular endothelial growth
factor (VEGF). In return, inhibitors of the nuclear translocation of angiogenin as well as
the downregulation of angiogenin in endothelial cells lead to decreased rRNA
transcription, cell proliferation, and angiogenic activities of these factors (99).
Furthermore, the nuclear regulations of angiogenin also induce the synthesis of nitric
oxide (NO) by triggering nitric oxide synthase (NOS) activity (182).

Apart from that, angiogenin accumulates in the cytoplasm under stress conditions where
it interacts as a multifunctional ribonuclease. The catalytic region of angiogenin mediates
stress-induced translational repression by cleaving cellular tRNAs under conditions such
as nutrition deficieny, hypoxia, and hypothermia (57). The resulting tiRNA (tRNA-
derived, stress induced small RNA) reprogram protein synthesis and thereby promote
stress response programs, damage repair as well as cell survival (167), (86), (38). Besides,

cytoplasmic angiogenin optimizes stress fiber assembly and focal adhesion formation to
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accommodate cell migration (167) and plays an important role in endogenous protective
pathways of motoneurons exposed to hypoxia (164). Angiogenin circulates in human
plasma and has been detected in plenty of different cell types and organs, including the
heart. Interestingly, “Ang does not trigger ribosome biogenesis in confluent endothelial
cells that constitute blood vessels” (167), as its receptor has only been detected on
sparsely cultured endothelial membranes, but not on confluent ones (167). However, Pan
et al. showed angiogenin involvement in wound neovascularization and positive
correlation of high angiogenin expression with high vascular density in human burn
wound (141). Sheng et al. (167) thus assumed:

When injured clots disrupt endothelial cell confluence, high concentration of ANG in

blood vessels could facilitate rapid blood vessel growth and tissue repair, suggesting

that ANG may promote wound healing while losing vascular integrity.
As mentioned before, angiogenin promotes angiogenesis in response to stress conditions
and stimuli like hypoxia. This has for example been demonstrated by Burgmann et al.
who detected higher angiogenin concentrations in patients with more severe peripheral
arterial occlusive disease (PAOD) (26). Increased angiogenin levels have also been
detected in acute coronary syndrome and related to adverse prognosis following the event
(179). Thus, Tello-Montoliu et al. suspected that high levels could be surrogate markers
of unstable plaque and also may be a risk marker for future events. This hypothesis does
not apply to our experiments as hypoxia was induced by arterial ligation. Other
experiments showed angiogenin concentrations to be significantly increased in patients
with heart failure with preserved ejection fraction compared to healthy or hypertensive
controls and therefore it was suspected as predictor for the disease (79). However, the
angiogenin increase under these conditions may presumably be due to the previous
damage of the ACS or the other reasons that led to the condition of heart failure in the
first place. The more the tissue suffered from hypoxia during myocardial infarction, the
more stress response is induced and thus angiogenin expression increased. Therefore,
angiogenin is rather a predictor for the severity of the stress condition and the tissue’s
ability to respond to this. Elevated angiogenin expressions may be indicators for
endothelial damage caused by impaired vascular perfusion or compensatory
revascularization, or both. In our experiments the MIC control group and the stem cell
treated groups underwent the same procedure of arterial ligation. As the CD271" treated
group shows the highest expression of angiogenin with significant difference compared

to other groups (Figure 37), the treatment could have resulted in increased proangiogenic
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condition with presumably higher angiogenesis. Being one of the most potent angiogenic
factors, the upregulation expression may result in a better outcome. This has been
confirmed during our study group’s investigation of the effect of stem cell transplantation
on neovascularization within infarcted area. At this, infiltration of the infarcted scar with
new blood vessels was improved in stem cell treated hearts compared to MIC. Likewise,
the capillary density in the border zone was significantly higher in the stem cell treated

hearts (109).

Ephrin B2 (Efnb2) and ephrin type B receptor 4 (EphB4)
Ephrin receptors and their corresponding ephrin ligands constitute the youngest family of

essential vascular tyrosine kinases that are involved in vascular development (12). They
are divided into five ephrin A and three ephrin B ligands. Hereby, type A ligands are
glycosylphosphatidylinositol (GPI)-anchored peripheral membrane molecules and B
ligands consist of transmembrane molecules whose cytoplasmatic domain is capable of
engaging in various signaling activities. Their corresponding receptors are categorized as
eight ephrin type A and six ephrin type B receptors, which are classical receptor tyrosine
kinases. As receptors as well as ligands are transmembrane molecules, the ephrin pathway
requires juxtapositional contact of neighboring cells but is also capable of inducing
reciprocal bidirectional signaling between interacting cells (12). In vitro studies reveal
that EphB4 is involved in regulating embryonic stem cell responses to mesodermal
induction signals and that it is essential for cardiomyocyte and vascular differentiation
(192).

The ligand-receptor pair consisting of ephrin B2 and ephrin type B receptor 4 (EphB4)
has been identified as essential element for the development of the cardiovascular system
including arteriovenous differentiation (12), (188). Ephrin B2 as well as EphB4-
deficiency in mice results in lethal disorder of vascular differentiation and arteriovenous
remodeling in the early embryonic development (1), (188). Furthermore, gene targeting
experiments revealed that the ligand ephrin B2 is expressed predominantly on arterial
endothelial cells whereas EphB4 can be detected on venous endothelial cells (1), (12),
(188). Therefore, the ephrin signaling has been the first evidence for an asymmetric
expression pattern in arteries and veins and initiated further investigations in this field
(12). Besides, these insights resulted in reconsideration of the origin of angiogenesis as
well as the identity of capillary vessels (62), (168) and further evoked the question
whether the expression of these markers is regulated by intrinsic or environmental
aspects. “The intrinsic regulation of ephrin B2 expression would support an arterial origin
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of ephrin B2-positive angiogenic endothelial cells” (12), which was indicated for example
by Gale et al. (62) and Shin et al (168). On the other hand, a postcapillary venule origin
of angiogenesis as suspected by Burger ef al. (25) would be supported by a
microenvironmental regulation of ephrin B2 expression (12). In fact, both regulation
mechanisms seem to be partially involved.

