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Clinical background

Cardiovascular disorders are currently the leading cause of death in the Western world1. 
Despite the increased knowledge in pharmacotherapy, improved heart and blood vessel 
surgery and the use of vascular stents and cardiac assist devices, the mortality rate as 
a result of cardiovascular diseases is still rising1. Myocardial infarction (MI) is one of 
the main contributors to ischemic heart disease and is characterized by massive loss 
of cardiomyocytes due to severe apoptosis and necrosis. This will attract immune cells 
to clear dead cells and stimulate the growth and migration of cardiac fibroblasts. 
Fibroblasts produce extracellular matrix to prevent rupture of the cardiac wall and finally 
non-contractile scar tissue is formed2,3 (figure 1). Adult cardiomyocytes display an 
extremely low proliferation rate and cannot replace the lost tissue, but the surviving 
cardiomyocytes will try to compensate for this loss of function by hypertrophy, which 
will eventually lead to the development of heart failure4,5. Without taking heart 
transplantation into consideration, the current pharmacological and surgical therapies 
to treat patients after MI are aimed at improving and, when possible, restoring blood 
flow to ischemic cardiac tissue. However, these therapies only delay remodeling of the 
heart and eventually heart failure will develop (figure 1)6,7. Current treatments do not 
repair the damaged heart and therefore, stem cell-based therapy has emerged as a 
potential new therapy to repair the injured heart. The rationale of stem cell transplantation 
is that the stem cells can differentiate into cardiomyocytes and endothelial cells to form 
new cardiac tissue to repair the injured heart locally8.

Myoblast proliferation 
& 

collagen turnover
InflammationCardiomyocyte 

death
Cardiac 

remodeling

capillary collagen fibroblast macrophage myofibroblast

MIMI

Chapter 1 Figure 1

Figure 1. Myocardial infarction leads to a cascade of events. Adapted from van den Borne et al.33 
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Stem cell therapy for cardiac repair

For a long time the heart was considered a terminally differentiated organ: it was 
believed that an increase in cardiac mass after injury was solely caused by hypertrophy 
of remaining viable cardiomyocytes and that cardiomyocytes could not self-renew. 
recently, Bergmann and co-workers showed by measuring 14C levels in single cells that 
new cardiomyocytes are formed during adulthood. Although the annual turnover rates 
are very low, cardiomyocytes renew with a gradual decrease from 1% turning over 
annually at the age of 25 to 0.45% at the age of 75. This results in renewal of less than 
50% of cardiomyocytes during a normal life span4. However, the source of the newly 
formed cardiomyocytes remains unclear4. They can be derived from several sources: 
division of existing cardiomyocytes or differentiation of progenitor cells into 
cardiomyocytes. These progenitor cells could be present in the heart itself or derived 
from other organs and migrate to the cardiac muscle.  The presence of progenitor cells 
in the heart, able to divide and form new cardiac tissue, opened the possibility for 
autologous cell-based repair of the heart9-11. This discovery resulted in criteria for the 
effects that have to be induced by the optimal stem cell population for cardiac repair: 
prevent cell death, increase survival, induce differentiation, neo-angiogenesis and 
prevent remodelling and dilatation of the heart either via differentiation or activation of 
endogenous cells8. To date, several populations of putative cardiac progenitor cells have 
been described in mouse10,12, dog13, pig14 and human11,12,14-17 hearts, which are 
extensively discussed in Chapter 2. A number of other adult progenitor cell populations 
have been explored preclinical and in patient trials. The bone-marrow derived 
mesenchymal stem cell (MSC) is the most widely studied cell population for cardiac 
repair. Although not yet sufficient for cardiac repair the results are promising; cardiac 
function and morphology improved slightly or did not further deteriorate after stem cell 
injection18,19. The stem cell based clinical trials revealed limited engraftment of the 
infused cells, only 2-7% of the cells were successfully found in the heart 24 h post 
transplantation20,21. 

Since there are no cures for heart failure, the implementation of stem cell-based therapy 
in the clinic is of great importance. However, before stem cell therapy can be translated 
to daily clinical practice, there are still many limitations to overcome and questions to 
be answered8. Examples of these limitations, which are severely hampering the clinical 
application of stem cells, are: the need for large quantities of autologous cells, the high 
rates of cell death, and the inefficient and slow differentiation in vitro when injected into 
a hostile (ischemic) environment. 
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To understand how transplanted cells aid in the restoration of the heart, what the fate 
of implanted cells is in vivo and what their interactions with the host myocardium are, 
more research is needed. Since the heart has such limited regenerative capacity and 
several different progenitor cell populations are identified in the heart, we need to 
unravel how these different cardiac stem and progenitor cell populations relate to each 
other and which of the populations is the most potent one with respect to cardiac repair. 
Clarifying how identified cell-surface receptors and signaling proteins stimulate and 
influence cell viability, proliferation, stem cell engraftment and differentiation into 
cardiomyocytes, endothelial and smooth muscle cells, will help to design new treatment 
protocols8,7. To be able to understand the impact of stem cell therapy may have on 
cardiac repair, we explored the cell physiology and behavior of two important progenitor 
cell sources the embryo uses to build a heart, the cardiomyocyte progenitor cells 
(hCMPCs), which can differentiate into all cell types necessary for cardiac repair, and 
epicardial-derived cells (EPDCs), which have an important role in cardiac development 
and can differentiate in cardiac fibroblasts and smooth muscle cells. 

hCMPCs

In our laboratory human cardiomyocyte progenitor cells (hCMPCs) were identified in 
fetal and adult heart biopsies, either by single cell cloning or by purification based on 
cross-reactivity with the anti-mouse-Sca-1 antibody16,17,22. When cultured properly, 
hCMPCs can be maintained in an undifferentiated state for many passages, reflecting 
their self-renewal capacity. hCMPCs express stem cell markers such as the transcription 
factor Isl-1, the receptor c-Kit, and in their undifferentiated, proliferative state already 
express the early cardiac transcription factors, GATA4, Nkx2.5 and MEF2C, while none 
of the mature cardiomyocyte or hematopoietic markers are expressed. hCMPCs 
differentiate into cardiomyocytes without the necessity of co-culture with neonatal 
cardiomyocytes, as was described for other progenitor cells23, by using a protocol where 
the cells are sequentially stimulated with 5-azacytidine and transforming growth factor 
beta (TGFβ)16,17,22. hCMPC-derived cardiomyocytes have sarcomeres, show gap-
junctional communication, have action potentials of maturing cardiomyocytes and 
spontaneously beat in culture. hCMPCs can also be differentiated towards endothelial 
and smooth muscle cells when grown in angiogenic medium in vitro16,17,22, meeting all 
criteria for a potential cell source for cell-based therapy. Interestingly, when transplanted 
into the infarcted mouse heart, fetal hCMPCs spontaneously differentiate into 
cardiomyocytes and vascular cells, which partially prevents deterioration of cardiac 
function24. However, the number of surviving cells was too low to explain the improved 
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cardiac function. Interestingly we also observed a significant increase in the number of 
mouse vessels in the borderzone of the infarct region, which was likely caused by the 
secretion of protective and activating factors by the injected hCMPCs24. 

EPDCs

Another source of cardiac resident progenitor cells, which could be used for autologous 
cell transplantation, although with a more restricted differentiation potential, is derived 
from the epicardial layer of the heart. During embryonic cardiogenesis, the outermost 
layer of the heart (the epicardium), grows from the proepicardial organ to cover the 
primitive heart tube (figure 2; reviewed in Wessels et al.25). Part of the cells forming 
the epicardial layer undergo a process called epithelial to mesenchymal transition 
(EMT), after which they migrate and invade the myocardium26. This population of 
cells, defined as epicardial-derived cells (EPDCs), will give rise to interstitial and 
perivascular fibroblasts, as well as to smooth muscle cells27. Furthermore, EPDCs 
contribute to the generation of the coronary vascular system, giving rise to adventitial 
fibroblasts and the previously mentioned smooth muscle cells28. Adult EPDCs can 
still undergo EMT and differentiate in smooth muscle cells in vitro29,30, which 
recapitulates the embryonic capacities. Therefore EPDCs may serve as a cell source 
for cell-based therapy, with the ability to stabilize the ventricular wall. Interestingly, 
when injected into an ischemic mouse heart, adult human EPDCs have been shown 
to attenuate ventricular remodeling, thereby improving cardiac performance at 6 
weeks after injury31. 

EP

PEO

AHF

EC

PHF

Chapter 1 Figure 2

Figure 2. Origin of EPDCs. The proepicardial organ (PEO) develops as mesenchymal contribution of the 
posterior heart field (PHF) and contributes to heart development by covering the myocardium of the heart 
tube with the epicardium (EP). Part of the cells forming the epicardial layer undergo mesenchymal transition 
(EMT), after which they migrate and invade the myocardium and are defined as epicardial-derived cells 
(EPDCs). AHF, anterior heart field; EC, endocardial cushions. Adapted from Gittenberger-de Groot34.
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At this time point, however, only few engrafted EPDCs can still be detected in the host 
tissue; these cells do not express cardiomyogenic or endothelial markers and most 
of them exhibit a smooth muscle phenotype as was shown by α-smooth muscle actin 
staining31. Thus the beneficial effects of injection of EPDCs rely most likely on an 
indirect paracrine protection of the surviving tissue. 

Gittenberger-de Groot et al. showed re-expression of Wilms’ tumor-1 (WT1), a marker 
for epicardial cells,  4 days after MI in the endogenous epicardium and the interstitial 
fibroblasts, an indication of activation and dedifferentiation of epicardial cells, which 
was enhanced if additionally exogenous EPDCs were injected32. These experiments 
showed that re-activation of the embryonic program took place, which was enhanced 
when exogenous EPDCs were transplanted and showed that surface epicardial cells 
had migrated into the borderzone myocardium. In conclusion, the epicardium and 
EPDCs based on their broad embryonic potential are a valuable cell source for MI 
treatment strategies as well as to discover cardiac disease related mechanisms. The 
potential of EPDCs is studied and described in this thesis.

Scope of this thesis

The aim of the research described in this thesis was to study and improve hCMPCs 
and EPDC function, which is important for cell-based therapy to repair the injured heart. 
In chapter two an overview is provided of the different progenitor populations that have 
been used to date for cardiac repair. The isolation of hCMPCs has been described 
previously and these cells are potential candidates for cardiac repair16,17,24. Some issues 
have to be addressed before hCMPCs can be used clinically. The first one is to overcome 
the problem of using an α-mouse-Sca-1 antibody for the isolation of hCMPCs which 
prevents the clinical application of these cells. In chapter three we explored the 
possibilities to replace the α-mouse-Sca-1 antibody by an α-human-CD166 antibody. 
Another option to replace the α-mouse-Sca-1 antibody for isolation of hCMPCs is CD105, 
which is investigated in chapter four. When stem cells are transplanted in the ischemic 
heart they will be injected in a hypoxic environment and from previous experiment we 
know that only 2-5% of the hCMPCs survive after transplantation. In chapter five we 
explored the effects hypoxia has on hCMPC behavior, and in chapter six we investigated 
whether we can improve hCMPC survival by overexpression of survivin, a survival 
gene.  
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Another progenitor cell population present in the heart is the EPDCs. In chapter seven 
we investigate which growth factors are involved in the process of EMT. This process is 
important for heart development and of great importance for the function of the 
epicardium. Importantly EMT is reactivated during myocardial regeneration. In chapter 
eight we studied the interaction between hCMPCs and EPDCs in vitro and in vivo. 

Finally in chapter nine the studies described in this thesis are summarized and 
discussed, together with their future implications.
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Abstract

Myocardial infarction is the major cause of death in Western countries due to impaired 
function of the heart, which is the result of cardiomyocyte death and fibrotic scar 
formation. The endogenous regenerative capacity of the heart is unable to replenish 
this significant loss of tissue and conventional medical management cannot correct the 
underlying defects in cardiac muscle cell number. recently, tremendous effort is being 
put into the development of cell transplantation protocol for heart repair, which has 
been put forward as an alternative therapy to reduce cell damage, cardiomyocyte death 
and improve tissue contraction. Unfortunately the ideal stem cell population for heart 
repair has not been identified to date, but several characteristics are defined which the 
ideal population should have namely, reduce cell damage, reduce cardiomyocyte death, 
induce differentiation into cardiomyocytes and endothelial cells, and improve tissue 
contraction. It is unclear whether there is will ever be possible in one optimal population. 
Therefore the research focus is shifting towards improving the characteristics of the 
stem cell population that are identified to date. In this review, we will give an overview 
of the different stem/progenitor cell populations and their application in cardiac repair 
and discuss current knowledge on issues like differentiation capacity, paracrine secretion 
profile, genetic modification of progenitor cells and their influence on cardiac 
remodeling.
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Introduction

Despite major improvements in therapy, heart disease remains to be the leading cause 
of death in the Western world1, mainly due to impaired heart function that in time 
develops after a myocardial infarction (MI).  MI leads to a reduction of contractile force 
due to the rapid loss of cardiomyocytes. A fibrotic scar will replace the dead tissue to 
prevent the heart from rupture which leads to remodeling of the ventricular wall2.  
Current treatment of MI is first focused on restoration of the flow to inhibit further tissue 
loss, followed by chronic medication to minimize pathologic remodeling of the heart. 
This conventional medical management will not restore damaged tissue and the loss 
of contractile cardiac muscle, while the endogenous regenerative capacity of the heart 
is too limited to do so. Until some years ago heart transplantation was the only available 
therapy to prevent heart failure and death. Therefore, tremendous effort is being put 
into the development of novel treatment modalities to address this life-treating disease. 
One of the most promising new approaches, but at the same time highly debated, is 
cell-based therapy. The ultimate goal would be to regenerate the cardiac tissue by 
forming new cardiomyocytes, endothelial cells and smooth muscle cells. Since 
cardiomyocytes are notoriously difficult to isolate and culture, attention has turned to 
stem and progenitor cells, from different sources, like muscle-, bone marrow-, blood-, 
adipose tissue- and heart-derived stem and progenitor cells as a potential population 
to repair the injured heart3. 

Ever since the observation that bone marrow cells were able to repair the MI scar4, 
the field has been propelled forward. Even though these results have been disputed 
and could not be repeated by others, several clinical trials using adult progenitor cells 
for cell replacement therapy post-MI have been performed. Although the volume of 
(bone marrow) cells harvested, the cell isolation procedures, and the number of cells 
infused varied considerably among trials, the reported improvements were nearly 
identical5. An average of 3.6-5.4% improvement in global left ventricle (LV) ejection 
fraction was found, accompanied by a significantly reduced end-systolic LV volumes, 
and prolonged improved perfusion in the infarcted area for at least 6 months after 
cell transplantation5. Surprisingly, none of the studies showed an association between 
cell numbers infused and extend of functional improvement over the tested range. 
Furthermore, only low numbers of cells survived in the infarcted area6, which suggests 
that cell transplantation into the damaged heart may not only lead to the formation 
of new donor-derived cardiac tissue, but may as well significantly influence the host 
tissue by enhancing local perfusion, preventing apoptosis and/or inducing proliferation 
of host cells. 
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Since the differentiation of stem cells into cardiac tissue and their paracrine effects on 
their surrounding are both important for successful cardiac therapy, we will focus on 
both aspects in this review.

Stem cell sources

The optimal cell population for heart repair has not yet been identified but several criteria 
which they have to fulfill are being clarified (figure 1). The optimal cell source for 
myocardial cell replacement therapy should be available in large numbers, either via 
endogenous activation of the cell cycle or via exogenous culture to obtain sufficient 
numbers. For transplantation purposes, the cells should preferably be autologous, so 
that tissue rejection is prevented. Furthermore, the cells should be able to cope with a 
hostile hypoxic environment, integrate into the ventricular wall and generate all cell 
types needed for cardiac repair: cardiomyocytes, endothelial cells and smooth muscle 
cells7. Stem cell derived cardiomyocytes need to contract and electromechanically 
couple with the host tissue to prevent arrythmogenicity, while new vascular sprouts have 
to connect to the host vasculature to ensure nutrient and oxygen supply for the newly 
formed tissue (figure 1). 

Figure 1. Criteria for the most optimal cell population for cell-based cardiac repair.
The optimal stem cell population for transplantation after myocardial infarction should be able to prevent cell 
death of the surrounding tissue, increase survival, induce differentiation, neoangiogenesis, and prevent 
remodeling and dilatation of the heart either via differentiation of the cells themselves or via a paracrine 
manner.
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Figure 1 Criteria for the most optimal cell population for cell-based cardiac 

repair. The optimal stem cell population for transplantation after myocardial 

infarction should be able to prevent cell death of the surrounding tissue, increase 

survival, induce differentiation, neoangiogenesis, and prevent remodeling and 

dilatation of the heart either via differentiation of the cells themselves or via a 

paracrine manner. 

Chapter 2



23

Stem cells to repair the injured heart

CHAPTEr

2

Several tissue-derived stem/progenitor cells have been studied for their potential to 
repair the heart, which are described hereafter.

Skeletal myoblasts
The first cell population studied as a surrogate source for donor-cell derived 
cardiomyocytes replacement was the myoblast, the myogenic precursor for skeletal 
muscle. Myoblasts are still able to proliferate, and when co-cultured with rat neonatal 
cardiomyocytes acquire cardiac characteristics8,9. When injected into a rabbit 
cryoinfarcted heart model, skeletal myoblasts modestly improved cardiac function10. 
Clinical trials using skeletal myoblast were very promising, but the enthusiasm was 
dampened since in some cases the treated patients experienced arrhythmias. This may 
relate to the lack of correct electrical coupling of skeletal myoblasts to the neighboring 
cardiomyocytes and maintained skeletal cell phenotype11,12. Therefore clinical trials 
injecting skeletal myoblasts all implant automatic cardiac defibrillators (ACD) to prevent 
arrthythmias11.

Bone marrow derived mononuclear cells
The first promising results of cell based therapy were obtained by transplanting bone 
marrow (BM) derived mononuclear cells (MNCs). To date, isolated cells from a BM 
aspirate is the most frequently used source of cells in a clinical setting for cardiac repair, 
which is likely due to its accessibility, the large number of cells that can be obtained, 
and the experience hospitals have to produce clinical grade cell preparations for BM 
transplantations to treat leukemia patients. The BM contains a complex assortment of 
cells, including stem and progenitor cells, with high proliferative capacity and the ability 
to differentiate into cells of the hematopoeitic and mesenchymal lineages13. The stem 
and progenitor cells residing in the BM are mesenchymal stem cells (MSCs), 
hematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs), and side population 
(SP) cells. 
The major population of BM derived stem cells is the HSC, which function is to generate 
all cells of the blood lineage13. HSC can be identified within the BM by the expressing 
of the receptor c-Kit on their cell surface. Interestingly, Orlic et al. showed that when 
they injected a c-Kit+ /Lin- subpopulation of primitive BM cells into the border zone of 
the MI, they engraft, (trans-) differentiate into the three major cardiac cell lineages  
(cardiomyocytes, smooth muscle cells and vascular endothelial cells), improve cardiac 
function and regenerate up to 68% of the infarcted area4. This report was however 
strongly challenged by subsequent studies, which could not reproduce the same 
cardiomyogenic regenerative potential of the HSC population14-16 which keeps the field 
open for debate on the efficacy of bone marrow cell based therapy.
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Besides HSCs, the bone marrow also harbors the closely related EPCs. HSCs and EPCs 
are both derived from the hemangioblast, and share several surface antigens, like 
CD133 and CD34, used for their identification in peripheral blood3. EPCs have first been 
identified by their capacity to adhere to fibronectin coated dishes and their ability to 
grow when cultured in endothelial cell medium. These EPCs were further defined by 
their ability to form new blood vessels and enhance neovascularization after ischemia 
(for a review, see17,18). Since two types of EPCs (early and late outgrowth) can be 
identified in vitro, and both cell populations have the capacity to promote 
neovascularization and differentiate into an endothelial-like cell, the definition of an EPC 
has been challenged19. EPC are not able to differentiate into cardiomyocytes, and 
therefore not the ideal cell population to repair the injured heart. 

The bone marrow stroma, that provides structure and support to the hematopoeitic 
cells,  harbors a MSC population. Although initially believed to have a solely stromal 
and structural function within the BM, MSCs were shown to be self-renewing, multipotent 
cells that possess the capacity to generate different cell types, like cartilage, bone and 
fat20. The initial interest to use this cell population for cell-based cardiac repair came 
from the observation that MSCs differentiated in vitro into cardiomyocytes when treated 
with the DNA demethylating agent 5-azacytidine21, or in some extent by co-culturing 
MSCs with rat neonatal cardiomyocytes22. Systemic injection of MSCs in a mouse acute 
MI model or intracardial injection of MSCs in a rat heart post MI both improved cardiac 
function and reduced ventricular fibrosis23,24.  In a clinical trial performed by van 
ramshorst and coworkers MSC injection improved myocardial perfusion in patients 
suffering from chronic myocardial ischemia25. MSCs appear therefore a promising 
source of autologous cells, which can be relatively easily isolated and expanded. 
Unfortunately there are some drawbacks, MSCs were not found back several months 
after transplantation and their cardiac differentiation potential in vivo is very limited6. 
Therefore, the observed positive results are most likely via a paracrine mechanism, and 
a better understanding of these effects may prove usefulness for new therapies. 

Fat tissue derived-cells
Adipose tissue consists of mature adipocytes and a stromal vascular compartment 
containing endothelial cells, smooth muscle cells, blood cells, and fibroblast-like cells 
and adipose-derived stromal/stem cells (ASCs)26,27. ASCs can be enriched by their 
capacity to adhere and grow on a plastic surface. In vitro, they can differentiate along 
multiple mesenchymal lineages, including endothelial cells, and in very low numbers 
into cardiomyocyte-like cells28. ASCs can, when injected, engraft into injured mouse 
myocardium and prevent deterioration of the LV ejection fraction, LV wall thickening 
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and increase capillary density in the infarct border zone28. ASCs stimulate blood vessel 
formation by differentiating into endothelial cells and promoting endogenous angiogenesis 
by secreting angiogenic factors29,30. Whether ASCs form cardiomyocytes in vivo is still 
under debate, but if so, it will only be very limited. While Sterm et al. just reported 
cardiomyogenic differentiation in transplanted ASCs, Wang et al. showed that only 0.5% 
of the ASCs recovered from the ASC-treated hearts expressed sarcomeric proteins31. 
Since ASCs can be easily isolated in a clinically relevant dose using a small amount of 
subcutaneous adipose tissue, without the necessity of ex vivo expansion32, the first 
clinical studies have been initiated:  Serruys and colleagues started the APOLLO trail 
(3D adipose-derived stem-cell transplantation in the treatment of patients with an acute 
ST-elevation myocardial infarction) and their results will reveal more about the use of 
ASCs in clinical trials.

Cardiac derived cells
The heart was for a long time considered a terminally differentiated organ: it was 
believed that an increase in cardiac mass after injury was solely attributable to 
hypertrophy of remaining viable cardiomyocytes and that cardiomyocytes could not 
self-renew. recently, Bergmann and co-workers showed by measuring 14C levels in 
single cells that new cardiomyocytes are indeed formed during adulthood, although 
the annual turnover rates are very low. The source of the newly formed cardiomyocytes 
remains unclear33. The discovery of stem/progenitor cells residing in the adult heart, 
able to divide and form new cardiac tissue, opened the possibility for autologous heart 
cell repair34-36. 

To date, several populations of putative progenitor cells in the mouse35,37, dog38, pig39 
and human36,37,39-42 hearts have been described. Cardiac progenitor cells reside in 
specific niches, which likely aid to maintain their pluripotent or multipotent 
capabilities43,44. Cardiac progenitor cells have several characteristics of ‘stemness’, 
for example, their self-renewal potential is associated with telomerase reverse 
transcriptase (TErT). They are however predisposed to differentiate into the cardiac 
lineages, since several transcription factors specific for the cardiac lineage are already 
expressed, like Nkx2.5. 
To date, several cardiac stem or progenitor cell populations have been isolated from 
rodent and human hearts, including cells characterized by the expression of c-Kit+35, 
or surface marker stem cell antigen-1 (Sca-1) positive34, cardiac SP cells45 and cells 
expressing the transcription factor Islet-146. In the mouse heart, a small number of cells 
express the surface marker Sca-1. Sca-1 was initially believed to be expressed only on 
HSCs in the bone marrow, and the presence of this marker in the heart was surprising. 
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Interestingly, this population contains telomerase activity comparable to newborn hearts, 
indicating ‘stemness’34. Sca-1+ cells can be isolated using magnetic cell sorting and 
differentiated into cardiomyocytes with the use of 5-azacytidine34. Similar results were 
obtained in our laboratory where human cardiac progenitor cells (hCMPCs) were 
successfully isolated from fetal and adult heart biopsies, either by single cell cloning or 
by purification based on cross-reaction with the anti Sca-1 antibody41. hCMPCs can be 
maintained in an undifferentiated state for many passages, reflecting their self-renewal 
capacity. hCMPCs show expression of stem cell markers such as Isl-1, c-Kit, and in an 
undifferentiated, proliferative state express early cardiac transcription factors, for 
example GATA4, Nkx2.5 and MEF2C, while none of the mature cardiomyocyte or 
hematopoietic markers are expressed. hCMPCs differentiate into cardiomyocytes without 
the necessity of co-culture with neonatal cardiomyocytes, using a protocol where the 
cells are sequentially stimulated with 5-azacytidine and transforming growth factor beta 
(TGFβ)47. hCMPC-derived cardiomyocytes show expression of sarcomeric proteins, 
gap-junctional communication, action potentials of maturing cardiomyocytes and 
spontaneously beat in culture. CMPCs could also be differentiated towards endothelial 
and smooth muscle cells phenotypes, when grown in angiogenic medium in vitro42,41, 
meeting all criteria for a potential cell source for cell-based therapy. Interestingly, when 
transplanted into the infarcted mouse heart fetal hCMPCs spontaneously differentiated 
into cardiac tissue consisting of human cardiomyocytes and blood vessels48. In cell 
transplanted hearts, the progression of the infarct was prevented which could not be 
completely attributed to the newly formed cardiac tissue. Likely, a paracrine component 
played an important role.

Beltrami et al. were the first to isolate c-Kit+ cardiac stem cells from rat hearts, by 
magnetic cell sorting35. These cardiac stem cells did not express any markers for 
myocyte, endothelial and smooth muscle cells, but do express early cardiac 
transcription factors like GATA4, Nkx2.5 and MEF2C. When cultured in appropriate 
differentiation medium, these c-Kit+ cells differentiated into either myocytes, smooth 
muscle or endothelial cells. The in vitro differentiated myocytes did not form organized 
sarcomeric structures, and contrast to the Sca-1+ cells, c-Kit+ cardiac stem cells were 
not able to contract spontaneously in vitro. When c-Kit+ cells were injected into the 
infarcted myocardium, more animals survived in the experimental group. The injected 
cells multiplied and gave rise to new cardiac tissue, including c-Kit derived 
cardiomyocytes35,40. Dawn et al. showed improved heart function by injection of c-Kit+ 
cells after reperfusion in rat49 and Bolli’s and co-workers showed a marked improvement 
in porcine model of myocardial infarction50. recently, the isolation and expansion of 
human c-Kit-positive cardiac stem cells (CSCs) was described40. In vitro and in vivo 
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human CSCs differentiate predominantly into cardiomyocytes and to a lesser extent 
into vascular cells40.
Hierhly et al. originally described a population of cells in the mouse heart, that 
represented a distinct population on a flow cytometry plot when Hoechst was measured 
by UV light. These cells represented 1% of the total cell number and were called Side 
population (SP) cells. SP cells express ATP binding cassette transporters (Abcg2), that 
allow the exclusion of the dye Hoechst 3334251, a characteristic also found in other 
stem cell populations i.e. HSCs52,53. The same hoeschst efflux was also observed in  
Sca-1+ progenitor cells identified by Oh and coworkers34. Cardiac SP cells express 
several stem cell markers in different quantities (Sca1+, c-Kit+) and they are CD31−, 
CD34+ and CD45−54. After co-culturing with cardiac cells, cardiac SP cells are able to 
express α-actin indicating cardiomyocyte differentiation. They also express several 
transcriptional regulators involved in cell-cycling (e.g. Notch and TGFβ), suggesting a 
self-renewal capacity as seen in embryonic stem cells. It has been suggested that these 
SP cells function as a progenitor cell population for the development, maintenance and 
repair of the heart51. This was confirmed by Oyama and coworkers, who showed that 
cardiac SP cells differentiated into cardiomyocytes, endothelial cells or smooth muscle 
cells after transplantation in a cryoinjured heart rat model55.

In the hearts of newborn rodents and humans, another population of CSCs was defined 
by the expression of the transcription factor Isl-146. Isl-1 deficiency alters the development 
of the mouse heart, affecting the atria, right ventricle, and outflow tract56,57, and Isl-1-
positive cells may have implications for myocyte replacement in the newborn46,44. As 
Sca-1+ and c-Kit+ CSCs, Isl-1+ CSCs already express the early cardiogenic transcription 
Nkx2.5 and GATA4. Furthermore, they can differentiate in vitro and adopt a cardiomyocyte 
phenotype when co-cultured with neonatal myocytes. Isl-1+ cells are very scarce in 
neonatal tissue, and since in adult tissue Isl-1+ cells have not been detected, makes 
the clinical application of these cells rather unlikely54.
Another method to obtain proliferating cardiac stem cells in vitro, is by placing small 
pieces of murine or human heart tissue in culture. Outgrowing cells are able to form 
cardiospheres (CS) which consist of a heterogeneous population with cells expressing 
Sca-1, c-Kit, CD31, CD34 or KDr/Flk1 or a combination of these genes37. CSs consist 
of proliferating c-Kit positive/BrdU positive cells in the core of the aggregate and 
differentiating cells in the outer layers, the latter expressing cardiac and endothelial 
cell markers. Mouse CSs showed spontaneous beating and maintained doing so 
during their culture period. In contrast to hCMPCs, human CSs did not beat 
spontaneously, but when cocultured with postnatal rat cardiomyocytes, they did beat 
within 24 hours37. 
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The regenerative potential of CS forming cells was recently assessed by Smith et al. 
When cardiosphere-derived cells (CDCs) were injected into the border zone of the infarct 
area in a mouse MI model, CDCs showed engraftment and a certain degree of 
differentiation towards the cardiac and endothelial lineage. Improvement of cardiac 
function was observed in the CDC treated group compared to a fibroblast injected group 
3 weeks after infarction39.

Another source of autologous cardiac resident progenitor cells, although with a more 
restricted differentiation potential, is derived from the epicardial layer of the heart.
During embryonic cardiogenesis, the outermost layer of the heart (epicardium), grows 
from the proepicardial organ to cover the primitive heart tube. Part of the cells forming 
the epicardial layer undergo a process called epithelial to mesenchymal transition 
(EMT), after which they migrate and invade the myocardium58. This population of cells, 
defined as epicardial-derived cells (EPDCs) will give rise to interstitial and perivascular 
fibroblasts, as well as to smooth muscle cells. Furthermore, EPDCs contribute to the 
generation of the coronary vascular system, giving rise to smooth muscle cells and to 
adventitial fibroblasts. Interestingly, adult human EPDCs have been shown to attenuate 
ventricular remodeling, thereby improving cardiac performance, when transplanted in 
an ischemic myocardium59. Adult hEPDCs can still undergo EMT and differentiate in 
smooth muscle cells in vitro60,61, and recapitulate in the adult organs their embryonic 
capacities; they may serve as a source of adult cells that will stabilize the ventricular 
wall and stimulate infarct healing. They will however not form new cardiomyocytes and 
are therefore not the most optimal cell population.

Paracrine factors

Upon injection of cells into the diseased myocardium, cardiac regeneration can 
potentially be achieved via multiple mechanisms. Although actual differentiation of 
progenitor cells and their active contribution to cardiac function is the main goal, the 
engraftment of progenitor cells and the number of newly generated cardiomyocytes 
and vascular cells are in many cases too low to explain the improved cardiac function 
and morphology62. In addition to differentiation and active participation, it is hypothesized 
that transplanted progenitor cells release of soluble factors contribute to cardiac repair 
by inducing cytoprotection, neovascularization, and regeneration via endogenous 
resident cardiac stem cells. The paracrine effects progenitor cells have on cardiac repair 
is depended on the factors that they secrete. Different stem cell populations have a 
different paracrine secretory profile which may have varying effects on cardiac repair 
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(table 1). In general stem cells isolated from the different sources secrete the same 
paracrine factors, e.g. vascular endothelial growth factor A (VEGF-A), hepatocyte growth 
factor (HGF), Insulin-like growth factor-1 (IGF-I), stromal derived factor-1 (SDF-1), and 
platelet-derived growth factor B (PDGF-B), only the amount and timing may differ. Every 
growth factor can steer a specific process in the heart: VEGF is involved in angiogenesis, 
stem cell mobilization, and cardiomyocyte proliferation; HGF in regeneration of various 
tissues, including myocardium; IGF-I is able to prevent apoptosis and enhance cell 
proliferation by activating multiple signal transduction pathways31, SDF-1 is involved is 
homing of endogenous stem cells63 and PDGF-B is important for the stabilization of 
newly formed vessels64.

Skeletal myoblasts
When transplanted in the left ventricle, skeletal myoblasts (SM) were found to release 
several angiogenic cytokines including VEGF, angiogenin, angiopoietin, HGF, IGF-1, 
PDGF-B and placental growth factor (PlGF) but also the expression of the anti-apoptotic 
gene Bcl-2 was upregulated, promoting cell survival65. SM injection decreased fibrosis 
in the injured region, as well as in the borderzone. The increased phosphorylation of 
ErK and JNK observed three days after SM injection might explain their positive effect, 
since JNK is a negative regulator of pathological cardiomyocyte hypertrophy, ErK is 
important for cardiomyocyte survival after66. 

Bone marrow derived mononuclear cells
It is generally accepted that BM-derived cells mainly improve contractile function via a 
paracrine route, rather then differentiate into new cardiomyocytes. In particular MSCs 

Table 1. Secretion of paracrine factors by different stem cell populations

cell source growthfactor reference

skeletal myoblast VEGF, HGF, IGF-1, PlGF, PDGF-B, angiogenin, 
angiopoietin, 

Perez-Ilzarbe et al.; Shintani et al.

BM-MSCs VEGF, HGF, IGF-1, bFGF Kinnaird et al.; Gnecchi et al.

BM-MNCs VEGF, IGF-1, bFGF, PDGF-B, Ang-1, IL-1β Takahashi et al.; Kamihata et al.

EPCs VEGF, HGF, IGF-1, bFGF, PIGF, PDGF-β, 
SDF-1, Ang-1,  Ang-2 

Urbich et al.; Cho et al.

ASCs VEGF, HGF, bFGF, PDGF-B, TGFβ rubina et al.; Miranville et al.

DFAT VEGF-A, PlGF, PDGF-B, SDF-1, TGFβ Jumabay et al.

CMPCs VEGFA, PlGF, PDGF-B and HB-EGF Winter et al.; Smits et al.

EPDCs VEGFA, PlGF, PDGF-B and HB-EGF Winter et al.
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produce and secrete a broad variety of growth factors, cytokines and chemokines. This 
production is increased by hypoxic stress, which in an MI setting would protect the 
injured myocardium from further damage and induces neovascularization67. Strong 
support of a paracrine mechanism for cardiac repair comes from experimental studies 
where MSC treated left ventricles had elevated levels of VEGF, basic fibroblast growth 
factor (bFGF), HGF and IGF-162. Furthermore, when conditioned medium of MSCs is 
administered post-MI it can at least partly recapitulate the beneficial effects observed 
after stem cell therapy62,68. 

Shintani and coworkers also investigated bone marrow mononuclear cells (MNCs) and 
showed that MNC injection markedly improved neovascularization in the border areas 
surrounding infarcts. They were able to show that phosphorylation of p38 and STAT3 
were significantly increased at 3 days after MNC injection. p38 has been reported as 
a negative regulator for NFAT transcription factor while STAT3 in cardiomyocytes is 
reported to be essential for angiogenesis in the heart. This study implies that activation  
the pathway that is involved in paracrine effects on the infarcted heart may be cell type 
related since MNCs and skeletal myoblasts show activation of different protein under 
the same conditions66.

MNCs also produce and secrete cytoprotective factors, including VEGF, PDGF, IL-1β 
and IGF-1, some of which are significantly upregulated by hypoxia69. Injection of MNCs 
into the border zone of a swine heart made ischemic by coronary artery ligation resulted 
in a significant increase of regional blood flow and capillary density after 3 weeks70. 
Injected MNCs expressed bFGF, VEGF, and angiopoietin-1 and the cardiac levels of 
these angiogenic ligands were significantly increased 3 weeks after stem cell injection. 
The proangiogenic paracrine properties were confirmed by injecting only MNCs 
conditioned medium into the ventricular wall immediately post infarction resulted in 
increased capillary density, decreased infarct size and improved cardiac function69.
EPCs, predominantly enhance angiogenesis, by releasing cytokines and chemokines 
to increase neovascularization3. In particular  VEGF and SDF-1 released in the medium 
by EPCs seem to promote the in vitro migration of mature ECs71. Cho et al., demonstrated 
that the intramyocardial injection of human EPCs into mice in the first week led to the 
upregulation of human bFGF, IGF-1, HGF, and Ang-1, besides VEGF and SDF-1. 
Furthermore these cells induced sustained upregulation of host endogenous factors, 
such as VEGF-A, bFGF, Ang-1, Ang-2, PIGF, HGF, IGF-1, PDGF-B, and SDF-1, strongly 
suggesting that these endogenous factors may be responsible for the EPC-induced 
cardiac protection72.
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Fat tissue derived-cells 
ASCs produce many angiogenic and anti-apoptotic growth factors i.e. VEGF, HGF, its 
receptor c-met, bFGF, PDGF-B, and TGFβ. These cells also respond to hypoxic 
conditions by upregulation of these growth factors. rubina et al. showed in vitro that 
the increased expression of angiogenic growth factor mrNA coincided with a significant 
decline of anti-angiogenic factors, including thrombospondin-1 and endostatin30.
The in vivo paracrine capacity of ASCs was shown by local and systemic injection of 
these cells into a mouse model of hind limb ischemia. ASCs stimulated angiogenesis 
and recovery of muscle tissue73. Interestingly, although ASC conditioned medium 
induced an angiogenic response in vitro30, little is known about the paracrine capacities 
of other adipose tissue-derived stem cells. Preliminary data of a cytokine array analysis 
revealed that DFAT cells express several proangiogenic factors such as VEGF-A, PlGF, 
SDF-1, TGFβ, and PDGF-B and can induce neovascularization, but the role of the 
secreted factors remains to be elucidated74.

Cardiac derived cells
Although cardiac derived stem or progenitor cells are studied as cell populations that 
may truly regenerate damaged cardiac tissue, it has become clear that this may not be 
the only beneficial effect. In our study injecting human CMPCs into the infarcted mouse 
heart, we found a significant increase in the number of mouse vessels in the borderzone 
of the infarct region. This effect was not observed when CMPC-derived cardiomyocytes 
were injected. The same result was observed by Winter et al. were an increase in cardiac 
function was observed, but the injected EPDCs did not form new cardiomyocytes. This 
again coincided with an increase in mouse vessels48,75.
Trying to unravel the effect the different paracrine acting secreted growth factors have 
on heart function,  HGF and IGF-1 were injected intramyocardially after induced MI in 
a canine model and found to stimulate resident CSCs. This intervention led to the 
formation of new myocytes and restored coronary vessels within the infarct, and thus 
to improvement of cardiac function38. 

We recently studied the paracrine capacities of CMPCs and EPDCs, since transplantation 
of CMPCs and/or EPDCs increased vessel density and prevented deterioration of heart 
function in a mouse acute myocardial infarction model. Using in vitro experiments we 
showed that both CMPCs and EPDCs secrete VEGFA, PlGF, PDGF-B and HB-EGF. 
Interestingly, we observed that EPDCs secrete far more growth factors compared to 
CMPCs and when co-cultured together they act synergistically to increase the secretion 
of paracrine factors48,75.  
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So far, the secretion of paracrine factors has been primarily investigated in BM cells 
and analysis of their secretome tends to confirm that the pathways that these factors 
activate involve increased angiogenesis, limitation of apoptosis, modulation of 
extracellular matrix composition and possibly, recruitment of endogenous cardiac stem 
cells67,76-78. In contrast, the putative paracrine effects of skeletal myoblasts have been 
less well defined79 and the general consensus is that SM do not differentiate into 
cardiomyocytes80. Therefore, the secretion of paracrine factors could explain the 
experimentally demonstrated improvement of function in myoblast-grafted failing hearts 
independently of true cardiac regeneration43,79,81-85. 
Whether paracrine mechanisms themselves are sufficient or whether their combination 
with stem cell transplantation or other factors are necessary for satisfactory results 
remains an open question. The first studies using conditioned medium show that a 
least part of the improvement is due to excreted factors, and identification of involved 
factors; pathways and their synergistically action, may improve the overall results since 
in general less improvement compared to cell transplantation. Eventually identification 
of paracrine factors released by stem cells into damaged tissue could lead to the 
possibility to replace stem cell-based therapy by simple protein-based therapy in which 
a “mixture” of specific proteins, with proper concentrations and timing, could be 
administered to patients. 