However, “ephrin B2 has a stimulatory effect on the migration of microvascular
endothelial cells in vitro” (126). Gale et al. suggested that “ephrin B2 and EphB4 are
involved in establishing arterial versus venous identity and perhaps in anastomosing
arterial and venous vessels at their junctions” (62). Several endothelial cell interaction
experiments support a model of reverse propulsive and repulsive effector function of
ephrin interactions in the vascular system. At this, ephrin B2 forward signaling through
the EphB4 receptor inhibits cell adhesion, lateral cell migration, VEGF-gradient driven
chemotaxis, capillary-like network formation, and sprouting angiogenesis as well as it
restricts intermingling of cells and supports cellular segregation. In turn, EphB4 reverse
signaling by the transmembrane ephrin B2 promotes adhesion, migration, chemotaxis,
capillary network formation, and sprouting angiogenesis (71). As mentioned before,
ephrin B2 is mainly expressed on arterial and EphB4 on venous endothelial cells. As both
molecules are transmembrane structures, the ephrin B2-mediated propulsive and EphB4-
mediated repulsive signaling results in an artery to vein “push and pull” model of invasive
angiogenesis that mediates spatial positional signals during angiogenesis and vessel
assembly and controls boundary formation (59). Furthermore, Gale et al. noticed that
during the proceeding development “ephrin B2 expression progressively extends from
the arterial endothelium to surrounding smooth muscle cells and to pericytes, suggesting
that ephrin-B2 may play an important role during formation of the arterial muscle wall”
(62). Indeed, vascular EphB/ ephrinB expression is not limited to endothelial cells, but
can also be found in smooth muscle cells and pericytes (12).

Stromal ephrin B2 expression seems to have a permissive role on vascular network
formation as ephrin B2 positive endothelial cells proliferate in their presence and
moreover induce the recruitment and proliferation of cells that express a-SMA. On the
contrary, stromal cells expressing EphB4 inhibit vascular formation, the proliferation of
ephrin B2 positive endothelial cells, and the recruitment of a-SMA expressing cells (201).
Furthermore, quiescent endothelial cells that have contact to smooth muscle cells express
ephrin B2 in a strictly luminal expression whereas confluent monolayer endothelial cells

translocate ephrin B2 to interendothelial cell junctions (104). At this, “prolonged
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stimulation with EphB4-Fc leads to endocytosis of the receptor-ligand complex, as has
been reported during the EphB/ ephrinB-mediated termination of adhesion after contact-
mediated cell—cell repulsion” (104). Conversely, the endothelial expression of ephrin B2
limits the migration of smooth muscle cells and thereby promotes segregation of both cell
types (103). The expression of EphB4 on vascular smooth muscle cells was demonstrated
to be also involved in blood pressure regulation and small artery contractility. Wang et
al. found out that the SMC-specific deletion of EphB4 in generated knockout mice results
in hypotension and reduced contractility (191). Besides, Erber et al. showed that EphB4
converts the vascularization program from spouting angiogenesis to circumferential
vessel growth (54).

Additionally, studies revealed that ephrin type B receptors are also expressed in
cardiomyocytes. Experiments with EphB4 deficient embryonic stem cells indicated that
the receptor affects the expression of the most primitive mesodermal gene products
involved in hemangioblast and myocyte formation. At this, “EphB4 was not essential for
completion of any of the differentiation programs assessed; rather, it modulated the rate
and magnitude by which they were accomplished” (192). Chen et al. also showed that
EphB4 forward signaling is essential in the development of cardiac progenitor cells and
for the early stage of cardiac lineage development in mice (30). Furthermore, EphB4
seems to be involved in modulating the electrical coupling of cardiomyocytes through
effects on gap junctional intracellular communication. At this, inducing high levels of
Eph receptor activation desynchronized the contraction of adjacent clusters of

cardiomyocytes, which had contracted synchronously before (85).

The expression of ephrin elements is regulated by various aspects. “Overexpression of
the VEGF-A 164 isoform in cardiac muscle increased the number of ephrinB2-positive
capillaries in the heart while reducing the number of EphB4-positive venules” (69).
Besides, ephrin B2 is a direct Notch target gene (68) and is biomechanically induced by
cyclic (103) and shear stress (104). Furthermore, the contact with quiescent SMCs also
upregulates the ephrin B2 expression in endothelial cells (104). Basic fibroblast growth
factor also enhances its expression, whereas it is attenuated by angiopoetin 1 (74).
Besides, hypoxia is reported to upregulate the expression of ephrin B2 and EphB4.
Vihanto et al. detected an induced upregulation of EphB4 in ischemic mouse skin (186).
Limbourg et al. used a mouse model with limb ischemia induced by arterial ligation. They
detected no expression of EphB4 in steady-state arteries, but observed strong perivascular

expression of EphB4 after the ligation, which they considered to be an induction of a pro-
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angiogenic milieu (116). Mansson-Broberg et al. further investigated the ephrin receptor/
ligand pair in a myocardial infarction mouse model with ligation of the left anterior
descending artery. During the two weeks following the procedure, EphB4-ephrinB2
showed a biphasic and opposing expression pattern. Furthermore, an intraperitoneal
treatment with ephrinB2 resulted in increased capillary density in the periinfarcted area,
whereby the ligand was detected bound to cells along the capillaries. Hence, modulation
of ephrin B2 specifically induces vascular sprouting in ischemic myocardium and
endothelial proliferation. The achieved therapeutic angiogenesis is of similar order as

resulting from other tyrosine kinase angiogenic ligands (126).

As a result, the significant upregulation of the ephrin B2 and the ephrin type B receptor 4
in the myocardial infarction control group (MIC) compared to the SHAM control (Figure
37) can be considered as a hypoxia induced response to the suffered ischemia due to LAD
ligation. As mentioned before, ephrin B2 specifically induces vascular sprouting in
ischemic myocardium and endothelial proliferation without targeting healthy muscle.
This constitutes a proangiogenic process that contributes to angiogenesis in the hypoxic
area and thus increases the capillary density in the periinfarcted area.

In contrast to that, the expression in the stem cell treated groups is only slightly
upregulated (Figure 37). Reviewing the considerations above, this may have plenty of
possible reasons. Being referred to as a proangiogenic factor, one would first tend to
assume that the upregulation of Efnb2 and EphB4 consequently results in preferable
angiogenetic conditions. On the other hand, the regulation and function of EphB4 is
complex as has been pointed out above and the differences may indirectly result from
various regulating factors. As hypoxia itself induces the expression, the non-significant
alteration in the stem cell treated groups may indicate that the stem cell therapy reduces
the hypoxic stress. Besides, Mansson-Broberg et al. identified Ephrin B2 to significantly
increase capillary density (126). Other than it would be expected by ephrin B2 expression,
the investigations of our study group concerning the effect of stem cell transplantation on
neovascularization within infarcted area showed significantly increased capillary density
three weeks after the infarction compared to the untreated myocardial infarction (109).
Besides, the stem cell therapy showed better vessel infiltration of scar tissue than MIC in
the long-term-follow-up (109), which possibly matches that Erber et al. showed that
EphB4 converts the vascularization program from spouting angiogenesis to

circumferential vessel growth (54).
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Midkine
Midkine (Mdk) is a secreted growth factor and a heparin-binding cytokine that links to

oversulfated structures in heparan sulfate. It is not related to most other growth factors
and belongs to a small protein family. The midkine cytokine functions in a variety of
biological processes such as promotion of growth, differentiation, migration, and survival
of several target cells. Therefore, the protein is involved in inflammatory reactions,
formation of scar tissue and adhesions as well as neuronal growth processes and
angiogenesis. On the other hand, the cytokine is also known to be involved in various
diseases including inflammatory processes such as rheumatoid arthritis as well as renal
diseases, multiple sclerosis, and malignant tumors, in which they influence invasive
behavior, the resistance to chemotherapy as well as tumor angiogenesis. With regard to
inflammatory properties, it has been shown that midkine attracts and activates neutrophils
and macrophages. Furthermore, the cytokine is expressed at barriers of the body, such as
the skin and the large airways, and contains potent bactericidal and fungicidal properties
(132).

In general, midkine expression in adult tissue is weak or undetectable. Nevertheless, it is
induced upon injury and is thus considered to be mainly involved in tissue reparative
processes. Indeed, midkine has been reported to ameliorate ischemic injury in heart and
brain tissue (132). At this, hypoxia has been identified as a promoter of midkine
expression (65). The effects of an increased expression are versatile.

On the one hand, midkine shows an acute cytoprotective effect at least in part via an anti-
apoptotic mechanism (81), (146). On the other hand, the cytokine promotes endothelial
cell proliferation and enhances angiogenesis (94). Weckbach ef al. identified endothelial
cells to be the source of soluble midkine in the vascular system under hypoxic conditions
and further demonstrated the pivotal role of midkine for the process of angiogenesis. In a
hind limb ischemia model they observed almost no angiogenic response or endothelial
cell proliferation in midkine-deficient mice (193). Additionally, midkine also recruits
inflammatory cells including macrophages and polymorphonuclear neutrophils (PMNs)
to the damaged areas, which further promotes angiogenesis (94). As a result, midkine also

prevents cardiac tissue remodeling.

In the late 90s Obama et al. have already shown that after ligation of the left anterior
descending coronary artery, midkine immunoreactivity in myocytes and endothelial cells
is highly increased. Interestingly, this only applied on cells in a non-infarcted cardiac

region, whereas myocytes of the infarcted area showed only little immunoreactivity
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(138). A study by Takenaka et al. investigated the long-term effects of midkine in the
myocardial infarction mouse model induced by ligation of the left coronary artery. They
also detected that midkine expression progressively increased after infarction and that
midkine-deficient mice have a higher mortality. Furthermore, exogenous midkine
improved survival and ameliorated ventricular function and fibrosis as well as enhanced
angiogenesis in the peri-infarct zone (177). Similar results were also achieved in rat
models by Fukui ef al. (58) and Sumida et al. (175) Likewise, it has been shown that
intravenous bolus treatment with midkine (94) as well as intramuscular injections of
midkine into the peri-infarcted area (81) significantly reduces infarct size. Therefore,
midkine may also improve long-term outcomes of myocardial infarction.

Harada et al. recently investigated the effects of exogenous midkine administration on
congestive heart failure of rabbits. They showed that the application of midkine also
prevents cardiac remodeling in pacing-induced heart failure and thus in a state of non-
ischemic etiology. The midkine treated animals demonstrated a lower mortality rate and
better compensation than the control group. Furthermore, left ventricular end-diastolic
dimension decreased whereas left ventricular systolic function increased and histological
analysis revealed a decreased collagen deposition area. These results were traced back to
the ability of midkine to prevent apoptosis and to minimize myocyte loss (73). On the
other hand, midkine levels have been determined to rise with advancing NYHA class of
heart failure and to be dependent on heart and kidney function (145). Thus, it has been
suggested as a marker for risk stratification of patients with chronic heart failure (100).
Furthermore, midkine’s chemoattractant activity also recruits inflammatory cells into the
vascular wall, which triggers neointima formation and consequently vascular stenosis.
Indeed, midkine-deficient mice have been shown to exhibit less inflammatory cell
infiltration and to strongly suppress neointima formation whereas exogenous
administration of midkine restored this process (80).