Genetically modifying stem cells

Although the use of autologous cells for cell-based therapy has become the golden 
standard, we have to realize that certain patients’ cells may be unsatisfactory in their 
native and unmanipulated state to function as a surrogate for growth factor and cytokine 
stimulation or precursor for the generation of new cardiac muscle. These deficiencies 
may limit the therapeutic application of individualized treatment strategy using the 
patient’s own isolated cells. regardless of cell type, many studies have shown that the 
majority of cells successfully delivered to the heart die within the first weeks14,86,87. 
Combining gene- with adult cell-based therapy might improve efficiency, since genetic 
modification can enhance cell viability, proliferative capacity, differentiation and function 
of stem cells. Furthermore, the cells may become a vehicle for gene therapy whose 
secreted gene products can exert paracrine or endocrine actions that may result in 
further therapeutic benefits (table 2).
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Genetic modification to improve cell survival
One of the first studies to describe genetic modification to improve cell survival post-MI 
was performed by Mangi et al.88. When MSCs transduced with the anti-apoptotic gene 
Akt were injected into the infarcted mouse myocardium, they observed that the Akt-
overexpressing MSCs survived better, the infarcted area was largely repaired, and the 
cardiac function was preserved88,89. Interestingly, Akt-MSCs also had a cardioprotective 
effect on both mouse and porcine hearts, via a paracrine pathway. Comparing the Akt-
MSCs secretoom to MSCs showed elevated levels of e.g. bFGF, HGF, IGF-1, VEGF, TB4 
and Sfrp2, which was further increased after exposure to hypoxia, explaining the 
observed reduced inflammation and apoptosis and enhanced neoangiogensis62. A 
similar effect was observed when Bcl-2 engineered MSCs were injected in a rat heart 
post-MI, leading to increased cell survival, higher expression levels of VEGF, increased 
capillary density and smaller infarct size90. 
The cardioprotective properties of VEGF was further established when VEGF 
overexpressing MSC, transplanted in the ischemic left ventricle, decreased infarct size, 
increased capillary density and improved functional recovery91. Injection of HSC 
overexpressing VEGF and PDGFB improved cardiac function and exercise capacity of 
rats on a treadmill. This increase in exercise capacity correlated with a significantly 
increased neovascularization in ischemic tissue and a markedly reduced infarct area. 
The improvement of cardiac function closely related with increased cardiac expression 
of connexin 43, a gap junctional protein, and angiogenesis related proteins like VEGF, 
pNOS3, NOS2 and GSK3. 

Table 2: Modifying transplantation important characteristics of stem cell by overexpression of genes

overexpression 
gene

cell source function reference

Akt MSC pro-survival, pro-angiogenic Gnecchi et al.; Mangi et al.; 
Gnecchi et al.

Bcl-2 MSC pro-survival, pro-angiogenic Li et al.

VEGF MSC pro-survival, pro-angiogenic Matsumoto et al.

bFGF MSC pro-survival, pro-angiogenic Song et al.

HGF MSC, ADSC, 
EPC

pro-survival, pro-angiogenic, 
homing

Zhu et al.; Duan et al.; Song et al.

IGF-1 MSC pro-survival, pro-angiogenic, 
homing, differentiation

Haider et al.

VEGF & PDGF HSC pro-survival, pro-angiogenic Das et al.

Cx43 SK, MSC pro-survival Tolmachov et al.; Wang et al.

myocardin MSC pro-angiogenic, differentiation Grauss et al.
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In addition, VEGF/PDGFB-HSCs induced reduction in myocardial fibrosis, at least 
partly due to decreased MMP9 production92.
Transplantation of MSCs transduced with the anti-apoptotic and angiogenic peptide 
adrenomedullin (AM) improved cardiac function and markedly increased the number 
of capillaries in the rat myocardium. AM-MSCs not only had a paracrine effect but 
formed vWF-positive vascular structures after transplantation and a small fraction of 
the transplanted MSCs differentiated into cardiomyocytes93. Also bFGF overexpressing 
MSCs were reported to increase viability, as determined by increased expression of the 
anti-apoptotic gene, Bcl-2, and reduced DNA laddering. In addition, bFGF-MSCs, 
showed increased expression of cardiac-specific markers and improved 
neovascularization94. Overexpression of IGF-1 in MSCs resulted, besides better survival 
under low-oxygen conditions, in increased secretion of SDF-1α, activation of 
phosphoinositide 3-kinase, Akt, and Bcl.xL and inhibition of glycogen synthase kinase 
3β after transplantation in rat hearts. The increased SDF-1α levels in animal hearts 
induced massive mobilization and homing of c-Kit+, MDr1+, CD31+, and CD34+ cells 
from the circulation into the infarcted heart. In addition to reduced infarct size, improved 
heart function and increased vascular density in both infarct and peri-infarct areas, the 
transplantation of IGF-MSCs resulted in independent myocyte islands in the scar tissue, 
most likely representing newly formed muscle fibers95.
The effect of HGF overexpression was not only studied in MSCs, but also in ASCs and 
EPCs. HGF, originally identified as a hepatocytes specific growth factor, has been 
reported to have mitogenic, angiogenic, anti-apoptotic, and anti-fibrotic activities in 
various cells96. Injection of HGF-MSCs and HGF-ADSCs after MI functionally improved 
the impaired myocardium by reducing the ischemic area, increasing the number of 
capillaries, and reducing collagen content. HGF-ADSCs also suppressed TNFα and 
TGFβ1 expression96. Interestingly, HGF overexpressing MSCs induced anngiogenesis 
when incorporated into ischemic cardiac muscle, while they will differentiate into 
cardiomyocytes after being implanted into the ischemic area97. 
HGF-EPCs show enhanced proliferation, migration, angiogenesis, and promoted the 
activation of ErK1/2 without affecting its expression in vitro. In an ischemic hind limb 
mouse model, HGF-EPCs showed enhanced homing to the site of vascular injury. 
Furthermore, systemically applied HGF-EPCs were more effective in decreasing 
neointima formation and increasing re- endothelialization98.

Genetic modification to induce differentiation
To date, two gene modifications have been used to improve stem and progenitor cell 
differentiation and integration, myocardin and connexin 43. To improve the limited 
differentiation potential of MSCs, Grauss et al. generated MSCs overexpressing the 
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cardiomyogenic transcription factor myocardin99. While  transplanted GFP-expressing 
MSCs did not display any kind of cardiac differentiation, overexpression of myocardin 
in hMSCs resulted in the expression of sarcomeric β-actin, ANF, MLC2a, MLC2v, 
cMHCαβ, and cTnT in almost all transplanted cells, but the staining pattern was 
diffuse, and no clear sarcomeric organization was observed in these cells. Furthermore, 
as previously reported in an in vitro study, myocardin-MSCs lack the expression of 
cardiac TnI. These results indicate that although cardiac differentiation was initiated 
by myocardin overexpression, the ischemic environment in vivo could not instruct 
MSCs to complete differentiation. Therefore, the significantly better improvement of 
LV function in myocardin-MSCs over MSCs is not the result of new MSC derived 
contractile myocytes99.
Cx43 is involved in intercellular communication and proliferation, and might promote 
cell survival and intracellular and cell-to-cell electrical coupling. The percentage of 
apoptotic cells was significantly reduced in MSCs overexpressing Cx43 after deprivation 
of serum and oxygen. This is most likely due to increased phospho-Akt, Bcl-2 and 
reduced Bax levels. Transplantation of Cx43-MSCs enhanced cell survival, reduced 
infarct size and improved contractile performance100. 

Cardiac remodeling

Within the first week post MI, the extracellular matrix holding the cardiomyocytes 
together disintegrates, allowing infarct expansion and thinning of the ventricular wall, 
resulting in LV dilatation. Next to stimulating cell viability, number and differentiation, 
transplanted cells may improve cardiac function by providing stiffness to the wall, 
preventing left ventricular remodeling. Post-MI, the quiescent cardiac fibroblasts 
transform into proliferative and invasive myofibroblasts  which is accompanied by 
increased expression of the matrix metalloproteinases (MMPs), MMP2 and MMP9. 
Activation of these MMPs allows degradation of the collagen basement membrane 
surrounding the necrotic myocytes prior to fibroblast invasion and increased collagen 
deposition101. Paracrine factors released by the transplanted progenitor cells may alter 
the ECM composition, by attenuating the increased expression of collagen I and III, 
tissue inhibitors of metalloproteinases (TIMPs), Thrombospondins (TSPs) and TGFβ 
after MI, resulting in more favorable post-infarction remodeling and strengthening of 
the infarct scar102-104.
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Discussion

Cell-based therapy to repair the injured heart has been the focus of many clinical 
research programs to establish efficient methods for their isolation and expansion in 
order to obtain sufficient quantities for therapeutic purposes. Understanding how 
transplanted cells aid in the restoration of the heart, the fate of implanted cells in vivo 
and their interactions with the host myocardium, will be the topic for the coming years. 
Since the heart has so limited regenerative capacity, we need to unravel how all these 
different cardiac stem and progenitor cell populations relate to each other, or whether 
they are all one cell but in different differentiation stages, different resident populations, 
or due to culture conditions. Also the knowledge how transplanted cells influence 
endogenous stem cells is very limited. The positive effect transplanted MSCs have on 
heart repair may for example be via stimulation of endogenous CPCs. Finding methods 
to enhance the activation of endogenous stem cells or converting other cells within the 
heart into cardiac stem cells may prove to be very efficient.
The most optimal cell population has not been generally accepted, since loss of 
contractility needs to be restored by replenishing the heart with new cardiac muscle. 
The best population is not suitable for clinical applications, the embryonic stem cell. 
Somatic stem cells with cardiovascular differentiation potential like CMPCs need time 
before we have sufficient cell numbers for transplantation. Therefore, a lot is to gain 
if more efficient delivery methods will be developed. The recently used NOGA system 
seems to be a good step forward25. Finally, to be able to fully appreciate the efficacy 
of cardiac cell therapy, we need to improve the evaluation of the therapy by developing 
safe and effective cell tracking systems with various imaging modalities. 
reducing stem cell loss by overexpressing survival factors may also reduce cell 
numbers and potentiate therapy. The overexpression of paracrine factors like Akt, 
Bcl-2 and VEGF all improved survival of stem cells and heart function. Even though 
all used genetically modified MSCs, due to the different cell numbers, animal models 
and read-outs that were used, making it complicated to determine whether the 
differences observed are due to the growth factors or due to the individual limitations 
of the studies. To date, overexpressing genes did not result in fully differentiated 
cardiomyocytes. Whether this is due to insufficient knowledge, or just because it is 
impossible, future will tell. Ultimately, improvement of adult stem cell survival will 
address cell scalability, and improving the differentiation potential will eventually 
restore the contractility of the ventricular wall. By combining gene with cell therapy, 
one may be able to enhance stem cell function and viability from high-risk patients 
and use cells of patients with a genetic disorder. Indeed, genetic modification can 
improve survival, metabolic characteristics, proliferative capacity, or differentiation of 
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these stem cells. Finally, stem cells may become a vehicle for gene therapy whose 
secreted gene products can exert paracrine or endocrine actions that may result in 
further therapeutic benefits. 

Future perspectives
There is a clear and significant clinical need driving the development of cell based 
therapies for the treatment of cardiac dysfunction. Up to date, many cell populations 
from different somatic sources have been explored and have shown to preserve heart 
function in preclinical models. While there is clinical evidence of some benefit, it is 
quite clear that we have not achieved our ultimate goal of replacing lost cardiac tissue 
with functional integrated contractile new cardiac myocytes. For the majority of the 
stem cells direct injection into the injured myocardium is not sufficient to direct 
cardiomyocyte differentiation. Some engrafted cell populations contributed to formation 
of new capillaries and cardiomyocytes, which potentially can lead to improved 
morphology and heart function. However, only few donor-derived cells could be 
detected after three months, suggesting a loss of transplanted cells but a stimulation 
of endogenous cardiac recovery. 
The transplanted cells most likely produce paracrine factors that enhance this 
endogenous regeneration potential, including cardiomyogenesis and angiogenesis. This 
opens new treatment modalities in that, rather than administering cells, one may be 
able to administer medium conditioned by stem or progenitor cells or even specific 
proteins produced by these cells for cardiac therapy62. CM of progenitor cells has been 
applied in animal models in vivo and ex vivo. Mouse embryonic stem cell-CM enhanced 
recovery of myocardial function upon global ischemia in a langendorf perfused rat 
heart105. Upon injection of concentrated CM from Akt-MSCs in infarcted rat hearts, less 
apoptotic cells and consequently reduced infarct sizes were assessed89. Furthermore 
Timmers et al. demonstrated that injection of CM from embryonic stem cell-derived 
MSCs leads to reduced infarct size and improved cardiac function in a pig model of 
ischemia reperfusion68. In a follow-up study, exosomes within the CM were identified 
to contain the active component106. Interestingly, exosomes isolated from CMPC 
conditioned medium stimulate migration and sprouting of human endothelial cells107. 
Therefore, injecting of stem or progenitor cell derived exosomes is in interesting new 
approach to stimulate cardiac repair. Understanding the autocrine and paracrine 
manners of proteins secreted by stem or progenitor cells using e.g. proteomics108, and 
clarifying how identified cell-surface receptors and signaling proteins stimulate and 
influence cell viability, growth, driving stem cell engraftment and differentiation into 
cardiac myocytes and vascular cells will help to design new treatment protocols. This 
can either be in the form of exosomes, small molecules or gene therapy that allow for 
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preconditioning and commitment of stem cells to the cardiovascular lineage and/or 
improve endogenous repair, and may very well be the next significant step forward in 
improving regenerative cell based therapy for patients with heart disease.  
In conclusion, stem cell therapy has a great potential for repairing the heart, but future 
research will tell us the best way to use stem cells, as generator of new cardiovascular 
tissue or as a vehicle for protective factors.
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Abstract

In recent years, cardiovascular progenitor cells have been identified in the heart of 
rodents and humans. Different stem cell markers have been used to isolate these 
cardiovascular progenitors from the heart. Stem cell antigen-1 (Sca-1) has been used 
to isolate cardiac progenitors from mice and we have been able to show that, although 
the human homolog is not yet identified, the α-mouse-Sca-1 antibody can be used to 
isolate cardiomyocyte progenitor cells (CMPCs) from the human heart. Since it is not 
known what epitope the Sca-1 antibody binds to, making optimization of the isolation 
procedure difficult, the aim of this study was to identify a new surface epitope for CMPC 
isolation. 
Here, we investigated whether we could isolate CMPCs using an α-human-CD166 
antibody. CD166 expression is found in the developing heart and up regulated during 
differentiation of human embryonic stem cells (hESCs) to cardiomyocytes. Isolation with 
α-CD166 antibody resulted in a heterogeneous population of cells, which was not 
observed when CMPCs were isolated with Sca-1. CD166 isolated cell have, in general, 
the same morphology as CMPCs, but differed from CMPCs in their proliferation rate, 
expression of cell surface markers, and expression of cardiac transcription factors. 
Therefore we concluded that isolation with α-mouse-Sca-1 or α-human-CD166 antibody 
resulted in two different cell populations, and thus the α-mouse-Sca-1 antibody cannot 
be replaced by α-human-CD166 for CMPC isolation.
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Introduction

During the last years it became clear that the human heart harbors an exciting source 
of progenitor cells able to repair the injured heart muscle. While several antibodies 
against cell surface proteins have been used to isolate these cells from the heart, none 
of them are unique for human cardiac progenitor cells (for review see1). Stem cell 
antigen-1 (Sca-1), a member of the Ly6 antigen family, was identified as one of the cell 
surface markers of hematopoietic stem cells and routinely used for the isolation of 
mouse hematopoietic progenitor cells2. recently, Sca-1 was found to be also expressed 
on progenitor cell populations from different organs, including the heart3. We have 
recently shown that cardiomyocyte progenitor cells (CMPCs) can be isolated form the 
human heart using an antibody raised against mouse Sca-1. These CMPCs are able to 
differentiate in vivo and in vitro into cardiomyocytes, endothelial and smooth muscle 
cells and improve heart function when transplanted after experimentally induced 
myocardial infarction4-7. 

Although CMPCs have potential to be used for cell-based cardiac repair, clinical 
application is only feasible if there are defined markers that can be used for their 
isolation. To date, it is not clear what epitope the mouse Sca-1 antibody recognizes on 
human CMPCs or on other human cells. Therefore, a lot of effort has been put into 
identifying the human homolog of Sca-1. Although some of the human homologs of the 
murine Ly6 family members were identified and located at the same locus as in the 
mouse8,9, unfortunately Sca-1 was not found in the human genome; in fact, a 500-kb 
region of the Ly6 locus, encoding nine genes including Sca-1 and five additional Ly6 
genes in the mouse, was deleted in human10. Since it appears unlikely that human 
Sca-1 exists, there is a need for human cardiac progenitor cell specific cell surface 
epitopes to replace the mouse Sca-1 antibody for the isolation of human CMPCs.

To identify a human specific marker to replace α-mouse Sca-1, we performed a literature 
search for genes that were expressed in the embryonic heart, that habors the cardiac 
progenitor cells during development. One of the potential targets that came out of this 
search was ALCAM or CD166. Hirata and colleagues described that CD166 was 
expressed during embryonic heart development in the cardiac crescent and 
predominately in the tubular heart at E8.511. Furthermore, CD166 has recently been 
used for the isolation of cardiac progenitor cells from differentiating hESC cultures. 
CD166 expression resembled the expression profile of early cardiac markers, like 
Nkx2.5, GATA4, MEF2C, TBX5, Isl-1 and these cells did not express endoderm or 
ectoderm markers during differentiation12. rust and colleagues showed that these 
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cardiac progenitor cells, derived from hESC cultures isolated with an antibody raised 
against human CD166 differentiated in cardiomyocytes after prolonged culture. 
Therefore, the aim of this study was to investigate whether an antibody raised against 
CD166 is suitable for isolating CMPCs from the human heart.      

Materials and Methods

Cell culture 
CMPCs were isolated as described before4,5,7. Briefly, human fetal hearts were collected 
after elective abortion based on individual informed consent, and after approval by the 
Medical Ethics committee of the Leiden University Medical Center. Fetal hearts were 
minced into small pieces followed by collagenase treatment.  The cardiac single cell 
suspension was used for CMPC or CD166+ cells isolation by magnetic cell sorting 
(MACS, Miltenyi Biotec) using Sca-1-FITC (fluorescein isothiocyanate), and CD166-PE 
(phycoerythrin) antibodies followed by binding to iron-labeled anti-FITC- or PE-beads 
and sorting according to manufacturer’s protocol. The Sca-1 (CMPCs) or CD166 
(CD166+ cells) isolated cells were eluted from the column by washing with PBS 
supplemented with 2% fetal bovine serum (FBS, Gibco)  and cultured on 0.1% gelatin-
coated dishes in M199/EGM (3:1) supplemented with 10% FBS, 10 ng/ml basic 
fibroblast growth factor, 5 ng/ml epithelial growth factor, 5 ng/ml insulin-like growth 
factor, and 5 ng/ml hepatocyte growth factor. After MACS the isolated cells were analyzed 
daily for growing colonies and pictures were taken to visualize the growth using Cell^B 
software (Olympus).

Proliferation assay
CMPCs and CD166+ cells were grown in 1% FBS and penicillin-streptomycin (Pen-
Strep, 100U/ml each, Gibco) in DMEM/M199 for 6 or 9 days for viability assays. To 
induce a hypoxic environment, cells were cultured in a hypoxic incubator (1% O2). Cell 
viability was evaluated using CellTiter 96® Aqueous Non-radioactive Cell Proliferation 
Assay (MTS, Promega). Cells were seeded in 96-well tissue culture plates at a density 
of 1000 cells/well. After 6 and 9 days cell viability was assessed by measuring the 
amount of solubilised formazan using an ELISA reader at 490 nm.

Flow-cytometric analysis
Two hundred thousand CMPCs or CD166+ cells, passage 4-5, per sample were used 
for flow cytometry. Cells were incubated for at least 1 hour in DMEM supplemented with 
10% FBS at room temperature. The cells were washed with FACS buffer (FB; 1% FBS 
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in PBS) and resuspended in 200 μl FB containing appropriate concentration antibody 
(table 1). Antibodies used for flow-cytometric analysis were FITC- or PE-conjugated 
antibodies against CD31, CD34, CD45, CD73, CD90, CD105 (Endoglin), CD117 (c-Kit), 
CD133, CD166, Sca-1, SSEA-4 and isotype control IgGs. The cells were incubated on 
ice in the dark for 60 min, washed four times with cold FB, resuspended in 500 μl FB, 
and analyzed using a BD LSr II FACS.

Immunohistochemistry on cultured cells
CMPCs and CD166+ cells were grown in 8-chamber slides (BD Falcon) for 48 hours. 
The slides were rinsed with PBS, fixed with 4% paraformaldehyde, washed with PBS, 
and permeabilized with 0.1% Triton for 30 min. Non-specific binding of antibodies was 
blocked with 1% bovine serum albumin (BSA) for 30 min. Incubation with primary 
antibodies in 1% BSA in PBS was performed overnight. Antibodies used recognized 
Sca-1 (Cedarlane), Nkx2.5 (Santa Cruz) and GATA4 (Santa Cruz). Immunolabeling was 
performed using alexa-488 or alexa-555 conjugated secondary antibodies (Invitrogen). 
Incubation with primary antibody was performed at 4 degrees and incubation with 
secondary antibody at room temperature and, in between all incubation steps, slides 
were washed with PBS. Finally, slides were mounted with Vectashield (Vector 
Laboratories) and examined with a Leica DMrA microscope.

Table 1. Antibodies used for Flow Cytometry

Antigen label isotype species dilution source

CD31 PE IgG1 mouse 1:40 BD pharmingen

CD34 FITC IgG1 mouse 1:40 BD pharmingen

CD45 FITC IgG1 mouse 1:40 BD pharmingen

CD73 PE IgG1 mouse 1:40 BD pharmingen

CD90 FITC IgG1 mouse 1:200 BD pharmingen

CD105 FITC IgG1 mouse 1:200 BD pharmingen

CD117 PE IgG1 mouse 1:200 BD pharmingen

CD133 PE IgG1 mouse 1:200 Miltenyi Biotec

CD166 PE IgG1 mouse 1:200 BD pharmingen

Sca-1 PE IgG2a rat 1:200 BD pharmingen

SSEA-4 FITC IgG3k mouse 1:200 BD pharmingen
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Gene expression
rNA was isolated using the Nucleospin rNA isolation kit (Macherey-Nagel). cDNA was 
synthesized from 500 ng mrNA according to the protocol of the revertTM Aid H minus 
first strand synthesis kit (Fermentas GmbH). Beacon Designer 4.0 (Premier Biosoft 
International) was used to design quantitative polymerase chain reaction (qPCr) primers 
for β-actin, Nkx2.5, MEF2C, MLC2v, α-cardiac actin, TroponinT, beta MHC (table 2). 
β-actin was measured as a housekeeping gene. Gene expression was normalized to 
Sca-1 isolated cells for each experiment and an average of three experiments was 
calculated.

Statistical analysis
All values are represented as mean +/- S.D. P-values of < 0.05 are considered significant. 
Student’s t-test was used to compare hypoxia and normoxia. For multiple group 
comparison ANOVA with LSD Post Hoc test was used. 

Table 2. Primer sequences and annealing temperatures.

Primer Sequence Temp

α-card Act for ACC GAC CTT GCT GTG AAT C 60

rev AAT TGT GCT CCG AAA CTA ACC

β-actin for GAT CGG CGG CTC CAT CCT G 60

rev GAC TCG TCA TAC TCC TGC TTG C

β-MyHC for TCT TTC CCT GCT GCT CTC 60

rev GAC TGC CAT CTC CGA ATC

Nkx2.5 for CCC CTG GAT TTT GCA TTC AC 60

rev CGT GCG CAA GAA CAA ACG

MEF2C for CTG GCA ACA GCA ACA CCT ACA 60

rev GCT AGT GCA AGC TCC CAA CTG

MLC2V for ACC ATT CTC AAC GCA TTC 60

rev CCT AGT CCT TCT CTT CTC C

Myocardin for AGT CTT CCT CTT CTA CCA GTG 59

rev GGC ATC ATT GAA GGT GTC C

PDGFrα for GGG TAA TGA AAG CTG GCA GA 60

rev ATT GCG GAA TAA CAT CGG AG

Trop T for AGG CTG AGA CCG AGG AGA C 60

rev TGA ACG ACC TGG GCT TTG G
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results

Sca-1 isolated human cardiomyocyte progenitor cells express CD166
Since literature describes that CD166 is expressed by several populations of progenitor 
cells13,14, we first tested whether Sca-1 isolated CMPCs express CD166. Flow cytometric 
analysis showed that almost all these CMPCs express CD166 on their cell surface 
(figure 1).  

Isolation of CD166 positive cells.
Since CMPCs express CD166 we tried to isolate CMPCs by MACS using the CD166 
surface antigen expression. We made a single cell suspension as described previously 
from total fetal heart4,5,7, divided the suspension into two and simultaneously isolated 
with α-Sca-1 and α-CD166 antibodies. The CMPCs and CD166+ cell suspensions were 
plated and examined daily. The cells were allowed to attach and during these two days 
after isolation there was no visible difference (figure 2A). After two days, cell debris was 
washed away and medium was refreshed. There were no large morphological differences 
between the CMPCs and CD166+ cells. When CMPCs were isolated with mouse Sca-1 
antigen, the different CMPC populations always had the same morphology. But, in some 
cultures, the cells isolated with α-CD166 antibody looked morphologically totally 
different. We have excluded these isolations from further characterization. After one 
week, proliferating cells were present in both the CMPCs and CD166+ cell cultures 
(figure 2B). More cells were present in the CD166+ cell cultures than in the Sca-1 
isolated CMPCs (figure 2B-G), this difference was present until the cells were passed 
for the first time (figure 2B-F), and reseeded with the same cell numbers, suggesting 
that more cells were isolated using αCD166. However, performing a MTS assay showed 
that CD166+ cells grow 2.74 ± 0.12 fold faster than the Sca-1 isolated CMPCs from the 
same fetal heart (figure 2H). 
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Figure 1. CMPCs express CD166
Flow cytometric analysis of CD166 expression in fetal CMPCs shown with the isotype control in white and 
the specific signal in black.
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Expression of cell surface markers by CMPCs or CD166+ cells 
To further compare these two cells populations, we analyzed the presence of progenitor 
markers on their cell surface. CMPCs and CD166+ cells both showed cross-reaction 
with the mouse Sca-1 antigen and both expressed CD117 (c-Kit) although the percentage 
positive cells differed between de Sca-1 and CD166 isolated cells. CD166+ cells 
expressed significantly more CD117 than CMPCs and tend to express more Sca-1. This 
difference was however not significant due to the large variation in Sca-1 expression 
between the different CD166 isolated cell populations (figure 3A-D). The Sca-1 and 
CD166 isolated cells had similar expression levels of CD166 (figure 3G, H). Both cell 
sources did not express SSEA-4 (figure 3E, F). We also analyzed the expression of 
mesenchymal stem cell specific markers. The CD166+ cells and CMPCs expressed 
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Figure 2. Isolation and proliferation of CMPCs and CD166+ cells
representative bright field pictures of CMPCs and CD166+ cells at day 2 (A), day 7 (B), day 8 (C), day 9 
(D), day 10 (E), day 13 (F) and day 19 (G). The .1 pictures show the Sca-1 isolated CMPCs and .2 pictures 
show the CD166+ cells. The proliferation was measured with MTS (H). The black bar represents the Sca-
1 isolated CMPCs and the open bar represents the CD166+ cells. The data is represented as mean fold 
increase ± SD, n=4.
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equal amounts of CD105 and CD73 (figure 4A-D). The expression of CD90 differed a 
lot between CMPCs and CD166+ cells. Three times as many CD166+ cells expressed 
CD90 compared to CMPCs (figure 4E, F). 
Finally, we analyzed the expression of blood lineage cell surface markers. Approximately 
80% of the CMPCs expressed CD31 and approximately 70% of the CD166+ cells expressed 
CD31 (figure 5A, B). CMPCs and CD166+ cells did not express the hematopoietic cell 
markers CD34 or CD133 or the leukocyte marker CD45 (figure 5C-H).

CMPCs and CD166+ cells only express cardiac transcription factors.
The expression of cardiac transcription factors suggests that cells are already committed 
to the cardiac lineage. CMPCs and CD166+ cells expressed the cardiac transcription 
factors Nkx2.5, GATA4 and MEF2C (figure 6). 
Nkx2.5 mrNA expression was determined and shown to be expressed in equal amounts 
by both CMPCs and CD166+ cells (figure 6C), although there was a large variation in 
Nkx2.5 mrNA expression between the different CD166 isolations. 
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Figure 3. Expression of stem cell markers
Histogram plots for the stem cell marker expression of Sca-1 (A), CD117 (C), SSEA-4 (E) and CD166 (G). 
Isotype control shown in black filled with grey, CMPCs as black unfilled and CD166+ cells as gray unfilled (A, 
C, E, G). An average of surface marker expression of three experiments is shown for Sca-1 (B), CD117 (D), 
SSEA-4 (F) and CD166 (H) with Sca-1 isolated CMPCs as black bars and CD166+ cells as open bars. The 
data is represented as mean fold increase ± SD, n=3.
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Immunohistochemical analysis revealed that CMPCs and CD166+ cells show nuclear 
expression of Nkx2.5 (figure 6A). While the expression of Nkx2.5 in CMPCs did not 
show significant difference between individual cells of one isolation or between 
different isolations, the CD166 isolated cells showed more heterogeneity and less 
nuclear Nkx2.5 expression (figure 6A).  CMPCs and CD166+ cells were also stained 
for GATA4 and showed similar expression as was shown for Nkx2.5 (figure 6B). There 
was little variation in GATA4 expression between CMPCs, compared to the CD166 
isolated cells (figure 6B). 
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Figure 4. Expression of mesenchymal stem cell markers
Histogram plots for the mesenchymal stem cell marker expression of CD105 (A), CD73 (C), and CD90 (E). 
Isotype control shown in black filled with grey, CMPCs as black unfilled and CD166+ cells as gray unfilled (A, 
C, E). An average of surface marker expression of three experiments is shown for CD105 (B), CD73 (D), and 
CD90 (F) with Sca-1 isolated CMPCs as black bars and CD166+ cells as open bars. The data is represented 
as mean fold increase ± SD, n=3.
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Both CMPCs and CD166+ cells expressed MEF2C mrNA, and again CD166+ cells 
showed large variations in mrNA expression between different isolations (figure 6D). 
Finally, we analyzed the mrNA expression of mature cardiomyocyte marker and indeed, 
both cell populations did not express α cardiac actinin, troponin T or β-MyHC (data not 
shown).
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Figure 5. Expression of blood lineage markers
Histogram plots for blood lineage cell marker expression CD31 (A), CD34 (C), CD45 (E) and CD133 (G). 
Isotype control shown in black filled with grey, CMPCs as black unfilled and CD166+ cells as gray unfilled (A, 
C, E, G). An average of surface marker expression of three experiments is shown for CD31 (B), CD34 (D), 
CD45 (F) and CD133 (H) with Sca-1 isolated CMPCs as black bars and CD166+ cells as open bars. The data 
is represented as mean fold increase ± SD, n=3.



58

MEF2C

CMPC CD166
0

2.0

4.0

6.0

8.0

fo
ld

 in
du

ct
io

n

DNkx2.5

CMPC CD166
0

0.5

1.0

1.5

2.0

2.5

fo
ld

 in
du

ct
io

n

C

C
M

P
C

C
D

16
6

C
M

P
C

C
D

16
6

nuclei Nkx2.5 Sca-1 Merge

nuclei GATA4 Sca-1 MergeB

A

Chapter 3figure 6

Figure 6. Expression of cardiac transcription factors
CMPCs or CD166+ cells were analyzed for their protein and/or mrNA expression of Nkx2.5 (A,C), GATA4 (B) 
and MEF2C (D).  Sca-1 isolated CMPCs were represented as black bars and CD166+ cells as open bars. The 
data is represented as mean fold increase ± SD, n=3.
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Discussion

In this study, we investigated whether we could replace the antibody raised against 
mouse Sca-1 with a human α-CD166 antibody for the isolation of human CMPCs. We 
showed that CMPCs and CD166+ cells isolated from the same heart differ in their growth 
rate and expression of surface markers and cardiac transcription factors. As was shown 
previously, isolation with α-Sca-1 resulted in a homogenous population of cells4,7,5, while 
isolation using α-CD166 resulted in a heterogeneous population of cells and large 
variation between different isolations, based on morphology and cell surface marker 
expression. Possible explanations for the heterogeneous cell populations isolated by 
α-CD166 magnetic cell sorting are found in vivo.  

Murakami et al. showed that CD166 was expressed on the yolk sac (E7.5) before it is 
expressed in the heart (E8.5-10.5) and that its expression in the yolk sac can be used 
to define endothelial and cardiac precursors from hematopoietic precursor15. Like Sca-
1 isolated CMPCs4,5,7, these CD166+ cells also express the cardiac transcription factor 
Nkx2.5 and the endothelial markers Flk-1 and VE-cadherin15. CD166high+ cells isolated 
from the yolk sac give rise to exclusively endothelial cells and cardiac cells in matrigel 
assays and could not generate hematopoietic colonies in methylcellulose assays. Their 
CD166+/Flk-1+ subpopulation exclusively gave rise to endothelial cells whereas the 
CD166+/Flk-1- subpopulation formed cardiac cells when cultured on OP9 stromal cells. 
Therefore they concluded, cells with cardiac differentiation potential can be isolated as 
CD166 high+/Flk-1- from the yolk sac15. Since it has been possible to isolate progenitor 
cells with cardiac differentiation potential from the yolk sac, which only consists of three 
cell layers. It is likely that these cells types can also be isolated from the heart and 
possibly our isolation method results in varying ratios of these Flk-1- and Flk-1+ 
subpopulations, this possibly explains the variation in the expression of cell surface 
markers and cardiac transcription factors.  

The heart is the first major organ formed in embryos and CD166 is only expressed by 
the developing heart during early stages of development and later its expression can 
be found in other organs in which organogenesis takes place. CD166 expression is lost 
in cardiomyocytes after E12.5 and its expressions shifts to a variety of organs derived 
from all germ layers during later stages. This expression profile may explain why CD166 
is a good surface marker for premature but not mature cardiomyocytes. In adult cells 
CD166 is expressed in e.g. thymic epithelial cells, activated leukocytes, bone marrow 
mesenchymal stem cells, hepatic cells, pancreatic cells and the nervous system14,16.  
The difference in expression of Nkx2.5 and GATA4 between cells of a CD166-based 



60

isolation could also be explained by the isolation of cells with variable cardiac potential, 
although with similar CD166 expression. This may also explain the large variation in 
gene expression and cell surface antigens between different isolations with CD166, as 
a result of variation of number of Flk-1+ and Flk-1- cells during isolation. Therefore we 
can conclude that the CD166 epitope cannot replace Sca-1 for isolating CMPCs, since 
isolation with CD166 results in a faster proliferating population, consisting of a population 
of cells with heterogeneous expression of cell surface antigens and cardiac transcription 
factors.
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Abstract

Cardiovascular progenitor cells have been identified in the heart of mice and men and 
their capacity to repair the injured heart is one of the main topics of stem cell research. 
Different cell surface proteins have been used to isolate cardiovascular progenitors. 
Stem cell antigen-1 (Sca-1) was used to isolate progenitors from mouse hearts and we 
showed that cardiomyocyte progenitor cells (hCMPCs) could be isolated from the human 
heart using an α-mouse-Sca-1 antibody. hCMPCs have the potential to be used for 
cell-based cardiac repair, since they differentiate in vitro and in vivo into cardiomyocytes, 
endothelial and smooth muscle cells. But, because it is not know what epitope the 
mouse Sca-1 antibody binds to, and no human Sca-1 homolog has been identified to 
date, clinical application is only possible if defined human specific markers can be used 
for their isolation.  Therefore, the aim of this study was to identify a specific human 
marker for hCMPC isolation. 
Since hCMPCs abundantly express CD105, we explored whether CD105 surface 
expression could be used for the isolation of hCMPCs. Magnetic cell sorting using an 
α-human-CD105 antibody resulted in cell populations that had a similar morphology 
as hCMPCs.  CD105+ cells did not differ from hCMPCs in their proliferation rate, 
expression of cell surface markers, and expression of cardiac transcription factors nor 
in their cardiomyocyte differentiation capacity. Therefore, α-human-CD105 isolation 
resulted in a cardiovascular cell population identical to the α-Sca-1 isolated hCMPCs 
and therefore CD105 may replace Sca-1 for isolation of hCMPCs.
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Introduction

During the last years it became clear that the human heart harbors an exciting source 
of progenitor cells able to repair the injured heart muscle. While several antibodies 
against cell surface proteins have been used to isolate these cells from the heart, none 
of them are unique for human cardiac progenitor cells (for review see1). Stem cell 
antigen-1 (Sca-1), a member of the Ly6 antigen family, was identified as a cell surface 
marker found on hematopoietic stem cells and is widely used for the isolation of mouse 
hematopoietic progenitor cells2. Previously, Sca-1 was found to be expressed on 
progenitor cell populations from different organs, including the heart3. recently, we 
have shown that cardiomyocyte progenitor cells (hCMPCs) can be isolated form the 
human heart using an antibody raised against mouse Sca-1. These hCMPCs are able 
to differentiate in vivo and in vitro into cardiomyocytes, endothelial and smooth muscle 
cells and improve heart function when transplanted after myocardial infarction4-7. 
Although hCMPCs have the potential to be used for cell-based cardiac repair, clinical 
application is only feasible if defined human cell surface markers are identified that can 
be used for their isolation. To date, it remains unclear what the α-mouse-Sca-1 antibody 
recognizes on hCMPCs, but it is very unlikely that this epitope will be identified within 
reasonable time8. Therefore, there is a need for human cardiac progenitor cell specific 
cell surface epitopes to replace the α-mouse-Sca-1 antibody for the isolation of hCMPCs. 
A potential candidate is endoglin or CD105. This cell-surface transmembrane 
glycoprotein is a TGFβ type III receptor involved in modulating the TGFβ signaling 
pathway9. CD105 regulates cellular processes including proliferation, cell migration, 
extracellular matrix production and hematopoiesis. CD105 is mostly described to play 
a role during angiogenesis during which CD105 is mainly expressed by active endothelial 
cells10,11. Murine embryos deficient for CD105 die at midgestation because of severe 
arteriovenous malformations and cardiac defects, associated with valve formation and 
heart septation. Heterozygous patients for CD105, develop the disease hereditary 
hemorrhagic telangiectasia type 1, which is also characterized by vascular 
malformations10. 
Besides the important role of CD105 during heart development and vessel formation, 
CD105 is expressed on progenitor cells and cells of mesenchymal origin. The expression 
of CD105 is one of the markers used to identify mesenchymal stem cells13 and long 
term repopulating hematopoietic stem cells14. In cardiospheres, CD105 is expressed 
by the peripheral cells that surround the core progenitors15. Since we have shown 
previously that CD105 is abundantly expressed on the cell surface of hCMPCs4, we 
hypothesized that the α-human-CD105 antibody can replace the α-mouse-Sca-1 
antibody for the isolation hCMPCs.  
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Materials and Methods

Cell culture
Isolation and culture: hCMPCs were isolated as described before4,5,7 and the CD105+ 

cells were isolated accordingly. Briefly, human fetal hearts were collected after elective 
abortion based on individual informed consent and after approval by the Medical Ethics 
Committee of the Leiden University Medical Center. Fetal hearts were minced into small 
pieces followed by collagenase treatment.  The cardiac single cell suspension was used 
for hCMPC or CD105+  cell isolation by magnetic cell sorting (MACS, Miltenyi Biotec) 
using α-mouse-Sca-1-FITC (fluorescein isothiocyanate), and α-human-CD105-FITC 
antibodies followed by binding to α-FITC-labeled iron beads and sorting according to 
manufacturer’s protocol. The Sca-1 (hCMPCs) or CD105 (CD105+  cells) isolated cells 
were eluted from the column by washing with PBS supplemented with 2% fetal bovine 
serum (FBS, Gibco) and cultured on 0.1% gelatin-coated dishes in M199/EGM (3:1) 
supplemented with 10% FBS, 10 ng/ml basic fibroblast growth factor, 5 ng/ml epithelial 
growth factor, 5 ng/ml insulin-like growth factor, 5 ng/ml hepatocyte growth factor and 
penicillin-streptomycin (Pen-Strep, 100U/ml each, Gibco). After MACS the wells were 
inspected  daily for dividing cells  and pictures were taken to visualize the cell growth 
using Cell^B software (Olympus).
Resorting with α-mouse-Sca-1 antibody: Cells were trypsinized at passage 5-7 and 
5*106 CD105+  cells were used for MACS and sorted using the α-mouse-Sca-1 antibody. 
The Sca-1-like+ and Sca-1-like- fraction were plated and used for flow cytometric 
analysis, MTT assays and immunofluorescence. 
Differentiation: To induce cardiac differentiation, cells were treated with 5 μM 
5′-azacytidine (Sigma) for 72 h in differentiation medium (Iscove’s modified Dulbecco’s 
medium/Hams F12 (1:1) (Gibco)) supplemented with L-glutamine (Gibco), 2% horse 
serum, nonessential amino acids, insulin–transferrin–selenium supplement, and 10-4 

M ascorbic acid (Sigma). After induction the medium, supplemented with 1 ng/ml 
TGFβ3, was refreshed every 3 days. After 4 weeks the differentiating cells were isolated 
for qPCr to determine the state of differentiation.