Several studies also investigated signaling pathways and molecular mechanisms through
which midkine becomes effective. Honda et al. assumed that midkine might be a key
mediator of cardiorenal interactions by inducing epidermal growth factor receptor
(EGFR), which plays a pivotal role in the development of cardiac hypertrophy in chronic
kidney disease (78). Furthermore, van der Horst et al. reported that midkine can abrogate
the vascular endothelial growth factor A (VEGF-A) induced proliferation of human
microvacular endothelial cells in vitro. According to their study midkine downregulated

VEGF-A induced neovascularization and vascular permeability in vivo. Additionally,
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phosphorylation of vascular endothelial growth factor receptor 2 (VEGFR-2) and its
downstream signaling molecules was impaired (184). Other than this, Williams et al.
focused on the protein expression patterns that are associated with abluminal sprouting
and longitudinal splitting of capillaries during angiogenesis. Sprouting angiogenesis
influenced the expression of genes related to extracellular matrix remodeling, such as
matrix metalloproteinase 2 (MMP-2), tissue inhibitor of metalloproteinase (TIMP), and
thrombospondin, whereas splitting angiogenesis affects the expression of neuropilin,
midkine, and restin. Upregulation of vascular endothelial growth factor (VEGF),
angiopoetin-2 and platelet/ endothelial cell adhesion molecule.1 (PECAM-1) was seen in
both forms (194).

Sumi et al. further investigated the interactions between smooth muscle cells and
endothelial cells during angiogenesis and the role midkine plays in these. By means of an
artificial blood vessel model they were able to show that midkine induces stratification of
endothelial cells and promotes their proliferation. Likewise, coculturing endothelial cells
with smooth muscle cells in the presence of midkine as well as coculturing with the
conditioned medium of midkine treated smooth muscle cells also increased endothelial
cell proliferation. Nevertheless, midkine did not have any effect on smooth muscle cells
or endothelial cells when they were cultured separately. As a result, Sumi et al. concluded
that midkine targets smooth muscle cells, which secrete factor(s) acting on endothelial

cells (174).

As a result, the upregulation of midkine in both stem cell treated groups (Figure 37)
presumably has an acute cytoprotective and anti-apoptotic effect and thus minimizes
myocyte loss. Furthermore, the cytokine promotes endothelial cell proliferation, recruits
inflammatory cells to the side of action and enhances angiogenesis. As a result, midkine
may ameliorate the ischemic injury, the ventricular function and fibrosis as well as
prevent cardiac tissue remodeling, and improve the long-term outcomes.

This also correlates with our results concerning the effect of stem cell transplantation on
neovascularization within the infarcted area (109). Here we were able to show that the
established stem cell therapies improve neovascularization within the infarcted area and
results in significantly higher capillary density in the infarct border. Furthermore, the stem
cell treatment decreased collagen deposition at the infarction border in comparison to
untreated hearts. Our results indicate that the predominant mechanism of CD133"
hematopoietic stem cells is based on their ability to regulate angiogenesis. On the other

hand, the plasticity of CD271" mesenchymal stem cells triggers the intrinsic program of
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cardiogenic lineage specification by providing cardiomyocyte-derived cues. At this, a gap
junction-dependent crosstalk between myocytes and stem cells has been identified as the

basis for the intercellular communication (109).

6.3.2 Inflammatory Chemokines
Chemokines are attractants and regulators of cellular activities. Originally described as

chemotactic cytokines, chemokines stimulate the recruitment of various cells into
different tissue compartments. Furthermore, they modulate a vast array of cellular
functions by influencing gene expression rates in infiltrating as well as resident cells.

In controlling tissue injury, neutrophilic recruitment is an essential step. Studies showed
that tissue mast cells and macrophages synthesize chemokines such as Cxcll and Cxcl2
to mediate neutrophil influx (42). Besides, “neutrophils are able to self-regulate their own
recruitment and responses during immune complex mediated inflammation through a
Cxcl2 driven feed forward loop” (114). In accordance with that, neutralization of Cxcl2
in the interstitium effectively reduced neutrophil responses (114). Chemokines have been
further determined to play a role in establishing a favorable microenvironment for tumor-
associated angiogenesis (66), (172). At this, Cxcl2 has been suggested to be a surrogate
marker for the functional process of neovascularization as angiogenic effects correlate
with Cxcl2 levels in inflammatory granulation tissue (14).

Myocardial infarction represents a process of noninfectious inflammation, in which Cxcl2
expression contributes to neutrophil-mediated tissue injury. Al-Amran et al.
demonstrated that down-regulation of Cxcl2 results in decrement in myocardial
neutrophil infiltration, which is associated with less reactive oxygen species and reactive
nitrogen species formation after global ischemia reperfusion. Therefore, the Cxcl2
expression contributes to inflammatory and oxidative processes during myocardial
ischemia as well as neutrophil-dependent myocardial apoptosis (4). On the contrary,
Tarzami et al. established a pathway by which Cxcl2 and MCP1 modulate cardiac
myocyte viability during myocardial ischemia (178). They showed that hypoxia induces
a significant increase of those chemokines in cell culture as well as in vivo. Furthermore,
Cxcl2 antibodies also inhibited the hypoxia-induced expression of MCP1, which
illustrates that Cxcl2 is a critical regulator of MCP1. As a result of MCP1 expression,
they observed pronounced decrease of hypoxic cell death and thus assumed that MCP1

mediates a survival pathway in cardiac myocytes (178).

71



In our study, the expression of the cytokines Cxcl 1 and Cxcl2 has been significantly
increased in the CD133 treated test group, whereas the CD271 group showed less
expression (Figure 35). The same applies to the expression of the cytokines Interleukin-
1B (IL1B) (Figure 36) and Interleukin-6 (IL6) (Figure 36) as well as the tissue inhibitor
of metalloproteinases (Timpl) (Figure 36). These interleukins are mediators of
inflammatory processes. An increased expression as observed in the CD133 test group
may result in an increased inflammatory and oxidative process and could enhance the

myocardial injury.

The tyrosine kinase with immunoglobulin-like and EGF-like domains Tie 2 has been
identified as an important angiopoietin receptor. The modulation of this receptor activity
is crucial for angiogenesis, vessel maturation and remodeling as well as vascular
permeability and cell integrity. At this, the Angpt/ Tie2 signaling controls later steps
during the angiogenic cascade and contributes to the acquisition of quiescent endothelial
cells (106). This may be partly explained by the fact that angiopoietins induce
translocation and activation of the Tie receptors in subcellular compartment depending
on the cellular microenvironment (51). In contrast, the endothelial tyrosine kinase
receptor Tiel remains less characterized, largely owing to its orphan receptor status.
However, it has been showed that Tiel is essential for vascular development. Tiel-
deficient mice died during late gestation as their vasculature fails to mature (106). The
deletion of the receptor in endothelial cells inhibited sprouting angiogenesis in adult mice
and thereby reduced intratumoral microvessel density and tumor growth. Furthermore,
the deletion resulted in improved perfusion of the residual, more mature vessels. Besides,
Tiel deletion led to increased endothelial adherens junctions and perivascular coverage
with improved vascular integrity and vessel perfusion (106). However, Tie 1 does not
express its effects independently but works as a context-dependent regulator of the
receptor Tie2. Tiel is expressed in angiogenic tip and remodeling stalk cells during
angiogenesis and is downregulated in the adult quiescent vasculature (159). At this, Tie
expression contributes to shaping the tip cell phenotype by negatively regulating Tie2
surface presentation and Angpt2 signaling. On the other hand, Tiel sustains Tie2
signaling in remodeling stalk cell vasculature (159). Both Tiel and Tie2 undergo
proteolytic cleavage in response to VEGF and inflammatory cytokines but with different

kinetics (51). Interestingly, Tiel was rapidly cleaved at the onset of acute inflammation
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in mice (51). Thus, the reduced expression in the CD133 treated group could also be an

inflammatory reaction (Figure 35).

6.3.3 Remodeling and fibrosis
As mentioned before, ischemic conditions in the heart muscle are followed by

inflammatory processes. Due to the massive sudden loss of cardiomyocytes and missing
regenerative capabilities the striated heart muscle is converted into nonfunctional fibrin-
containing scar tissue, which cannot contribute to the pumping function of the heart
anymore. The cellular events involved in this conversion can be divided in three
overlapping processes: inflammation, proliferation, and maturation. During the
inflammatory phase cytokines released by necrotic cardiomyocytes recruit leukocytes and
phagocytes into the affected area. After the removal of dead material the proliferative
phase is induced, in which activated myofibroblasts as well as endothelial and stromal
cells move in. The maturation phase results in the development of scar tissue and the
remodeling of the heart muscle. Several studies revealed that signaling pathways
involving transforming growth factor-beta play a decisive role in the regulation of these

inflammatory and reparative cellular events (1).

The transforming growth factor-beta has been identified as a pleiotropic and
multifunctional growth factor that regulates a wide range of cellular response including
cardiomyocytes, fibroblasts, immune cells, and vascular cells. At this, effects such as
cardiomyocyte survival patterns, promotion of monocyte recruitment and chemotaxis as
well as suppression of adhesion in endothelial cells have been suspected. However, the
most investigated effect and the central role of TGFJ is the conversion of myofibroblasts
(55). TGFB3 in particular has been associated with cardiac fibroblast proliferation,
collagen biosynthesis and thus in the development of interstitial fibrosis in cardiac
hypertrophy. Many existing in vitro studies confirm the involvement of TGFf in the
activation of cardiac fibroblasts. Nevertheless, the in vivo functioning has not completely
been explained because of the complexity and the context-dependent signaling cascades
(55). A study by Dewald et al. demonstrated that TGF-f1 and B2 mRNA levels show an
early peak after 6-72 hours of reperfusion in a mouse infarct model whereas TGF(3
exhibit a delayed response peaking after three to seven days of reperfusion (44). A recent
study by Gao et al. investigated the effect of TGF3 on human-induced pluripotent stem
cells. At this, derived endothelial cells, smooth muscle cells, pericytes, and fibroblasts

were cultured with the cytokine, which resulted in an increased expression of
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myofibroblast markers whereas marker for their former differentiation significantly
declined (i.e. endothelial cell, smooth muscle cell, pericyte, and fibroblast). Furthermore,
they transplanted the cells into hearts of mice after myocardial infarction and investigated
the effect of the simultaneous treatment with a TGFf inhibitor. The treatment resulted in
a reduced expression of myofibroblast markers and was associated with significant
improvement of fibrosis and cardiac function. Thus, they concluded that TGFp inhibition

may significantly improve the efficacy of transplanted cells for cardiac repair (63).