Proliferation assay
hCMPCs and CD105+  cells were grown in 1% FBS and pen-strep in DMEM/M199 for 
6 or 9 days. Cell viability was evaluated using CellTiter 96® Aqueous Non-radioactive 
Cell Proliferation Assay (MTS, Promega). Cells were seeded in 96-well tissue culture 
plates at a density of 1000 cells/well. After 6 and 9 days cell viability was assessed by 
measuring the amount of solubilized formazan using an ELISA reader at 490 nm.
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Flow cytometric analysis
hCMPCs or CD105+  cells, passage 4 or 5, were used for flow cytometric analysis and 
passage 8 or 9 of the CD105+  Sca-1-like-/Sca-1-like+ cells. Two hundred thousand cells 
per sample were used for flow cytometry. Cells were incubated for at least 1 hour in 
DMEM supplemented with 10% FBS at room temperature, washed with FACS buffer 
(FB; 1% FCS in PBS) and resuspended in 200 μl FB containing appropriate concentration 
of antibody (table 1). Antibodies used for flow-cytometric analysis were FITC- or 
phycoerythrin (PE)-conjugated antibodies against CD31, CD34, CD45, CD73, CD90, 
CD105, CD117 (c-Kit), CD133, CD166, Sca-1, SSEA-4 and isotype control IgGs. The 
cells were incubated on ice in the dark for 60 min, washed four times with cold FB, 
resuspended in 500 μl FB, and analyzed using a BD LSr II FACS.

Immunohistochemistry and immunofluorescence on cultured cells
Immunofluorescence: hCMPCs and CD105+  cells were grown in 8-chamber slides (BD 
Falcon) for 48 hours. Slides were rinsed with PBS, fixed with 4% paraformaldehyde, 
washed with PBS, and permeabilized with 0.1% Triton for 30 min. Nonspecific binding 
of antibodies was blocked with 1% bovine serum albumin (BSA) for 30 min. Incubation 
with primary antibodies was performed overnight in 1% BSA/PBS. Antibodies used 
were raised against Sca-1 (Cedarlane), Nkx2.5 (Santa Cruz), GATA4 (Santa Cruz) and 
CD105 (Tracon) (table 2). Immunolabeling was performed using alexa-488 or alexa-555 
conjugated secondary antibodies (Invitrogen). Incubation with primary antibodies were 
performed at 4 degrees and incubation with secondary antibodies at room temperature; 
in between all incubation steps, cells were washed with PBS. 

Table 1. Antibodies used for flow cytometry

Antigen label isotype species dilution source

CD31 PE IgG1 mouse 1:40 BD pharmingen

CD34 FITC IgG1 mouse 1:40 BD pharmingen

CD45 FITC IgG1 mouse 1:40 BD pharmingen

CD73 PE IgG1 mouse 1:40 BD pharmingen

CD90 FITC IgG1 mouse 1:200 BD pharmingen

CD105 FITC IgG1 mouse 1:200 BD pharmingen

CD117 PE IgG1 mouse 1:200 BD pharmingen

CD133 PE IgG1 mouse 1:200 Miltenyi Biotec

CD166 PE IgG1 mouse 1:200 BD pharmingen

Sca-1 PE IgG2a rat 1:200 BD pharmingen

SSEA-4 FITC IgG3k mouse 1:200 BD pharmingen
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Finally, slides were mounted with Vectashield with DAPI (Vector Laboratories) to stain 
the nuclei and finally the slides were examined with a Leica DMrA microscope.
Immunohistochemistry: hCMPCs and CD105+  cells were grown in 8-chamber slides 
for 48 hours. Slides were rinsed with PBS, fixed with 4% paraformaldehyde, washed 
with PBS, and permeabilized with 0.1% Triton for 30 min. After permeabilization 
endogenous peroxidase was inhibited with 0.3% H2O2 in PBS for 30 min.. Slides were 
incubated overnight with primary antibodies against Wilm’s tumor suppressor protein 
1 (WT1, Calbiochem) and PDGFrα (Sigma-Aldrich). Subsequently, the slides were 
incubated with a secondary biotin-labeled goat-α-rabbit (Vector Labs) or rabbit-α-goat 
(Vector Labs) in combination with normal goat serum (Vector Labs) or normal rabbit 
serum (Vector Labs) for 1 hr, respectively. Additional incubation with Vectastain ABC 
staining kit (Vector Labs) for 45 min. was performed. For visualization, slides were rinsed 
in PBS and Tris/Maleate (pH 7.6); 3-3’diaminobenzidine tetrahydrochloride (DAB) 
(Sigma-Aldrich) was used as chromogen and Mayer’s haematoxylin as counterstaining. 
Finally, all slides were dehydrated and mounted with Entellan (Merck). For all stainings 
appropriate positive and negative controls were included.

Gene expression
mrNA was isolated using Nucleospin rNA isolation kit (Macherey-Nagel). cDNA was 
synthesized from 500 ng mrNA according to the protocol of the revertTM Aid H minus 
first strand synthesis kit (Fermentas GmbH). Beacon Designer 4.0 (Premier Biosoft 
International) was used to design quantitative polymerase chain reaction (qPCr); primer 
sequences and annealing temperatures can be found in table 3. β-actin was measured 
as a housekeeping gene. Gene expression was normalized to Sca-1 isolated cells for 
each experiment and an average of six experiments was calculated.

Table 2. Antibodies used for the immunophenotypic characterization of CMPCs and CD105+ cells

Antigen label species dilution source

WT1 DAB rabit 1:200 Calbiochem

PDGFrα DAB goat 1:200 Sigma-Aldrich

CD105 alexa 555 human 1:500 Tracon

Sca-1 alexa 488 rat 1:100 Cedarlane

NKx2.5 alexa 555 rabbit 1:200 Santa Cruz

GATA4 alexa 555 rabbit 1:200 Santa Cruz
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Statistical analysis
All values are represented as mean +/- S.E.M. P-values of < 0.05 are considered 
significant. Student’s t-test was used to compare hCMPCs and CD105+  cells and Mann-
Whitney to compare differentiated with undifferentiated hCMPCs or CD105+  cells. 
 

Table 3. Primer sequences and annealing temperatures

Primer Sequence Temp

α-card Act for ACC GAC CTT GCT GTG AAT C 60

rev AAT TGT GCT CCG AAA CTA ACC

β-actin for GAT CGG CGG CTC CAT CCT G 60

rev GAC TCG TCA TAC TCC TGC TTG C

β-MyHC for TCT TTC CCT GCT GCT CTC 60

rev GAC TGC CAT CTC CGA ATC

Endoglin for CCC GCA CCG ATC CAG ACC ACT CCT 60

rev TGT CAC CCC TGT CCT CTG CCT CAC

GATA4 for GTT TTT TCC CCT TTG ATT TTT GAT C 60

rev AAC GAC GGC AAC AAC GAT AAT

Nkx2.5 for CCC CTG GAT TTT GCA TTC AC 60

rev CGT GCG CAA GAA CAA ACG

MEF2C for CTG GCA ACA GCA ACA CCT ACA 60

rev GCT AGT GCA AGC TCC CAA CTG

MLC2V for ACC ATT CTC AAC GCA TTC 60

rev CCT AGT CCT TCT CTT CTC C

PDGFrα for GGG TAA TGA AAG CTG GCA GA 60

rev ATT GCG GAA TAA CAT CGG AG

Trop T for AGG CTG AGA CCG AGG AGA C 60

rev TGA ACG ACC TGG GCT TTG G

WT1 for TAT TCT GTA TTG GGC TCC GC 60

rev CAG CTT GAA TGC ATG ACC TG
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results

CD105 expression on hCMPCs and CD105+  cells
Previously, flow cytometric analysis showed that more than 80 % of all hCMPCs in 
culture express CD1054,7. Once isolated on the basis of their Sca-1 reactivity, hCMPCs 
lose there Sca-1-like expression during culture in time. Therefore we analyzed the 
expression of CD105 on these two subpopulations, the Sca-1-like+ and Sca-1-like- 

hCMPCs, and found similar expression of CD105 on both populations (figure 1A, B).  
To be able to compare the cell populations isolated with the α-mouse-Sca-1 antibody 
and the α-human-CD105 antibody; we used both antibodies to sort cells from a single 
cell suspension made from one heart. The isolated hCMPCs and CD105+  cells were 
analyzed for CD105. Both cell types express CD105 in a similar level on their cell surface 
(figure 1C), and have equal amounts of CD105 mrNA (figure 1D).   

Figure 1. CMPCs express CD105 and is similarly expressed by CMPCs and CD105+ cells
(A) Flow cytometric analysis of CD105 and Sca-1 expression on human fetal CMPCs. (B) shows isotype 
control. More than 80% of the CMPCs express CD105, and all Sca-1-like expressing CMPCs coexpress 
CD105. Immunofluorescent staining showed that CD105 is expressed in a similar fashion by CMPCs and 
CD105+ cells (C). Furthermore, mrNA expression levels did not differ between CMPCs and CD105+ cells 
(D). Gene expression was normalized to CMPCs and β-actin was measured as a housekeeping gene. The 
data is represented as mean fold increase +/- SEM, n=6.
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Isolation of CD105 positive cells.
From the single cell suspension of one fetal heart we isolated cells using both α-mouse-
Sca-1 and α-human-CD105 antibodies. The hCMPC and CD105+  fractions were 
examined daily. After the cells were allowed to attach to the wells for two days, cell 
debris was washed away and medium was refreshed and we obtained cells in both the 
hCMPCs and CD105+  cell cultures (figure 2A, B) with no morphological differences. 
There was however a difference in cell number; there were more cells present in the 
CD105+  than in the hCMPC cultures (figure 2A-D), but this difference declined by 
passing the cells (figure 2B-F). To investigate the cause of this increased cell number, 
we determined their proliferation rate using MTS, and found no difference in cellular 
proliferation between hCMPCs and CD105+  cells isolated from the same fetal heart 
(figure 2G).  Therefore a shorter cell cycle is not the reason of the higher cell number 
in the CD105+  cell population. 

Figure 2. Isolation and proliferation of CMPCs and CD105+ cells
representative bright field pictures were taken after the isolation of CMPCs and CD105+ cells at day 1 (A), 
day 6 (B), day 7 (C), day 9 (D), day 12 / passage 1 (p1) (E) and day 19 / p4 (F). There was no morphological 
difference between the CMPCs and CD105+ cells. The proliferation was measured by MTS assay (G). Values 
were normalized to day 0. The data is represented as mean fold increase +/- SEM, n=4.
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Most likely we did isolate more cells with an α-human-CD105 antibody, maybe due to 
higher affinity of the α-human CD105 antibody to the human cardiac progenitor cells. 

Expression of surface markers by CD105+  cells 
Since CD105 is expressed by various cells types present in the human heart, e.g. 
hCMPCs4, endothelial cells16, mesenchymal cells17 and cardiac fibroblasts14, the isolated 
cell population was analyzed in more detail for its heterogeneity.  The composition of 
the CD105 population was analyzed for the expression of known progenitor cell (CD117, 
CD166, Sca-1 and SSEA-4), mesenchymal stem cell (CD73, CD90 and CD105) and 
hematopoietic stem cell (CD31, CD34, CD45 and CD133) surface markers. hCMPCs 
and CD105+  cells do not express SSEA-4, but do express Sca-1-like antigen and CD166 
in equal amounts (table 4). On average 45 ± 3 % of CMPCs and 33 ± 8 % of CD105+  
cells express CD117; this difference is not significant. More than 75% of the hCMPCs 
and CD105+  cells expressed CD73 and CD105 on their cell surface (table 4).  
Only approximately 25% of both cell populations expressed CD90. CD31 is expressed 
equally high on both hCMPCs and CD105+  cells, but neither of the populations did express 
the hematopoietic stem cell markers CD133 or CD34 nor the leukocyte marker CD45 
(table 4). Thus hCMPCs and CD105+  cells have similar expression patterns of the cell 
surface markers tested here, and there was little variation in expression between different 
donors, which suggests that we have reproducible isolated similar cell populations.

Table 4. Expression of surface markers on CMPCs and CD105+ cells measured by flow cytometric 
analysis

antigen Sca-1 isolated (%) CD105 isolated (%) p-value

stem cell markers Sca-1 30.1 ± 2.7 30.6 ± 4.4 0.85

SSEA-4 3.1 ± 2.1 1.9 ± 1.2 0.39

CD117 44.7 ± 2.5 33.1 ± 7.7 0.50

CD166 85.8 ± 3.1 82.2 ± 5.6 0.51

MCS markers CD90 20.3 ± 3.9 31.8 ± 0.8 0.07

CD73 94.8 ± 2.0 96.9 ± 0.6 0.84

CD105 82.1 ± 5.3 77.1 ± 6.0 0.38

endothelial markers CD31 79.7 ± 7.0 85.5 ± 1.9 0.60

CD34 2.4 ± 0.7 2.7 ± 0.8 0.85

CD45 3.2 ± 1.0 3.1 ± 0.6 0.76

CD133 2.5 ± 0.4 2.9 ± 0.8 0.87
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CD105+  cells express early cardiac specific markers.
Since the CD105+  cells show high resemblance to the hCMPCs, we further analyzed 
the presence of other hCMPC characteristics, like the expression of progenitor markers 
and cardiac transcription factors.  First we analyzed the expression of Wilms’ tumor-1 
(WT1), a gene important for the formation of cardiovascular progenitors and WT1 
deficient embryoid bodies show defects in mesodermal lineage differentiation18. CD105+  
cells and hCMPCs had similar WT1 mrNA (figure 3A) and protein (figure 3B) 
expression patterns. They both showed abundantly nuclear expression of WT1 but 
there was also cytoplasmic WT1 expression (figure 3B). Second we analyzed the 
recently described progenitor cell marker PDGFrα19. hCMPCs and CD105+  cells both 
expressed PDGFrα mrNA, in equal amounts, and there was little variation between 
different isolations (figure 3C). The expression of PDGFrα was also examined by 
immunohistological staining and showed that both cell isolations express PDGFrα in 
similar fashion (figure 3D).

Figure 3. CMPCs and CD105+ cells express WT1 and PDGFRα
CMPCs and CD105+ cells have equal WT1 mrNA expression (A). Also there was no difference in nuclear 
expression of WT1 as shown by immunohistochemistry (B). CMPCs and CD105+ cells have similar PDGFrα 
mrNA expression (C) and immunohistochemistry showed no differences in PDGFrα protein levels between 
CMPCs and CD105+ cells (D). Gene expression was normalized to CMPCs and β-actin was measured as a 
housekeeping gene. The data is represented as mean fold increase +/- SEM, n=6.
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The expression of the cardiac specific transcription factors like Nkx2.5 and GATA4 
indicated that hCMPCs are already directed to the cardiac lineage and we wanted 
to know whether the CD105+  cells have similar expression of cardiac transcription 
factors. Both hCMPCs and CD105+  cells showed nuclear expression of Nkx2.5, with 
little variation between cells (figure 4A). There was some variation in Nkx2.5 mrNA 
expression levels between different isolations (figure 4C).  hCMPCs and CD105+  cells 
showed similar nuclear expression of GATA4 (figure 4B). The cardiac factors MEF2C 
and MLC2V were analyzed by qPCr and showed equally low expression levels in 
both hCMPCs and CD105+  cells (figure 4D, E) and there was little variation between 
different donors.
Finally the expression of mature cardiomyocyte markers was analyzed and both cell 
populations did not express the cardiomyocyte markers α-cardiac actinin, troponinT or 
β-MHC (data not shown).

Figure 4. CMPCs and CD105+ cells have similar expression of cardiac transcription factors
No significant differences between CMPCs and CD105+ cells were found for the nuclear expression of Nkx2.5 
(A) and GATA4 (B). There were no differences in mrNA expression of Nkx2.5 (C), MEF2C (D) and MLC2V 
(E) between CMPCs and CD105+ cells. Gene expression was normalized to CMPCs and β-actin was measured 
as a housekeeping gene. The data is represented as mean fold increase +/- SEM, n=6.
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CD105 is a stable marker for identifying cardiac progenitor cells
To determine whether indeed CD105 and Sca-1 are co-expressed we analyzed the 
expression of Sca-1 on CD105+  cells. Therefore we sorted the CD105+  cells on Sca-
1 expression and obtained a Sca-1 negative and a Sca-1 positive population that did 
not show differences in morphology as shown by figure 5A. 

Figure 5. CD105+/Sca-1-like+ and CD105+/Sca-1-like- cells have similar morphology and proliferation 
rate representative bright field pictures one day after sorting with Sca-1 of CD105+/Sca-1-like+ and CD105+/
Sca-1-like- cells show no morphological differences (A). No differences in proliferation rate were observed 
between CD105+/Sca-1-like+ and CD105+/Sca-1-like- cells, measure with MTS (B). The open bar represents 
the CD105+/Sca-1-like- cells and dashed bar the CD105+/Sca-1-like+ cells. The data is represented as mean 
fold increase +/- SEM, one representative experiment of 4 is shown.

Table 5. Expression of surface markers on CD105+/Sca-1-like- and CD105+/Sca-1-like+ cells measured 
by flow cytometric analysis.

Antigen CD105+/Sca-1-like- 
(%)

CD105+/Sca-1-like+ 
(%)

p-value

stem cell markers Sca-1 29.5 ± 8.6 28.5 ± 2.9 0.92

SSEA-4 2.6 ± 1.5 1.8 ± 0.5 0.67

CD117 29.4 ± 12.0 44.5 ± 9.3 0.43

CD166 88.7 ± 2.0 94.7 ± 0.2 0.10

MCS markers CD90 25.3 ± 3.1 22.2 ± 3.8 0.59

CD73 99.7 ± 0.1 98.7 ± 1.3 0.51

CD105 78.3 ± 1.5 74.1 ± 18.3 0.84

endothelial markers CD31 82.4 ± 6.7 69.5 ± 22.0 0.63

CD34 1.6 ± 0.9 2.8 ± 0.0 0.33

CD45 4.7 ± 2.7 4.4 ± 0.5 0.92

CD133 1.9 ± 0.3 2.3 ± 0.2 0.30
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Sca-1 expression on CMPCs is not stable during culturing; it decreases in the course 
of time. Interestingly, sorting CD105+  cells with the use of an α-mouse-Sca-1 antibody 
resulted in similar ratios of Sca-1 positive/negative cells as was found for hCMPCs 
cultured for the same time interval. There were more Sca-1-like negative cells than 
Sca-1-like positive cells (figure 5A).  However both cell populations were found to 
proliferate at the same rate and there was little variation between donors (figure 5B). 
Flow cytometric analysis was performed for the expression of progenitor cell markers, 
to characterize the CD105+ /Sca-1-like- and CD105+ / Sca-1-like+ cells. The expression 
of surface makers did not significantly differ between the two populations, although 
there was some variation in CD105 and CD31 expression between donors (table 5). 
The expression of the cardiac transcription factors Nkx2.5 and GATA4 was analyzed 
and CD105+ /Sca-1-like- and CD105+ / Sca-1-like+ cells showed similar expression levels 
(data not shown). 

Figure 6. CMPCs and CD105+ cells differentiate into cardiomyocytes
CMPCs and CD105+ cells express Nkx2.5 mrNA, and its expression is significantly increased in CD105+ 
cells after differentiation (A). MEF2C mrNA expression is significantly increased in differentiated CMPCs 
and CD105+ cells (B). MLC2V mrNA expression is significantly increased in differentiated CMPCs (C). 
Differentiated CMPCs and CD105+ cells start to express the cardiomyocyte specific genes alpha cardiac actin 
(D) and troponin T (E). Gene expression was normalized for CMPCs to undifferentiated CMPCs and for CD105+ 
cells to undifferentiated CD105+ cells and β-actin was measured as a housekeeping gene. The data is 
represented as mean fold increase +/- SEM, n=6; * p < 0.05 significant compared to undifferentiated CMPCs 
and # p < 0.05 significant compared to undifferentiated CD105+ cells.
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In conclusion, we could isolate cardiomyocyte progenitor cells using an α-human-
CD105 antibody and have shown that CD105 is a more stable cell surface marker than 
Sca-1.

CD105+  cells differentiate into cardiomyocytes
Since the CD105+  cell population resembled hCMPCs and hCMPCs can differentiate 
into cardiomyocytes after sequentially stimulation with 5-azacytidine and TGFβ, we 
determined the cardiac differentiation potential of the CD105+  cells using the same 
protocol4,5,7 and analyzed cardiac differentiation by qPCr after 4 weeks. Prior to 
differentiation both populations have high Nkx2.5 (figure 4A, C), low MEF2C (figure 
4D) and low MLC2V (figure 4E) mrNA levels and α-cardiac actin and troponin T were 
not expressed.   After 4 weeks of differentiation the expression of Nkx2.5 mrNA 
increased significantly in CD105+  cells (figure 6A). CMPCs and CD105+  cells, both 
significantly increased their MEF2C mrNA expression (figure 6B) and CMPCs showed 
increased MLC2V mrNA expression (figure 6C). Furthermore, CMPCs and CD105+  
cells now expressed the cardiomyocyte markers α-cardiac actin (figure 6D) and troponin 
T (figure 6E).   
 

Discussion

In this study we investigated whether we could replace the α-mouse-Sca-1 antibody 
with an α-human-CD105 antibody for isolating hCMPCs. We show that hCMPCs and 
CD105+  cells isolated from the same heart resulted in outgrowth of indistinguishable 
cell populations that show no differences in their expression of cardiac transcription 
factors, surface markers, proliferation or differentiation potential. 
Since in the heart, CD105 is expressed by both progenitor cell populations and 
proliferating somatic cells, there is a possibility that we have isolated somatic cells or a 
heterogeneous pool of cells with variable differentiation potential including the epicardial-
derived cells (EPDCs)17, mesenchymal stem cells, c-Kit positive progenitor cells25 and 
hCMPCs4. Besides the magnetic cell sorting, the preparation of the single cell suspension 
and the culture conditions can influence which cell types grow out of the CD105+  cell 
fraction.  
Since cardiomyocytes do not express CD10510, isolation of cells with  an α-human-
CD105 antibody, will not co-purify cardiomyocytes. This was confirmed by the absence 
of mature cardiomyocyte marker mrNA in CD105+  cells. The CD105+  cells were 
positive for CD31 and negative for CD34, which is indicative for an endothelial cells 
phenotype. Isolation of endothelial cells with an α-human-CD105 antibody is also 
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possible as was described previously by Hamid et al.20. Importantly, CD105+  cells 
expressed the cardiac transcription factors Nkx2.5, GATA4, MEF2C and the sarcomeric 
protein MLC2V. Therefore, we conclude that the cells isolated using α-CD105 are not 
endothelial cells. Furthermore, the culture conditions applied for culturing hCMPCs 
and CD105+  cells are harsh and possible co-isolated endothelial cell will not be able to 
survive for more than a couple of passages. In contrast, hCMPCs and CD105+  cells are 
able to expand for over 20 passages. Cardiac fibroblasts are fully differentiated somatic 
cells without cardiogenic potential22, but also express CD10521. Furthermore, these 
somatic cells seldom express CD31 and more than 85% of the CD105+  cells expressed 
CD31. Also the expression of CD90 differs between the cardiac fibroblasts and CD105+  
cells; approximately 80% of the fibroblasts have been reported to express CD9021,  
but only 30% of the CD105+  cells did express it. Therefore, we can conclude that we 
did not isolate cardiac fibroblast. 
Van Tuyn et al.17 thoroughly characterized adult EPDCs and showed that they expressed 
CD105, when activated. When we compared the expression profile of CD105+  cells 
with that of EPDCs, the CD105+  cells differed from EPDCs in cell surface marker and 
cardiac transcription factor expression.  CD105+  cells expressed CD31 on their cell 
surface, while EPDCs did not. Only a low percentage of CD105+  cells expressed CD90 
on their cell surface while it is expressed by most of the EPDCs. When we analyze the 
expression of cardiac transcription factors we did observe differences between the 
CD105+  cells and EPDCs. CD105+  cells are Nkx2.5+, GATA4+, MLC2V+, MEF2C+ cardiac 
troponinT- while EPDCs are Nkx2.5-, GATA4+, MLC2V-, MEF2C+ and cardiac troponinT+. 
Furthermore, CD105+  cells can be cultured for far more passages than EPDCs, which 
can be cultures up to passage 7 (unpublished results). The differentiation of EPDCs 
into cardiomyocytes is disputed and when it occurs it is at a very low frequency23. Here, 
we have shown that CD105+  cells differentiated into cardiomyocytes. Therefore, we 
may conclude that CD105+  cells are not EPDCs.
Mesenchymal stem cells can be isolated from al sorts of tissues and have varying 
differentiation potential depending on the tissue, culture conditions and donor. Although 
there are large variations between different isolations of MSCs, they are defined by the 
presence and absence of specific cell surface markers, adherence to plastic and their 
differentiation potential13. To exclude that we have isolated MSCs we compared the 
expression of cell surface markers and cardiac transcription factors of CD105+  cells 
with those of MSCs. It is generally agreed that adult human MSCs do not express the 
hematopoietic markers CD45 or CD34, also they do not express the adhesion molecules 
CD31 but they do express CD105, CD73, CD90 (Thy-1) as well as the adhesion molecule 
CD166 (ALCAM)13,24.
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CD105+  cells did not express CD45 or CD34, but did express CD31, CD105, CD73, 
CD90, and CD166. CD105+  cells differ in their CD31 expression from MSCs but also 
showed significant differences in their expression of cardiac transcription factors Nkx2.5 
and GATA4, since CD105+  showed nuclear expression and MSCs do not express Nkx2.5 
and GATA4 and the uniform expression of Nkx2.5 and GATA4 suggests that we have 
isolated a homogeneous population of cells and not a mixture of several progenitor cell 
populations. Furthermore the occurrence of differentiation of MSCs towards 
cardiomyocytes is very rare25 and the large increase in mrNA expression of cardiac 
markers in our experiments indicated that differentiation is not a rare event.  
When cells were isolated from the human heart with CD105 no differences could be 
observed between CMPCs and CD105+  cells. However, although very promising, the 
ultimate test to determine whether CMPCs and CD105+  cells are the same cell population 
would be to compare them on rNA level using a microarray and finally test whether 
these CD105+  cells have the same potential in cardiac repair in vivo when they are 
transplanted into mice after myocardial infarction.
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Abstract

Previously we observed that cardiomyocyte progenitor cells (hCMPCs) isolated from the 
human heart differentiate spontaneously into cardiomyocytes and vascular cells when 
transplanted after myocardial infarction (MI) in the ischemic heart. After MI, deprivation 
of oxygen is the first major change in the cardiac environment. How cells handle hypoxia 
is highly cell type dependent. The effect of hypoxia on cardiac stem or progenitor cells 
remains to be elucidated. Here, we show for the first time that short and long term 
hypoxia have different effects on hCMPCs. Short term hypoxia increased the migratory 
and invasive capacities of hCMPCs likely via mesenchymal transformation. Although 
long term exposure to low oxygen levels did not induce differentiation of hCMPCs into 
mature cardiomyocytes or endothelial cells, it did increase their proliferation, stimulated 
the secretome of the cells which was shifted to a more anti-inflammatory profile and 
dampened the migration by altering matrix metalloproteinase (MMP) modulators. 
Interestingly, hypoxia greatly induced the expression of the extracellular matrix modulator 
thrombospondin-2 (TSP-2). Knockdown of TSP-2 resulted in increased proliferation, 
migration and MMP activity. In conclusion, Short exposure to hypoxia increases migratory 
and invasive capacities of hCMPCs and prolonged exposure induces proliferation, an 
angiogenic secretion profile and dampens migration, likely controlled by TSP-2.
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Introduction

Over the last years, it has been established that the human heart harbors populations 
of cardiac progenitor cells that reside in the interstitial space in the myocardium 1-4. 
These progenitor cells are thought to participate in maintenance and repair of the 
heart muscle 5,6. Therefore, progenitor cells need to 1) proliferate, 2) migrate out of 
their niche, and 3) locally form new cardiac tissue by differentiating into cardiomyocytes, 
endothelial cells and vascular smooth muscle cells. The cues for these three processes 
are provided by the immediate environment of the progenitor cells. After myocardial 
infarction (MI) extensive regeneration of the ischemic area is required. Progenitor 
cells in the heart itself, or introduced via cell-transplantation, will immediately be 
exposed to hypoxia. Oxygen tension is an important stimulus that has received 
increasing recognition for its ability to influence gene expression and to affect the 
characteristics of various types of progenitor cells 7-9. Although a few studies describe 
the use of oxygen as a signaling molecule, that can influence the survival, proliferation, 
and differentiation of cells, the effect of oxygen on cardiac progenitor cell behavior is 
not yet studied. 

Under hypoxic conditions enhanced proliferation has been reported for bone marrow-
derived mesenchymal stem cells 10,11, skeletal muscle satellite cells 7,12,13 and central 
nervous system derived stem cells 12,14,15. In the same stem cell populations reduced 
apoptosis was observed under low oxygen conditions 12,14,16. Interestingly, the effects of 
hypoxia on differentiated cell types are more diverse; for example, cardiomyocytes show 
increased apoptosis under hypoxia 17, while endothelial cells are able to survive a hypoxic 
environment 18. However, analyzing ischemia/reperfusion induced cell death in rat hearts 
showed that hypoxia activated programmed cell death occurs in cardiomyocytes and 
endothelial cells in vitro and in the injured myocardium 19. 

Besides survival and proliferation also migration of cells can be influenced by the oxygen 
tension as shown for bone marrow cells 16 and endothelial cells 20. Additionally, in some 
situations hypoxia is reported to affect cell differentiation: skeletal muscle differentiation 
was enhanced in low oxygen conditions 13, while e.g. adipocyte differentiation was 
reduced 13,21. In this respect, oxygen tension can play an important role in the processes 
underlying cardiac repair; proliferation, migration and differentiation of cardiac progenitor 
cells. Alternatively, it may influence the therapeutic potential of cardiac progenitor cells 
as a source for cell-based therapy. Therefore it is important to understand how these 
progenitor cells respond to a hypoxic environment. 
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Previously, we have reported that a population of human cardiomyocyte progenitor 
cells (hCMPCs) can be isolated from the adult and fetal heart 3,22. In vitro these 
hCMPCs maintain their progenitor cell characteristics under normal culture conditions. 
However, when the cells are stimulated in vitro with 5-azacytidine and TGFβ, hCMPCs 
change into beating cardiomyocytes with organized sarcomeric structures, a ventricular 
like action potential and capable of gap junctional communication3,23. Culturing of 
CMPCs on matrigel with the addition of VEGFA resulted in the formation of vessel-like 
structures and the differentiation into endothelial cells and smooth muscle cells3,23. 
Interestingly, when undifferentiated hCMPCs were injected into the infarcted mouse 
heart, we observed that these cells proliferate, migrate through the tissue and locally 
differentiate into cardiomyocytes and vessel-like structures 24. This observation is 
particularly important since it shows that the ischemic heart provides the correct 
environmental cues for regeneration. Additionally, injection of hCMPC stimulated the 
formation of mouse blood vessels in the infarcted area and infarct borderzone, showing 
a paracrine effect of progenitor cells on their surroundings 24. This makes hCMPCs 
an excellent in vitro model to study the effects of environmental factors on cardiac 
stem cell populations.

Hypoxia is one of the most prominent factors after a myocardial infarction. We therefore 
hypothesize that hypoxia will 1) stimulate the proliferation and migration of hCMPCs, 
2) affect the ability of hCMPCs to modify their environment and 3) stimulate the 
differentiation of hCMPCs into cardiac cell types.

Materials and Methods

Cell culture 

hCMPC: Human fetal hearts were collected after elective abortion based on individual 
informed consent and after approval by the Medical Ethics committee of the Leiden 
University Medical Center. The investigation conforms to the principles outlined in the 
Declaration of Helsinki. hCMPCs were isolated using magnetic cell sorting and cultured 
as described previously 3,22. For all experiments hCMPCs (passage 10-15) were grown 
in 0.5% fetal bovine serum (FBS, Gibco, Paisley, UK) and penicillin-streptomycin (pen-
strep, 100U/ml each, Gibco) in DMEM/M199, except for the viability and proliferation 
assays in which hCMPCs were cultured in DMEM/M199 containing 1% FBS and pen-
strep.  10.000 hCMPCs/cm2 were plated for mrNA expression, protein secretion or for 
production of conditioned medium. To induce a low oxygen environment, cells were 



87

Low oxygen tension stimulates CMPCs

CHAPTEr

5

cultured in a hypoxic incubator (1% O2). Conditioned medium was prepared by culturing 
hCMPCs for the indicated days under normoxic (20% O2-CM) or hypoxic conditions 
(1% O2-CM) and filter sterilized by passing it through a 0.2 μm filter. 

HUVEC: Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical 
cords and cultured on 1% gelatin-coated plates in EGM-2 medium (Lonza, Walkersville, 
MD, USA), supplemented with 10% FBS and Pen-Strep.  

Proliferation and cell numbers: To determine the number of cells, 750 CMPCs/ well 
were seeded on day 0 and grown for 9 days under normoxia or hypoxia and were stained 
with 1 ug/ml fluorescein di-acetate (Sigma, St Louis, MO, USA). After which pictures 
were taken for evaluation of cell density. 
Furthermore, 750 hCMPCs/well were seeded in 96-well plates and cultured up to 9 
days after which proliferation was measured by BrdU incorporation ELISA according to 
the manufacturer’s protocol (Calbiochem, San Diego, MD, USA). 
Cell viability under hypoxia and normoxia was evaluated using the Thiazolyl Blue 
Tetrazolium Bromide assay (MTT, Sigma). hCMPCs were seeded in 96-well tissue culture 
plates and after 6 and 9 days cell viability was assessed by measuring the amount of 
solubilized formazan using an ELISA reader at 570 nm.

Scratch assay: To determine the migration capacity of hCMPCs, we performed a scratch 
assay. hCMPCs were seeded in 12-well plates, and incubated under normoxic or hypoxic 
conditions. After 24 hours or 9 days, scratches were made in the confluent monolayer 
and medium was refreshed or replaced by conditioned medium to remove dead cells 
due to scratching the monolayer. To analyze the migratory response, pictures were taken 
after 0 and 4 hours.  Quantification was performed using the ImageJ software.  Analysis 
of the scratch at 0 hours showed that mean scratch width was comparable between al 
groups.

Boyden chamber assay: The chemotactic properties of hCMPCs were determined using 
a Boyden chamber assay. Fifty thousand hCMPCs were seeded in the upper chamber 
of a transwell (pore size 8.0 μM; Corning, Amsterdam, The Netherlands). Prior to 
migration the polycarbonate filters were coated with gelatin. In the lower chamber, 
unconditioned medium, 1% O2-CM or 20% O2-CM was added, and cells were allowed 
to migrate at 37 °C. After 4 hours, the chambers were paraformaldehyde and methanol 
fixed, and cells were stained with 0.4% crystal violet. Pictures were taken and migrated 
hCMPCs were counted using Cell^B software (Olympus, Hamburg, Germany).
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Spheroid sprouting assays: Spheroids were formed as described previously 25. 500 cells/
well were plated and incubated overnight in non-adherent round-bottom plates (Greiner) 
to form spheroids. The day after the spheroids were embedded in collagen/
methylcellulose gels. Following polymerization of the gel (approximately 30 min.), 
unconditioned or conditioned medium was added and incubated overnight. hCMPCs-
spheroids were used to determine the effect of hypoxia the invasive capacity of hCMPCs 
sprouts assay was performed under 1% and 20% O2. To analyze the effect of the 
hypoxia-induced secreted proteins by hCMPCs on endothelial cells, HUVEC-spheroids 
were allowed to sprout in the presence of hCMPC conditioned medium. Pictures were 
taken after 24 hours and the length and number of sprouts were quantified using Cell^B 
software.

Gene expression
RNA isolation and qPCR: rNA was isolated using TriPure (roche, Almere, The 
Netherlands) according to manufacturer’s protocol and purified using the Nucleospin 
rNA isolation kit (Macherey-Nagel, Düren, Germany). cDNA was synthesized from 500 
ng rNA according to the protocol of the revertTM Aid H minus first strand synthesis kit 
(Fermentas GmbH, St. Leon-rot, Germany). Beacon Designer 4.0 (Premier Biosoft 
International, Palo Alta, CA, USA) was used to design quantitative polymerase chain 
reaction (qPCr) primers for β-actin, Nkx2.5, myocardin, MLC2v, α-cardiac actin, VWF, 
VE-cadherin, PECAM, VEGFr2, Endoglin, Tie-2, VEGF-A, PDGF-BB, PlGF, Snail, Slug, 
TWIST, MMP-2, MMP-9, TIMP-1, TIMP-2, TSP-1, and TSP-2. β-actin was measured 
as a housekeeping gene. Primer sequences and annealing temperatures are available 
on request.

Paracrine factors
Zymography: Zymography was performed as described previously 26. In brief, conditioned 
medium samples were run on a 10% SDS-PAGE gel containing 0.8 mg/ml gelatin. After 
overnight incubation with freshly prepared Brij-35 solution, gels were stained with 
Coomassie, MMP-2 and MMP-9 activity was quantified using a densitometric method 
on a Geldoc 1000 system (Bio-rad, Hercules, CA, USA) and Quantity One software 
(Bio-rad).  (Active) MMP-2 and (active) MMP-9 were identified based on their size on 
the zymography gel.

Angiogenesis antibody array: After 9 days of culture, conditioned medium was collected 
and incubated with the rayBio human angiogenesis antibody array 1 & 2 (ray Biotech, 
Norcross, GA, USA) to determine the secretion levels of angiogenic growth factors and 
cytokines. Protein-antibody complexes were visualized by chemiluminescence according 
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to the manufacturer’s protocol. The results were photographed using Geldoc 1000 
system (Bio-rad) and quantified with Quantity One software.

ELISA: We performed an ELISA for VEGF-A (Human VEGF-A ELISA, Bender MedSystems 
GmbH, Vienna, Austria), PlGF (PeProTech, rocky, Hill, NJ, USA), PDGF-BB (PeProTech, 
rocky, Hill, NJ, USA), MCP-1 (PeProTech, rocky, Hill, NJ, USA), IL-8 (PeliKine Compact 
human IL-8 ELISA kit, Sanquin, Amsterdam, the Netherlands) and TGFβ1 (Human 
TGFβ1, DY240, r& D systems, Abingdon, UK) according to the manufacturer’s 
protocols. 

Western Blotting: To validate protein levels, Western blotting was performed for TSP-1 
and TSP-2 on 9 days conditioned medium. Conditioned medium was loaded and 
separated by 4-10% gradient SDS-PAGE and transferred to Hybond PVDF membranes. 
After blocking with 5% milk in TBST, membranes were incubate overnight with TSP-2 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA ) or TSP-1 antibody (A6.1; 
Thermo Scientific, Fremont, CA, USA) followed by incubation with a horseradish 
peroxidase (HrP)-labelled secondary donkey anti-goat or goat anti-mouse antibody, 
respectively, for one hour. Chemiluminescence was induced by ECL Advanced Detection 
reagent and detected by exposure to Hyperfilm ECL. 

RNA interference
hCMPCs were transduced with lentiviruses, expressing shrNAs that specifically target 
human TSP-2, from the MISSION rNAi library (Sigma) in the presence of 8 μg/ml 
polybrene. After 6 hours the medium was refreshed, and the next day 1 μg/ml puromycin 
was added for selection of transduced cells. Three days post selection, an MTT and 
spheroid assay was performed and expression of TSP-2 was analyzed by rT-PCr.