The chemokine (C-C motif) ligand 11 (Ccl11), also referred to as Eotaxin, has originally
been described as a chemotactic and activating protein for eosinophils that displays its
effects through the chemokine receptor 3 (CCR3) (34). Therefore, it is known to be
involved in inflammatory processes such as allergic reactions, asthma, atopic dermatitis,
and parasitic infections (3), (92). Besides these well studied roles, the chemokine has
recently also been related to tissue fibrosis and remodeling processes. Kodali et al.
reported that Ccll1 and CCR3 are expressed in vascular smooth muscle cells of the media
and neointima of injured arteries. Thus, they assumed that Eotaxin is involved in
mediating SMC migration in the injured arterial wall (102). On the other hand, Salcedo
et al. demonstrated that Eotaxin induces chemotaxis of human microvascular endothelial
cells and thus may also directly contribute to endothelial cell migration (155). This theory
was further supported as the chemotactic activity was consistent with the endothelial
expression of CCR3. Furthermore, they observed a Ccll1-induction during blood vessel
formation, which was accompanied by a predominantly eosinophilic inflammatory
infiltration (155). As Eotaxin and its receptor are upregulated in human atherosclerosis,
the chemokine seems to also participate in vascular inflammation (70).

Myocardial infarction is also associated with an inflammatory reaction, which results in
scar tissue formation. Consequently, Ccll1 could play an important role in ischemia-
induced neovascularization and vessel wall remodeling. Indeed, Chen et al. showed an
increased expression of Eotaxin in the media of aorta vessels, which have been exposed
to prolonged ischemia (29). Besides, Ccll1 has been reported to correlate with cardiac
mast cell infiltration of the heart (204). In turn, cardiac mast cell density has been related
to collagen deposition and fibrosis in myocardial ischemia, cardiovascular disease,

reperfusion injury, cardiomyopathy, and congestive heart failure (13), (56), (143), (204).

Therefore, the observed upregulation of Ccll1 in the CD133" stem cell treated test group

(Figure 36) presumably results in an enhanced inflammatory reaction and higher degree
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of fibrosis after myocardial infarction whereas the CD271" treated group showed a lower
expression. On the other hand, the significant lower expression of the fibrotic marker
TGFb3 after the treatment with CD133" cells in contrast to MIC or the CD271 treated
group (Figure 35) may result in reduced development of fibrotic tissue and thus could
preserve muscle function. However, the long-term-follow-up experiments performed by
our study group revealed that the stem cell treatment even decreased collagen deposition
at the infarction border in both stem cell groups compared to the MIC control (109).
Furthermore, we were able to demonstrate that the stem cell therapy shows better vessel
infiltration of scar tissue than MIC (109), which could also be related to Ccll1-induced

migration of endothelial and smooth muscle cells.
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Abstract

Bone marrow derived stem cells are characterized by varying functions and properties.
This study intends to examine the therapeutic potential of mesenchymal CD271" stem
cells in comparison to hematopoietic CD133" cells with regard to their application in
myocardial infarction. At this, it should be determined if CD271" MSCs can improve the
effectiveness of the stem cell therapies currently in use. We expect that the multiple
characteristics and various regenerative effects of mesenchymal stem cells will result in
greater therapeutic impact on ischemic heart disease. In this context, the effects of
CD2717 cells alone as well as in combination with CD133™ have been explored with the
main focus on angiogenic potential. The interactions between these two subpopulations
and to what extent the combination may enhance heart regeneration has not been
investigated yet. Our standardized immuno-magnetic isolation procedure has been
proofed to be efficient, reproducible, feasible, and safe. The resulting cell product meets
the expectations concerning cell purity, quality, and viability. In vitro proliferation assays
showed that the application of CD271" stem cells results in improved angiogenic
potential. Besides of CFU-F assays, angiogenesis assays with Matrigel have been
evaluated by three-dimensional microscopy, immunohistochemistry, and gene expression
analysis. At this, the combination of CD133" and CD271" cells seems to be the most
feasible and effective approach. In order to evaluate the effect of stem cell therapies on
infarcted hearts, an in vivo analysis has been performed in a mouse-model with ligation
of the left anterior descendent artery. The performed gene expression analysis supports
the assumption of various angiogenic effects of bone marrow derived stem cells in the

infarcted heart.
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List of abbreviations
Annotation: In different studies and sources abbreviations of genes can be found in capital

letters (e. g. VEGF) or small letters (e. g. vegf). At this, capital letters refer to human gene
expression whereas small letters represent the same gene in mice, which are the most
common test subjects.

a-SMA: alpha smooth muscle actin

Az60: absorbance at 260nm

ACE: angiotensin-converting-enzyme

ACS: acute coronary syndrome

ACTA: alpha smooth muscle actin

AF488: Alexa fluor 488, fluorophore

aFGF: acidic fibroblast growth factor

AMP: adenosine monophosphate

Ang: angiogenin

APC: allophycocyanin fluorophore

ASTAMI trial: Autologous Stem cell Transplantation in Acute Myocardial Infarction
trial

bFGF: basic fibroblast growth factor

BM: bone marrow

BSA: bovine serum albumin

Chu: constant region of an antibody heavy chain

Cv: constant region of an antibody light chain

Ct: threshold cycle

CABG: coronary artery bypass grafting

Calmodulin: calcium modulated protein

CaMKII: Ca*/calmodulin-dependent protein kinase II

Cecl: chemokine (C-C motif) ligand

CCR: chemokine receptor

CD: cluster of differentiation

CD41: Integrin alpha(Ilb)

CDS1: see Itgav

CD61: see Itgb3

CD133": stem cell fraction being positive for the cluster of differentiation No. 133
CD271": stem cell fraction being positive for the cluster of differentiation No. 271
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CdhS5: cadherin 5

c¢DNA: complementary deoxyribonucleic acid

CFDA-SE: carboxyfluorescein diacetate succinimidyl ester, dye

CFU-EC: colony- forming units- endothelial cells

CFU-F: colony-forming-unit fibroblast

CFSE: carboxyfluorescein succinimidyl ester

c¢GMP: cyclic guanosine monophosphate

CIBIS-II: Cardiac Insufficiency Bisoprolol Trial II; a study concerning beta blocker
therapy