Statistical analysis
All values are represented as mean ± S.E.M. P-values of < 0.05 were considered 
significant. Student’s t-test was used to compare hypoxia and normoxia. For multiple 
group comparison ANOVA with LSD Post Hoc test was used.

results

Hypoxia induces hCMPC proliferation.
Since hypoxia has been shown to induce the proliferation of several progenitor cell 
types7, we analyzed the growth rate of hCMPCs. During the first days of culture there 
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were no differences in the proliferation of hCMPCs cultured under normoxic or hypoxic 
conditions (data not shown). However from day 6 onwards, hypoxic hCMPCs exhibited 
a higher cell density as was shown by labeling the cell cultures with fluorescent di-
acetate (figure 1A). This increase in cell number was further consolidated by measuring 
the overall cellular mitochondrial respiratory chain activity using an MTT assay. Moreover, 
cellular DNA synthesis, a measure of cell division, was investigated by BrdU incorporation. 
Both assays revealed a significantly increased proliferation under low oxygen culture 
conditions (figure 1B, C). 

Effect of hypoxia on hCMPC differentiation and pro-angiogenic capacity
hCMPCs are able to differentiate into both cardiac and vascular cells in vitro and  
in vivo3,22,23 and provide a unique biological system to explore the effect of hypoxia 
on cardiac progenitor cell differentiation. After 9 days of culture in a hypoxic 
environment, hCMPCs expressed the early cardiac transcription factors Nkx2.5 and 
myocardin indicating a commitment to the cardiac lineage. However, the sarcomeric 
genes MLC2v and α-cardiac actin, which are specific for striated cardiomyocytes, 
were not observed. This shows that 9 days of only hypoxia is not sufficient to 
differentiate hCMPCs into cardiomyocytes (figure 2A). Low oxygen was also not 
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Chapter 5 Figure 1

Figure 1 Hypoxia increases the proliferation of hCMPCs. hCMPCs were cultured under normoxic and 
hypoxic conditions for the indicated time intervals. An increase in the number of cells under hypoxia was 
visualized by staining with fluorescent di-acetate (A). Viability and cell cycle progression was quantified by 
MTT (B) and BrdU (C), respectively. Both assays show an increased proliferation under hypoxia. Values were 
normalized to normoxia of the same time point and one representative experiment of seven is shown.  
*Significant difference between normoxia and hypoxia at the same time point.
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sufficient to steer their differentiation into endothelial cells; only increased Tie-2 
mrNA expression levels were observed (figure 2B). 
Although hypoxia did not induce vascular differentiation of hCMPCs themselves, it may 
affect paracrine factors released by hCMPCs that can stimulate neo-angiogenesis in 
the injured myocardium24. To gain more insight into the pro-angiogenic activity of hypoxic 
hCMPCs, we analyzed the secretome of hCMPCs cultured under hypoxic or normoxic 
conditions using an angiogenic antibody array.
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Figure 2 Hypoxia does not induce differentiation of hCMPCs. Nine days of hypoxic culture did not induce 
expression of cardiomyocyte specific genes, as shown by qPCr (A). Analysis of endothelial specific genes 
showed that there is no differentiation of hCMPCs into vascular cells during this incubation period (B). β-actin 
was measured as a housekeeping gene, and data was normalized to day 0 expression. *Significant difference 
between normoxia and hypoxia.
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Several proteins were found to be differentially expressed, which we confirmed using 
ELISA and qPCr. While the release of large amounts of MCP-1 (figure 3A), active TGFβ 
(figure 3B), and Il-8 (figure 3C) was decreased when hCMPCs were cultured under 
hypoxic conditions, low oxygen stimulated the secretion of VEGF-A (figure 3D) and 
increased VEGF-A mrNA expression (appendix figure 1A). Although the expression of 
PDGF-BB mrNA increased under hypoxia (appendix figure 1B) there was no difference 
in its secretion (figure 3E). hCMPCs secrete more PlGF under normoxic conditions than 
under hypoxic conditions. (figure 3F), as was observed for PlGF mrNA expression 
(appendix figure 1C). Thus although hypoxia did not induce differentiation of hCMPCs 
into cardiovascular cells, it did enhance the secretion of pro-angiogenic growth factors 
and cytokines by hCMPCs. 

Hypoxia stimulated the migration and invasion of hCMPCs
The ability of progenitor cells to move through (scar) tissue is important for cells to reach 
the area that requires repair. Therefore we analyzed the migration and invasion capacity 
of hCMPCs under hypoxia. Using a 2-dimensional scratch assay, we observed increased 
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Chapter 5 figure 3

Figure 3 Hypoxia influences secretion of factors by hCMPCs. To determine the secretion of proteins, medium 
was conditioned by culturing cells for 6 or 9 days under hypoxia or normoxia. To measure protein levels, 
ELISA was performed. Hypoxia decreased the secretion of MCP-1 (A), TGFβ (B), and Il-8 (C). The secretion 
of VEGF-A (D) was induced by hypoxia, while PDGF-BB secretion remained unaffected (E). PlGF secretion 
was increased during prolonged normoxic culture and remained unaffected by hypoxia (F). Average of five 
experiments is shown. *Significant difference between normoxia and hypoxia at the same time point.
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motility of hypoxic hCMPCs, resulting in a closure of 86 %, while under normoxic 
conditions 41 % was closed (figure 4A and B). 
To determine whether hCMPCs secrete factors that would influence their migration, we 
performed a scratch assay in the presence of conditioned medium (CM) of normoxically 
or hypoxically grown hCMPCs. In the presence of 1% O2-CM, hCMPCs were able to 
close 49 % of the scratch while in the presence of 20% O2-CM only 36 % was closed 
(figure 4C). Additionally, using a Boyden chamber assay, we observed that significantly 
more hCMPCs migrated towards 1% O2-CM when compared to 20% O2-CM (figure 4D). 
These data suggest that hypoxic conditioned medium increased the mobility of hCMPCs 
and that under hypoxia secreted factors have chemotactic properties.
Since migration is facilitated by the breakdown of extracellular matrix (ECM), we 
investigated whether hCMPC migration was affected by changes in ECM remodelers. 
After a short, 24-hour exposure, to hypoxic conditions, there was no change in the 
expression of TIMP-1, TIMP-2, and TSP-1 (figure 4E) or the secretion of MMP-2 
(data not shown).
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Figure 4 Migration capacity of hCMPCs is enhanced by hypoxia. hCMPCs secrete factors under hypoxia 
that improve the migration. (A) representative pictures of cell migration after 4 hours in scratch assay; 
hCMPCs migrate faster under hypoxia than under normoxia. (B) Quantification of migration in (A). (C) 1% 
O2-CM induced more migration than 20% O2-CM when the scratch assay was performed under 20% O2. (D)  
A Boyden chamber assay shows increased migration of hCMPCs towards 1% O2-CM. The number of migrated 
cells was normalized to unconditioned medium. (E) Gene expression of remodelers of ECM after 1 day of 
culturing was not significant influenced by hypoxia, except for TSP-2 mrNA expression which was increased 
under hypoxia. β-actin was measured as a housekeeping gene, and data was normalized to day 0 expression. 
*Significant difference between normoxia and hypoxia.
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However, there was a significant induction of TSP-2 by hypoxia. Another contribution 
to enhanced migration can be the mesenchymal transformation of cells to a more 
migratory phenotype. We observed that after 24 hours of exposure to hypoxia, hCMPCs 
have increased expression of Snail, Slug, and TWIST (appendix figure 2), genes known 
to be induced during mesenchymal transformation. 
To determine the effect of hypoxia on the invasiveness of hCMPCs, we embedded 
these cells as spheroids in a 3D collagen gel. hCMPCs successfully formed 
spheroids that were able to form sprouts (figure 5A). When performing this assay 
under hypoxic conditions, we observed a significant increase in the number of 
sprouts invading the collagen layer and a decrease in the average length of the 
hypoxic sprouts (figure 5A-C). 

20 % O2

1 % O2

A

20% O2 1% O2

B

nu
m

be
r o

f s
pr

ou
ts

0
4
8

12
16
20 *

hCMPCs
20% O2 1% O2

C

0

50

100

150

200
*

 a
ve

ra
ge

 le
ng

th
 

of
 a

 s
pr

ou
t (

pi
xe

ls
)

hCMPCs

nu
m

be
r o

f s
pr

ou
ts

D

0
2
4
6
8

10 *

CM-
20% O2

CM-
1% O2

HUVECs

 a
ve

ra
ge

 le
ng

th
 

of
 a

 s
pr

ou
t (

pi
xe

ls
)

0

50

100

150

200

CM-
20% O2

CM-
1% O2

E

HUVECs

Chapter 5 figure 5

Figure 5 Hypoxia increases the invasion capacity of hCMPCs, and stimulates the production of pro-
angiogenic factors. (A) hCMPC–spheroids, embedded in collagen, invade collagen to form sprouts. 
representative pictures of hCMPC spheroid sprouting under normoxia and hypoxia are shown. (B) The 
number of sprouts per spheroid increased under hypoxic conditions, while the average length of a sprout 
decreased (C). (D) CM of hCMPCs positively influences the sprouting capacity of endothelial cells. The number 
of sprouts per spheroid increased when HUVEC spheroids are cultured in the presence of 1 % O2-CM, the  
length of a sprout was not affected (E). 
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Since hCMPC are shown to have a paracrine effect on their surroundings, we examined 
the effect of hCMPCs secreted proteins on the sprouting capacity of endothelial cells. 
HUVEC spheroids were formed, and subsequently grown in the presence of hypoxic or 
normoxic conditioned medium of hCMPCs. 1% O2-CM induced significantly more 
sprouts than 20% O2-CM (figure 5D). However, there was no difference in the mean 
length of a HUVEC sprout between the conditions (figure 5E). These data suggest that 
under hypoxia, hCMPCs release paracrine factors that induce migration and invasion 
of both cardiac progenitor cells and endothelial cells.

Prolonged exposure to low oxygen tension inhibits hCMPCs growth and migration.
Since repair of ischemic damage of cardiac tissue takes longer than one day we also 
explored the effects of prolonged (6 and 9 days) exposure to hypoxia on the different 
aspects of migration. Since ECM modulators are important for the migration of 
(progenitor) cells through cardiac tissue, we determined the effect hypoxia had of MMP-
2 and -9, and the MMP inhibitors TIMP and TSP 27,28. Using zymography and qPCr we 
observed that hCMPCs express high levels MMP-2 mrNA and secreted large amounts 
of MMP-2 protein (figure 6A and B). Culturing hCMPCs under hypoxic conditions did 
not affect the MMP-2 gene expression nor the MMP-2 protein secretion (figure 6A and 
B). MMP-9 protein or mrNA levels were below the detection level in all conditions 
analyzed (data not shown).
The expression of TIMP-1 and TIMP-2 increased in time in both hCMPCs cultures 
compared to day 0 (figure 6C and D), but the increase in expression was less pronounced 
when hCMPCs were grown under hypoxic conditions. Although TSP-1 significantly 
increased under hypoxia (figure 6E and G), the most striking difference in expression 
level of the matrix modulators was observed for TSP-2 mrNA, increasing 26-fold after 
9 days of culture under hypoxic conditions (figure 6F), which was translated in an 
increased secretion of TSP-2 under hypoxia (figure 6G). 
To investigate whether these observed changes in ECM remodelers affect cellular 
behavior, we performed a scratch assay after prolonged culture. After 9 days of normoxic 
culture, hCMPCs migrate slower (figure 6H) compared to 1 day (figure 4B), and only 
half of the area is closed 4 hours after scratching of the monolayer. The difference under 
hypoxic conditions is even more striking. After short-term exposure to hypoxia, hCMPCs 
were able to close 86% of the scratched area. In contrast, long-term culture under low 
oxygen led to a 15% closure of the area, in an equal time-span (figure 6H).   
Thus, prolonged low oxygen levels inhibit TIMPs while the expression of especially 
TSP-2 is increased and hCMPC migration is significantly reduced. 
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Figure 6 Long term exposure to hypoxia inhibits CMPC migration via increased expression of the ECM 
modulator TSP-2. (A) The expression of MMP-2 in cells was determined via qPCr and was not influenced 
by hypoxic conditions. (B) Secretion of MMP-2 in conditioned medium was demonstrated by zymography. 
The expression TIMP-1 (C), TIMP-2 (D), TSP-1 (E) and TSP-2 (F) was measured by qPCr. (G) Secretion of 
TSP-1 and TSP-2 is increased when hCMPCs are exposed to hypoxia for 9 days. (H) After nine days of culture, 
migration in a scratch assay was determined, and showed no difference between hypoxia and normoxia. For 
all genes, expression was normalized to day 0 and β-actin was measured as a housekeeping gene. # 
Significant difference compared to all groups; * significant difference between two groups.
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TSP-2 controls the proliferation and migration of hCMPCs
Since hypoxia strongly induced TSP-2 expression, we explored the function of TSP-2 
by lentiviral knockdown of TSP-2 levels in hCMPCs (figure 7A). As previously observed, 
hypoxia induced the proliferation of hCMPCs transduced with an empty vector control. 
Interestingly, TSP-2 knockdown cells showed enhanced proliferation under normoxia 
and now had the same growth rate as TSP-2 cells grown under hypoxia (figure 7B). 
Migration of shTSP-2-hCMPCs was significantly enhanced under both normoxic and 
hypoxic conditions and as observed for cell proliferation, hypoxia no longer increased 
the migration of the shTSP-2-hCMPCs (figure 7C). Finally, we analyzed the role of TSP-
2 knockdown on migration and invasion in a 3D spheroid assay. Interestingly, knockdown 
of TSP-2 altered the capacity of hCMPCs to form spheroids, leading to very loose 
irregular aggregates (figure 7D) that easily dissociated into loose cells when seeded into 
the collagen matrix. From those that were correctly embedded into the 3D collagen gel, 
we found 21% of the TSP-2 knockdown hCMPC spheroids on the bottom of the well; 
compared to 10 % of the control spheroids (figure 7E). Normally, spheroids remain 
embedded within the collagen matrix and only the invading cells locally modulate the 
collagen. TSP-2 knockdown spheroids degraded the collagen extensively, resulting in 
a loose more liquid matrix causing them to drop to the bottom, attached and spread 
out. MMP-2 and MMP-9 are important proteases for collagen break down. Therefore, 
we analyzed the secretion of these MMPs using zymography. Although knockdown of 
TSP-2 resulted in a slight increase in MMP-2 secretion (figure 7F and G), a more striking 
effect was seen for MMP-9. While MMP-9 was hardly detectable in empty vector 
transduced hCMPCs, TSP-2 knockdown resulted in enhanced secretion of MMP-9 
(figure 7F and H). 
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Figure 7 Knockdown of thrombospondin-2 increased proliferation and migration of hCMPCs. (A) TSP-2 
was knocked down using rNAi lentiviruses and decreased TSP-2 expression in hCMPCs with approximately 
70%. (B) Knockdown of TSP-2 resulted in an increased cell number measured with MTT. One representative 
experiment of four is shown. (C) Knockdown of TSP-2 induced the migration of hCMPCs in a scratch assay, 
and hypoxia did not increase the migration in TSP-2 knockdown cells. (D) representative pictures of spheroids 
from hCMPCs transduced with empty vector or shTSP-2. (E) Knockdown of TSP-2 resulted in more spheroids 
that broke down the matrix and spread out on the bottom of the well. (F) representative picture of a zymogram 
loaded with  9 days conditioned medium of TSP-2 knockdown or empty vector hCMPCs. (G) Quantification 
of MMP-2 in (F), normalized to unconditioned medium. (H) Quantification of MMP-9 in (F); knockdown of 
TSP-2 greatly induced the secretion of MMP-9. * Significant difference between two groups.
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Discussion

The aim of this study was to investigate the effect of low oxygen tension on the cellular 
behavior of hCMPCs. We found that short exposure to hypoxia enhanced the migration 
and invasive capacity of the cells. In contrast, prolonged hypoxia inhibited cell migration, 
but induced the proliferation of hCMPCs. Importantly low oxygen tension increased the 
production of pro-angiogenic and anti-inflammatory factors by hCMPCs, and affected 
matrix degradation. 
The primary response of human cardiac progenitor cells exposed to an ischemic 
environment is an enhanced migration. This improved motility may be partially explained 
by an increase in growth factor expression like VEGF, which has been reported to 
influence the migration of endothelial cells 29 and is regulated by hypoxia 30,31. Induced 
migration was also described for hypoxic conditioned medium of MSCs and adipo-
derived stem cells, which was at least partly explained by the upregulation of VEGF 8,32. 
In our experiments, medium conditioned by hypoxic cultured hCMPCs stimulated the 
migration of hCMPCs more than normoxic conditioned medium. This corresponded 
with the presence of higher levels of VEGF in the medium. Intriguingly, the overall 
migration level using hypoxic conditioned medium was lower compared to the migration 
performed under complete hypoxia. This means that the effect can only partially be 
explained by hypoxia induced secretion of growth factors, and a portion of the effect 
has to be attributed to a change in cellular characteristics. 
Short term hypoxia indeed induced the expression of Slug and Snail, genes know to be 
involved in mesenchymal transition. This phenomenon is well described for epithelial 
cells to become more migratory 33. A recent study shows that Snail expression increases 
in low oxygen culture and enhances the motility of cancer cells 34.
Prolonged exposure of hCMPCs to a hypoxic environment inhibited cell migration. This 
could be explained by the increased production of inhibitors of matrix degradation we 
observed. Cell migration requires controlled degradation of the extracellular matrix by 
MMPs and their modulators 35 and the expression of these MMPs and their modulators 
are cell type and tissue specific 36. After MI mainly the roles of MMP-2, MMP-9, TIMP-
1, TIMP-2, TSP-1 and TSP-2 are explored 36-38. The expression of ECM modulators in 
progenitor cells is not fully elucidated, but there are several reports that show an 
increased expression of mainly MMP-2, and TIMP-1 39-43. Disturbing the balance 
between ECM production, degradation, and remodeling can result in an impaired 
migration of progenitor cells. We observed that hypoxia affect the expression of TIMP-
1 and TIMP-2 and increased the expression of TSP-1 and TSP-2, factors known to 
decrease MMP activity 38. Especially the levels of TSP-2 were tremendously increased 
in long-term hypoxic hCMPCs. The role of TSP-2 in migration has been established 
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previously by analyzing fibroblast from TSP-2 deficient mice, MacLauchlan and co-
workers described enhanced migration of these cells. Furthermore, increased wound 
healing was observed in TSP-2-null mice, which was mediated by increased activity of 
MMP-2 and MMP-9 44. Interestingly, in our experiments knockdown of TSP-2 resulted 
in increased proliferation and enhanced the migration of hCMPCs grown in 20% O2 to 
similar levels as hypoxic cultures. This could suggest that after prolonged hypoxia TSP-
2 levels serve as a negative feedback loop to dampen the migration of cardiac progenitor 
cells. 
Although it is necessary for cardiac progenitor cells to migrate, the balance in matrix 
modulation needs to be tightly controlled to preserve tissue integrity and cohesiveness. 
Too much degradation might cause tissue rupture while too little will result in fibrosis 
28,45,46. While hardly any MMP-9 was present in control hCMPCs, knockdown of TSP-2 
increased the activity of MMP-9, most likely explaining the increased migratory capacity 
of the TSP-2 knockdown hCMPCs. This increased MMP-9 activity could also justify why 
spheroids made of  TSP-2 knockdown cells efficiently degrade the collagen matrix, and 
cannot form sprouts.
Another feature that became evident after prolonged exposure to hypoxia is a positive 
effect on proliferation of hCMPCs. Previous in vitro studies have shown that exposure 
to low oxygen can both inhibit or induce proliferation of cells, depending on the 
experimental set-up, maturity of the cells and studied cell type 7,10,12,47-49. However, there 
is increasing evidence that hypoxia promotes the proliferation of progenitor cells such 
as adult skeletal muscle satellite cells 7,12,13, bone marrow derived mesenchymal stem 
cells 10,11,50 and the CD34+ bone marrow progenitor population 12,49.
Besides cellular behavior, hypoxia can also modulate gene transcription. Hypoxic 
hCMPCs showed increased expression and secretion of VEGF-A, while lowered PlGF 
levels. How PlGF influences angiogenesis is not clear and depending on the cell type 
studied 51. Absence of PlGF was shown to reduce VEGF-induced vascular leakage in 
microvessels 52,53, and important for the formation of new stable vessels 51, which is in 
agreement with our data. Interestingly, we observed that the hypoxia stimulated secretion 
of angiogenic factors was able to influence not only the migratory response of hCMPCs 
both in a scratch, as well as a transwell assay, it could also affect the capacity of 
endothelial cells to form new vascular sprouts. When HUVECs were embedded as 
spheroids in a 3D collagen gel, adding conditioned medium of hCPMC grown in 1% 
oxygen resulted in more sprouts. 

The critical importance of VEGF signaling for repair of the injured myocardium was 
elegantly shown by Thirunavukkarasu and co-workers 54. They demonstrated that in 
vivo precondition reduced infarct size and cellular apoptosis only in wild type mice, but 
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not in VEGFr1+/- animals. This significant decrease of the postischemic myocardial 
function in the heterozygous animals demonstrated the cardioprotective function through 
the VEGF signaling pathway. This would imply that hCMPCs could positively influence 
their surroundings by stimulating neo-angiogenesis, and it could explain why we 
observed an increased number of mouse vessels and improved heart function when 
hCMPCs were injected into the infarcted mouse heart 24,55.
After 9 days of hypoxia we also observed a decreased production of IL-8, MCP-1, and 
TGFβ.  reduction of these pro-inflammatory cytokines may dampen an inflammatory 
response e.g. post MI 56. IL-8 is has been implicated in a number of inflammatory 
diseases involving neutrophil activation 56. MCP-1 is involved in the pro-inflammatory 
response after injury, and is an important factor in the pathogenesis of myocardial 
ischemia reperfusion injury, atherosclerosis, and a variety of inflammatory diseases, 
whose pathogenesis is known to involve infiltration and activation of monocytes and 
lymphocytes 57,58. Also TGFβ is pro-inflammatory 56. TGFβ1 elicit a direct chemotactic 
response from neutrophils and monocytes, which may be important for the movement 
of infiltrating leukocytes into injured tissue 59,60. Therefore the down regulation of IL-8, 
MCP-1 and TGFβ production under hypoxia suggests that hCMPCs change their 
secretion profile from pro-inflammatory under normoxia to an anti-inflammatory profile 
under hypoxia. This was further supported by the upregulation of TSP-1 under hypoxia. 
In vivo after MI, TSP-1 is suggested to serve as a “barrier” to limit the extension of the 
inflammatory response and granulation tissue into the non-infarcted areas 61. 

Transplantation of hCMPCs into the ischemic mouse myocardium induced their 
spontaneous in vivo differentiation into cardiomyocytes and vascular cells, as observed  
3 months after transplantation 24. Here, we investigated if hypoxia alone is sufficient to 
induce this differentiation of hCMPCs in vitro and found that 9 days of hypoxia did not 
induce vascular differentiation. We have previously reported that differentiation of 
hCMPCs into the cardiomyogenic lineage starts with an increase in Nkx2.5 expression 
and as differentiation proceeds the expression of Nkx2.5 decreases again. The presence 
of Nkx2.5 and increase in myocardin expression we observed after 9 days of culture in 
low oxygen indicated that there is a commitment to differentiate into the myogenic 
lineage, but the absence of e.g. cardiac actin shows that only hypoxia is not sufficient 
for full differentiation. Most likely other growth factors and cytokines are needed to 
achieve this. Since TGFβ is able to shift the phenotype of fibroblasts to myofibroblasts, 
the active collagen-secreting cells involved in scarring 62, the hypoxia-induced TGFβ1 
down-regulation by the hCMPCs could may suggest that these cells positively affect 
post-MI adverse remodeling. 
Although this study is performed in vitro, it may have some implication for future in vivo 
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applicability. hCMPCs is a unique population that exhibits in vitro and in vivo 
differentiation into cardiac cell types 3,24. This makes them an interesting population for 
future use in cardiovascular regenerative medicine. However, more information on how 
these cells behave under stressful conditions may provide new approaches to stimulate 
the endogenous cardiac cell population. In this regard the findings of this study are of 
interest, since they suggest that the primary response of these progenitor cells is to 
migrate and proliferate. Furthermore, the presence of these cells in ischemic conditions 
influences the secretion of paracrine factors that can positively affect the neighboring 
cells, and surrounding tissue and matrix 8,24,55,62.

In conclusion, we show that hCMPCs is a progenitor cell population able to withstand 
low oxygen tension. A low oxygen environment stimulated hCMPCs proliferation, 
migration and angiogenic secretion profile. Hypoxia induced TSP-2 expression in cardiac 
progenitor cells, affecting MMP-2 and MMP-9 and thereby the degradation of the 
extracellular matrix. 
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Appendix Figure 1 Hypoxia influences expression of paracrine factors by hCMPCs. mrNA expression of 
VEGF-A (A) and PDGF-BB (B) and PlGF (C) was measured by qPCr. Gene expression patterns of five 
experiments using different primary isolations are shown. Gene expression was normalized to day 0 and 
β-actin was measured as a housekeeping gene. 
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Appendix Figure 2 Hypoxia induces expression of EMT markers by hCMPCs. EMT markers expressed by 
hCMPCs after one day culture under normoxia and hypoxia were measured by qPCr. Average of 4 experiments 
was represented in (A) for Snail, Slug and TWIST. Hypoxia resulted in a positive trend of Snail (B), Slug (C), 
and TWIST (D) mrNA expression. Gene expression patterns of four experiments using different primary 
isolations are shown. Gene expression was normalized to day 0 and β-actin was measured as a housekeeping 
gene.





Angelique A.M. van Oorschot1,†, Patrick van Vliet2,3,†, Anke M. Smits1, Zhen Liu1,  

Joost P.G. Sluijter2,3, Imo E. Hoefer2, Pieter A. Doevendans2,3, Marie-José Goumans1

† These authors contributed equally to this study.

1. Department of Molecular Cell Biology, Leiden University Medical Center, Leiden, the Netherlands
2. Department of Cardiology, Division Heart & Lungs, University Medical Center Utrecht,  

Utrecht, the Netherlands 
3. Interuniversity Cardiology Institute Netherlands (ICIN), Utrecht, the Netherlands

Submitted

Survivin increases proliferation and survival  
of cardiomyocyte progenitor cells

6



110

Abstract

In the past years, a multitude of studies have shown the potential of progenitor cells to 
repair the damaged heart. However, cell survival remained low due to the hostile 
environment in which the cells are injected. One of the main causes for cell death upon 
transplantation is thought to be hypoxia. Several studies have shown however that 
hypoxia may actually increase proliferation and survival of different progenitor cell types. 
The mechanisms underlying this phenomenon in cardiovascular progenitor cells 
remained unexplored however. 
We show here that hypoxia enhances Survivin expression in human heart-derived 
cardiomyocyte progenitor cells (CMPCs). Modulating the expression levels of Survivin 
by overexpression versus knockdown respectively resulted in enhanced and decreased 
proliferation. Consistent with its role as an anti-apoptotic factor, Survivin also enhanced 
the survival of CMPCs in vitro. Although CMPCs overexpressing Survivin show decreased 
sprouting, conditioned medium from these cells stimulated angiogenesis of endothelial 
cells via paracrine signaling. Enhancing proliferation and survival of CMPCs via hypoxia-
induced Survivin expression could therefore provide a novel tool to increase the 
contribution of these cells to cardiac repair.
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Introduction

Loss of contractility due to cardiomyocyte death after myocardial infarction (MI) severely 
impairs cardiac function and ultimately leads to increased morbidity and mortality1. 
Although cardiomyocytes were reported to renew in normal human hearts2 and 
pathological mouse hearts3, the heart still lacks an adequate repair mechanism to 
replace lost tissue post-MI. Therefore, transplantation of adult stem/progenitor cells has 
been proposed as a potential treatment to restore cardiac function. In this respect, 
progenitor cells with endogenous cardiovascular potential may be most suitable4. 
In the past years, cardiovascular progenitor cells were isolated from human hearts and 
shown to differentiate into cardiomyocytes, smooth muscle cells and endothelial cells 
in vitro and in vivo5-10. Although these cells were able to improve cardiac function in 
mouse and rat cardiac infarction models, the lack of long-term analyses has prevented 
an adequate assessment of their clinical potential. To address this issue, we have 
previously injected cardiomyocyte progenitor cells (CMPCs) into the left ventricular wall 
of a mouse heart post-MI11. Three months after transplantation of CMPCs we observed 
less outward remodeling and improved cardiac function as compared to control 
injections. Although high numbers of cells were injected, only a few implanted cells 
survived for three months. Several studies have suggested that low survival rates may 
be due to the hypoxic microenvironment of the infarcted myocardium12-14. However, 
low oxygen is not by definition detrimental to progenitor cell function15,16. For instance, 
low oxygen levels are essential for hematopoiesis, angiogenesis and cardiovascular 
development during embryogenesis17. In vitro, low oxygen leads to increased proliferation 
of embryonic hematopoietic progenitors18, and adult mesenchymal (MSCs) and 
hematopoietic stem cells (HSCs)19-21. Likewise, skeletal muscle satellite cells showed 
enhanced proliferation when exposed to hypoxia in vitro22. Importantly, HSCs cultured 
under hypoxia prior to transplantation engrafted and repopulated the hematopoietic 
system more efficiently than normoxic cultured HSCs23. Culture of cardiac stem cells 
under low oxygen conditions increased their yield and contribution to cardiac repair24. 
This indicated that hypoxic preconditioning could have a beneficial effect on donor cell 
number and survival. Elucidation of the mechanisms underlying these hypoxia-driven 
effects may contribute to the development of new protocols that improve the efficiency 
of cell-based cardiac repair. 

The pro-survival factor Survivin is a member of the inhibitor of apoptosis (IAP) gene 
family and has been implicated in cell proliferation and inhibition of apoptosis in several 
cell types25-27, including cardiomyocytes, smooth muscle cells and endothelial cells28-30. 
Interestingly, hypoxia results in increased expression of Survivin in endothelial cells and 
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its expression is crucial for angiogenesis in the brain after ischemic injury31,32. Moreover, 
expression of Survivin is directly regulated by the transcription factor hypoxia-inducible 
factor (HIF)-1α33, indicating that Survivin is an important downstream mediator of 
hypoxia-induced effects. Therefore, we investigated the effect of hypoxia on Survivin 
expression in CMPCs and how Survivin expression affected CMPC proliferation, survival 
and function. 

Materials and methods

Cell isolation and culture
CMPCs from human fetal hearts were isolated by MACS and cultured as described 
previously8,34. Informed consent procedures were followed and prior approval of the 
ethics committee of the University Medical Center Utrecht was obtained, in accordance 
with the ethical standards laid down in the 1964 Declaration of Helsinki. For hypoxia 
experiments, CMPCs were cultured under normoxia (20% O2) or hypoxia (1% O2) in 
DMEM/M199 supplemented with 0.5 % FBS and penicillin-streptomycin (PenStrep, 
100U/ml each, Gibco). Human umbilical vein endothelial cells (HUVECs) were isolated 
from human umbilical cords and cultured on 1% gelatin-coated plates in EGM-2 
medium (Cambrex) supplemented with 10% FBS (Gibco) and PenStrep. Conditioned 
medium was obtained by culturing cells for two days in culture medium with 0.5% FBS, 
after which the medium was isolated and filter-sterilized.

Survivin overexpression
CMPCs/HUVECs were transduced with GFP or Survivin-GFP adenovirus (kindly 
provided by Prof. D. Altieri and Dr. T. Dohi, University of Massachusetts Medical 
School, Worcester, USA)35 and are hereafter called GFP-CMPCs/HUVECs and Survivin-
CMPCs/HUVECs, respectively. Two days after transduction transduced cells were 
trypsinized, washed with PBS and cultured in medium with 2% FBS before subsequent 
experiments. 

Survivin RNA interference
CMPCs were transduced with lentivirus expressing shrNA for human Survivin from 
the MISSION rNAi library (Sigma ID NM_001168.1-100s1c1), targeting the coding 
sequence of full length Survivin (NM_001168.2) as well as the splicing variants 
Survivin-2B (NM_001012271.1) and Survivin-∆ex3 (NM_001012270.1)25. CMPCs 
were transfected at a multiplicity of infection of 0.45 and cultured for six hours in the 
presence of 8 μg/ml polybrene after which the medium was refreshed. The following 
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day, cells were passaged and placed under puromycin selection (1 μg/ml) for four 
days before subsequent experiments. The shrNA transduced cells are hereafter 
called rNAi-CMPCs. 

Proliferation assays
To determine proliferation by BrdU staining, transduced cells were incubated overnight 
with 10 μM BrdU (Calbiochem) in culture medium containing 2% FBS. The following 
day, cells were washed with PBS and fixed with 4% paraformaldehyde for 
immunocytochemistry. 
To determine the  proliferation rate by cell counting,  250,000 transduced cells were 
cultured in medium containing 2% FBS, trypsinized on day two, four or eight, 
resuspended, and counted using a cell counter (Casy cell counter and analyzer, Schärfe 
System, reutlingen, Germany). 

Induction of apoptosis and flow cytometry
Apoptosis was induced by 24-hour exposure of previously transduced CMPCs to 10 
μg/ml anisomycin (Sigma) in culture medium containing 2% FBS. The following day, 
detached CMPCs were collected and the remaining CMPCs were washed with PBS plus 
2 mM EDTA, trypsinized briefly,  resuspended in culture medium, and combined with 
the detached cells. Cells were washed with PBS and resuspended in Annexin V binding 
buffer (BD Pharmingen). Subsequently, CMPCs were stained with Annexin V-PE 
antibody (BD Pharmingen) and 7-Amino-actinomycin (7-AAD, BD Pharmingen) for >15 
minutes in the dark. Apoptosis was analyzed in the GFPpos fraction (for GFP-CMPCs 
and Survivin-CMPCs) or whole population (for puromycin purified rNAi-CMPCs) using 
a Beckman Coulter Cytomics FC500. 

Cell cycle analysis
Empty vector and shrNA transduced CMPCs were cultures under hypoxic or normoxic 
conditions for four days in medium containing 2% FBS and 1 μg/ml puromycin. Cells 
were washed with PBS, trypsinized and fixed with 70% ethanol. Propidium iodide was 
added and samples were analyzed for cell cycle progression using a BD LSr II FACS.

Sprouting assays
In vitro sprouting assays were performed as described previously36,37, with minor 
adaptations. Cell aggregates were formed by overnight culture of 400 previously 
transduced cells per well in a non-adherent round-bottom 96-wells plate (Greiner). The 
following day, aggregates were embedded in collagen/methylcellulose gels36. Following 
polymerization of the gel (approximately 30 minutes), serum free medium with or without 
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50 ng/ml vascular endothelial growth factor (VEGF) was added. After overnight culture, 
cells were fixed for 30 minutes in 10% formaldehyde and pictures were taken for 
quantification of sprout length and number. The level of sprouting per aggregate was 
quantified with Cell^P software (Olympus). For Survivin rNAi experiments, the number 
of intact aggregates per experiment was counted after overnight culture. 

Immunocytochemistry and Western blot analysis
Immunocytochemistry and Western blot analysis were performed as described 
previously8, using antibodies for BrdU (Calbiochem), human Ki-67 (DAKO), Survivin 
(r&D Systems, kindly provided by Dr. Lens, Department of Medical Oncology, UMC 
Utrecht, the Netherlands)38, GAPDH (Millipore) and β-Tubulin (Cell Signaling). Hoechst 
was used for staining of nuclei. For Western blot, protein concentrations were determined 
using the DC protein assay (Bio-rad) and 20 μg of protein was used per lane. 

ELISA
We performed an ELISA for VEGF-A (Human VEGF-A ELISA, Bender MedSystems 
GmbH) on conditioned medium according to the manufacturer’s protocols. 

RNA isolation and qPCR
rNA isolation and (semi-)quantitative PCr were performed as described8,39. Primer 
sequences and annealing temperatures are listed in table 1. Primers for Survivin 
recognize full length Survivin, Survivin-2B and Survivin-∆ex325.  Expression levels were 
normalized to β-actin expression. 

Table 1. Primer sequences and annealing temperatures

Name Sequence Annealing temperature

Survivin For GAG ACA GAA TAG AGT GAT AGG 60 ˚C

Survivin rev GAC AGA TGT GAA GGT TGG

PECAM For GCA GTG GTT ATC ATC GGA GTG 60 ˚C

PECAM rev TCG TTG TTG GAG TTC AGA AGT G

α-SMA For ACT GGG ACG ACA TGG AAA AG 60 ˚C

α-SMA rev TAG ATG GGG ACA TTG TGG GT

Transgelin For ATC ATC AGT TAG AGC GGA GAG G 68 ˚C

Transgelin rev ATG CTT TCG GGT AAG AAG TTG G

β-Actin For GAT CGG CGG CTC CAT CCT G 60 ˚C

β-Actin rev GAC TCG TCA TAC TCC TGC TTG C
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Statistics
All data are presented as average +/- SEM. Number of replicates is indicated in the 
figure legends. Data was analyzed with a Student’s Independent T-test or Mann-Whitney 
non-parametric test for direct comparisons, or Kruskal-Wallis non-parametric test 
followed by one-way ANOVA with Tukey post-hoc analysis for group comparisons. 
Significance was assumed when P<0.05. 

 
results

Survivin enhances proliferation in CMPCs 
We recently observed that proliferation of CMPCs was enhanced under hypoxic 
conditions (Chapter 5 this thesis). qPCr and Western blot analysis showed significantly 
increased Survivin expression in hypoxic CMPCs compared to CMPCs cultured under 
normoxia (figure 1a-b), suggesting that proliferation in CMPCs could be mediated by 
Survivin.
To further investigate the role of Survivin, CMPCs were transduced with  Survivin-GFP 
adenovirus, leading to increased Survivin protein expression compared to CMPCs 
transduced with GFP virus (appendix figure 1a). Co-expression of Survivin and GFP 
was confirmed in Survivin-CMPCs (appendix figure 1b), allowing us to use GFP 
expression to identify successfully transduced GFP-CMPCs and Survivin-CMPCs in 
subsequent experiments. 
Survivin overexpression resulted in an increased number of cells positive for BrdU 
(figure 1c) and the cell proliferation marker Ki-67 (figure 1d), suggesting increased 
DNA synthesis and cell cycling in Survivin-CMPCs. This was supported by the significant 
increase in cell number of Survivin-CMPCs compared to GFP-CMPCs (figure 1e). In 
contrast to Survivin overexpression, Survivin knock-down by rNA interference (figure 
2a-b) resulted in fewer cells, suggesting decreased proliferation (figure 2c-d). 
Flow cytometry analysis showed that, after Survivin knock-down, significantly less 
CMPCs were in the G1 phase of the cell cycle and more cells in the subG1, S and G2/M

 

phases (figure 2e).

Survivin enhances and is important for CMPC survival
Next to its role in cell cycling, Survivin also plays an important role in the prevention of 
apoptosis25,40. To determine the role of Survivin during apoptosis in CMPCs, GFP-CMPCs, 
Survivin-CMPCs and rNAi-CMPCs were analyzed by flow cytometry. As shown in figure 
3, Survivin overexpression slightly decreased the number of early apoptotic cells under 
normal culture conditions. In contrast, Survivin knock-down resulted in a significant 
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increase in apoptotic cells. We then exposed the cells to anisomycin, which was 
previously shown to induce apoptosis in proliferating cancer cells41,42 and found that 
this resulted in a significant increase in early apoptotic cells in GFP-CMPCs, but not 
Survivin-CMPCs (figure 3), indicating that Survivin overexpression attenuates apoptosis 
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Figure 1. Survivin overexpression enhances CMPC proliferation
(A) Quantification of Survivin mrNA expression in CMPCs cultured for four days under 20% O2 or 1% O2 

(n=3, * p<0.05). (B) Western blot analysis of Survivin protein expression of CMPCs cultured under similar 
conditions as in Figure 1A. GAPDH  was used as controls for equal loading. (C) BrdU immunostaining in 
transduced CMPCs. Survivin overexpression in CMPCs resulted in more cells positive for BrdU (red). Scale 
bar left = 500 μm, middle and right = 50 μm. (D) Immunostaining of transduced CMPCs for Ki67. Survivin 
overexpression resulted in a higher number of cells expressing Ki-67 (red). Scale bar left = 500 μm, middle 
and right = 50 μm. (E) Number of CMPCs expressing GFP or Survivin-GFP after two days in culture (n=4, * 
p<0.05 versus GFP). 
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in CMPCs. Anisomycin treatment after Survivin knock-down resulted in death of all cells 
and could not be quantified. 