Col18al: collagen, type XVIII, alpha 1

Col4a3: collagen, typ IV, alpha 3

CONSENSUS: Cooperative North Scandinavian Enalapril Survival Study

COPERNICUS: Carvedilol Prospective Randomized Cumulative Survival Study

COX: cyclooxygenase

CPC: cardiac progenitor cell

CRT: cardiac resynchronisation therapy

Csf3: (granulocyte) colony stimulating factor 3

Ctgf: connective tissue growth factor

CVP: central venous pressure

Cxcl: chemokine (C-X-C motif) ligand

ARn: represents the fluorescence intensity during PCR amplification

DAPI: 4',6-diamidino-2-phenylindole, fluorescent stain

DEPC: Diethylpyrocarbonate

DIl4: delta-like 4

DNA: deoxyribonucleic acid

dNTPs: nucleoside triphosphates

dsDNA: double stranded deoxyribonucleic acid

dt: thymine oligonucleotidic primer sequence

DTT: dithiotheitol, reducing agent

EAM: experimental autoimmune myocarditis

EBM: endothelial base medium

EC: endothelial cells

ECM: extracellular matrix

Ednl: endothelin 1
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EDTA: ethylenediaminetetraacetic acid

EDV: end diastolic volume

Efnal: ephrin Al

Efnb2: ephrin B2

e. g.: for example

EGF: epidermal growth factor

EGM: endothelial growth medium

Egr1: early growth response factor 1

Eng: endoglin

eNOS: endothelial nitric oxide synthase

Epasl: endothelial Per-Arnt-Sim domain protein 1
EPC: endothelial progenitor cell

EphB4: ephrin type B receptor 4

Erbb2: erb-b2 receptor tyrosine kinase 2

ERK: endothelial cell mitogen-activated protein (MAP) kinase
ESPVR: end systolic pressure-volume relation
F2: coagulation factor II/ Thrombin

F3: coagulation factor III

F2R: coagulation factor Il receptor

Fab: fragment antigen binding

FACS: fluorescence- activated cell sorting

FAK: focal adhesion kinase

FBS: fetal bovine serum

Fec: crystallizable fragment

FCR: crystallizable fragment receptor on the cell surface
FGF: fibroblast growth factor

Fgfr: fibroblast growth factor receptor

Figf: vascular endothelial growth factor D (Vegf-d)
FITC: fluorescein isothiocyanate

FIt1: vascular growth factor receptor 1 (Vegfrl)
FMO: fluorescence minus one

Fn1: Fibronectin 1

FRET: Forster resonance energy transfer

FSC: forward scatter
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GA: gentamicin sulfate with amphotericin B
GC: guanylate cyclase

G-CSF: granulocyte colony- stimulating factor
GDC: genomic DNA control

GOI: gene of interest

GP: glycoprotein

GPI: glycosylphosphatidylinositol

Gro: growth-regulated protein

GTP: guanosine triphosphate

h: human

H: heavy chain (of antibodies)

Hgf: hepatocyte growth factor

Hifla: hypoxia inducible factor 1, alpha subunit
HKG: housekeeping genes

HSPG: heparan sulfate proteoglycan

HUVEC: human umbilical vein endothelial cells
ICAM: intercellular adhesion molecule

ICD: implantable cardioverter-defibrillator
i.e.: that means

Ifng: interferon gamma

IGF: insulin-like growth factor

ITHC: immunohistochemistry

IL: interleukin

I11b: interleukin 1 beta

1l6: interleukin 6

i.p.: intraperitoneal

Itgav: integrin alpha v, CD51

Itgb3: integrin beta 3, CD61

Jagl: jagged 1

K: potassium

Kdr: vascular growth factor receptor 2 (Vegfr2)
L: light chains (of antibodies)

LAD: left anterior descendent artery

Lectl: leukocyte cell derived chemotaxin 1
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Lep: leptin

LNGFR: low affinity nerve growth factor receptor
LSM: lymphocyte separation medium

MACS: magnetic cell separation

MadhS5: mothers against decapentaplegic homologue 5
Mapk14: mitogen-activated protein kinase 14
MCP1: monocyte chemoattractant protein 1

Mdk: midkine

MEK: mitogen-activated protein kinase kinase
MERIT-HF: Metoprolol Randomized Intervention Trial in Congestive Heart Failure
MIC: myocardial infarction control

MK-AS: antisense oligonucleotide targeting midkine
Mmp: matrix metallopeptidase

MNC: mononuclear cells

MRI: magnetic resonance imaging

mRNA: messenger ribonucleic acid

MSC: mesenchymal stem cell

MSCGM: mesenchymal stem cell growth medium
MSC BM: mesenchymal stem cell basal medium
MSC GS: mesenchymal stem cell growth supplement
Na: sodium

Nrp2: neuropilin 2

NGF: nerve growth factor

NGFR: nerve growth factor receptor

NMP: nucleoside monophosphate

No.: number

NO: nitric oxide

Nos3: endothelial cell nitric oxide synthase 3 (see also eNOS)
NTSE: 5’-ectonucleotidase or CD73

NTC: no-template-control

NTP: nucleoside triphosphate

NTR: neurotrophin receptor

NYHA: New York Heart Association
p.: page
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PAI-1: plasminogen activator inhibitor 1

PAOD: peripheral arterial occlusive disease

PAR: protease-activated receptor

PAS: Per-Arnt-Sim

PBS: phosphate buffered saline

PBSC: peripheral blood stem cell

PCR: polymerase chain reaction

PDGF: platelet-derived growth factor

PDGF-R: platelet derived growth factor receptor beta

PE: phycoerythrin fluorophore

PerCP-CyS5.5: Peridinin chlorophyll protein-Cyanine 5.5 tandem dye
PERFECT- study: Intramyocardial TransPlantation of BonE MaRrow Stem Cells For
ImprovEment of Post-Infarct MyoCardial RegeneraTion in Addition to CABG-Surgery
PI: propidium iodide, fluorescent stain

PKC: protein kinase C

Pdgfa: platelet derived growth factor alpha

Pecaml: platelet/ endothelial cell adhesion molecule 1

Pgf: placental growth factor

Plau: plasminogen activator

Plg: plasminogen

PMEC: pulmonary microvascular endothelial cell

PMN: polymorphonuclear neutrophil

p.op.: postoperative

PPC: positive polymerase chain reaction control

P/S: penicillin/streptomycin

Ptgs1: prostaglandin-endoperoxide synthase 1

Ptk2: protein tyrosine kinase 2

qRT-PCR: quantitative real- time polymerase chain reaction

RAAS: renin-angiotensin-aldosterone system

RALES: randomized aldactone evaluation study

RBC lysis buffer: red blood cell lysis buffer

RefG: reference genes

REPAIR-AMI trial: Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in

Acute Myocardial Infarction trial
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RNA: ribonucleic acid

RNase: ribonuclease

RPLPO: ribosomal protein, large, PO

RPMI: Roswell Park Memorial Institute medium

rRNA: ribosomal ribonucleic acid

RT: reverse transcription

RT: room temperature

RTC: Reference- and Translation Center for Cardiac Stem Cell Therapies University
Rostock

RTC: reverse-transcription controls (for PCR analysis)

S1pr1: sphingosine-1-phosphate receptor 1

Serpinel: serine (or cysteine) peptidase inhibitor, clade E, member 1
Serpinfl: serine (or cysteine) peptidase inhibitor, clade F, member 1
SCID: severe combined immunodeficiency

SMA: smooth muscle a-actin

SMADS: SMAD family member 5, see also Madh5

SMC: smooth muscle cell

Sm-mhe: smooth muscle myosin heavy chain

SOLVD: studies of left ventricular dysfunction

SPECT: single photon emission computed tomography

Sphkl1: sphingosine kinase 1

SSC: side scatter

Taq: Thermus aquaticus

Tbx1: T-box 1

Tek: endothelial-specific receptor tyrosine kinase

TGF: transforming growth factor

Tgfa: transforming growth factor alpha

Tgfb: transforming growth factor beta 1

Tgfbrl: transforming growth factor, beta receptor I

Thbs1: thrombospondin 1

Thbs2: thrombospondin 2

Tiel: tyrosine kinase with immunoglobulin-like and EGF-like domains 1
Timp: tissue inhibitor of metalloproteinase

TNC: total nuclear cells

XXVII



TN-C: tenascin-C

Tnf: tumor necrosis factor

Tnfsf12: tumor necrosis factor (ligand) superfamily, member 12
tRNA: transfer ribonucleic acid

tiRNA: tRNA-derived, stress induced small ribonucleic acid
Tymp: thymidine phosphorylase

uPA: urokinase

USA: United States of America

VEGF: vascular endothelial growth factor

VEGFR: vascular endothelial growth factor receptor

VLA: very late antigen, subfamily of adhesion molecules
vWEF: von Willebrand factor

WHO: World Health Organization

7-AAD: seven-amino-actinomycin D, stain

Units of measurement:

°C: degree Celsius

Da: Dalton (atomic mass unit)

g: gram (weight unit)

g: gravity (unit of acceleration)

I: liter (volume unit)

M: mole (amount of substance)

pH: numeric scale used to display the acidity or alkalinity of aqueous solutions
p: micro 107

m: milli 107

k: kilo 10°

Cluster of differentiation:

CD29: beta-one-integrin or fibronectin receptor beta or gplla
CD73: 5’-ectonucleotidase, NT5E

CD105: endoglin

CD271: low affinity nerve growth factor receptor (LNGFR)
CD133: prominin-1
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Table 5: Used materials and devices

Lab Tek® chamberslide™ system Thermo Fisher Scientific
MACS equipment Miltenyi Biotec

96 PCR plate Applied Biosystems
MACS puffer; made of PBS/ EDTA, 2mM buffer, Sigma-Aldrich

0,5% albumin from bovine serum (BSA)

PBS/EDTA Sigma-Aldrich
LSM 1077 (Lymphocyte separation medium) PAA laboratories
RPMI 1640 with Glutamine PAN Biotec

(Roswell Park Memorial Institute medium)

MSCGM (MSC growth medium) Lonza
EBM-2 (endothelial base medium) Lonza
Lonza

EGM-2 (endothelial growth medium)

BD Matrigel Basement Membrane Matrix BD Biosciences

CFDA-SE dye Sigma-Aldrich

PKH-26 red fluorescent Cell Linker (MINI 26) Sigma-Aldrich

Including Diluent C

Hoechst 33342 stain Thermo Scientific

TRIzol Reagent Life Technologies

O.C.T.™ Compound Tissue-Tek® Sakura Finetek Europe B.V.
Axiovert 40 CFL fluorescence microscope with Carl Zeiss AG

Axio Cam MRm ZEN (Zeiss efficient navigation)

software
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High- resolution confocal microscope ELYRA S.1

Carl Zeiss AG

Image J, image analysis program

Wayne Rasband

LSR II flow cytometer

BD Biosciences

LSR II, FACS DivaTM software

BD Biosciences

Nanodrop 1000, spectrophotometer

PEQLAB Biotechnologie

MJ mini™ personal thermal cycler, PCR cycler

Bio-Rad Laboratories

StepOnePlus® Real-Time PCR System

Applied Biosystems

CM1900 cryostat Leica Microsystems
Kits

CD271 Micro Bead Kit, (APC) human Miltenyi Biotec
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