Survivin decreases sprouting in CMPCs
Survivin is required for angiogenesis in vitro and in vivo31,32,43,44. In accordance with 
this, Survivin overexpression in CMPCs resulted in increased expression of platelet/
endothelial cell adhesion molecule (PECAM), α-smooth muscle actin (α-SMA), and 
Transgelin (also known as SM22α, figure 4a), suggesting an increased angiogenic 
potential in Survivin-CMPCs. 
When seeded into a 3D collagen matrix36,37, CMPCs transduced with GFP or Survivin-
GFP formed compact aggregates that were able to sprout in different directions 
(figure 4b). 
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Figure 2. Survivin is required for proliferation of CMPCs
(A) rT-PCr for Survivin expression in CPMCs transduced with empty or Survivin shrNA lentivirus; β-Actin 
expression was used as control. (B) Western blot analysis of Survivin protein expression in CMPCs transduced 
with empty or Survivin shrNA lentivirus. GAPDH was used as controls for equal loading. (C) Images showing 
CMPCs four and eight days after transduction with empty or Survivin shrNA lentivirus. Scale bar = 200 μm. 
(D) Quantification of cell number four and eight days after transduction (n=4, * p<0.05 vs day 8 Empty). (E) 
Flow cytometry analyses for cell cycle stages (G1, S and G2/M) in CMPCs after transduction with empty or 
Survivin shrNA lentivirus. The numbers in the top of the plots indicate percentages (n=3,**  p<0.01, *** 
p<0.001 versus respective stages in cells transduced with empty virus). 
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However, VEGF had no substantial effect on average sprout length and number per 
aggregate in GFP-CMPCs (figure 4c) and did not increase sprouting of Survivin-CMPCs. 
Instead, reduced sprouting was observed in Survivin-CMPCs compared to GFP-CMPCs. 
Survivin knock-down resulted in less compact (figure 4b) and fewer aggregates, which 
did not sprout (figure 4b and 4d). This was probably caused by the decreased viability 
of these CMPCs (figure 3). 
To determine if the lesser sprouting after Survivin overexpression was specific for 
CMPCs, we performed similar experiments in HUVECs (figure 5a). In contrast to CMPCs, 
Survivin overexpression did not negatively affect sprouting of HUVEC-derived spheroids. 
Instead, VEGF treatment resulted in increased sprouting in both GFP-HUVECs and 
Survivin-HUVECs (figure 5b). 

Paracrine signaling after Survivin overexpression in CMPCs
Previously, we showed that paracrine signaling was increased after CMPC 
transplantation into infarcted hearts11. To determine if Survivin overexpression affected 
paracrine signaling by CMPCs, conditioned medium from transduced CMPCs was 
used to stimulate HUVECs in 3D sprouting assays (figure 6a). HUVEC sprout length 
was significantly enhanced by VEGF as well as conditioned medium from non-
transduced CMPCs or GFP-CMPCs, but not by conditioned medium from Survivin-
CMPCs (figure 6b). 
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Figure 3. Survivin inhibits apoptosis in CMPCs
relative number of early apoptotic transduced CMPCs with (+) or without (-) anisomycin treatment (n=3, * 
p<0.05, ** p<0.01, *** p<0.001). Survivin overexpression attenuated anisomycin-induced apoptosis, while 
Survivin knock-down resulted in increased apoptosis. Anisomycin treatment after Survivin knock-down could 
not be determined (N.D.) because all cells died before isolation for flow cytometry analysis. 
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Figure 4. Survivin affects sprouting of CMPCs
(A) Quantitative rT-PCr revealed increased expression of PECAM, α-SMA and Transgelin in Survivin-
overexpressing CMPCs compared to GFP-expressing CMPCs (n=2, * p<0.05 and *** p<0.001). (B) CMPCs 
with GPF or Survivin-GFP overexpression or Survivin knock-down in a sprouting assay with or without VEGF.    
(C) Quantification of B. VEGF enhances sprouting in GFP expressing cells, but not in Survivin-overexpressing 
CMPCs. Survivin-overexpressing cells showed decreased average sprout length and number per aggregate 
(n=9, * p<0.05, ** p<0.01). Sprout length and number in Survivin rNAi-CMPCs could not be quantified. 
(D) Survivin knock-down resulted in decreased aggregate formation (n=15, * p<0.05). 
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However, HUVEC sprout number was significantly increased by VEGF and conditioned 
medium from non-transduced CMPCs, GFP-CMPCs and Survivin-CMPCs. There was 
no significant difference in HUVEC sprout length or number with conditioned medium 
from Survivin-CMPCs compared to GFP-CMPCs. The shorter spouts of the HUVECs 
spheroids stimulated with conditioned medium of Suvivin-CMPCs can most likely be 
explained by the reduced secretion of VEGF by Survivin-CMPCs (data not shown).
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Figure 5. Effect of Survivin expression in HUVECs
(A) HUVECs overexpressing GFP or Survivin-GFP in a sprouting assay with or without VEGF. (B) Quantification 
of A. VEGF increased sprouting in both GFP- and Survivin-GFP-transduced cells. Survivin-HUVECs did not 
show a significantly decreased sprout length or number compared to GFP-HUVECs (n=13, * p<0.05, ** 
p<0.01, *** p<0.001).
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Figure 6. Paracrine effects of Survivin-transduced CMPCs 
(A) Brightfield images of a HUVEC sprouting assay. During the assay, HUVECS were either not stimulated (1) 
or stimulated with VEGF (2), conditioned medium from non-transduced CMPCs (3), or CMPCs overexpressing 
GFP (4) or Survivin-GFP (5). (B) Quantification of A (n=10). GFP-CMPC and Survivin-CMPC conditioned 
medium stimulated HUVEC sprouting (n=10, * p<0.05, ** p<0.01, *** p<0.001 versus all other 
conditions).
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Discussion

Survivin stimulates cell cycling in CMPCs
In this study we showed that hypoxia increased Survivin expression and that Survivin 
overexpression led to enhanced DNA synthesis, increased cell cycling and, ultimately, 
an increased number of CMPCs. This effect of Survivin on CMPC proliferation is similar 
to that reported in other studies where Survivin was shown to induce cell cycle entry in 
hematopoietic and hepatoma cells21,45. Furthermore, Survivin overexpressing CMPCs 
showed a resistance anisomycin-induced apoptosis. In contrast, a deficiency of Survivin 
resulted in decreased cell cycling and increased apoptosis of CMPCs. The increased 
number of cells in S and G2 suggests that DNA synthesis was unaffected yet cells could 
not undergo mitosis. This is consistent with the role of Survivin in maintenance of 
chromosome assembly/alignment during the G2/M phase of the cell cycle. Lack of 
Survivin results in abrogated alignment of chromosomes, leading to decreased 
cytokinesis and, ultimately, increased cell death35,38,46. The increased number of cells 
in subG1 indicated increased apoptosis after Survivin knock-down. This was confirmed 
by the higher number of early apoptotic, Annexin V+ 7-AAD- CMPCs, after Survivin 
knock-down even without anisomycin treatment. Increased apoptosis was previously 
also shown for endothelial cells in which Survivin was inhibited with the use of antisense 
oligonucleotides47. 

The effect of Survivin on CMPC angiogenesis
Hypoxia is known to affect endothelial cell function and angiogenesis via the upregulation 
of angiopoietin and VEGF48,49, which can both enhance Survivin expression28,50. Moreover, 
Survivin is required for hypoxia-stimulated angiogenesis in coronary endothelial cells31 
and angiogenesis in zebrafish and mouse embryos43,44. 
Smits et al. showed that transplanted CMPCs in the borderzone in a MI mouse model 
differentiated into vascular cells and stimulated angiogenesis of endogenous cells via 
paracrine signaling11. To investigate the effect Survivin has on the angiogenic potential 
of CMPCs we overexpressed Survivin in CMPCs and analyzed the expression of vascular 
genes and their capacity to spouts in an angiogenesis assay.   We found that Survivin 
overexpression increased endothelial and smooth muscle gene expression in CMPCs. 
We therefore expected that Survivin-overexpression would also stimulate their sprouting 
in an angiogenesis assay. However, we observed a lack of response to VEGF and 
decreased sprouting in Survivin-CMPCs during an angiogenesis assay even though 
VEGF did significantly stimulate the sprout number of Survivin-CMPCs or GFP-HUVECs, 
consistent with earlier studies28,35. The contradictionary effects of Survivin overexpression 
in endothelial cells and CMPCs can have several explanations: 1) CMPCs are highly 
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proliferating, undifferentiated cells, whereas endothelial cells are not. It is well known 
that cells maintain a delicate balance between proliferation, differentiation and 
migration51. 2) It is possible that although endothelial and smooth muscle gene 
expression was increased, subsequent sprouting and differentiation remained inhibited 
by the Survivin-enhanced cell cycling. Besides there is generally a large difference in 
the spouting capacity between CMPCs and HUVECs. CMPCs already sprout more 
without the stimulation of VEGF and HUVECs show only few sprouts and this number 
only slightly increased after addition of VEGF (unpublished results). 
To investigate the effect of Survivin on the angiogenic potential of CMPCs we tested the 
angiogenic capacity of endothelial cells in the presence of Survivin-CMPC conditioned 
medium. recently, Survivin-overexpressing MSCs were transplanted into infarcted 
hearts and shown to have a greater pro-angiogenic paracrine effect on endogenous 
cells than GFP-MSCs52. We have shown here that Survivin-CMPCs retained the potential 
to stimulate sprouting of endothelial cells via paracrine signaling, suggesting that 
transplanted Survivin-CMPCs still stimulate angiogenesis of endogenous cells, and may 
even be prolonged due to increased survival rates due to the overexpression of 
Survivin.  

Therapeutic implications of hypoxia-enhanced Survivin expression
A multitude of approaches have been proposed to increase the survival of cells after 
transplantation53. These approaches included stable overexpression of the anti-apoptotic 
Bcl-254 or the pro-survival factors Akt55,56 or Survivin52. Although Survivin-MSCs had a 
beneficial effect on cardiac function in vivo52, the continued proliferation of pro-survival 
gene expressing cells may lead to teratoma formation57. Thus, a temporal increase of 
pro-survival gene expression, such as the hypoxia-enhanced expression of Survivin 
shown here in CMPCs, may be preferable and sufficient to increase the survival of 
transplanted cells during initial stages and to prolong paracrine stimulation of 
angiogenesis. Subsequently, normalization of pro-survival gene expression in later stages 
will allow cells with cardiovascular potential to differentiate into the cardiomyocytes, 
endothelial cells and smooth muscle cells that are needed to replace lost tissue. Here 
we showed that Survivin overexpression increased the proliferation rate and survival of 
CMPCs while secretion of VEGF was reduced. Therefore Survivin should only temporally 
be expressed for CMPCs to increase in cell numbers, and decreases afterwards to 
enhance VEGF allowing neoangiogesis to occur. Hypoxic preconditioning of CMPCs 
would meet all these criteria and could substantially improve their contribution to restore 
long-term cardiac function, either by injection of single cells or tissue engineering 
approaches11,16,58. 
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Appendix Figure 1. Survivin expression in CMPCs
(A) Western blot analysis of Survivin protein expression in non-transduced CMPCs or CMPCs transduced 
with adenoviral GFP or Survivin-GFP. β-Tubulin was used as loading control. (B) Immunostaining of transduced 
CMPCs showing co-localization of GFP fluorescence (green) and Survivin expression (red), indicating that 
GFP fluorescence could be used to identify Survivin-expressing cells. Nuclei are in blue. Scale bar = 100 
μm.  
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Abstract

Adult epicardial cells are required for endogenous cardiac repair. After myocardial injury, 
they are reactivated, undergo epithelial-to-mesenchymal transformation (EMT) and 
migrate into the injured myocardium where they generate various celltypes, including 
coronary smooth muscle cells and cardiac interstitial fibroblasts, which contribute to 
cardiac repair. To understand what drives epicardial EMT, we used an in vitro model 
for human adult epicardial cells. These cells have an epithelium-like morphology and 
markedly express the cell surface marker vascular cell adhesion marker (VCAM-1). In 
culture, epicardial cells spontaneously undergo EMT after which the spindle-shaped 
cells now express endoglin. Both epicardial cells before and after EMT express the 
epicardial marker Wilm’s tumor 1 (WT1). Adding transforming growth factor β (TGFβ) 
induces loss of epithelial character and initiates the onset of mesenchymal differentiation 
in human adult epicardial cells. In this study, we show that TGFβ-induced EMT is 
depending on type-1 TGFβ receptor activity and can be inhibited by soluble VCAM-1. 
We also show that epicardial-specific knockdown of Wilm’s-tumor-1 (WT1) induces the 
process of EMT in human adult epicardial cells, through transcriptional regulation of 
platelet-derived growth factor alpha (Pdgfα), Snai1 and VCAM-1. These data provide 
new insights in the process of EMT in human adult epicardial cells which might provide 
opportunities to develop new strategies for endogenous cell-based cardiac repair.
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Introduction

The transformation of epithelial cells to a mesenchymal (EMT) phenotype is an important 
process for proper heart development. The development of the cardiac valves and septa 
of the heart is depending on EMT of endocardial cells underlying the atrioventricular 
canal and endocardial cells underlying the outflow tract forming the endocardial 
cushions1, 2. A distinct population of cells derived from the epicardium also undergoes 
EMT during cardiogenesis3. During embryogenesis, the epicardium originates from the 
pro-epicardial organ (PEO) recruited from the coelomic wall mesothelium at the venous 
pole of the heart. Cells derived from the PEO protrude to and cover the primitive heart 
tube. Part of these epicardial cells undergo EMT, thereby forming epicardium-derived 
cells (EPDCs). As a result of EMT, EPDCs migrate into the subepicardium and 
subsequently into the myocardium3,4. In the myocardium, EPDCs initially differentiate 
into interstitial fibroblasts5 and later on in smooth muscle cells and adventitial fibroblasts 
of the coronary vasculature6,7. The contribution of EPDCs to heart development is not 
only structural; they also have a regulatory role in cardiogenesis. The mechanisms 
underlying this regulatory process are largely unknown, although it is likely that cell-cell 
communication is of importance3.
Previous in vitro studies have identified transforming growth factor beta (TGFβ) as a 
key regulator of EMT in the embryonic PEO and embryonic epicardium in both mouse 
and chicken2,8,9. The TGFβ regulated EMT of chicken embryonic epicardial cells is 
dependant on the kinase activity of the TGFβ type I receptor or activin receptor-like 
kinase (ALK) 59. Furthermore, soluble vascular cell adhesion molecule-1 (VCAM-1) is 
able to inhibit TGFβ induced EMT2. Examination of the expression patterns of other 
growth factors present during embryonic development implies a role for fibroblast growth 
factor (FGF) and platelet-derived growth factor (PDGF) in epicardial EMT10,11.  
Interestingly, the aforementioned roles of epicardial cells and EPDCs do not seem to be 
restricted to embryonic development. In the adult heart the epicardium is a simple 
squamous epithelium which functions as a smooth surface on which the heart slides 
in the pericardial cavity during contraction3. Over the last years, several studies have 
focused on the role of adult epicardium and EPDCs in heart repair.  recently, we 
demonstrated that human adult spindle-shaped EPDCs injected into the infarcted 
myocardium, preserved cardiac function and reduced remodeling both early and late 
after the onset of infarction12. These findings suggest that EPDCs could be a suitable 
cell source for cardiac cell therapy. Interestingly, recent in vivo studies showed that 
endogenous epicardium is reactivated after a myocardial infarction, thereby re-
expressing embryonic markers such as raldh2, Tbx18 and WT112-16. Furthermore, re-
activated epicardial cells proliferate and are able to undergo EMT where after they 
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migrate into the injured myocardium where they contribute to cardiac regeneration12-16. 
These studies suggest that adult epicardium is a dynamic tissue that is still able to 
generate EPDCs that can contribute to the adult ventricular wall. More insight in the 
signals that direct the process of EMT in adult epicardial cells would be beneficial for 
endogenous regulated cell-based cardiac repair, thereby providing the opportunity to 
investigate the possibilities to bypass the need for cell transplantation by stimulating 
repair by endogenous cells. 
Therefore, the aim of this study was to gain more insight into the EMT process of human 
adult epicardial cells and to determine which factors are involved in EMT of human 
adult epicardium. We characterized human adult epicardial cells in vitro before and 
after EMT. Here we describe that the cobblestone-like VCAM-1 expressing EPDCs 
(cEPDCs) upon TGFβ stimulation undergo specific morphological changes including 
the loss of epithelial characteristics. Spindle-shaped EPDCs (sEPDCs) have the 
appearance of a smooth muscle-like morphology and express endoglin, while VCAM-1 
expression is inhibited in an ALK5 dependent manner. Furthermore, we show that WT1 
is a repressor of the EMT process in human adult epicardial cells. Taken together with 
the expression patterns of TGFβ and WT1 after myocardial infarction, these new insights 
in the process of EMT in human adult epicardial cells may help to the development of 
therapies for cardiac repair. 

Materials and Methods

Human specimens: All experiments with human tissue specimens were carried out 
according to the official guidelines of the Leiden University Medical Center and with the 
approval of the institutional ethical committee. 
 
Harvesting and preparation of human epicardial cells: Cultures of human epicardial 
cells with an epithelium-like morphology also referred to as cobblestone-like EPDCs 
(cEPDCs) were prepared as described previously17. Briefly, when outgrowth of epicardial 
cells was confluent, the cells were detached from the bottom of the culture dish with 
trypsin/EDTA (Invitrogen, Paisly, UK) solution. Cells were seeded in a high density and 
cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM)  (Invitrogen) 
and medium 199 (M199) (Invitrogen) containing 100 U/ml penicillin (Invitrogen), 100 
μg/ml streptomycin (Invitrogen) and  10% inactivated fetal calf serum (FCSi), to maintain 
the epithelium-like morphology. Medium was refreshed every 3 days. Epicardial cells 
from passage 2-4 were used for stimulation experiments. The purity of the human 
epicardial cell cultures was certified with immunohistochemical staining for  
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Wilm’s Tumor-1 protein (WT1) (Calbiochem, San Diego, USA) at a dilution of 1:50. 
For the in vitro stimulation experiments cells were plated at a density of 20.000 cells/
cm2 and were allowed to attach for 24 hrs prior to growth factor or inhibitor addition. 

Growth factor or inhibitor addition: Medium was supplemented with the growth factors 
and inhibitors 24 hrs after seeding of the human adult epicardial cells. Growth factors 
TGFβ3 (1 ng/ml) and sVCAM-1 (100 ng/ml) or small molecule inhibitors SB431542 
(iALK5, 10 μM), α-Endoglin antibody (0.5 μg/ml) and Y27632 (irOCK 2.33 μg/ml) were 
used (for abbreviations and patterns see Patterns and abbreviations). After 48 hrs of 
addition of stimulators, cells were us for further analysis by immunohistochemical 
analysis, qPCr, Western blot analysis and for a MTT assay.

Immunophenotyping: The surface antigen 
expression profiles of epicardial cells and 
epicardium-derived cells (EPDCs) were 
determined by flow cytometry as described 
previously17. The antibodies used for flow 
cytometric analysis are listed in Table 1.

Immunohistochemical analysis: cEPDCs were 
cultured on glass chamber-slides and 48 hrs after 
stimulation slides were subjected to 
immunohistochemical analysis17. Briefly, after 
fixation and permeabilization with 0.1% Triton 
slides were incubated overnight with primary 
antibodies. The details of the antibodies are listed 
in Table 1. To investigate their morphology, the cells were immunofluorescent stained 
for β-catenin and phalloidin. Staining for β-catenin was performed overnight to detect 
cells with epithelial morphology, using an anti mouse FITC labeled secondary antibody. 
Prior to incubation (1hr) with phalloidin directly labeled with rhodamine, cells were 
blocked with 3% BSA/PBST for 45 min. For immunofluorescence nuclei were stained 
with 4’,6-diamidino-2-phenylinodole (DAPI) (diluted 1:1000 in PBS). Finally, the slides 
were mounted with Vectashield (Vector, Burlingame, USA). 
Furthermore, cells were immunohistochemical labeled with an antibody against 
α-smooth muscle actin (αSMA) and an appropriate secondary antibody (See Table 1), 
carried out overnight and for 2 hrs at room temperature, respectively. Cells were 
counterstained with heamatoxylin (Merck, Darmstadt, Germany), followed by rinsing 
with tapwater for 10 min. Finally, all slides were dehydrated and mounted with  
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Table 1. Antibodies Used for Flow Cytometry and Immunohistochemistry

Antigen Source Clone Isotype Label Species

β-catenin BD 14 IgG1 - Mouse

α/β-tubulin CellSig - - - rabbit

αSMA SA - IgG2a - Mouse

CD31 CLB HEC/75 IgG1 FITC Mouse

CD34 BD 8G12 IgG1 PE Mouse

CD44 BD G44-26 C26 IgG2b PE Mouse

CD46 BD E4.3 IgG2a FITC Mouse

CD90 BD 5E10 IgG1 FITC Mouse

CD105 Bio SN6 IgG1 PE Mouse

CD106 BD 51-10C9 IgG1 PE Mouse

Endoglin HM - - - rabbit

GAPDH MP 6C5 IgG1 Mouse

Id1 SC rabbit

Pai-1 SC rabbit

pSmad1 HM - - - rabbit

pSmad2 HM - - - rabbit

VE-cadherin SC F8 IgG1 - Mouse

Vimentin SA V9 IgG1 Cy3 Mouse

WT1 CA - - - rabbit

Goat IgG MP - - Alexa Fluor 568 rabbit

Mouse Ig Dako - - FITC rabbit

Mouse Ig BD - - FITC Goat

Mouse IgG1 BD X56 IgG1 PE rat

rabbit IgG MP - - Alexa Fluor 568 Goat

rabbit igG VL - - Biotin Goat

Mouse IgG VL - Biotin Horse

Abbreviations used in this table: BD, BD Biosciences; Bio, Biocarta; CA, Calbiochem; CLB, Sanquin; CellSig, 
Cell Signalling; Dako, Dako Cytomation; HM, homemade; MP, Molecular Probes; SA, Sigma Aldrich; SC, 
Santa Cruz;  VL, Vector Labs; FITC, fluorescein isothiocyanate; PE, phycoerythrin. All antibody preparations 
were used at the concentrations recommended by the suppliers. For an explanation of the abbreviations of 
the antigens, see the main text of the paper.
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Entallan (Merck). Examination of the slides was performed using a fluorescence 
microscope and light microscope equipped with a digital camera (Diagnostics, rT3 
slider, Sterling Heights, Michigan, USA). 

Western blotting: For total protein extraction of cEPDCs under the described culture 
conditions, cells were trypsinized and cell pellet was lysated in sample buffer (SB) 
containing 10% SDS, 20% Glycerol, 0,1% broomphenol blue, 5% β-mercapto-
ethanol, Tris-HCl pH 6.8. Homogenates were size-fractionated on 10% PAGE gels 
and transferred to Hybond PVDF membranes. After blocking non-specific binding 
sites, membranes were incubated overnight with the anti-pSmad1 (previously 
described by Goumans et al.18), pSmad2 (previously described by Goumans et al.18), 
inhibitor of differentiation 1 (Id1), plasminogen activator inhibitor-1 (Pai-1), endoglin 
(previously described by Lebrin et al.19) and αSMA antibodies (table 1) followed by 
incubation with a horseradish peroxidase (HrP)-labeled secondary antibody (goat 
anti-rabbit or rabbit anti-goat) for 1 hr. A competitive Western blot for GAPDH and 
α/β-tubulin was performed to correct differences in protein concentration. 
Chemiluminescence was induced by ECL Advanced Detection reagent and detected 
by exposure to Hyperfilm ECL. 

MTT assay: The total number of living cells as measure for proliferation and viability 
was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT; Sigma Aldrich) assay (n=3). Cells were seeded in quatro in 95 wells plates with 
20.000 cells/cm2 and stimulated as described previously. In addition, the different 
cultures were incubated for 3 hrs with MTT (50 μg per well) in fresh culture medium. 
Medium was removed and crystallized formazan dye in the cells was solubilized by 
adding dimethylsulfoxide (DMSO). Absorbance was measured at 540 nm using 
690 nm as reference. Quantification was carried out by comparison absorbance after 
48 hrs of stimulation with absorbance before stimulation. 

RNA interference: Endoglin was knocked down by using shrNA pTEr technology20 
targeting the following 19-nucleotide sequence: 5’-GAAAGAGCTTGTTGCGCA-3’21. 
Oligonucleotides were cloned into the pTEr vector under the control of the H1-rNA 
promoter. H1-rNA promoter and targeting sequence were subsequently transferred 
to the prrL-CMV-GFP vector using PstI and XhoI sites (opposite orientation of CMV-
GFP cassette). The plasmid was then used for lentivirus production. cEPDCs were 
transduced with lentivirus expressing shrNAs that specifically target human Endoglin, 
as described above, and control GFP virus. After 6 hrs culturing in the presence of 
8 μg/ml polybrene the medium was refreshed. The day after the cells we plated in 
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6-well plates and two days after transduction, cells were stimulated with TGFβ3  
(1 ng/ml) comparable to the other stimulation experiments.

mRNA isolation and Quantitative qPCR analysis: Total rNA from cEPDCs stimulated 
with described conditions was isolated using TriPure (roche, Almere, The Netherlands) 
as described by the manufacturer. cDNA was synthesized of 750 ng rNA per sample, 
using iScript cDNA synthesis kit (Fermentas). cDNA samples were subjected to 
quantitative PCr (qPCr) by using SYBrgreen (roche) and a primer concentration of 
10 μM. Primers were designed with Primer3 and qPrimerDepot (htp://primerdepot.nci.
nih.gov/). Primer sequences and annealing temperatures are available on request. 
qPCr was performed for the following factors: WT1 isoform A, WT1 isoform D, TGFβ1, 
2, and 3, ALK1, ALK5,  VCAM-1, E-cadherin, endoglin and Snai1. qPCr reactions were 
run on a 7900HT Applied Biosystems. PCr conditions were: 10min. at 95°C followed 
by 40 cycles of 30 seconds at 95°C, 30 seconds annealing temperature (60°C) and 30 
seconds at 72°C.  All samples were corrected for input based on housekeeping gene 
β-actin, which was not influenced by the different culture conditions (data not shown) 
and normalized to unstimulated conditions. 

Statistics: All data of the volume measurements are presented as average ± SEM. 
The PCr data were quantified using the 2-∆∆Ct method, by comparing signal of the 
sh-rNA treated groups with that of the control group, both relative to an internal 
control, β-actin. Analysis of the qPCr data was performed with T-test. Significance 
was assumed when P<0.05 using SPSS 16.0 software program (SPSS Inc. Chicago, 
USA).  Graphics of statistical analysis were composed by Graphpad software. For 
simplification of the interpretation of the data, in all graphs representing the expression 
of mrNA of epithelial and EMT markers the fold inductions of the control and TGFβ3-
stimulation were displayed. 
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results

Analysis of cell surface marker profile
We expanded human epicardial cells from several atrial appendages and certified purity 
of the cultures by WT1 staining (figure 1 a,b). In both cEPDCs (figure 1 a) and sEPDCs 
(figure 1 b) WT1 was predominantly localized in the nuclei. The surface antigen profile 
of cEPDCs and sEPDCs was analyzed by flow cytometry (table 1). As previously 
reported17, sEPDCs abundantly expressed the TGFβ co-receptor endoglin (CD105) at 
their plasma membrane (figure 1 c,d). The surface of cEPDCs was not decorated with 
endoglin but contained substantial amounts of VCAM-1 (CD106) (figure 1 c-e). 
For the other surface markers that were tested, cEPDCs and sEPDCs yielded similar 
results, i.e. there were surface levels of hyaluronate receptor (CD44), membrane cofactor 
protein of the complement system (MCP; CD46) and major T-cell antigen (Thy1; CD90). 
Neither cEPDCs nor sEPDCs expressed the hematopoietic marker CD34 or endothelial 
markers such as platelet-endothelial cell adhesion molecule-1 (PECAM-1; CD31) and 
vascular endothelial (VE)-cadherin at their cell surface (figure 1 c).

TGFβ-signaling in epicardial cells
Among the many molecules that regulate the EMT process in many different organs, 
there is one common element among them involving the TGFβ superfamily. Therefore 
we examined the expression of the TGFβ type I receptors, ALK1 and ALK5 and found 
both ALK1 and ALK5 expressed in cEPDCs (appendix figure 1 and figure 2 a) confirming 
that cEPDCs are able to respond to TGFβ. Interestingly, addition of TGFβ increased the 
expression of ALK5 mrNA by 1.6 fold (P<0.05) (figure 2 a) while the expression of 
ALK1 decreased by 30% (P<0.05) (appendix figure 1). Furthermore, qPCr confirmed 
the presence of TGFβ1, TGFβ2 and TGFβ3 transcripts in the human adult cEPDCs 
(appendix figure 2).
To test whether the TGFβ signaling pathway is functional in epicardial cells, we analyzed 
the expression of two defined downstream targets using Western blot analysis, Id1 and 
Pai-1 as downstream targets of pSmad1/5 and pSmad2/3, respectively. We were not 
able to detect any Id1 protein two days after TGFβ stimulation (data not shown), but 
Pai-1 was present in all samples (figure 2 b). The expression of Pai-1 was increased 
after TGFβ stimulation and markedly reduced if the ALK5 kinase inhibitor was added 
to the medium (figure 2 b).

TGFβ causes loss of epithelial character
To determine whether the TGFβ signaling pathway is involved in EMT of human adult 
epicardial cells, we examined the effect TGFβ stimulation had on the epithelial character 
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of these cells (figure 3 a,b). Incubating cEPDCs with TGFβ for 48 hrs resulted in 
elongation of the cells (figure 3 b), which is indicative for EMT. To further confirm EMT, 
we stained with the epithelial marker β-catenin to mark cell-cell junctions and phalloidin 
to visualize filamentous actin. In untreated cells, β-catenin was localized in cell junctions 
(adherens junctions) and actin filaments were associated with these junctions (cortical 
actin filaments) (figure 3 a2,3). When stimulated with TGFβ, the cEPDCs showed 
decreased expression and cytoplasmic redistribution of β-catenin (figure 3 b2), while 
the actin filaments were clearly visible across the cells (stress fibers) (figure 3 b3). These 
changes were consistent with the cellular events know to occur during EMT in which 
dissolution of organized cell junctions and reorganization of actin into stress fibers is 
needed to allow actin-myosin based contraction. TGFβ stimulation also caused increased 
staining of αSMA (figure 3 b4).  The increase in αSMA was confirmed by Western blot 
analysis (figure 2 c). To further explore this apparent loss of epithelial character, we 
examined the mrNA expression of E-cadherin, VCAM-1 and Snai1 by qPCr (figure 2 
d) and the expression of endoglin by Western blot (figure 2 c). Quantitative analysis of 
the epithelial markers E-cadherin and VCAM-1 after incubation with TGFβ showed 
significant decrease in VCAM-1 expression by 97% (P<0.05) while the expression of 
E-cadherin did not change significantly (figure 2 d). The expression of Snai1, which is 
best known for its induction of phenotypic changes, increased by 1.5 fold (figure 2 d). 
Western blot analysis revealed that the expression of endoglin was not altered by addition 
of TGFβ. These data show that in EPDCs TGFβ causes loss of epithelial characteristics 
and induces the onset of differentiation into a smooth muscle cell phenotype.  

ALK5 is required and sufficient for loss of epithelial character
To determine whether the TGFβ induced morphological changes which we observed 
in human adult epicardial cells is ALK5-dependent, we incubated epicardial cells with 
TGFβ in the presence or absence of the ALK5 kinase inhibitor (iALK5), SB431542, and 
we observed that cEPDCs stimulated in the presence of iALK5 preserve their epithelial 
appearance. qPCr analysis confirmed this epithelial phenotype, as the expression of 
E-cadherin mrNA was increased by 107% (P<0.05) in the presence of iALK5 although 
the expression of VCAM-1 decreased by 70% (P<0.05) (figure 2 d). Western blot 
analysis showed that addition of iALK5 markedly reduced endoglin levels.  

Figure 1. Surface marker profile of human adult epicardial cells. EPDC cultures were stained using WT1 
to certify the purity of the culture (a,b). Flow cytometric analysis of cultured adult human EPDCs before 
(cEPDCs) and after EMT (sEPDCs) was performed (c). Histograms of endoglin (CD105) (d) and VCAM-1 
(CD106) (e) are shown with isotype control (dashed line) and the specific signal (solid line). Scale bar, 
20μm.
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Cells incubated simultaneously with TGFβ and iALK5 did not elongate (figure 3 d), and 
β-catenin and phalloidin were persistent at the cell-junctions (figure 3 d2,3). 
The decrease in expression of VCAM-1 and the increase of Snai1 mrNA by TGFβ was 
completely neutralized when iALK5 was added (figure 2 d). Simultaneous addition of 
TGFβ and iALK5 markedly decreased the protein level of endoglin, comparable to the 
addition of iALK5 alone.  

Figure 2. Western blot and qPCR analysis. Gene expression of cEPDCs (control; C) and cEPDCs treated 
with 1 ng/ml TGFβ3 (T) showed that the expression of ALK5 was increased by TGFβ (a). Western blot analysis 
of protein samples isolated from cEPDCs stimulated in presence or absence of 1 ng/ml TGFβ3 and α-Endoglin 
probed for Pai-1 (b). As a loading control, α/β-tubulin was used (b). Western blot analysis of αSMA and 
endoglin in epicardial cells stimulated by sVCAM-1 (100 ng/ml) and α-Endoglin (0.5 μg/ml) independent or 
simultaneously with TGFβ3 (1 ng/ml) (c). GAPDH was used as a loading control in this experiment (c). Gene 
expression of cEPDCs and cEPDCs treated with TGFβ3, iALK5 and both simultaneously. Treatment with TGFβ 
showed significant decrease in epithelial markers and increase in EMT marker Snai1 which is dependent on 
ALK5 kinase activity (d). * P<0.05, vs control, # P<0.05 vs TGFβ3 stimulation. Abbreviations: A, iALK5; C, 
control; E, α-Endoglin T, TGFβ3; TA, TGFβ3/iALK5; TE, TGFβ3/α-Endoglin; TV, TGFβ3/sVCAM-1; V, 
sVCAM-1. 
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RhoA in epicardial EMT
TGFβ is known to activate several downstream pathways independent of Smad signaling, 
e.g. via rhoA mediated activation8. To address the potential role of rhoA in TGFβ-
stimulated loss of epithelial character in human adult epicardial cells, we inhibited the 
p160 rho kinase, a downstream effector of rhoA. cEPDCs were treated with Y27632, 
a specific p160 rho kinase inhibitor (irOCK) in the absence or presence of TGFβ3. The 
addition of irOCK caused elongation of the cells which was accompanied with the 
decrease of β-catenin and phalloidin at the cell-junctions (appendix figure 3). Stress 
fibers were not detected by phalloidin (appendix figure 3) and also staining for αSMA 
was below detection levels. Simultaneous addition of TGFβ and irOCK resulted in similar 
morphological changes as addition of irOCK alone, although stress fibers became 
visible across the cells. These data show that p160 rho kinase activity is not mediating 
the expression of smooth muscle cell markers in response to TGFβ.

VCAM-1 and endoglin alter the cytoskeleton of human adult EPDCs
Analysis of the cell surface marker profile showed spatiotemporal differences in VCAM-
1 and endoglin expression. As the soluble form of the α4β1-Integrin ligand VCAM 
(sVCAM) stimulates change in epicardial cells which restrict EMT and the fact that 
endoglin is part of the TGFβ-receptor complex2, 22, the question raised if VCAM-1 and 
endoglin are involved in the EMT process in human adult epicardial cells. To determine 
the cellular mechanism through which VCAM-1 inhibits epicardial EMT we treated 
human adult cEPDCs with sVCAM-1 for 48 hrs and did not observe morphologic changes 
of the cells (figure 4 b). The expression of β-catenin mrNA was increased in cells 
stimulated with sVCAM-1 (figure 4 b2) while there was a decrease in cortical actin 
filaments (figure 4 b3). qPCr for the epithelial markers E-cadherin and VCAM-1 and 
the EMT marker Snai1 showed that treatment with sVCAM-1 did not significantly change 
their mrNA expression (figure 4 d). 
Since sVCAM-1 might stimulate the preservation of intercellular adhesion, we 
simultaneously treated cEPDCs with TGFβ and sVCAM-1. remarkably, the presence of 
sVCAM-1 not only prevented the morphologic changes of the cells (figure 4 c) but it 
also prevented the formation of filamentous actin (figure 4 c3), although there was 
alteration of  β-catenin in cell junctions (figure 4 c2). Strikingly, qPCr data showed that 
the expression of E-cadherin  and Snai1 both increased significantly by 1.8 and 6.2 
times, respectively, while the expression of VCAM-1 mrNA decreased significantly 
(83%) in the presence of TGFβ and sVCAM-1 (figure 4 d). These data show that 
sVCAM-1 is able to restrict TGFβ stimulated EMT. 
Endoglin is a co-receptor modulating the TGFβ signaltransduction pathway23, 24 and 
is markedly present at the surface of epicardial cells after EMT. Endoglin has been 
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Figure 3. TGFβ stimulated EMT is dependent on ALK5 kinase activity. Transforming growth factor (TGFβ) 
induces epithelial-mesenchymal transformation (EMT) in human adult epicardial cells and ALK5 is required 
for the effects of TGFβ. Epicardial cells were treated with 1ng/ml TGFβ3, 10 μM SB431542 (iALK5) an ALK5 
kinase inhibitor for 48 hrs before fixation. Untreated epicardial cells display an epithelial phenotype (a) 
accompanied with expression of β-catenin (a2) and phalloidin (a3) at the cell-cell borders. Cells incubated 
with TGFβ are elongated and have lost β-catenin expression and phalloidin was visualized across the cells 
in stress fibers (b1-3). Cells treated with TGFβ express αSMA in organized consistent with a smooth muscle 
phenotype (b4). In the presence of iALK5 cells display an epithelial phenotype (c) consistent with the 
untreated cells (a). Cells treated simultaneously with TGFβ and iALK5 retain expression of β-catenin at the 
cell border and no phalloidin staining across the cells is present (d). All untreated and treated cells express 
WT1 (a5-e5). Magnification X100 in a1-e1, X400 in a4-e5, X650 in a2-e3. 
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postulated to be involved in the cytoskeletal organization affecting cell morphology 
and migration1. To understand if and how endoglin functions in the EMT process, 
cEPDCs were incubated with an α-Endoglin antibody (figure 5 a). α-Endoglin did not 
induce morphologic changes of cEPDCs. In cells treated with α-Endoglin the expression 
of β-catenin increased, which was accompanied with increased expression of E-cadherin 
and VCAM-1 by 74% and 64% (P<0.05), respectively (figure 5 b,c). 
Interestingly, Western blot analysis showed that addition of α-Endoglin increased the 
protein levels of endoglin in human EPDCs (figure 2). The α-Endoglin antibody was not 
able to prevent the morphologic changes induced by TGFβ, as evident by decreased 
β-catenin expression and an increased expression of phalloidin (figure 5 b). 

Figure 4. sVCAM-1 inhibits cell shape changes in human adult epicardial cells treated with TGFβ3. 
Unstimulated cells (a) and stimulated with sVCAM-1 (100ng/ml) (b) and simultaneously with TGFβ3 (1ng/
ml) and sVCAM-1 (100ng/ml) (c) are stained for β-catenin (a2-c2) and with phalloidin to visualize filamentous 
actin (a3-c3). Onset of differentiation into smooth muscle cells was visualized by staining for αSMA (a4-c4) 
and the state of differentiation was visualized by WT1 (a5-c5).  The process of EMT was confirmed by qPCr 
(d) analysis for epithelial and EMT markers. Magnification 100x in a1-c1, 400x in a4-c5, 650x in a2-c3. * 
P<0.05, vs control, # P<0.05 vs TGFβ3 stimulation, $ P<0.05 stimuli vs simultaneous TGFβ3/stimuli.
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qPCr data showed a decrease in mrNA levels of VCAM-1 by 96% and increase of 
Snai1 by 118% (figure 5 c). These data show that incubating human EPDCs with an 
α-Endoglin antibody did not affect TGFβ induced EMT.
EMT in EPDCs is accompanied by a strong induction of endoglin. To ensure that the 
inability of the antibody to block TGFβ induced EMT is not caused by the high levels of 
endoglin, we analyzed the effect of endoglin knockdown on TGFβ induced EMT. Human 
adult cEPDCs were transduced with a lentivirus expressing an shrNA for human 
endoglin (shEndoglin) or eGFP as a control (figure 6 a1-b1). Transduction of cEPDCs 
with shrNAs did not affect the epithelial morphology (figure 6 a2,b2), nor did it affect 

Figure 5. Inhibition of endoglin expression can not block the process of TGFβ-stimulated EMT. Blocking 
of endoglin increased the expression of epithelial markers (a,c). In simultaneous treatment of epicardial cells 
with TGFβ and α-Endoglin, the decrease in epithelial and increase in mesenchymal and EMT markers 
stimulated by TGFβ could not be prevented (a-c). Magnification: 100x in a1-c1, 400x in a4-c5, 650x in a2-
c3. * P<0.05, vs control, $ P<0.05 stimuli vs simultaneous TGFβ3/stimuli.
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TGFβ induced morphological changes (figure 6 a3,b3). EMT was confirmed by qPCr 
showing a decrease in VCAM-1 (figure 6 e) and increase of Snai1 mrNA (figure 6 f). 
Although endogenous endoglin levels were reduced on both mrNA (78%, P<0.05) and 
protein levels (figure 6 c,d) addition of TGFβ3 was able to induce endoglin at both mrNA 
(2.2 times, P<0.05) and protein level in shEndoglin transduced cells (figure 6 c,d). 

Figure 6. Knockdown of endoglin expression can not block the process of TGFβ-stimulated EMT. 
Transduction of epicardial cells with lentivirus expression shrNAs for control GFP virus (Control) and human 
Endoglin (shEndoglin) was visualized by the expression of GFP (a1,b1) and did not effect the cell morphology 
(a2,b2). Addition of TGFβ caused morphological changes in both shEndoglin transduced cEPDCs and control 
(a3,b3). qPCr (c) and Western blot (d) analysis showed reduction of endogenous endoglin expression after 
transduction (c,d). Addition of TGFβ caused increase in endoglin expression in both transduced and control 
epicardial cells. Analysis of epithelial marker VCAM-1 (e) and EMT marker Snai1 (f) showed that knockdown 
of endoglin could not prevent the effects of TGFβ on these markers. Magnification X100 in a1-c2.  *P<0.05, 
vs control, # P<0.05 TGFβ3 stimulation vs nonstimulated. Abbreviations: C, control; T, TGFβ3; shE, shEndoglin; 
shTE, TGFβ3/shEndoglin. 
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These data show that knockdown of endoglin is not able to restrict TGFβ stimulated 
EMT and increase in endoglin expression. 

Role of WT1 in the process of EMT
EMT is the onset for migration and/or differentiation of the epicardium. Therefore, we 
determined the differentiation state of the treated epicardial cells by analyzing the 
presence of WT1. WT1 is only expressed in epicardial cells if they are in an 
undifferentiated state. Immunohistochemistry showed that all treated epicardial cells 
express WT1 (figure 2-5). To determine if the level of WT1 expression is affected by the 
treatment of the cells with several stimulators and inhibitors, we performed qPCr 
analysis on WT1 mrNA expression. We observed decrease WT1 expression in the 
presence of TGFβ by 68% (P<0.05) (figure 7 a). Simultaneous addition of TGFβ with 
either iALK5, sVCAM-1 or α-Endoglin caused a decrease in WT1 expression by 45%, 
35% and 78%, respectively (figure 7 a). Addition of iALK5, sVCAM-1 or α-Endoglin 
alone did not change the expression of WT1 significantly (figure 7 a). 
As WT1 is high in the presence of factors preventing EMT and low in the presence of 
EMT stimulating factors, we explored the role of WT1 in the process of EMT. 
Therefore, we transduced human adult cEPDCs with shrNAs for WT1 (shWT1). 
Morphological analysis showed elongation of the WT1 knockdown cells (figure 7 d) 
when compared to the control and noncoding shrNA transduced cells (figure 7 b,c). 
qPCr analysis for WT1 after transduction showed that shWT1 transduction decreased 
the mrNA expression of the WT1 isoform A and isoform D by 79% (P<0.05) (figure 7 
e) and 83% (P<0.05) (appendix figure 4), respectively.  The observed elongation of the 
epicardial cells was accompanied with a decrease in the epithelial marker E-cadherin 
by 65% (figure 7 f). The expression of α4-Integrin and its ligand VCAM-1 (figure 7 g,h) 
decreased by 14% and 35% (P<0.05) respectively, and the EMT marker Snai1 was 
increased by 98% after transduction of shWT1 (P<0.05) (figure 7 i). 

Role of Platelet-derived growth factors in the process of EMT
The platelet-derived growth factor (PDGF) signaling pathways were found to have a 
crucial role in EMT during cancer progression, since PDGF-A and its receptor PDGFrα 
were highly elevated and secretion of PDGF-A was induced upon TGFβ-induced EMT25, 

26. We previously showed that there is a relation between WT1 and Pdgfrα which may 
affect the process of EMT27. Interestingly, mrNA expression of WT1 in human adult 
EPDCs is increased after shPdgfrα transduction27. Furthermore, WT1 knockdown 
increased the expression of Pdgfrα mrNA by 85% (P<0.05) (figure 7 j). To address 
the potential role of PDGFrα and its ligand PDGF-A in TGFβ-stimulated loss of epithelial 
character and the onset of smooth muscle differentiation in human epicardial cells, we 
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Figure 7. Role of WT1 in the EMT process of human adult epicardial cells. Quantification of WT1 isoform 
A mrNA expression in human adult epicardial cells decreased after treatment with TGFβ3 (a). Knockdown 
of WT1 by shrNA results in loss of epithelial character of epicardial cells (b-d). Quantification of WT1 mrNA 
expression was significantly reduced in epicardial cells after knockdown of WT1 (P<0.05) (e and appendix 
Figure 3). The expression of epithelial markers E-cadherin (f), α4-Integrin (g) and VCAM-1 (h) mrNA was 
decreased in epicardial cells after knockdown of WT1 (P<0.05). The expression of EMT-marker Snai1 
increased significantly after knockdown of WT1 (P<0.05) (i). WT1 knockdown caused a significant decrease 
in PDGFRα mrNA expression (P<0.05) (j). * P<0.05, vs control, # P<0.05 vs TGFβ3 stimulation, $ P<0.05 
stimuli vs simultaneous TGFβ3/stimuli.
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analyzed the expression of Pdgfα (figure 8 a) and Pdgfrα (figure 8 b) mrNA after 
addition of the different stimulators and inhibitors. In response to TGFβ3, the expression 
of Pdgfα increased by 1.5 fold while the expression of Pdgfrα decreased by 70% 
(P<0.05) (figure 8). iALK5 inhibited the effect of TGFβ on the expression of Pdgfα and 
Pdgfrα (figure 8). Addition of sVCAM-1 and α-Endoglin were not able to influence the 
effect TGFβ had on the expression of the Pdgfα and Pdgfrα. 

Regulation of proliferation/viability
Several studies showed that the TGFβ pathway modulates cell growth and viability. 
Using an MTT assay the total number of living cells can be used as a measure for 
proliferation and viability. We observed that addition of TGFβ reduced the number of 

Figure 8. PDGF-signaling in EMT. Quantification of Pdgfα (a) and Pdgfrα (b) mrNA expression in human 
adult epicardial cells. Expression of Pdgfrα increased (a) significantly (P<0.05) after treatment with TGFβ3 
in contrast to decrease of Pdgfrα expression (b) (P<0.05). Addition of sVCAM-1 or α-Endoglin were both not 
able block the effect of TGFβ3 on Pdgfrα (a) and Pdgfrα (b) mrNA expression (P<0.05). 
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living epicardial cells by 31% compared to untreated cells (P<0.05) (figure 9). Addition 
of iALK5 and sVCAM-1 increased the number of living epicardial cells by 37% and 
130% (P<0.05), respectively (figure 9). Simultaneously addition of TGFβ with iALK5 
did not affect the number of epicardial cells compared to untreated cells, but there was 
a significant increase compared to cells treated with TGFβ alone (figure 9). Stimulation 
with sVCAM-1 could block the negative effect of TGFβ on the number of living cells 
completely and the cell number increased by 58% (P<0.05) after simultaneous addition 
(figure 9). Inhibition of endoglin (α-Endoglin) significantly increased the number of living 
epicardial cells by 39% (figure 9). Blocking of endoglin was not able to inhibit the effect 
of TGFβ, as cells treated simultaneously with TGFβ and α-Endoglin showed significant 
decrease in cell number by 38.4% (P<0.05) (figure 9). 

Figure 9. Quantification of the number of epicardial cells by a MTT assay. TGFβ3 reduced the number of 
epicardial cells. Stimulation by inhibition of ALK5 (iALK5) and Endoglin (α-Endoglin) induced the number of 
cells as also did addition of sVCAM-1. Simultaneous addition of TGFβ3 and iALK5 did not alter cell numbers 
compared to control and was able to block the effect of TGFβ3. Addition of sVCAM-1 was also able to block 
the effect of TGFβ3 and significantly increased the total cells number. Inhibition of α-Endoglin was not able 
to block the effect of TGFβ3 and number of epicardial cells reduced. *P<0.05, vs control, #P<0.05 vs TGFβ3 
stimulation, $P<0.05 stimuli vs simultaneous TGFβ3/stimuli.
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Discussion

In this study we show that human adult epicardial cells loose their epithelial character 
and gain αSMA expression when stimulated by TGFβ. These effects are dependent on 
ALK5 kinase activity. TGFβ-stimulated loss of epithelial character in adult epicardial 
cells seem to be independent of endoglin levels, but can be inhibited by induction of 
VCAM-1. Furthermore we show that WT1 in relation to Pdgfrα  both have a role in 
epicardial EMT. 
Our data support a role for TGFβ in the regulation of EMT of human adult epicardial 
cells, which is dependent on ALK5 kinase activity, and is the onset of differentiation. 
The switch from VCAM-1 positive cEPDCs to endoglin sEPDCs is accompanied with 
down regulation of VCAM-1 which triggers EMT. These new insights in the process of 
EMT in human adult epicardial cells may help to develop new therapies for cardiac 
repair which is focused on modulation of VCAM-1 and WT1. 

Adult EPDCs express VCAM-1 before, but endoglin after EMT
We analyzed epicardial cells isolated from adult atrial appendages before and after 
EMT, and observed that morphological changes during EMT are accompanied by a 
reduction of β-catenin levels. More interestingly, flow cytometric analysis of cEPDCs 
and sEPDCs demonstrated that while cEPDCs could be characterized by expression 
of VCAM-1 on their cell surface and an absence of endoglin, sEPDCs did express 
endoglin and were negative for VCAM-1. Previous studies revealed that VCAM-1 
restricts TGFβ-stimulated EMT by inhibiting TGFβ-mediated loss of β-catenin from 
intercellular junctions and enhances cell-cell adhesion, concomitant with increased 
association of β-catenin with intercellular junctions2. Therefore, the surface expression 
of VCAM-1 and β-catenin are supportive for the epithelial nature of cEPDCs. Epicardial 
cells loose their epithelial characteristics under influence of TGFβ8,9. Endoglin is an 
ancillary TGFβ co-receptor expressed on mesenchymal stem cells28, smooth muscle 
cells21 and is involved in EMT23,24. Together with the decreased expression of β-catenin 
at the plasma membrane of sEPDCs, endoglin expression in sEPDCs confirms 
EMT. 

Human adult epicardial EMT in vitro
Our data demonstrate that TGFβ signaling induces loss of epithelial character of 
human adult cEPDCs and is the onset of differentiation towards fibroblasts and/or 
smooth muscle cells. These data are consistent with the well-described actions of 
TGFβ in mediating EMT in embryonic mouse and chicken epicardial cells2,8,9. As 
TGFβ is expressed in the injured myocardium29, reactivated epicardial cells probably 
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undergo EMT and invade the myocardium due to the availability of active TGFβ in 
the myocardium.
All human TGFβ isoforms (TGFβ1-3) signal via binding to a heterotetrameric complex 
of transmembrane serine/threonine kinase receptors30. Upon ligand binding to the 
TGFβ type II receptor (TGFβrII), the type I receptor (TGFβrI or ALK5) is recruited 
into the complex and phosphorylated. The activated TGFβrI kinase transduces the 
signal into the nucleus by phophorylating Smad proteins. There is a third class of 
TGFβ receptors, the co-receptors (type III receptors (TGFβrIII)) namely β-glycan and 
endoglin. Our data demonstrates that EMT of human adult epicardial cells requires 
ALK5 kinase activity. Furthermore, addition of TGFβ increased ALK5 expression and 
decreased the expression of ALK1. Also the levels of Pai-1 were elevated, a known 
downstream target of the ALK5/Smad2/3 signaling cascade, and inhibition of the 
ALK5 kinase decreased Pai-1 expression, also confirming that EMT in epicardial cells 
is regulated via the TGFβ/ALK5 pathway. Increased expression of ALK5 mrNA after 
TGFβ stimulation suggests a feed-forward loop. We were unable to show phosphorylated 
Smad1 and Smad2 in our study, which might be due to time of sampling, 48 hrs after 
TGFβ stimulation. 
Addition of TGFβ resulted in decreased number of human adult epicardial cells, 
suggesting less proliferation or cell viability. Previous studies using endothelial cells 
(ECs) showed that TGFβ inhibits the proliferation of ECs via the ALK5 pathway, while 
the ALK1 signaling cascade is responsible for the activation of proliferation18,19. 
Although both type 1 receptors are expressed in epicardial cells, only the ALK5 
pathway seems to be necessary for TGFβ induced EMT. Therefore epicardial cells 
regulate their growth via the ALK5 pathway to the contrary of ECs which are able to 
respond to TGFβ stimulation via both ALK1 and ALK5 pathways. 

VCAM-1 antagonizes TGFβ induced EMT in adult epicardial cells
Soluble VCAM-1 treatment inhibited TGFβ-dependent loss of epithelial character and 
E-cadherin expression. sVCAM-1 treatment leads to events that increase cortical actin 
association with the adherens junction and stabilizes adherens junction components 
at the membrane comparable with the observation of Dokic et al.2 in embryonic chicken 
epicardial cells and rat epicardial mesothelial cells (EMCs)2. Interestingly, although 
sVCAM-1 treatment inhibited TGFβ-dependent loss of epithelial character, the effect of 
TGFβ on the expression of VCAM-1 and Snai1 was not blocked by sVCAM-1. Although 
the decrease in VCAM-1 mrNA expression  could not by blocked by sVCAM-1, the total 
decrease in VCAM-1 mrNA was less compared to addition of TGFβ and simultaneous 
addition of TGFβ and α-Endoglin. This suggests that the modulation of VCAM-1 is 
important for EMT. The discrepancy could be caused by the differences in VCAM-1 
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mrNA and VCAM-1 protein at the cell surface. Another cause of this discrepancy could 
be the activation of the Smad pathways. VCAM-1 is associated with Smad1, as  
Smad1-/- embryos lack the expression of VCAM-1 in the placenta31. Furthermore, 
expression of VCAM-1 is increased in human umbilical vein endothelial cells infected 
with constitutively active form of ALK132. These observations indicate that the ability of 
VCAM-1 to alter TGFβ stimulated EMT is probably depending on the TGFβ/ALK5 
pathway and suggests that VCAM-1 is also involved in the TGFβ/ALK1 pathway in other 
processes. To date we have no evidence that ALK1 is activated upon TGFβ and it is 
important to know if sVCAM-1 is able to activate ALK1. The upregulation of Snai1 seen 
in simultaneous stimulation of epicardial cells by TGFβ3 and sVCAM-1 is probably 
regulated by the ALK1 pathway and leads to decrease in the epithelial markers, although 
this pathway in the regulation of EMT markers is not responsible for the actual process 
of EMT as cells treated with TGFβ3/sVCAM-1 have a epithelial morphology. Further 
studies of the signaling pathway altered by VCAM-1 and the modulation of VCAM-1 in 
human adult epicardial cells should allow us to elucidate the important role of VCAM-1 
in regulating EMT. 

The role of endoglin in EMT of adult epicardial cells
The presence of endoglin on the surface of epicardial cells that underwent EMT, 
suggested a role for endoglin in the process of EMT. This was supported by Mercado-
Pimental et al. who showed that loss of endoglin expression resulted in a direct 
perturbation of EMT during cardiac valve formation and reduced expression of EMT 
markers including slug and runx21. However, in endothelial cells, endoglin, preferentially 
binds TGFβ1 and TGFβ3, when associated with TGFβrII22 and stimulates Alk1 signaling 
and antagonizes ALK5 signalling19, 33. In our study, blocking of endoglin function by 
addition of α-Endoglin antibody was not able to inhibit TGFβ-induced loss of epithelial 
character of the EPDCs. Although, previous studies in cardiac cushions1 showed that 
TGFβ-induced EMT was dependent on endoglin. One explanation for this discrepancy 
is the availability of endoglin for signaling. Using the antibody, we might just not be able 
to occupy all receptors on the cell surface. Therefore, we performed knockdown of 
endoglin by shrNAs in human adult epicardial cells. Comparable to the α-Endoglin 
antibody, knockdown of endoglin also did not restrict TGFβ-induced morphologic 
changes in epicardial cells. So both interference with endoglin function or absence of 
the endoglin is not able to prevent TGFβ-induced EMT in EPDCs. qPCr and Western 
blot analysis revealed that expression of endoglin is still increased after addition of TGFβ 
even when cells are transduced by shEndoglin. These data suggest that endoglin is not 
directly involved in the initiation process of EMT in EPDCs as is shown for endothelial 
cells19,33, but might be beneficial for differentiation further on in the EMT-pathway. 
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Wilm’s tumor suppressor WT1 and Pdgfrα 
WT1 is a novel transcriptional activator of the α4-integrin gene and stimulation of α4-
integrin expression by WT1 may promote cell adhesion in the epicardium34. Our data 
show that knockdown of WT1 in human epicardial cells stimulated loss of epithelial 
morphology and reduced expression of epithelial markers like E-cadherin, α4-Integrin 
and VCAM-1 significantly, while the expression of EMT-marker Snai1 increased 
significantly. This suggests that WT1 is a repressor of the EMT process in adult epicardial 
cells. These findings are consistent with previous described data of Bergmann and 
Kirschner34,35. Bergmann et al. described that WT1 transcriptionally represses TGFβ35 

and Kirschner et al. described that WT1 transcriptionnally activates α4-Integrin34. These 
data are similar to our observation but opposite to the data described by Martinez-
Estrada et al.36. To determine whether WT1 has a direct and cell-autonomous role in 
epicardial EMT, Martinez-Estrada et al. generated tamoxifen-inducible WT1-knockout 
immortalized epicardial cells (Cre+CoMEEC, E11.5). CoMEECs had typical cobblestone 
morphology and showed robust WT1 expression. Loss of WT1 after tamoxifen treatment 
led to a robust increase in E-cadherin expression and was associated with downregulation 
of N-cadherin and αSMA. rT-PCr revealed downregulation of Snai1 after WT1 deletion36. 
The contradiction between our data and Martinez-Estrada et al. could be caused by 
the fact that EMT in human adult epicardial cells is regulated by other factors compared 
to EMT in mouse embryonic epicardial cells. Further research is needed to elucidate 
the exact role of WT1 in the process of EMT in human adult epicardial cells. 
Knockdown of WT1 and Pdgfrα27 suggested that there is a possible relation between 
these two factors. Knockdown of WT1 increased the expression of Pdgfrα significantly 
as down regulation of Pdgfrα increased the expression of WT1 significantly in human 
adult epicardial cells27. PDGF-signaling is known to be important to support epicardial 
EMT. Both PDGF receptors, Pdgfrα and Pdgfrβ are expressed in the epicardium11, 37, 38 
and PDGF-BB, which can bind to both Pdgfrα and Pdgfrβ, is more potent in inducing 
cultured embryonic quail epicardial cells to undergo the initial steps of EMT39 compared 
to both PDGF-AA and PDGF-AB, suggesting that this pathway is involved in epicardial 
EMT. Also our previous work showed an EMT-inducing role for Pdgfrα in mouse 
embryonic epicardial cells27 as the receptor is able to repress expression of WT1. 
Unpublished data by Smith suggests that both receptors are required for development 
of a unique epicardial derivative, Pdgfrα for cardiac fibroblast and Pdgfrβ for smooth 
muscle cells. This would fit with earlier observations that show that Pdgfrα is more 
related to myocardial differentiation while  is expressed during the stage of coronary 
artery formation40. Furthermore, PDGF-signaling stimulated the phosphorylation of Sox9 
and combined with TGFβ induces a transcriptional complex with Smad2 and Snai1 
(Smith et al. personal communication). A previous study shows that WT1 is required 
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for Sox9 expression41 and that the expression of Sox9 is involved in the process of EMT 
during cardiac cushion development42. We show that during the process of EMT both 
WT1 and Pdgfrα are involved and more elaborate studies will be necessary to further 
explore the link between both growth factors and TGFβ, Sox9, Smad2 and Snai1 and 
their potential roles in human adult epicardial EMT. 
Another study showing involvement of PDGF-signaling in EMT is suggested by the role 
for PDGF in hepatocarcinogenesis, since PDGF-A ligand and PDGF receptor subunits 
were highly elevated upon TGFβ-induced EMT25. Our data shows that an increase of 
Pdgfα mrNA expression is accompanied by a decrease in Pdgfrα expression. This 
negative relation between PDGF-A and PDGFrα is previously described in chicken 
embryos of which epicardial outgrowth was inhibited11. Furthermore, Paulsson et al. 
described that there is a density-dependent inhibitory effect of TGFβ on the expression 
of Pdgfrα43. Therefore, our observed TGFβ regulated decrease of Pdgfrα could also be 
due to an excess of TGFβ3-ligand. Future research on the role of Pdgfrα mediated by 
TGFβ and/or WT1 in the EMT process is needed to be able to fully understand this 
intriguing cascade. 

Regenerative medicine
Epicardial cells are a promising tool with regard to cardiac regeneration therapy. 
Transplantation of exogenous human adult EPDCs into the ischemic mouse myocardium 
improved left ventricular (LV) ejection fraction. Adverse remodeling was also attenuated 
by EPDCs injection12. The importance of epicardial cells and EPDCs for cardiogenesis 
and regenerative medicine is related to their role in coronary vessel development and 
maintenance of myocardial architecture12-16. Activation of endogenous epicardium, 
stimulates the process of EMT by which cells can migrate into the myocardium and 
reactivation of the embryonic program of epicardial cells after myocardial injury, is of 
great importance for the process of intrinsic cardiac repair. Understanding more of the 
process of EMT and the involved pathways in human adult epicardial cells is important 
for the development of strategies to stimulate heart repair by endogenous cell 
sources. 
Members of the TGFβ super family are markedly induced in the infarcted myocardium 
and through their potent effects are capable of playing a central role in infarct healing 
and cardiac repair29. Our data combined with previous studies suggest that TGFβ is not 
only a central mediator involved in the inflammatory and fibrotic phase of healing and 
may critically modulate many cellular steps in post-infarction cardiac repair29 but can 
also induce EMT of epicardial cells.   
Thymosin beta 4 (Tβ4) is reported to activate endogenous mouse adult epicardium 
after myocardial infarction13,44. This combined with the knowledge from previous studies 
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that Tβ4 significantly increase the expression of TGFβ45 and that Tβ4 increases the 
secretion of Pai-1 in endothelial cells46, suggests that Tβ4 could be the initiator for the 
onset of the EMT-regulated pathway in adult epicardial cells (figure 10). 

Figure 10. Epithelial-mesenchymal transition (EMT) of human adult epicardial cells. Master regulator of 
EMT, Snai1 leads to dramatic changes in gene expression profile and cellular morphology. Snai1 represses 
expression of epithelial markers and triggers expression of EMT markers. Herewith we depicted a possible 
pathway which stimulates epicardial EMT after myocardial injury (Adapted from Kang et al. 47.  Arrows with 
arrowheads represent activation as arrows with bullets represent repression. Dashed arrow lines with 
arrowheads and bullets represent indicative pathways.
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Therefore, Tβ4 might elevate TGFβ thereby inducing EMT of epicardial cells and it 
would be very interesting to see if the effects of TGFβ on VCAM-1, WT1 and Pdgfrα 
during EMT in human adult epicardial cells are initiated by Tβ4. Future research in 
cardiac repair focusing on the potential of the TGFβ/ALK pathway initiating EMT of 
endogenous human adult epicardial cells investigation via transcriptional regulation of 
WT1 and Pdgfrα, might provide new treatment modalities.  
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Appendix

Appendix Figure 1. Expression of ALK1 in epicardial cells. Quantitative PCr on rNA of cEPDCs (control; 
C) and epicardial cells treated with 1ng/ml TGFβ3 (T) showed that the expression of ALK5 was decreased 
by TGFβ3. 
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Appendix Figure 2. Expression of TGFβ-isoforms in epicardial cells. Quantitative PCr on rNA of epicardial 
cells and epicardial cells incubated with iALK5, α-Endoglin and sVCAM-1 in presence or absence of TGFβ3 
showed that the expression of TGFβ1 (a) and TGFβ2 (b) mrNA were significantly reduced in the presence 
of iALK (P<0.05). The addition of TGFβ3 reduced the mrNA of TGFβ3 mrNA significantly (P<0.05) (c). 
Addition of iALK5 in the presence of TGFβ3 was able to inhibit the decrease in TGFβ3 mrNA expression 
stimulated by TGFβ3 as addition of sVCAM-1 was not. 
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Appendix Figure 3. The role of RhoA kinase EMT of adult epicardial cells.Inhibition of p160 rho kinase 
activity caused elongation of epicardial cells (a1), which was accompanied by reduction in β-catenin (a2) 
staining but there was no induction of stress fibers and αSMA (a3,4). Addition of irOCK in the presence of 
TGFβ was not able to prevent loss in epithelial character (b1), this was accompanied by increased expression 
of β-catenin and phalloidin (b2,3). 
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Appendix Figure 4. Role of WT1 in the process of EMT. Quantification of WT1 isoform D mrNA expression 
in human adult epicardial cells after treatment with knockdown of WT1 by shrNA results in significantly 
reduced expression of WT1isoD.
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Abstract

Background
Adult human epicardium-derived cells (EPDCs), transplanted into the infarcted heart, 
are known to improve cardiac function, mainly through paracrine protection of the 
surrounding tissue. We hypothesized that this effect might be further improved if these 
supportive EPDCs were combined with cells that could possibly supply the ischemic 
heart with new cardiomyocytes. Therefore, we transplanted EPDCs together with 
cardiomyocyte progenitor cells (CMPCs) that can generate mature cardiomyocytes in 
vitro.

Methods and Results
EPDCs and CMPCs were isolated from human adult atrial appendages, expanded in 
culture, and transplanted separately or together into the infarcted mouse myocardium 
(total cell number, 4*105). Cardiac function was determined 6 weeks later (9.4T MrI). 
Coculturing increased proliferation rate and production of several growth factors, 
indicating a mutual effect. Cotransplantation resulted in further improvement of cardiac 
function compared with single cell-type recipients (P<0.05), which themselves 
demonstrated better function than vehicle-injected controls (P<0.05). However, in 
contrast to our hypothesis, no graft-derived cardiomyocytes were observed within the 
6-week survival, supporting that not only EPDCs but also CMPCs acted in a paracrine 
manner. Because injected cell number and degree of engraftment were similar between 
groups, the additional functional improvement in the cotransplantation group cannot 
be explained by an increased amount of secreted factors but rather by an altered type 
of secretion.

Conclusions
EPDCs and CMPCs synergistically improve cardiac function after myocardial infarction, 
probably instigated by complementary paracrine actions. Our results demonstrate for 
the first time that synergistically acting cells hold great promise for future clinical 
regeneration therapy. 
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Introduction 

Considering the complexity of different activated pathways in an infarcted heart, it might 
seem reasonable to expect that transplantation of 2 complementary types of stem or 
progenitor cell population to treat the ischemic heart could be superior to single cell-
type injection. It has been shown that different stem and progenitor cell populations, 
either resident in the heart or derived from an extracardiac source, improve left 
ventricular (LV) function when transplanted into the infarcted heart1,2, probably instigated 
by a variety of yet unknown mechanisms.
Outcome of current stem cell therapy might be further improved by combined 
transplantation of different cells with complementary properties3-5, such as cells that 
support the surrounding host tissue in a paracrine way together with cells that supply 
the injured heart with new cardiomyocytes. 
We recently demonstrated that human adult epicardium-derived cells (EPDCs) can 
support and stimulate the surrounding resident tissue of the ischemic heart when 
transplanted into the infarcted mouse myocardium. This resulted in preservation of LV 
function and attenuation of LV remodeling6. A possible paracrine protective effect of the 
EPDCs on the surrounding host tissue could be explained by recapitulation of their 
embryonic program, which is comprehensive7-9. During embryonic development, EPDCs, 
which give rise to a variety of cells, including fibroblasts and smooth muscle cells10-13 
(and some studies claim that epicardial progenitors differentiate into endothelial cells 
and cardiomyocytes14, but this is still a subject of debate), have a crucial modulatory 
role. They regulate the formation of the compact myocardium and15,16 the development 
of the Purkinje fiber system10,17, and they substantially contribute to coronary vessel 
formation16,18-20.
Goumans and coworkers recently published that from the human adult heart, 
cardiomyocyte progenitor cells (CMPCs) can be isolated that have promising properties 
in vitro21-24. In culture, they are able to differentiate into functional mature cardiomyocytes 
without the need of being cocultured with neonatal cardiomyocytes21,22. These cells are 
mainly detected in the atrium, and they can be easily isolated from human adult atrial 
appendages by clonogenic expansion or, using their ability to cross-react with the mouse 
stem cell antigen-1 (Sca-1) antibody, by magnetic cell sorting21,22. Because they are 
clonogenic, have self-renewal and multiple differentiation capacity, together with 
telomerase activity, and have a high nucleus to cytoplasm ratio, these CMPCs were 
considered true progenitors22.
It is suggested that the adult human EPDCs that are transplanted into the infarcted 
mouse heart positively influence the ischemic host myocardium not only by protecting 
the existing myocardium but also by stimulating migration and proliferation of resident 
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cardiac progenitor cells, similar to their effect during cardiogenesis6,25,26. Conversely, 
embryonic7,8 and adult27 cardiomyocytes, and probably CMPCs in the adult heart24, are 
dependent on interaction with EPDCs. regarding this mutual dependency and because 
CMPCs and EPDCs have complementary functions in cardiogenesis, we hypothesized 
that the demonstrated positive supportive effect of adult human EPDCs on the infarcted 
heart might further increase when the pool of resident cardiac progenitor cells is 
replenished through transplantation of adult human CMPCs at the same time.

Methods 

Details about the materials and methods are shown in the Appendix. EPDCs and CMPCs 
were isolated and cultured from human adult auricles as described previously6,21-23,28 
and cultured separately or together (1:1) for in vitro and in vivo experiments (figure 1). 
Proliferation and migration were studied under normoxic (20% oxygen) and hypoxic 
(1% oxygen) conditions in different groups: EPDCs, CMPCs, a mixture of EPDCs and 
CMPCs (1:1) (mix culture), EPDCs cultured in conditioned medium (CM) of CMPCs 
(EPDC+CMc), and CMPCs cultured in CM of EPDCs (CMPC+CMe). 

Figure 1. Different culture conditions applied for in vitro experiments. For the proliferation assay condition, 
4 days of normoxia (A), 7 days of normoxia (B), and 4 days of normoxia followed by 3 days of hypoxia (C) 
were used. For the zymography, real-time polymerase chain reaction and enzyme-linked immunosorbent 
assay conditions A, B, C, and D (7 days of normoxia) were used. Conditions A and C are in line with the in 
vivo experiments in which cells were cultured during 4 days under standard conditions (20% oxygen) before 
being transplanted into the ischemic myocardium (represented by 1% oxygen culturing). Together, conditions 
B, C, and D demonstrate the effect of extended hypoxia because absolute culture periods are similar.
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Proliferation was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay and by Ki67 expression.22 Migration was assessed 
in a scratch assay and in Boyden chamber experiments29. 
Matrix metalloproteinase (MMP) expression was determined by zymography. mrNA 
and protein production of several growth factors were evaluated by real-time polymerase 
chain reaction and enzyme-linked immunosorbent assays, respectively30.
All animal procedures were approved by the Animal Ethics Committee of Leiden 
University and conformed to the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health publication No. 85-23, revised 1996). Myocardial infarction 
was created in nonobese diabetic/severe combined immunodeficient mice, after which 
a total number of 4*105 CMPCs (CMPC group, n=13), EPDCs (EPDC group, n=20), 
mixed CMPCs and EPDCs (cotransplantation or CoT group, n=14), or control vehicle 
(medium group, n=17) were injected. Each group received the same number of cells. 
Shamoperated animals (sham group, n=3) were operated on similarly, but the LAD was 
not occluded nor was anything injected. LV function was assessed with a 9.4T animal 
MrI 6 weeks later. 
Vascular density and wall thickness were evaluated in each group, as were the vessel 
characteristics and properties of the engrafted cells using several antibody stainings. 
The absolute volumes of the entire human grafts were determined and compared among 
groups.
The authors had full access to the data and take responsibility for its integrity. All authors 
have read and agree to the manuscript as written.

results 

In vitro experiments were performed to gain more insight into the influence that CMPCs 
and EPDCs may have on each other’s behavior after they have been transplanted into 
the infarcted myocardium, considering that the in vivo situation is too complex to 
distinguish between factors secreted by host tissue or engrafted cells.

Proliferation and Migration In Vitro
Growth rate of isolated CMPCs and EPDCs was determined and compared with that 
of the mixed cell culture. Proliferation was significantly increased when CMPCs and 
EPDCs were cultured together under hypoxia (cultured for 4 days in 20% oxygen 
followed by 3 days of 1% oxygen) compared with the average of separate cultures 
(figure 2A). EPDCs could be considered mainly responsible for this effect because, 
under similar hypoxic conditions, proliferation of EPDCs cultured in conditioned 
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medium of CMPCs was significantly higher than that of EPDCs cultured in regular 
medium, whereas proliferation of CMPCs was not influenced by conditioned medium 
of EPDCs (figure 2B). 

a b

c

d e

Figure 2. Coculturing and hypoxia influence proliferation rate and migratory capacity. In case of hypoxia, 
proliferation is significantly increased in the mix culture of CMPCs and EPDCs compared with the average of 
single cell-type cultures (A). EPDCs are considered mainly responsible for the observed enhancement in 
proliferation rate. The proliferation rate of EPDCs is significantly increased when cultured in CMPC-conditioned 
medium, whereas CMPCs are not influenced by EPDC-conditioned medium (hypoxia) regarding proliferation 
rate (B). This was confirmed when analyzing the number of Ki67-positive nuclei per well, a marker for cell 
proliferation, under similar hypoxic conditions (C). Under hypoxia, but not in case of normoxia, migratory 
capacity is significantly decreased when conditioned medium of the other cell type is applied and when 
CMPCs and EPDCs are cultured as a mixture (only in comparison with EPDC culture) (D). Using a Boyden 
chamber assay, hypoxic EPDC-conditioned medium chemoattracted both CMPCs and EPDCs (E). CMPC_CMe 
indicates CMPCs cultured in conditioned medium of EPDCs; EPDC_CMc, EPDCs cultured in conditioned 
medium of  CMPCs; MIX, mix culture of CMPCs and EPDCs; Non-CM, nonconditioned medium; CMc, 
conditioned medium of CMPCs; CMe, conditioned medium of EPDCs. *P<0.05.
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Ki67 analysis of cocultured cells confirmed that EPDCs are stimulated in their growth 
in the presence of CMPCs (figure 2C; appendix figure 1A). 
In case of hypoxia, CMPCs and EPDCs, as well as their conditioned medium, negatively 
influenced the migration of the other cell type in a scratch assay. This effect was not 
observed when the cells were cultured in a normoxic environment (figure 2D). When 
cultured together, CMPCs (red) are significantly more motile compared with EPDCs 
(green), regardless of oxygen level (appendix figure 1B).
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Figure 3. MMP-2 production as determined by zymography. An example of a gelatin-containing zymogram 
showing the different MMPs of medium from cells grown for 4 days in 20% oxygen and 3 days in 1% oxygen 
(A). Total MMP-2 (B) production is significantly increased in the mix culture compared with the average of 
single cell-type cultures, but Pro- MMP-2 (C) and active MMP-2 levels are not changed (D). Values of day 4 
are normalized to culture medium. Values of day 7 are expressed relative to data for CMPC at day 7 (20% 
oxygen). This difference for the subject of normalization is marked by the dotted line. The gray contour within 
the black bar (average of single cell-type cultures) indicates the relative contribution of CMPCs (lower part) 
and EPDCs (upper part). *P<0.05. 
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Figure 4. mRNA expression of matrix modulating factors in cultured cells. Coculturing CMPCs and EPDCs 
for 7 days under hypoxia results in significantly increased TSP-1 mrNA expression compared with the average 
of single cell-type cultures (A). In early mix cultures, TSP-2 mrNA expression is significantly augmented, 
but this effect disappears in time (B). TIMP-1 is significantly enhanced (C), but TIMP-2 is significantly 
decreased (D) in the mix culture after 7 days of hypoxia. MMP-14 mrNA expression increases significantly 
in case of coculturing under standard conditions, but it is not altered in hypoxic culture conditions (E). All 
data are expressed relative to values of CMPCs, with values of the 2 groups at day 4 normalized to day 0 (not 
shown) and of day 7 to day 7 at 20% oxygen (marked by the dotted line). The gray contour within the black 
bar (average of single cell-type cultures) indicates the relative contribution of CMPCs (lower part) and EPDCs 
(upper part). *P<0.05. 
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Interestingly, conditioned medium from EPDCs grown under hypoxic conditions induced 
a chemotactic response in both cell types as assessed by a Boyden chamber assay 
(figure 2E; appendix figure 1C). Thus, in case of hypoxia, proliferation is increased and 
cell mobility is decreased in the mix culture compared with average of single cell-type 
cultures, but EPDCs can induce a chemotactic response.

Matrix Modulation
Matrix remodeling is an important determinant for the degree of cardiac dilatation. 
Therefore, the levels of several proteases present in the different cultures were 
determined for various conditions according to the in vivo experiments using zymography 
(figure 3A). Coculturing CMPCs and EPDCs together for 4 or 7 days under normoxic 
conditions increased the total amount of MMP-2, but pro-MMP2 and active MMP2 had 
not changed (figure 3B through 3D; appendix figure 2). Coculturing under hypoxic 
conditions for 7 days did not influence secretion of MMP-2 (figure 3; appendix figure 
2) or MMP-9 (appendix figures 3 and 4).
Trombospondin-1 (TSP-1) mrNA expression in the mix culture significantly increased 
after 7 days of hypoxia compared with the average of single CMPC and EPDC culture 
(figure 4A; appendix figure 5A), whereas TSP-2 was higher in the mix culture after 4 
days normoxia but not different after 7 days of culturing under any condition (figure 
4B; appendix figure 5B). Tissue inhibitor of metalloproteinase (TIMP)-1 mrNA was 
significantly higher in the mix culture at days 4 and 7 in case of 1% oxygen (figure 
4C; appendix figure 5C). Significantly less TIMP-2 mrNA was produced in the mix 
culture at day 7 (hypoxia) compared with the average of single cell-type cultures 
(figure 4D; appendix figure 5D). MMP-14 mrNA expression was significantly higher 
in the mix culture at day 7 in case of normoxia but not different for hypoxia (figure 
4E; appendix figure 5E). Hence, culturing CMPCs and EPDCs as a mixture under 
hypoxic conditions does not change their production of active MMP-2 and -9, but it 
does influence mrNA expression of the indirect matrix modulators TSP-1 and TSP-2 
and TIMP-1 and -2.

Paracrine Factors Secreted by Different Cultures
In general, vascular endothelial growth factor (VEGF)-A mrNA expression is increased 
during culturing under hypoxic conditions. VEGF-A mrNA expression in the mix culture 
is higher than that of the average of single cell-type cultures, although not significantly 
different after 7 days of hypoxia (figure 5A; appendix figure 6A). In contrast, coculturing 
and hypoxia decrease VEGF-D mrNA (figure 5B; appendix figure 6B). Placental growth 
factor mrNA expression is increased in case of hypoxia, with levels significantly higher 
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in the mix culture compared with the average of single ones (figure 5C; appendix figure 
6C). Platelet-derived growth factor (PDGF)-BB expression is generally increased by 
hypoxia (figure 5D; appendix figure 6D). Under standard conditions, the mix culture 
expresses higher levels of heparin-binding epidermal growth factor-like growth factor 
after 7 days of culturing than the average of single cell-type cultures, but this effect is 
not seen in case of hypoxia (figure 5E; appendix figure 6E). The increase in mrNA 
expression observed for VEGF, placental growth factor, and PDGF resulted in increased 
growth factor concentrations in the medium (appendix figures 7 and 8). Overall, 
combined culture of CMPCs and EPDCs under hypoxic conditions results in increased 
production of some angiogenic factors such as VEGF and PDGF-BB.

Cardiac Function After Cell Transplantation
LV function declined significantly after the onset of myocardial infarction, represented 
by a significantly smaller ejection fraction and stroke volume and a significantly larger 
end-systolic volume and end-diastolic volume in the medium group compared with the 
sham group (figure 6A through 6D). Transplantation of EPDCs or CMPCs reduced this 
process: ejection fraction was significantly improved in both the EPDC and the CMPC 
group (figure 6A), and end-systolic volume and end-diastolic volume were significantly 
decreased in comparison with the medium group (figure 6C and 6D). CMPCs were 
slightly less potent than the EPDCs: stroke volume of the EPDC group was significantly 
larger than that of the medium group, whereas differences between the CMPC and the 
medium group did not reach statistical significance (figure 6B). When EPDCs and 
CMPCs were transplanted as a mixture into the infarcted heart (CoT group), LV function 
was preserved even further. Ejection  fraction and stroke volume were significantly 
higher in the CoT group not only when compared with the medium group but also when 
compared with the CMPC and EPDC groups (figure 6A and 6B). 

Figure 5. Growth factors in cultured CMPCs and EPDCs as measured with qPCR. VEGF-A mrNA expression 
increases significantly in an hypoxic environment and in case of coculturing (A). VEGF-D mrNA expression 
is significantly decreased in the (average of) single celltype culture as a result of hypoxia but not in the mix 
culture in which expression is already low in extended normoxia culture (B). In a hypoxic environment, 
placental growth factor (PIGF) expression is significantly higher in mix cultures than in the average of single 
cell-type cultures (C). PDGF-BB expression is augmented by hypoxia but not influenced by coculturing 
CMPCs and EPDCs (D). Heparin-binding epidermal growth factor-like growth factor (HB-EGF) mrNA 
expression is significantly higher at day 7 (normoxia) in coculture than in the average of single cell-type 
cultures (E). All data are expressed relative to values of CMPCs, with values of the 2 groups at day 4 normalized 
to day 0 (not shown) and of day 7 to day 7 at 20% oxygen (marked by the dotted line). The gray contour 
within the black bar (average of single cell-type cultures) indicates the relative contribution of CMPCs (lower 
part) and EPDCs (upper part). *P<0.05.
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Moreover, end-systolic volume and end-diastolic volume of the CoT group were 
comparable with noninfarcted hearts (sham group), whereas LV volumes of single 
cell-type recipients were significantly larger than values of the sham group (figure 6C 
and 6D). Thus, cotransplantation of CMPCs and EPDCs resulted in an extra 
improvement of LV function and attenuation of remodeling on top of the effect of these 
cell types when applied separately. 

Figure 6. Left ventricular function at week 6 after induction of the myocardial infarction and cell 
transplantation. Ejection fraction is significantly higher in the CMPC and EPDC group than in the medium 
group, but a combined transplantation of these 2 cell types (CoT) results in an even better ejection fraction 
compared with single cell-type recipients (P<0.05) (A). The total number of transplanted cells is similar for 
each group (4*105). Stroke volume (SV) of the CoT group is significantly higher than SV of the groups in 
which CMPCs or EPDCs are injected separately, among which the EPDC group is already superior to the 
medium group regarding SV (B). End-systolic volume (ESV) and end-diastolic volume (EDV) of the CMPC, 
EPDC, and CoT groups are significantly smaller than that of the medium group. ESV and EDV of the single 
cell-type recipients are still larger than those of the sham group, whereas volumes of the CoT group are not 
significantly different anymore (C and D). NS indicates no significant difference. #P<0.05 versus all groups, 
*P<0.05.=
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Endogenous Murine Tissue Properties
Endothelial density in the border zone and infarcted area of the CoT group was 
significantly higher than that of the medium and EPDC group (figure 7A and 7B).  
Values for the CMPC group were not different from any of the other groups determined 
(figure 7A and 7B). Vasculature in the infarcted area (figure 7E through 7H) was not 
characterized by the regular pattern of numerous capillaries as observed in normal 
myocardial tissue, but it consisted of an irregular pattern of capillaries and small veins 
(figure 7I through 7L), some lymphatics (figure 7M through 7P), and some arterioles 
(figure 7Q through 7T) as indicated by endothelial expression of EphB431, lymphatic 
vessel endothelial hyaluronan receptor-132, and the smooth muscle marker α-smooth 
muscle actin (α-SMA), respectively. Small veins comprised the greater part of the vessels 
for each group. The CoT group demonstrated the highest wall thickness in the border 
zone and infarcted area, with values significantly different from the medium and CMPC 
groups (figure 7C and 7D). Compared with the medium group, LV wall thickness was 
also significantly increased in these areas in the EPDC group (figure 7C and 7D).

Graft Properties
In the medium group, no human cells could be observed as expected. Properties of 
the grafts observed in the CMPC, EPDC, and CoT group were comparable (figure 8). 
Most cells appeared as elongated-shaped cells engrafted in the infarcted area, dispersed 
along the entire longitudinal axis of the infarcted area. None of the observed engrafted 
cells in any group expressed the cardiomyocyte marker cardiac troponin I (figure 8A 
through 8C). Although in each group a few human cells were observed incorporated in 
the vessel lining expressing α-SMA or human CD31, most integrated CMPCs, EPDCs, 
and cotransplanted CMPCs and EPDCs did not express CD31 or α-SMA (not shown). 
Cotransplantation did not alter the degree of engraftment: graft volumes were not 
different between groups (figure 8D).
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Figure 7. Endothelial density. Expressed relative to vascular density of the interventricular septum, is 
significantly higher in the border zone (A) and infarcted area (B) of the CoT group compared with the medium 
and the EPDC groups. Values of the CMPC group are not different from any of the other groups (A and B). 
Wall thickness in the border zone (C) and the infarcted area (D) is significantly higher in the CoT group and 
the EPDC group than that in the medium group. Wall thickness of the CMPC group is significantly smaller 
than that of the CoT group (C and D). Differences in endothelial density and wall thickness with regard to the 
infarcted area are clearly visible in the representative pictures of CD31-staining within the scar (E through 
H).Vessel characteristics are shown in pictures of consecutive sections (I through T), which are magnifications 
of boxed areas in E through H. Small veins, indicated by endothelial EphB4 expression, comprise the largest 
part of the vasculature in the infarcted area of each group (I through L). Lymphatics can also be detected, 
as shown by endothelial lymphatic vessel endothelial hyaluronan receptor-1 expression (M through P). 
Arterioles are defined by surrounding smooth muscle cells as demonstrated by positive α-smooth muscle 
actin (α-SMA) staining (q through t). Scale bars in E through H represent 120 μm, and scale bars in I through 
T represent 30 μm. END indicates endocardium; EP, epicardium. *P<0.05.

Figure 8. Graft properties. Double stainings for human-specific integrin β1 (green) and cardiac troponin I 
(red) demonstrate that none of the engrafted human cells in any of the groups expressed this cardiac marker 
(A through C). Total graft volume was not different between the 3 groups (D). Scale bars = 50 μm. 
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Discussion 

In this study, we have demonstrated that 2 different cell populations21,22,28, isolated from 
the human adult heart, which are complementary in their function during cardiogenesis, 
are more powerful in their protection and stimulation of the infarcted heart than either 
of these cell types separately. This implicates that both cell populations, CMPCs and 
EPDCs, have their own unique pathway in which they support the infarcted heart, 
whereby another ratio (now used, 1:1) of these cells might be even more effective.

CMPCs and EPDCs In Vitro
The presence of various factors from murine and human origin in the infarcted heart 
having received the transplant complicates a detailed determination of the mutual effect 
of CMPCs and EPDCs on secreted products. Therefore, in vitro experiments were set 
up with conditions corresponding to the in vivo experiments.
Cocultured CMPCs and EPDCs might have been more potent than the single cell types 
in their capacity to support matrix remodeling in the infarcted heart. Not because of 
secretion of MMPs by the engrafted human cells themselves but rather by production 
of indirect matrix modulating factors. At the moment of transplantation, after 4 days of 
coculture, TSP-2 and TIMP-1 mrNA were significantly higher in the mix culture than 
in the average of single cell-type cultures. These factors are known to decrease cardiac 
MMP production33, which might attenuate LV dilatation of the infarcted heart34. TIMP-1 
also stimulates cardiac fibroblast proliferation35 and has an anti-apoptotic effect36. 
Because TIMP-1 was still increased in the coculture after 7 days of hypoxia, TIMP-1 
might have contributed to the increased wall thickness and attenuated LV remodeling 
observed in the CoT group. TSP-1, which was also higher in the mix culture after 7 days 
of hypoxia culture, might have played a role in the observed improvement of LV function 
in the CoT group because TSP-1 has been  demonstrated to protect the noninfarcted 
myocardium when expressed in the border zone of the infarct37. The reduction in TIMP-
2 mrNA expression in the coculture after 7 days of hypoxia suggests an attenuated 
inhibition of endothelial cell proliferation in the infarcted hearts of the CoT group38, 
which is in line with the increased vessel density observed in vivo in the CoT group. 
Coculturing CMPCs and EPDCs induced a significant increase in mrNA expression 
and protein levels of the angiogenic growth factor VEGF-A when compared with the 
average of the separate cultures, with a positive correlation between the hypoxia 
exposure time and the growth factor levels. It has been described that hypoxia-induced 
expression of VEGF-A can directly protect cardiomyocytes from ischemia39. This suggests 
that the increased VEGF-A expression observed in the mix culture might have contributed 
not only to the increase in vessel density40, together with the augmented placental growth 
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factor41 and PDGF-BB40 production, but also to the higher wall thickness of the CoT 
group through enhanced tissue survival. VEGF-D, known to regulate lymphatic 
angiogenesis42, was decreased in case of hypoxia, suggesting that lymphatic vessels, 
which were detected in the scar area, were not reorganized in the infarcted heart 
because of the human transplanted cells. No signs of increased vascular leakage or 
edema were observed. Furthermore, the observed chemotactic response of CMPCs 
and EPDCs toward conditioned medium of EPDCs grown under hypoxia might be 
explained by the production of VEGF-A, placental growth factor, and PDGF-BB.
PDGF-BB, necessary for maturation and stabilization of new vasculature40,43, was 
increasingly secreted when CMPCs and EPDCs were cocultured under hypoxic 
conditions compared with the average of single cell-type cultures (appendix figures 
7 and 8). Interestingly, in accordance with the findings that EPDC transplantation 
leads to transient augmented vascular density6, PDGF-BB was largely produced by 
EPDCs under hypoxia at day 7. Although PDGF-BB production was not determined 
at later time points, it is not known whether this angiogenic factor also contributed to 
the sustained increase in vessel density as observed in the CMPC and CoT groups at 
week 6.
Heparin-binding epidermal growth factor-like growth factor, required for normal heart 
function and suggested to promote cardiomyocyte survival and stimulate cardiomyocyte 
contractility44,45, was strongly downregulated in the mix culture under hypoxia, implying 
that a specific explanatory contribution of this growth factor to the observed differences 
among groups is unlikely.

CMPCs and EPDCs Synergistically Stimulate Cardiac Function of the Infarcted 
Heart
The most striking findings of this research included the significant further improvement 
of LV function in the group that had received the mixture of CMPCs and EPDCs compared 
with single cell-type recipients (although total cell number of the transplants was similar 
for each group). Ejection fraction and stroke volume were significantly higher in the CoT 
group than in either single cell-type recipients, which themselves already improved LV 
function, but to a lesser extent. LV volumes were decreased in all cell transplant 
recipients compared with the medium group, but cotransplantation of CMPCs and 
EPDCs resulted in LV volumes that were, in contrast to the other groups, still larger but 
not significantly different from noninfarcted hearts. These results indicate a considerable 
additional attenuation of LV remodeling and increase of LV function caused by 
cotransplantation of the 2 cell types.



184

Morphology
In contrast to our expectations, the grafts of all 3 groups were comparable in their 
contents. In each group, most of the engrafted human cells were located in between 
murine scar fibroblasts, outside the vessel lining, and were negative for the tested 
endothelial and smooth muscle cell markers CD31 and α-SMA, respectively. In each 
group, although a few CD31- or α-SMA-expressing human cells were observed integrated 
in a vascular-like structure, this was extremely rare. None of the human cells expressed 
the cardiomyocytes marker cardiac troponin I, not even the CMPCs, which are 
demonstrated to easily acquire cardiomyocyte properties in vitro21,22. A considerable 
contribution of new mature differentiated cells can thus not form the underlying 
explanation of the observed increase in cardiac function 6 weeks after cellular 
transplantation, connoting a paracrine mechanism46,47. 
Although proliferation rate was increased in the mix culture in case of hypoxia, the mice 
that received the mixture of CMPCs and EPDCs did not exhibit larger graft volumes than 
the single cell-type recipients, which implicates that in our study, the additional effect 
of cotransplantation above single cell-type transplantation will not be due to an increase 
in the number of engrafted cells48. Furthermore, in contrast to the results of the in vitro 
experiments, no signs of diminished migration of the human cells in the infarcted heart 
of the CoT group were observed: human cells were dispersed through the entire infarcted 
area in all hearts examined. We do however not know whether other factors such as 
the technique of transplantation49 or environmental pro-surviving and -migration 
factors1,50 might have masked the subtle changes in migratory capacity. 
In the CoT group, we could not discriminate between engrafted CMPCs and EPDCs 
because the 2 kinds were not marked, and no differences were observed between the 
engrafted human cells of the groups regarding their expression pattern, morphology, 
and graft size. Therefore, we cannot rule out that 1 cell type had survived preferentially51. 
However, because there was a considerable additional favorable effect of combined 
transplantation above single cell-type transplantation, it is suggested that both cell types 
were present in the graft of the CoT group, although the exact proportion could not be 
determined. 
As mentioned above, because most engrafted human cells of the 3 different transplant 
groups remained in a fairly undifferentiated state, with only scarce contribution to the 
vascular network, if at all, the positive effect of (co- )transplantation cannot be explained 
by cellular differentiation into new functional endothelial cells, smooth muscle cells, or 
cardiomyocytes as hypothesized for the CMPCs21,22. rather, factors secreted by the 
human grafts and/or activation of cascades in the murine cardiac tissue must be 
responsible for the observed improvements in the infarcted hearts46,47. In line with this, 
the increased number of vessels observed in the border zone and infarcted area of the 



185

Synergistic effect of adult cardiac cells

CHAPTEr

8

CMPC and CoT groups was of mouse origin, which also indicates a paracrine effect of 
the transplanted cells. regarding the vascular pattern, it must be noted that the scar 
area in the CMPC and CoT groups did not exhibit the regular arrangement of numerous 
small capillaries as is characteristic for healthy myocardial tissue, but next to an irregular 
pattern of capillaries, it consisted of small veins, some arterioles, and lymphatics. With 
comparable graft size and distribution among groups, it is suggested that distinctive, 
complementary paracrine pathways underlie the additional effect of cotransplantation 
rather than increased levels of secreted factors. However, we cannot exclude that 
CMPCs and EPDCs mutually stimulate secretion of certain products regardless of cell 
numbers.
In conclusion, these results demonstrate that CMPCs and EPDCs, which are both crucial 
during cardiogenesis, are complementary and act synergistically in their improvement 
of cardiac function of the infarcted adult heart. The favorable effect of combined 
transplantation is at least partly explained by stimulation of distinct paracrine cascades. 
Our data suggest that future research must focus on unraveling the mechanisms 
underlying the positive effect of various stem cells that have been demonstrated to 
improve cardiac function and tissue properties of the infarcted heart, with the aim to 
identify many complementary acting cell types that can function synergistically, as we 
demonstrated for CMPCs and EPDCs. A balanced cocktail of cells with complementary 
paracrine and differentiation properties might ultimately lead to a promising cellular 
treatment of the infarcted heart.
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Clinical Perspective

With view to improving the degree of stem cell benefit to heart function, we introduce 
a promising new concept. We demonstrated that by combining two different cardiac 
cell populations with complementary properties, function of the infarcted heart improves 
synergistically. We introduced ‘protective and supportive’ human adult epicardium-
derived cells together with adult cardiomyocyte progenitor cells to supply the ischemic 
heart with new cardiomyocytes as well as scaffold. In vitro studies showed increased 
proliferation and inhibited migratory capacity in co-culture of these cells under hypoxic 
conditions and beneficial secretion profiles of proteases and growth factors. 
Transplantation of cardiomyocyte progenitor cells or adult epicardium-derived cells into 
the infarcted mouse heart improved left ventricular function as shown before, but 
cotransplantation of equal numbers of cardiomyocyte progenitor cells and adult 
epicardium-derived cells without altering cell numbers transplanted enhanced cardiac 
performance even further. No differentiation into cardiomyocytes was observed within 
the time frame of six weeks. The synergistic effect of adult epicardium-derived cells 
and cardiomyocyte progenitor cells was mainly explained by complementary paracrine 
actions. The basic concept of applying a combination of complementary cell populations 
into the infarcted heart holds great promise for clinical regeneration therapy. By applying 
the increasing knowledge on the underlying mechanisms to cell transplantation studies, 
future research could reveal the ultimate balanced cocktail of several synergistically 
acting cell populations.
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Appendix Materials and Methods

Isolation and culture of human cells
Human atrial appendages were obtained as surgical waste material from coronary 
artery bypass graft procedures. Epicardium-derived cells (EPDCs) were isolated and 
cultured as described before1. Briefly, the epicardium was peeled from the adult 
human atrial tissue and minced into small pieces before culturing in medium 
consisting of 45% DMEM, 45% M199, 10% fetal calf serum (FCS), 100 U/ml penicillin, 
100 μg/ml streptomycin (all from Invitrogen, Paisley, UK), and 2 ng/ml basic Fibroblast 
growth factor (bFGF, BD Biosciences). The epicardial tissue was removed from the 
culture dish as soon as EPDCs had grown from the explants. Medium was refreshed 
every three days. EPDCs from passage 2-5 were used for in vitro and in vivo 
experiments.
For cardiomyocyte progenitor cell (CMPC) isolation human adult atrial biopsies were 
minced and treated with collagenase, identically to previously described methods2-4. 
By using magnetic cell sorting, CMPCs were separated with stem cell antigen-1 (Sca-
1) coupled beads (Miltenyi Biotec). Sca-1 positive cells were eluted from the column 
by washing with phosphate buffered saline (PBS) supplemented with 2% FCS. Cells 
were cultured in a mixture (3:1) of M199 (BioWhittaker) and EGM-2 (Cambrex), 
supplemented with 10% FCS, 0.02% Penicilline/Streptomycin (Sigma), 0.01% MEM 
non-essential amino acids (BioWhittaker) until cells were used for transplantation and 
in vitro experiments. CMPCs from passage 10-15 were used for in vitro and in vivo 
experiments.
During the in vitro experiments all cells were cultured in M199/DMEM (1:1) with 0.5% 
FCS unless otherwise described. Previous to transplantation, EPDCs and CMPCs were 
co-cultured in a 1:1 ratio during 4 days in medium as described for EPDCs. Because 
cells were transplanted into a hypoxic environment after 4 days of co-culturing in the 
in vivo experiments, for the in vitro experiments cells were also exposed to hypoxia (1% 
oxygen) besides normoxia (20% oxygen) (see figure 1).

Proliferation and migration assays
Proliferative and migratory capacity were studied in vitro in five different groups: EPDCs, 
CMPCs, a mixture of EPDCs and CMPCs (1:1) (Mix-culture), EPDCs cultured in 
conditioned (CM) medium of CMPCs (EPDC+CMc), and CMPCs cultured in CM of 
EPDCs (CMPC+CMe). CM was prepared by a 4 day culture of CMPCs or EPDCs in 
M199/DMEM (1:1) with 0.5% FCS. 
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Transducing CMPCs & EPDCs
Lentiviral transductions were performed by incubating the cells with supernatant 
containing lentiviral particles for Dsred and eGFP5 particles for 6 hours in culture 
medium containing 8 μg/ml of polybrene. CMPCs were transduced with Dsred at an 
MOI of 30 HTU/cell and EPDCs were transduced with CMV.eGFP at an MOI of 10 HTU/
cell.  

MTT assay
Proliferation was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay (n=6). Cells of the five above described groups were 
seeded in quatro in 96 wells plates with 5000 cells per well. Cells were cultured for 4 
or 7 days under normoxia (figure 1, condition A and B respectively), or for 7 days 
consisting of 4 days normoxia followed by 3 days of hypoxia (1% oxygen) (figure 1, 
condition C). At the day of measurement, the cultures were incubated for 3 hours with 
MTT (Sigma, 50 μg per well) in fresh M199/DMEM (1:1) medium supplemented with 
1% FCS, after which the medium was removed and crystallized formazan dye in the 
cells was solubillized by adding dimethylsulfoxide (DMSO). Absorbance was measured 
at 540 nm using 690 nm as reference.

Ki-67 staining co-culture 
Proliferation was also determined by staining for the proliferation marker Ki-67 (n=4). 
1.7x104 cells/cm2 (only red Dsred-transduced CMPCs, only EPDCs, or co-culture of 
red-CMPCs and EPDCs) were incubated for 4 days normoxia followed by 3 days of 
hypoxia (figure 1, condition C) in DMEM/M199 supplemented with 0.5% FBS on 1% 
gelatin coated 8 chamber culture slides.  Cells were fixed using 4% Paraformaldehyde 
(PFA) followed by MeOH fixation. After blocking with 4% normal goat serum (NGS) for 
1 hour the cells were incubated with mouse-anti-huKi67 (DAKO M7240, clone MIB-1), 
1:100 o/n at 4°C. The slides were incubated for 1 h at rT with goat-anti- mouse FITC 
1:200. Nuclei were counterstained using 4’6-diamidine 2-phenylidole-dihydrochloride 
(DAPI). Cell growth was quantified by counting manually the number of Ki-67 positive 
nuclei per field per cell type (5 fields per condition).

Scratch assay
A scratch assay was used to monitor cell migration. Groups were as described for the 
MTT assay but with a different incubation time. Cells were seeded at a density of 3.0x105 
cells per gelatin coated well (12 wells plate) and were allowed to attach overnight under 
20% or 1% oxygen. The next day a scratch was made using a 200 ul pipette-tip, cells 
were washed with PBS to remove the detached cells and fresh medium (0.5% FBS in 
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DMEM/M199) was added to the well. Cultures were re-incubated under appropriate 
conditions (n=5 per group). Pictures were taken immediately after scratching, and 
compared to photos taken after six hours of migration (cell^B software package).The 
percentage of closed area in the time interval was calculated from the cell-free area 
measurements (ImageJ software package). 

Scratch assay with transduced CMPCs and EPDCs
Scratch assays were also performed with viral transduced CMPCs and EPDCs which 
were seeded as a mixture and incubated under 20% or 1% oxygen.

Boyden chamber migration assay
Boyden chamber assay was performed as before (n=4 per group)6. Boyden chambers 
with 8 μm pore size were coated with gelatin o/n at 4°C. Conditioned medium of CMPCs 
or EPDCs incubated for 4 days under normoxia followed by 3 days of hypoxia in DMEM/
M199 supplemented with 0.5% FBS was added to the lower chamber. 5.0 x104 CMPCs 
or EPDCs were added to the upper chamber and allowed to migrate. After 6 hours, the 
chambers were stained using 0.1% Crystal violet. Cell migration was quantified by counting 
the number of cells present per field and 5 fields per condition were counted.

Zymography
EPDCs, CMPCs and the mixture of EPDCs and CMPCs were cultured during 4 or 7 
days under normal oxygen levels (figure 1, condition A and B respectively), during 4 
days normoxia followed by 3 days of hypoxia (figure 1, condition C), or during 7 days 
under hypoxia (figure 1, condition D). Medium from the different cultures with the 
described conditions was harvested and filter sterilized (0.2 μm filter) before 
suspension in non-reducing loading buffer (4x Laemmli buffer). Zymography was 
performed as described before7, with n=5 per group. Protein samples (3μl pro-matrix 
metalloproteinase [MMP] -2, 10μl total and active MMP-2, 20μl pro-, total-, and active 
MMP-9) were separated on a 10% SDS polyacrylamide gel containing 2 mg/ml gelatin 
(Sigma). An internal standard sample with proven MMP-2 and MMP-9 activity was 
loaded on each gel as a control. After electrophoresis was performed gels were rinsed 
twice for 15 minutes in 2.5% Triton X-100 and subsequently incubated overnight at 
37 ºC Brij-solution (50 mM Tris HCL, 10 mM CaCl2 and 0.05% Brij35). Gels were 
stained with 0.1% Coomassie Blue in 25% methanol, 15% acetic acid for 1h and 
destained in the same solvent. The different MMPs (total MMP-2 and -9, Pro-MMP-2 
and -9, active MMP-2 and -9) were identified by size and co-migration with MMP-2 
or -9 present in an internal standard. Data were quantified using Quantity One software 
package (Bio-rad, Hercules, CA, USA). 
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Data for day 4 are expressed relative to culture medium values, making it possible to 
compare groups regarding MMP production. To be able to compare the cell types and 
different culture conditions, without the confounding factor of time, values for day 7 are 
normalized to values for CMPCs at day 7 cultured under normoxia. In the figures, this 
difference is represented by a dotted line which separates data from day 4 and day 7. 
As a result, data from day 4 and 7 can not be compared to each other.

mRNA isolation and qPCR
Culture conditions were similar as described for zymography (figure 1). mrNA was 
isolated (n=4 per group) from the cells using TriPure (roche, Almere, the Netherlands) 
as described by the manufacturer. cDNA  was synthesized with 500 ng rNA per sample, 
using iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA). Primers for quantitative 
polymerase chain reaction (qPCr) were designed using Beacon Desdigner 4.0 (Premier 
Biosoft International, Palo Alto, CA, USA). Primer sequences and annealing temperatures 
are available on request. qPCr was performed for the following factors: MMP-14, 
thrombospondin-1 (TSP-1), TSP-2, tissue-inhibitor of metalloproteinase-1 (TIMP-1), 
TIMP-2, vascular endothelial growth factor-A (VEGF-A), VEGF-D, placental growth factor 
(PlGF), platelet-derived growth factor BB (PDGF-BB), and heparin-binding epidermal 
growth factor-like growth factor (HB-EGF). Quantitative gene expression was normalized 
for beta actin expression (which was not influenced by the different culture conditions, 
data not shown). Data are presented as described for zymography, but data of day 4 
are expressed relative to values for CMPCs at day 0 (data of day 0 are not shown).

Enzyme-linked immunosorbent assay (ELISA)
Production of human PDGF-BB, PlGF, and VEGF protein in medium of cultured cells 
was determined with an ELISA, according to the manufacturer’s protocol (PDGF-BB 
[900-K04], PlGF [900-K307], VEGF [900-K10] PeProTech, rocky Hill, NJ, USA). 
Groups and culture conditions were similar as described for zymography (figure 1).

Murine model of myocardial infarction and cell transplantation
Non-obese diabetic severe combined immunodeficient (NOD/scid) mice (male, 11-12 
weeks old) were used to avoid rejection of human transplanted cells. All animal 
procedures were approved by the Animal Ethics Committee of Leiden University and 
conformed to the Guide for the Care and Use of Laboratory Animals (National Institutes 
of Health publication No. 85-23, revised 1996). 
Animals were operated as described before1. Briefly, mice were anesthetized with 
isoflurane (5% for induction, 1.5% for maintenance), intubated, and ventilated 
mechanically using 0.3L oxygen, 0.3L air, a tidal volume of 230 μl, and a frequency of 
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180/min. After opening the fifth intercostal space and the pericardium, the frontal 
branch of the left anterior descending coronary artery (LAD) was permanently ligated. 
Immediately after ligation, 20 μl of culture medium (M199, Invitrogen, Paisley, UK) with 
4x105 EPDCs (EPDC group: n=20), 4x105 CMPCs (CMPC group: n=13), a mixture of 
4x105 EPDCs and CMPCs (Co-transplantation or CoT group: n=14), or no cells (medium 
group: n=17) was injected into the ischemic myocardium and border zone. Sham 
operated animals (sham group: n=3) were operated similarly but the LAD was not 
occluded, nor was anything injected. These mice represented normal cardiac function. 
Animals were randomized to treatment. After recovery, mice received food and water, 
supplemented with antibiotics (Ciproxin and Polymixin B, 10 mg/mL) and antimycotics 
(Fungizone 10 mg/mL), ad libitum.

Magnetic resonance imaging (MRI)
A 9.4 Tesla Wide Bore magnet (AVANCE II console) (Bruker Biospin, rheinstetten, 
Germany), utilized with a 30-mm birdcage resonator and an actively shielded gradient 
set of 1T/m, was used to assess left ventricular function 42 days after myocardial 
infarction (MI). Mice were anesthetized with isoflurane (mixture of 0.3L oxygen and 
0.3L air with 5% isoflurane for induction, and 1.5% for maintenance) and placed head-
up in the animal holder. Bio Trig software (Bruker Biospin, Ettlingen, Germany) monitored 
cardiac and respiratory rates, receiving signals from electocardiogram (ECG) electrodes 
(3M, red DotTM) attached to the left fore limb and right back limb and a respiration 
detection cushion placed under the chest. Image reconstruction was performed with 
Bruker ParaVision 4.0 software. Scout images of a four-chamber view of the heart were 
used to plan a set of contiguous 1 mm short-axis orientated images, together covering 
the entire long axis of the heart (7-9 slices). The cine images were made with a high 
resolution ECG- and respiratory-triggered cine FLASH sequence. Dependent on heart 
rate 18-25 movie frames were acquired during one cardiac cycle. Flip angle was 15°, 
repetition time was 7 ms, and echo time was 1.9 ms. The field of view (25.6 x 25.6 
mm) was projected on a 256 x 256 matrix, resulting in an in plane resolution of 100 
μm. Total scanning time was 7 minutes per slice.
MrI images were analyzed with the Mass for Mice software package (Leiden, the 
Netherlands)8. Manual delineation of endocardial borders provided end-diastolic and 
end-systolic volumes, after which ejection fraction and stroke volume were computed 
automatically.

Immunohistochemical analysis
Animals were euthanized 43 days after surgery, one day after MrI images were 
made. Half of the number of the hearts was immersed in 4% paraformaldehyde in 
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PBS (0.1 M, pH 7.4) at 4°C for 24 h and subsequently embedded in paraffin and 
sectioned at 5 μm. The other hearts were perfused with PBS, fixed overnight by 
immersion at 4°C in a 4% sucrose solution with 0.2% paraformaldehyde, followed 
by subsequent immersion at 4°C in 4% sucrose solution for 12 h and 15% sucrose 
solution for another 12h. Hearts were embedded in Tissue-Tek (OCT compound, 
Sakura Finetek, Zoeterwoude, the Netherlands) and frozen at -80°C before sectioning 
at 8 μm. 
Consecutive paraffin serial sections were deparaffinated and antigen retrieval was 
performed by treatment for 6 min with 0.1 mg/ml Pronase E (Merck, Darmstadt, 
Germany; CD31 and LYVE-1) or heating for 12 min at 98ºC (EphB4), before 
incubation overnight at room temperature with antibodies against mouse CD31 
(clone MEC13.3, Pharmingen, San Diego, CA, USA), EphB4 (AF446, r&D Systems, 
Minneapolis, MN, USA), and LYVE-1 (103-PABi50, reliaTech, Braunschweig, 
Germany). Biotinylated goat anti rat IgG (Pharmingen), horse anti goat IgG (BA-
9500, Vector Labs, Burlingame, CA, USA), and goat anti rabbit IgG (BA-1000, Vector 
Labs) were used as secondary antibodies, respectively, and incubated for 1 hour. 
Visualization was enforced with the CSA amplification kit (K1500, DAKO, Glostrup, 
Denmark) for CD31 staining and with ABC staining kit (PK6100, Vector Labs) for 
the other markers. Staining for α-smooth muscle actin (α-SMA, clone 1A4, A2547, 
Sigma) was performed by coupling of the first and secondary antibody (horseradish 
peroxidase conjugated rabbit anti mouse IgG, P0260, DAKO) overnight, followed 
by 1 hour incubation of the sections at room temperature (without antigen retrieval). 
As substrate for horseradish peroxidase 3,3’-diamino-benzidine tetrahydrochloride 
(DAB, Sigma) was applied, and Mayer’s hematoxilin was utilized as nuclear 
counterstaining. Histological sirius red staining was performed on paraffin sections 
and used for wall thickness determination.
After fixation with aceton and permeabilization with 0.2% Triton, frozen sections were 
incubated overnight with primary antibodies. Staining for human integrin β1 (gift from 
A. Sonnenberg, Netherlands Cancer Institute) was performed to detect human cells 
and to measure graft size, using an anti mouse Cyanine-3 (Cy-3) labeled secondary 
antibody (115-165-020, Jackson Immunoresearch, Suffolk, UK). Cellular properties 
were investigated by double stainings (n=3 per group) for human integrin β1 and cardiac 
Troponin-I (cTnI, AB1627, Chemicon/Millipore, Billerica, MA, USA), or human integrin 
β1 and α-SMA (ab5694, Abcam, Cambridge, UK), and by single staining for human 
specific CD31 (Clone JC70A , M0823, Dako, Glostrup, Denmark). Anti mouse Alexa 
488 labeled secondary antibody (A11001, Invitrogen, Paisley, UK) was used to visualize 
human integrin β1 and CD31 staining, and anti rabbit cy3 labeled antibody (111-165-
144, Jackson Immunoresearch, Suffolk, UK) for cTnI and α-SMA visualization.  
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Nuclei were counterstained with 4’6-diamidine-2-phenylidole-dihydrochloride (DAPI). 
Analysis was performed using a DM-IrBE fluorescent microscope (Leica, rijswijk, 
the Netherlands) in combination with a confocal spinning disc (BD-CArV II, Imsol, 
Preston, UK).
The graft area was determined by an observer blinded to treatment in approximately 
30 frozen sections per heart stained for human integrin β1 (n=3 per group), chosen in 
a random-uniform manner. Quantification was performed using Image-Pro Plus software 
package (MediaCybernetics, Silver Spring, MD, USA). Total graft volume was calculated 
for each heart by multiplying the total graft area (which was an extrapolation of the 
measured area over the non-sampled sections in between) with the absolute distance 
over which this graft was observed. 

Vascular density and wall thickness
Quantification of vascular density and wall thickness was performed by an observer 
blinded to treatment in 10 sections per heart (3 hearts per group) equally dispersed 
along the longitudinal axis of the infarcted area using the ligation as a reference. The 
cumulative area of CD31-positive vessel lining per total left ventricular (LV) area was 
determined in pictures from the infarcted area (center), left and right borderzone 
(average used for statistics) and the interventricular septum of the described 10 sections 
per heart (using ImagePro Plus software package). To normalize for possible differences 
in staining intensity among sections, values of the infarcted area and borderzone were 
expressed relative to the value of the interventricular septum of the corresponding 
section. 
Wall thickness was measured by an observer blinded to treatment in the middle of the 
infarcted area, in right and left borderzone (average used for statistics) and in the 
interventricular septum of Sirius red stained sections (perpendicular to the wall).

Statistical analysis
Data are presented as mean±SEM. Data were analyzed with SPSS software (14.0, SPSS 
Inc, Chicago, Ill, USA). One-way-Anova was performed for omnibus comparison of 
groups. When the omnibus test demonstrated significant differences between groups, 
t-tests were used for post hoc evaluation. A level of p<0.05 was considered to represent 
a significant difference.

The authors had full access to the data and take responsibility for its integrity. All authors 
have read and agree to the manuscript as written.
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Appendix Figure 1. Co-culturing influences proliferation and migration. EPDCs and CMPCs (red) were 
co-cultured for 4 days under normoxia followed by 3 days of hypoxia. The number of Ki67 expressing EPDC 
nuclei was increased when the two cell types were cultured together (a; quantified in figure 2c). Using a 
scratch assay it was demonstrated that for normoxic and hypoxic culture conditions mainly the CMPCs (red) 
migrate into the cell free area, while the EPDCs (green) hardly moved (b, significantly different). Both CMPCs 
as well as EPDCs efficiently migrated towards hypoxic EPDC conditioned medium using a Boyden chamber 
assay (c; quantified in figure 2e).  Mix: co-culture of CMPCs and EPDCs. Non-CM: non conditioned medium. 
CMc: conditioned medium of CMPCs. CMe: conditioned medium of EPDCs. Scale bars represent 50 μm.
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Appendix Figure 2. Matrix metalloproteinase (MMP) -2 production as determined by zymography. Shown 
are MMP-2 levels of the co-culture, as well as both cell types separately, without indicating significant 
differences (see also Figure 3). Values of day 4 are normalized to culture medium. Values of day 7 are 
expressed relative to data for CMPCs at day 7 (20% oxygen). This difference between subject of normalization 
is marked by the dotted line. 
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Figure S3

Appendix Figure 3. Matrix metalloproteinase (MMP) -9 production as determined by zymography. Besides 
an increased active MMP-9 production in the Mix-culture during 7 days of normoxia culturing, total-, Pro-, 
and active MMP-9 production were not influenced by hypoxia and co-culturing (a-c). See also Appendix 
Figure 4. Values of day 4 are normalized to culture medium. Values of day 7 are expressed relative to data 
for CMPCs at day 7 (20% oxygen). This difference between subject of normalization is marked by the dotted 
line. *: p<0.05.
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Figure S4

Appendix Figure 4. MMP -9 production as determined by zymography. Shown are MMP-9 levels of the 
co-culture, as well as both cell types separately, without indicating significant differences (see also Appendix 
Figure 3). Values of day 4 are normalized to culture medium. Values of day 7 are expressed relative to data 
for CMPCs at day 7 (20% oxygen). This difference between subject of normalization is marked by the dotted 
line.
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Appendix Figure 5. mRNA expression of matrix modulating factors in cultured cells. CMPCs and EPDCs 
were co-cultured for the indicated days under normoxia or hypoxia and analyzed for thrombospondin (TSP) 
-1 (a), TSP-2 (b), Tissue inhibitor of metalloproteinase (TIMP) -1 (c), TIMP-2 (d) and MMP-14 mrNA 
expression (e). Shown are mrNA expression levels of the co-culture as well as both cell types separately, 
without indicating significant differences (see also figure 4). All data are expressed relative to values of CMPCs, 
with values of the two groups at day 4 normalized to day 0 (not shown) and of day 7 to day 7 (marked by the 
dotted line). 
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Figure S6

Appendix Figure 6. Growth factors in cultured CMPCs and EPDCs as measured with qPCR. CMPCs and 
EPDCs were co-cultured for the indicated days under normoxia or hypoxia and analyzed for Vascular 
endothelial growth factor (VEGF) -A (a), VEGF-D (b), placental growth factor (PlGF) (c), Platelet-derived 
growth factor (PDGF) -BB (d), and Heparin binding epidermal growth factor-like growth factor (HB-EGF) 
mrNA expression (e). Shown are mrNA expression levels of the co-culture as well as both cell types 
separately, without indicating significant differences (see also figure 5). All data are expressed relative to 
values of CMPCs, with values of the two groups at day 4 normalized to day 0 (not shown) and of day 7 to day 
7 (marked by the dotted line). 
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Appendix Figure 7. Growth factors in cultured CMPCs and EPDCs as measured with ELISA. VEGF levels 
increase significantly in a hypoxic environment and in case of co-culturing (a). PlGF shows a trend to be 
secreted in larger amounts in Mix-cultures than in the average of single cell type cultures (c). PDGF -BB 
levels are also increased by hypoxia in the Mix-cultures compared to he average of single cell type cultures 
(e). (See also Appendix figure 8). *: p<0.05
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Appendix Figure 8. Growth factors in cultured CMPCs and EPDCs as measured with ELISA. Shown are 
protein levels VEGF, PlGF and PDGF-BB of the Mix-cultures as well as of both cell types separately, without 
indicating significant differences. See also Appendix figure 7.
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After myocardial infarction (MI) cardiomyocytes die and are replaced by fibrous scar 
tissue. The general consensus was that humans were born with a fixed number of 
cardiomyocytes, not supplemented during life, until Bergmann and coworkers showed 
that new cardiomyocytes are formed during adulthood1. This changed the classical 
paradigm that the heart is a post-mitotic organ. The origin of these new cardiomyocytes 
is unknown but they could be derived from cardiac progenitor cells (CPCs). Multiple 
groups have identified several populations of progenitor cells in the human heart 
based on different characteristics and markers. These populations appear to have 
different potentials with respect to their ability to differentiate into cardiomyocytes and 
vascular cell types. While the heart is capable to generate new cardiomyocytes for 
maintenance, the presence of these progenitor populations does not lead to repair 
after injury. Their cardiac differentiation capacity makes CPCs an interesting candidate 
population for cell-based therapy. However many questions need to be answered 
before these cells can successfully be implemented in the clinic. As mentioned in 
Chapter 1, the most important ones are: a) what is the optimal cell population to repair 
the heart, b) what is the effect of an ischemic environment on progenitor cell behavior, 
and c) how can we improve cell survival and differentiation after introducing the 
progenitor cells in an ischemic environment2,3?  In this thesis, I have tried to answer 
some of these questions by studying two CPC populations, cardiomyocyte progenitor 
cells (CMPCs) and edicardium-derived cells (EPDCs), as in vitro models. In the 
following paragraphs, I will discuss the possible answers to these questions.

Cardiovascular progenitor cells
When considering a cell population for cell-based therapy for heart repair it should 
ideally fulfill several criteria: it has to a) prevent  death of the surrounding tissue, b) 
survive the transplantation procedure, c) induce neoangiogenesis, d) differentiate into 
cardiac cell types and e) prevent remodeling and dilation of the heart2.
The first attempts of cell-based therapies were performed with bone marrow (BM)-
derived mononuclear cells. At this time, BM cells were routinely used for the 
treatment of leukemia patients. Therefore the use of the BM cells was an obvious 
idea since the cells were already applied in the clinic which implies that the isolation 
protocols were already adapted to clinical standards. Importantly, the BM-derived 
cells can be obtained relatively easy and in large numbers which circumvents 
culturing the cells. 
Orlic and colleagues showed that the transplantation of these mouse BM-derived cells 
into the mouse heart improved cardiac function and reduced the infarct size with 
approximately 68% after myocardial infarction (MI)4. This propelled the field forward, 
even though these results have been disputed and could not be reproduced by 
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others5,6. recapitulating, we now can conclude that these BM-derived cells did not 
differentiate into cardiomyocytes. These disappointing results made the field think 
about the optimal population for cell-based therapy. 
Mesenchymal stem cells (MSCs) are a specific sub-population of BM mononuclear 
cells that appeared to be more promising, since these cells are known to differentiate 
along the mesodermal lineage. MSCs are present in the bone marrow, however in very 
low numbers. After isolating and culturing these cells, they are very plastic with regard 
to differentiation into bone, muscle and fat. Their ability to differentiate into cardiovascular 
cells, also belonging to the mesodermal lineage, was anticipated, and therefore they 
were investigated for cardiac repair. Currently MSCs have been already tested in a 
clinical setting7. Transplantation of MSCs heart failure patients resulted in limited 
improvements in cardiac function8-11 and although there were differences between these 
trials in the volume of harvested BM-cells, cell isolation procedures, and the number 
of infused cells, the reported improvements were nearly identical12. A meta- analysis of 
BM-derived cell transplantation in humans showed only 2-4% increase in ejection 
fraction12. This improvement is the same as is obtained with conventional medicine and 
is too low to prevent heart failure in humans. Furthermore, animal studies showed that 
MSCs rarely or not at all differentiate into cardiomyocytes in vivo13 and that the number 
of surviving cells was too low to explain the improvements observed14. Therefore BM-
derived cells are also not the optimal population to repair the injured heart. 
The discovery of progenitor cell populations in the heart and their increased number 
in hypertrophic myocardium of aortic stenosis patients15 combined with the disappointing 
results from the clinical trials with BM-derived cells shifted the focus of cardiac 
regenerative medicine towards tissue-specific progenitor cells.  A number of studies 
revealed that there were several distinct populations of stem cells present in the heart. 
They can be classified according to their characteristics, surface markers or location16-25 
and were extensively discussed in chapter 2 and summarized in figure 126. 
Since there are many different definitions for cardiac progenitor or stem cells I wondered 
whether these progenitor cell populations are really different populations or if they 
represent different stages of differentiation of one common cardiac progenitor cell, as 
is described for the hematopoietic cell lineage27. Also the origin of the cardiac  progenitor 
cells is unclear: do they reside in the heart as reminisce of embryonic heart development 
or are they derived from somewhere else in the body e.g. the bone marrow, and home 
to the heart. To get some directions about the source of progenitor cells, cardiac 
development was analyzed using cell tracing models so that cells can be followed during 
gestation, based on the expression of specific markers from which the promoter is 
coupled to β-galactosidase activity or fluorescent label to visualize them.  Cell tracing 
experiments showed that Isl-1+ progenitor cells were derived from the second heart 
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field28. In contrast, EPDCs were shown to be derived from the epicardium and these 
cells undergo epithelial to mesenchymal transformation (EMT) and migrate into the 
myocardium of the adult heart to form coronary arteries and fibroblasts25,29. The origin 
of CMPCs remains unclear because CMPC tracing models are not yet available. Although 
we do not know the origin of the CMPCs, the Nkx2.5-GFP cell tracing model30 may give 
us some clues. Moses and colleagues showed that Nkx2.5+ cells derive from the cardiac 
crescent30. CMPCs are Nkx2.5+ and thus may also originate from the cardiac crescent. 
Furthermore, CMPCs are mainly present in the atria which suggests that they derive 
from the second heart field19, which will be further elucidated with the lineage tracing 
model that is being developed in our laboratory at the moment. In the adult heart, a 
possible contribution of cardiac progenitor cells is suggested by the observation that in 
hypertrophic myocardium of aortic stenosis patients the number of progenitor cells 
increased15. However, this is a relatively slow process, which takes several years to 
develop. In a more acute setting, such as after MI, there has been no reported increase 
of progenitor cells. This difference suggests that progenitor cells need time to react to 
certain changes in their environment, and has to be taken into account when progenitor 
cells will be used for cardiac repair after MI. 

Figure 1. Overview of cardiac progenitor cells. Overview of the classes of stem and progenitor cells described 
so far in the heart. Picture taken from Leri26.
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New therapy for cardiac repair after MI
After MI, cardiomyocytes die and the remaining tissue tries to compensate this loss of 
contractile units by hypertrophy of surviving cells. Ultimately, this prolongs stress and 
will lead to heart failure. From all studies conducted using progenitor cells to repair the 
heart after MI we can conclude that two major issues have to be addressed: 1) prevention 
of tissue loss and 2) replace cardiac tissue that is lost after MI. These two processes 
require differential timing, and consequently we might have to deal with them separately 
when designing new therapies. Therefore I will discuss these two subjects separately 
below. 

Prevention of tissue loss
After MI the occlusion of a coronary artery results in an infarction of cardiac tissue and 
due to the lack of oxygen and nutrients, cardiomyocytes in this region die. The first step 
that has to be taken after MI, is prevention of further loss of cardiac tissue. If the scarred 
area can be reduced, the heart function deteriorates less, and this reduces the amount 
of new tissue that has to be formed. This can be achieved via two mechanisms: inhibition 
of apoptosis of cardiomyocytes or induction of angiogenesis (formation of new vessels) 
which restores the supply of oxygen and nutrients. 
Several studies have shown that stem cell-based therapy can preserve heart function. 
This preservation is thought to occur via paracrine factors that are secreted by e.g. 
MSCs14 and EPDCs31, since these cells were not found back after a certain period, or 
the numbers were too low to explain the observed improvements. In our laboratory we 
found similar results; two days after injection of CMPCs improved heart function was 
found, which could not be explained by the differentiation of the injected cells since 
the time span was too short to induce differentiation32. This hypothesis was confirmed 
by the finding that injection of MSC conditioned medium prevented deterioration of 
cardiac function after MI in a pig model33. Therefore, the reported improvements after 
progenitor cell transplantation are not only caused by the cells themselves but for a 
large part by the factors they secrete. The secretion of paracrine factors prevented 
apoptosis of cardiomyocytes which resulted in a smaller infarct area after MI. To identify 
these protective factors, several studies have analyzed the secretome of progenitor 
cells33,34  and the effects of injection of single growth factors combined with progenitor 
cells were tested in MI models35,36. In general, stem or progenitor cells isolated from 
e.g. bone marrow, fat or cardiac tissue, secrete the same paracrine factors, only the 
amount and timing may differ. These factors include VEGFA, HGF, IGF-I, stromal derived 
factor-1 (SDF-1), and PDGF-B (Chapter 5 and 8), and steer specific processes in the 
heart. VEGF is involved in angiogenesis, stem cell mobilization, and cardiomyocyte 
survival37,38; HGF plays a role in regeneration of various tissues, including myocardium39. 
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IGF-I is able to prevent apoptosis and enhance cell proliferation by activating multiple 
signal transduction pathways40, SDF-1 is involved in homing of endogenous stem cells41 
and PDGF-B is important for the stabilization of newly formed vessels42.
Therefore, I propose a therapy to treat MI which consists of the introduction of 
protective growth factors to reduce cardiomyocyte death. Ideally you would like to 
have a “ready to use” cocktail of factors that can be administered immediately when 
the patient is admitted to the hospital. The introduction of the growth factor cocktail 
can be done via two ways: the transplantation of progenitor cells that produce these 
factors, or by the direct injection of the cocktail into the ventricular wall.  Transplantation 
of cells as “growth factor producing factories” has advantages and disadvantages. 
Cells are able to react on their environment and adapt to changes, however this is 
also a disadvantage since it cannot be controlled or steered. Furthermore, the injected 
stem cells have to be characterized and shown to be unable to divide uncontrolled 
since this may cause tumors. Additionally, the response of the immune system has 
to be taken into account for this type of therapy. First, the decision has to be made 
whether autologous cells or donor cells will be injected. The use of patients’ own cells 
limits the possible cell populations since the cells have to be administered within a 
short time interval and thus there is no time of expansion of cells in culture. The major 
advantage is that the immune system is not activated. This leaves us with only two 
possible cell populations: bone marrow and adipose tissue-derived cells since new 
techniques allow rapid isolation and purification of these cell types.  The use of donor 
cells has as major complication that the reaction from the patient’s immune system 
has to be taken into account and that enough donors have to be available with the 
appropriate background. Therefore, I think the best way to get around these problems 
is by injection of the paracrine factors itself and not the injection of progenitor cells 
that produce them. The effect of injection of conditioned medium is short, therefore 
the growth factors could be resuspended in a substance that will gradually release 
the factors in time; a good example of this is a delivery gel43. The concentration of 
these growth factors is important, by choosing the appropriate cell population we can 
obtain the growth factors already in the optimal composition and than we might only 
have to concentrate them.
Therefore, one important question for the development of this kind of therapy is which 
cell population should be used for the production of the conditioned medium, but there 
are several potential candidates for the production of the protective growth factor 
cocktail. The first group of candidates is progenitor cells cultured under hypoxic 
conditions.  We showed in chapter 5 that culturing progenitor cells under hypoxic 
conditions induced the secretion of protective factors and also that of angiogenic factors, 
important for the formation of new vessels. The second group of candidates is progenitor 
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cells in which a pro-survival gene is overexpressed. Several studies were conducted in 
which pro-survival44-48 and pro-angiogenic49-55 genes were overexpressed, mainly in 
MSCs, which resulted in an increased pro-survival and pro-angiogenic secretion 
profile.
The third candidate is the combination of different progenitor cell populations, which 
synergistically act to increase the production of protective factors, as is described in 
Chapter 8 in which CMPCs were co-cultured with EPDCs.  However, a combination of 
the above mentioned three candidates might be the best way to produce the growth 
factor cocktail. For example, Mangi and colleagues showed that overexpression of Akt 
in MSCs resulted in upregulation of VEGF, FGF-2, HGF, IGF-I, and TB4 and that this 
effect was enhanced under hypoxic conditions44-46. We showed that co-culture of EPDCs 
and CMPCs act synergistically and that under hypoxic conditions the secretion of 
paracrine factors was further increased (Chapter 8)34. 
Interestingly, the injection of paracrine factors may also affect the stem cells present in 
the heart. As was shown previously, MI leads to the reactivation of the embryonic gene 
program in the epicardium, leading to TGFβ induced epithelial-to-mesenchymal 
transition (EMT) of EPDCs that could then migrate into the borderzone of the injured 
myocardium56-59. This suggest that TGFβ is not only a central mediator involved in the 
inflammatory and fibrotic phase of healing and may represent a paracrine factor that 
is able to critically modulate many cellular steps in post-infarction cardiac repair 
including stem cell activation60.  
In conclusion, the first step that has to be taken for cardiac repair is the prevention of 
cardiomyocytes death. This can be achieved by the delivery of conditioned medium in 
a suspension gel, which will release the growth factors gradually over time. Which cells 
to use to produce these factors is still a topic of investigation. Before we can decide 
which population is the optimal one, we first have to learn more about the secretome 
and their timing for prevention of apoptosis of cardiomyocytes.  

Formation of new cardiac tissue
The next step of cardiac repair is restoration of the damaged cardiac tissue. Cardiac 
repair does not have to be done immediately after MI, since it is possibly more effective 
when it starts after the initial inflammation response is dampened. At this point, dead 
cardiomyocytes have been removed, and most inflammatory cells have been cleared, 
and could enhance the chances of survival of the newly formed tissue. 
Tissue repair can be induced by two ways: 1) the activation of endogenous progenitor 
cells present in the heart or 2) by the transplantation of cells that are able to form 
cardiac tissue. Cardiac repair via the activation of endogenous progenitor cells is 
extremely challenging since no activation of stem cell or induction of cardiac repair 
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has been observed after MI. Furthermore, it is unknown whether this is possible at 
all, and which pathways regulate their activation. Therefore, most studies focus on 
cardiac repair via transplantation of stem or progenitor cells able to form new 
cardiomyocytes and vascular cells.  
Embryonic stem (ES) cells are well known for the capacity to differentiate into functional 
cardiomyocytes61-63. However, only fully differentiated cells can be used since injection 
of undifferentiated ES cells could cause formation of teratomas in the heart64. 
Furthermore, the use of ES cells is ethically challenged. These ethical issues have been 
overcome by the induced pluripotent stem cell (iPS) technology, which allows the 
generation of ES-like cells by reprogramming human adult fibroblasts65,66. iPS cells can 
be differentiated into cardiomyocytes, as was shown by Zhang et al. and thus a potential 
source for cardiac repair67. The main advantage of iPS cells is that they can be formed 
from the patients’ own fibroblasts. Unfortunately the iPS cells have the same disadvantage 
as ES cells: undifferentiated iPS cells are able to form teratomas68. Furthermore, the 
iPS cells are relatively new which means little is known about the effects iPS cells will 
have in vivo and this has to be studied before they can be used in a clinical setting.   
Since the repair of cardiac tissue does not have to take place immediately after MI, the 
use of autologous CPCs that have to be expanded by culture can be an option.  In my 
opinion this is the best progenitor population to be used for the formation of cardiac 
tissue; they are not ethically debated and the chance of uncontrolled cell division is 
likely low. From all the identified progenitor cells, one human CPC population that is 
able to form cardiomyocytes in sufficient numbers is the CMPC. Injection of 
undifferentiated CMPCs did not result in tumor formation 3 months after injection32.  
We have previously shown that transplantation of CMPCs in a mouse MI model improved 
cardiac function and prevents the progression of adverse left ventricular remodeling32. 
Although these results are promising, the cardiac function was by far not restored to 
the same level as a healthy heart. This implies that there is a lot of room for improvement 
especially because only 3% of the injected cells were found back after 3 months. Also 
other studies that injected progenitor cells in the heart after MI showed low survival 
rates14,31. The majority of the injected cells are most likely already flushed out of the 
heart during the first heart beats after injection, as we observed in our transplantation 
studies. The efflux of the cells could possibly be prevented by the injection of the cells 
in a gel which flows back less easily from the injection hole. The progenitor cells that 
are able to stick in the cardiac tissue after transplantation have to stay alive in a hostile 
hypoxic environment. The survival of the transplanted cells has to be enhanced when 
we want to achieve more regeneration of cardiac tissue. One possible way to achieve 
this is by temporal overexpression of pro-survival genes. The in vitro experiments in 
which we have investigated the effects of overexpression of the pro-survival factor 



215

General Discussion

CHAPTEr

9

Survivin described in Chapter 6 showed promising results with respect to the survival 
and angiogenic potential of Survivin overexpressing CMPCs. This encourages us to 
perform in vivo experiments with Survivin overexpressing CMPCs in the future. We 
expect that this will lead to improved heart function because of increased CMPC 
survival. 
Another issue that has to be taken in account is, do we need to differentiate CMPCs 
into cardiomyocytes before they are transplanted, to increase the efficiency of the 
transplantation. We think this is not necessary for transplantation since we observed 
no differences in cardiac repair between transplantation of CMPCs and CMPC-derived 
cardiomyocytes32, suggesting that the ischemic myocardium provides the right signals 
to induce cardiac differentiation. This is a great advantage because it makes the 
preparation of CMPCs less labor intensive.
Another possibility for cardiac repair is the use of tissue-engineered constructs. This 
topic is getting more attention, since promising results have been reported by the use 
tissue-engineered constructs for cardiac repair (reviewed in69). The majority of the 
studies are derived for the same principle: cover the infarcted area by a tissue-
engineered patch which gives structure and functionality to the infarcted area. A nice 
example of this is the engineered heart tissue (EHT)70. Patching the infarcted heart 
with EHT constructs improved heart function71 and this promising tissue-engineered 
heart tissue is investigated further and will be tested with different cell types e.g. 
differentiated versus undifferentiated progenitor cells, to obtain the optimal construct. 
In conclusion, there are several progenitor cell-based therapies being developed 
based on promising in vivo studies, but we still have a long way to go before they will 
be implemented in the clinic.

Conclusion

In general, we can conclude that a lot of effort is needed to optimize cell-based therapy 
which can be done by analyzing the autocrine and paracrine manners of proteins 
secreted by stem or progenitor cells using e.g. proteomics72, and clarifying how identified 
cell-surface receptors and signaling proteins stimulate and influence cell viability, 
growth, driving stem cell engraftment and differentiation into cardiac myocytes and 
vascular cells, and this will help to design new treatment protocols and CMPCs and 
EPDCs as a study model can provide new insights in mechanisms important for the 
development of new treatments.
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Abbreviations and acronyms

ACD automatic cardiac defibrillator
ADSCs adipose derived stem cells
AHF anterior heart field
ALK5 TGFβ type I receptor or activin receptor-like kinase 5
AM adrenomedullin 
ANF atrial natriuretic factor
Ang-1 angiopoietin-1
ASCs adipose-derived stromal/stem cells
Bcl2 B-cell lymphoma 2
bFGF FGF2; basic fibroblast growth factor 
BM bone marrow
CD44 hyaluronate receptor, 
CD90  Thy1; major T-cell antigen 
CD105 endoglin
CD117  c-Kit
CD166  ALCAM; activated leukocyte cell adhesion molecule
CDCs cardiosphere-derived cells 
CM conditioned medium
hCMPCs human cardiomyocyte progenitor cells
CPCs cardiac progenitor cells
CS cardiospheres 
CSCs cardiac stem cells
Cx43 connexin 43
DFAT dedifferentiated fat cells
EC endocardial cushions
ECs endothelial cells
ECM extracellular matrix
EHT engineered heart tissue 
ELISA enzyme-linked immunosorbent assay
EMCs epicardial mesothelial cells
EMT epithelial to mesenchymal transformation 
EC cells hESCs; human embryonic stem cells
EP epicardium 
EPCs endothelial progenitor cells 
EPDCs epicardial-derived cells
cEPDCs cobblestone EPDCs 
sEPDCs Spindle-shaped EPDCs 
FACS  fluorescence-activated cell sorting
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Gapdh glyceraldehyde-3-phosphate dehydrogenase
GFP green fluorescent protein
HB-EGF heparin-binding epidermal growth factor-like growth factor
HGF hepatocyte growth factor
HIF-1α hypoxia-inducible factor 1 α 
HSCs hematopoietic stem cells
HUVEC human umbilical vein endothelial cells
IAP inhibitor of apoptosis
Id1 inhibitor of differentiation 1 
IGF-1 insulin-like growth factor-1 
IL-8 CXCL8; Interleukin-8
iPS cells induced pluripotent stem cells 
LV left ventricular/ ventricle
MACS magnetic cell sorting 
MCP-1  CCL2; monocyte chemotactic protein-1; chemokine (C-C motif) 

ligand 2 
MEF2C myocyte enhancer factor 2C
cMHCα/β  cardiac myosin heavy chain α/β
MI myocardial infarction
MLC2v/a ventricular myosin regulatory light chain verticular/atrial
MMP matrix metalloproteinase
MNCs mononuclear cells
MSCs mesenchymal stem cells
MTT thiazolyl blue tetrazolium bromide
Pai-1 plasminogen activator inhibitor-1 
PDGF-BB platelet derived growth factor BB
PDGFrα platelet-derived growth factor alpha
PECAM CD31; platelet endothelial cell adhesion molecule
PEO proepicardial organ
PHF posterior heart field 
PlGF placental growth factor
shrNA short hairpin rNA
Sca-1 stem cell antigen-1 
SDF-1 stromal derived factor-1
Sfrp2 secreted frizzled-related protein 2
SM skeletal myoblasts
SM22a Transgelin
αSMA  α-smooth muscle actin 
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Abbreviations and acronyms

SP cells side population cells
SSEA-4 stage-specific embryonic antigen 4
TB4 thymosin beta 4
TGFβ transforming growth factor beta
TIMP tissue inhibitors of metalloproteinase
TnI troponin I
cTnT  cardiac troponinT
TSP thrombospondin
(s)VCAM-1 (soluble) vascular cell adhesion marker 
VE-cadherin vascular endothelial-cadherin
VEGFA vascular endothelial growth factor
VEGFr2  vascular endothelial growth factor receptor 2; KDr, Kinase insert 

domain receptor; Flk-1, fetal liver kinase 1
VWF Von Willebrand factor
WT1 Wilms’ tumor-1 
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Hart- en vaatziekten zijn de belangrijkste doodsoorzaken in de Westerse wereld. Vooral 
de gevolgen van een hartinfarct spelen hierin een belangrijke rol. Een hartinfarct ontstaat 
door een tekort in de bloedtoevoer naar een bepaald gedeelte van het hart. Meestal is 
dit het gevolg van aderverkalking in een van de kransslagaderen; de bloedvaten die de 
hartspier van bloed voorzien. Hierdoor ontstaat in een gedeelte van het weefsel 
zuurstofgebrek en worden er te weinig voedingsstoffen aangeleverd, waardoor een deel 
van de hartspiercellen afsterft. 
Door het afsterven van die hartspiercellen geven de overlevende cellen factoren af die 
ontstekingscellen uit het bloed aantrekken. Deze ontstekingscellen ruimen de resten 
van de dode hartspiercellen op. Er wordt een litteken gevormd om te voorkomen dat 
het hart scheurt. De afname van het aantal spiercellen en de vorming van een litteken 
zorgen voor minder goed samentrekken van het hart. Daardoor loopt de hartfunctie 
geleidelijk terug en sterft de patiënt uiteindelijk aan hartfalen.
De huidige medische behandeling na een hartinfarct richt zich op het herstellen van 
de bloedtoevoer om zoveel mogelijk van het resterend weefsel te behouden. Het ontstane 
tekort aan hartspiercellen en dus pompkracht, wordt in de huidige behandelingsmethode 
niet aangepakt. Omdat het lichaam niet instaat is de afgestorven hartspiercellen te 
vervangen is het van belang om te zoeken naar methoden om nieuwe hartspiercellen 
te genereren. Een van de mogelijkheden die wordt bestudeerd is (stam-)celtherapie. 
Een stamcel is een cel die zichzelf kan vernieuwen en in verschillende celtypen kan 
differentiëren. De grondslag van stamceltherapie is dat stamcellen die worden ingebracht 
kunnen differentiëren naar de cellen die nodig zijn voor het repareren van het 
weefsel.
Voordat stamceltherapie kan worden toegepast bij patiënten moeten enkele belangrijke 
aspecten worden onderzocht:
1. er moet worden bepaald welke stamcel populatie of combinatie van populaties het 

beste instaat is om nieuw hartweefsel te genereren; 
2. welke (omgevings-)factoren de differentiatie van stamcellen beinvloeden; 
3. wat is de invloed van het tekort aan zuurstof en voedingsstoffen op de geïnjecteerde 

cellen en het nog aanwezige hartweefsel;
4. welke processen een rol spelen bij het ontwikkelen van hartfalen.
In dit proefschrift hebben we de karakteristieken onderzocht van twee verschillende 
populaties van voorlopercellen uit het hart en de mechanismen die een rol spelen bij 
de ontwikkeling van hartfalen.

In de afgelopen jaren hebben verschillende onderzoeksgroepen stam- of voorlopercellen 
geïsoleerd uit humaan of dierlijk hartweefsel. In hoofdstuk 2 geven we een samenvatting 
van de meest recente literatuur over stamcellen voor hartreparatie. We beschrijven 
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tevens de tot nu toe bekende mechanismen die een rol spelen bij een optimale reparatie 
van het hart. Onze conclusie is dat er tot op heden nog geen populatie geïdentificeerd 
is die het hart volledig kan reparen. resultaten van recente onderzoeken zijn gelukkig 
veelbelovend en doen vermoeden dat de beschreven resultaten te verklaren zijn door 
groeifactoren die worden uitgescheiden door de geïnjecteerde stamcellen.

In hoofdstuk 3 hebben we onderzocht of we cardiomyocyt voorlopercellen (CMPCs) 
kunnen isoleren uit het humane hart met een antilichaam wat mens CD166 herkent. 
Uit voorgaand onderzoek is gebleken dat CMPCs, omdat deze in vitro en in vivo naar 
cardiomyocyten en bloedvatcellen kunnen differentiëren, een potentiële populatie zijn 
voor hartreparatie. Echter, voor het injecteren van CMPCs in het hart van patiënten 
moet de huidige isolatiemethode worden aangepast, omdat het α-muis Sca-1 
antilichaam, dat op dit moment wordt gebruikt, niet toegestaan is voor klinisch gebruik. 
Isolatie van cellen met een α-humaan CD166 antilichaam geeft een celpopulatie die 
verschilt van CMPCs geïsoleerd met α-muis Sca-1. CD166+ cellen groeien sneller en 
de expressie van de oppervlaktemarkers en transcriptie factoren is heterogeen. 
Daarnaast resulteert de isolatie van CD166+ cellen in een aantal gevallen in celpopulaties 
die een totaal verschillende morfologie hebben vergeleken met CMPCs. Daarom denken 
wij dat het α-humaan CD166 antilichaam voor de isolatie van CMPCs niet geschikt is.

In hoofdstuk 4 vermelden we de resultaten van het gebruik van een andere 
oppervlaktemarker voor de isolatie van CMPCs. De isolatie van cellen uit humaan hart 
met een α-humaan CD105 antilichaam resulteert in een populatie die dezelfde 
proliferatie snelheid heeft als α-muis Sca-1 geisoleerde CMPCs. CMPCs en CD105+ 

cellen vertonen geen verschil in de expressie van stamcel specifieke genen, bijvoorbeeld 
WT1 of PDGFrα. De expressie van cardiale transcriptie factoren voor CMPCs en 
CD105+ cellen is vergelijkbaar. Het opsplitsen van de CD105+ cellen in een Sca-1+ en 
een Sca-1- fractie resulteert in twee populaties die alleen verschillen in de expressie 
van Sca-1. Wanneer in CMPCs en CD105 populaties de differentiatie naar hartspiercel 
wordt geïnduceerd, volgens het eerder beschreven protocol, worden er geen verschillen 
waargenomen in differentiatie capaciteit. Hieruit kunnen we concluderen dat de isolatie 
van cellen met behulp van het α-humaan CD105 antilichaam resulteert in een 
celpopulatie die niet van CMPCs onderscheiden kan worden.

Na een hartinfarct ondervindt het weefsel een verandering van omgevingsfactoren, er 
ontstaat een tekort aan zuurstof en aan voedingstoffen. Om te bepalen wat de effecten 
zijn van deze tekorten hebben we in hoofdstuk 5 onderzocht wat het effect van hypoxia 
(tekort aan zuurstof) is op de CMPCs en tonen aan dat afhankelijk van de duur van de 
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blootstelling aan hypoxia er een verschillend effect optreedt. Langdurige blootstelling 
aan hypoxia induceert de proliferatie van CMPCs en een angiogeen secretieprofiel. 
Kortdurende blootstelling aan hypoxia bevordert de migratie en invasiecapaciteiten van 
CMPCs. Voor migratie en invasie is het remodeleren van de extracellulaire matrix nodig. 
Langdurige blootstelling aan hypoxia heeft een remmend effect op de migratie van 
CMPCs. Dit wordt waarschijnlijk gereguleerd via TSP-2, door middel van een negatieve 
terugkoppeling. 
 
Uit eerdere studies is gebleken, dat meer dan 90% van de na een hartinfarct 
getransplanteerde cellen de eerste 24 uur niet overleven. In hoofdstuk 6 beschrijven 
we hoe we geprobeerd hebben door de overexpressie van het overlevingsgen Survivin 
de overlevingskans van CMPCs te vergroten. De expressie van Survivin gaat onder 
hypoxia omhoog, wat suggereert dat de verhoogde proliferatie door Survivin wordt 
gereguleerd. De cellen die Survivin tot overexpressie brengen vertonen een verhoogde 
celgroei terwijl Survivin knock-down cellen een gereduceerde proliferatie laten zien, 
gekenmerkt door een verlaagd aantal cellen in de G1 fase van de celcyclus. 

Hoofdstuk 7 beschrijft nieuwe inzichten in epitheel-naar-mesenchym transformatie 
(EMT) van humane volwassen epicard cellen (EPDCs). Het epicard wordt gereactiveerd 
na een hartinfarct. De geactiveerde epicardcellen ondergaan EMT en migreren het 
hartweefsel in om bij te dragen aan het herstel van het hart. Humane volwassen EPDCs 
werden in vitro gestimuleerd met TGFβ om EMT te induceren, met als gevolg het verlies 
van epitheliale eigenschappen, en de initiatie van mesenchymale differentiatie. EMT 
geïnduceerd door TGFβ is afhankelijk van de TGFβ type I receptor ALK5 maar 
waarschijnlijk onafhankelijk van TGFβ type III receptor CD105. Daarnaast blijkt VCAM-
1 instaat te zijn de TGFβ geïnduceerde EMT te remmen. Knock-down experimenten 
hebben laten zien dat de epicardiale marker WT1 EMT reguleert via PDGFrα. De rol 
van het TGFβ/ALK5 netwerk in de inductie van EMT, mogelijk via WT1 en PDGFrα, in 
humaan volwassen epicard is belangrijk voor het ontwikkelen van endogeen gereguleerde 
celtherapieën bij hartreparatie.

In hoofdstuk 8 beschrijven we de co-transplantatie van humane “instructieve” EPDCs 
en “constructieve”CMPCs. Het tegelijkertijd injecteren van de twee celpopulaties na 
een hartinfarct heeft mogelijk een synergistisch effect op de verbetering van de 
hartfunctie. Het co-kweken van EPDCs en CMPCs liet zien dat deze cellen elkaar met 
betrekking tot proliferatie, migratie en productie van verscheidende groeifactoren 
wederzijds positief beïnvloeden. Co-injectie van humane CMPCs en EPDCs na een 
hartinfarct in immuun-deficiënte muizenharten verbeterde de hartfunctie aanmerkelijk 
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meer, vergeleken met alleen de injectie van een van beide celtypes. Het waargenomen 
synergetische effect kon worden verklaard door het paracrine effect van de 
getransplanteerde cellen op het omliggende weefsel, aangezien de ingespoten humane 
cellen wel integreerde in het hartweefsel maar niet differentieerden tot hartspier en 
bloedvatcellenen. Het paracrine effect is waarneembaar door de toename van wanddikte 
en vaatdichtheid. 

In hoofdstuk 9 bediscussiëer ik, met als uitgangspunt de toepasbaarheid van stamcellen 
voor regeneratieve therapie.
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Afgelopen vier jaar heb ik met heel veel plezier gewerkt in Utrecht en Leiden. Iedereen 
die daaraan heeft bijgedragen wil ik graag bedanken. Zonder jullie hulp was dit niet 
mogelijk geweest. Een aantal mensen van wie ik hulp mocht ontvangen wil ik graag 
noemen.

Allereerst mijn promotoren professor Pieter Doevendans en professor Peter ten Dijke. 
Pieter, de afspraken met jou, die ook doorgingen na de verhuizing naar Leiden, zorgden 
altijd weer voor nieuwe inzichten en je wist altijd punten aan te stippen die mijn 
onderzoek verbeterden. Hartelijk dank voor deze bijdragen aan mijn onderzoek. 
Peter, de hartelijke ontvangst in jouw onderzoeksgroep was voor mij van groot belang. 
De verhuizing naar Leiden zorgde ervoor dat er een heel andere onderzoekswereld voor 
mij open ging. Dank je wel voor deze verbreding van mijn kennis en je verfrissende kijk 
op mijn onderzoek. 

Graag wil ik ook mijn co-promotor Marie-José Goumans bedanken. Marie-José, de 
afgelopen vier jaar onder jouw begeleiding waren heel leerzaam en zeker niet saai of 
rustig. Ik heb heel erg veel van je geleerd; je voordurende enthousiasme, gedrevenheid, 
betrokkenheid en nieuwsgierigheid maken dat ik me geen betere co-promotor kan 
wensen. De verhuizing naar Leiden bracht een interessante verandering van 
onderzoeksomgeving en zorgde voor nieuwe uitdagingen. Ik vond het erg fijn om met 
je samen te werken en hopelijk kunnen wij dat in de toekomst voortzetten.

Hoewel ik het grootste gedeelte van mijn promotieonderzoek in Leiden heb uitgevoerd, 
wil ik graag ook mijn ‘oude’ collega’s uit Utrecht bedanken. Als eerste het “stamcelclubje”, 
Joost dank je voor je input tijdens meetings en tijdens de treinreizen. Corina, altijd vrolijk 
hebt je me wegwijs gemaakt in de wereld van de CMPC-kweek en de gesprekken over 
onderzoek en andere zaken met of zonder bakkie waardeer ik zeer. Tom, je efficiënte 
planningen zorgde ervoor dat er altijd wel tijd overbleef voor een geintje, en sinds kort 
zijn we weer collega’s dus mag ik weer genieten van je humor en je efficiënte planningen. 
Verder wil ik Marta, Jia, Simone, Alain, Marish, Krijn, Willy, Sophie voor hun waardevolle 
bijdrage in en buiten het lab bedanken en jullie veel succes met jullie onderzoek 
toewensen. 
Vasculaire geneeskunde, Petra, ralph, Olivia, Kim, Joost, Bas, Krista, Arianne, dank 
jullie wel voor jullie gezelligheid en interesse in mijn onderzoek. Ook wil ik graag alle 
collega’s van Experimentele Cardiologie in mijn dank betrekken. Gelukkig heb ik ook 
met jullie alle facetten van het onderzoeken kunnen delen. Gerard, Dominique, bedankt 
dat ik in jullie lab heb mogen werken. Chaylendra, je oneindige bereidheid en geduld 
om mensen wat te leren vind ik geweldig. Dank je voor je input en gezelligheid, veel 

Dankwoord



236

succes met lentivirusjes! Daarnaast wil ik mijn oude experimentele cardiologie collega’s 
Mihaela, Leo, Pieter, Sebastian, Karlijn, Dik, Willem, Wouter, rob, rené, Daphne, Fatih, 
Imo, Arjan, Els, Marjolein, Sander, Sander, Mirjam, Nimco, Claudia bedanken. Niet op 
de laatste plaats voor de hartelijke ontvangst en interesse die er was al ik weer eens een 
keertje terug was in Utrecht voor een afspraak en natuurlijk een kopje thee met jullie.

De verhuizing van Utrecht naar Leiden zorgde voor veel nieuwe collega’s van de 
Moleculaire Cel Biologie. Ik wil jullie bedanken voor het hartelijk welkom in jullie lab en 
het wegwijs maken in het Leidse lab. 
Anke, als een van de drie die van Utrecht naar Leiden gingen veranderde er ook veel 
voor jou. Woonde je eindelijk in de stad waar je werk was, besloot je werk te gaan 
verhuizen! Graag wil ik je bedanken voor je waardevolle input in de discussies over mijn 
onderzoek maar ook voor je hulp bij praktische zaken. Je bent een gedreven onderzoeker 
en ik wens je dan ook heel erg veel plezier en succes met je nieuwe avontuur in Londen! 
Piet, je hoort officieel niet bij de MCB maar stiekem toch ook een wel beetje... Een paar 
maandjes na de verhuizing naar Leiden kwam jij ook naar Leiden. In Utrecht heb ik me 
mogen verbazen om jouw grootse planningen die altijd optimistisch waren en in Leiden 
was dat niet veel anders. Ik vond het erg fijn om met je samen te werken en discussies 
te voeren en wens je heel veel succes met je onderzoek in San Diego! Maarten, dank 
je voor het wegwijs maken in het lab en dus voor je antwoorden op mijn vele vragen 
(vooral mijn verzoekjes voor PCr spullen). De SYBr green en de PCr platen zullen nu 
wel een stuk minder snel op gaan nu ik er niet meer ben in het lab… Laurens, na je 
avontuur in Zweden ben je aan het avontuur Leiden begonnen. Dank je voor je hulp bij 
praktische zaken en je bijdrage in discussies. Heel veel succes in het “Kippenhok” en 
met je onderzoek. Lia, thanks for the useful comments and discussions that improved 
the research and good luck with your new job. Een borrel met Wineke zorgde altijd weer 
voor leuke en soms gekke initiatieven. Succes met het trainen voor het rondje IJsselmeer 
en met je onderzoek natuurlijk! Erik, graag wil ik je bedanken voor je experimentele 
hulp en je bijdrage in discussies en de gezelligheid onder en na werktijd. Een feestje 
zonder Gonnie is nooit saai! Heel veel succes met de laatste loodjes van je proefschrift! 
David, ook jou wil ik graag bedanken voor je kritische blik en bijdrage in discussies en 
voor de gezelligheid onder en na werktijd. Zhen, thanks for the help with the spheroid 
assays. Good luck with finishing your thesis and your Post-doc position at the NKI. 
Theo, dank je wel voor je hulp bij de FACS experimenten en succes met je onderzoek. 
Midory, Luuk, Eliza, Kazuki, Long, Fang Fang, Juan, Xiaofei, Carola, Songting, Dwi, 
Valeria, Hans, Anna, Kirsten, Kristiaan, Job, Jasper, Yvette; Thanks for the nice time in 
the MCB lab, all good luck with your research and for all PhD-students good luck with 
finishing your thesis!
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Alle collega’s van de afdeling Anatomie en Embryologie wil ik graag bedanken voor alle 
praktische en wetenschappelijke ondersteuning.

Mijn lieve vriendinnen van Cleopatra en Scotia wil ik graag bedanken voor alle gezellige 
en leuke activiteiten en weekendjes weg. Deze zorgden er altijd weer voor dat ik daarna 
weer met een frisse blik en ontspannen weer aan de slag kon. Gelukkig staan de 
volgende activiteiten al weer gepland. Ook wil ik al mijn andere vrienden en vriendinnen 
bedanken voor interesse in mijn onderzoek en voor alle gezellige avondjes, waar ik 
lekker stoom op kon afblazen, dat er maar veel mogen volgen.

Mijn paranimfen Noortje en Yvonne. Tijdens mijn promotie was ik toch meestal die AIO 
die zo ver weg woonde en elke dag met de trein naar Utrecht kwam. Toen we naar 
Leiden verhuisden was dit niet anders, het traject Eindhoven-Utrecht werd verruild voor 
het traject Breda-Leiden. Als snel bleek ik niet de enige AIO te zijn die dagelijks dit 
traject aflegde en nog wel vanuit dezelfde straat! Lieve Noortje, het reizen elke dag naar 
Leiden werd een stuk aangenamer en gezelliger doordat we samen konden reizen en 
de treinreis leek ook ineens een stukje korter en als er dan toch vertragingen waren 
was er altijd wel een hulplijn die gebeld kon worden voor de laatste reisinformatie. Ik 
vind het erg jammer dat onze dagelijkse treinreizen geëindigd zijn maar gelukkig kunnen 
we onze wetenschappelijke discussies en alle andere gesprekken gewoon voortzetten 
onder het genot van een kopje thee. 
Lieve Yvonne, we kennen elkaar alweer een hele tijd en hebben we erg veel leuke dingen 
samen meegemaakt. Helaas wonen we niet meer zo dicht bij elkaar als in Wageningen 
maar ondanks dat we elkaar minder vaak zien worden onze afspraken er niet minder 
gezellig op en des te meer waardeer ik de afspraken en weekendjes die we hebben 
met de ladies en even bijkletsen voelt altijd al snel weer als vanouds. 
  
Ivo en Nancy, ik ben ontzettend blij met jullie als schoonouders. De lange gesprekken 
tijdens het eten over van alles en nog wat maar ook over het doen van wetenschappelijk 
onderzoek zorgden altijd voor een gezellige avond waar ik ontspannen van thuis kwam 
en mij geregeld weer een frisse blik gaf en motivatie om er weer tegenaan te gaan en 
Ivo dank je wel voor je kritische blik op mijn taalkundige vaardigheden. Jettie en 
Leendert, ook jullie bijdrage aan deze gezellige avonden waardeer ik zeer.
 
Mark, mijn grote kleine broertje, ik heb erg veel bewondering voor je gedrevenheid als 
leraar, je leerlingen boffen maar met zo’n leraar als jij! roel, mijn kleine broertje, ik vind 
het erg leuk dat je zo dichtbij studeert en ik wens je heel veel succes met het afronden 
van je studie. Broertjes, bedankt voor jullie interesse in mijn onderzoek.
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Lieve mama en papa, ik ben jullie ontzettend dankbaar voor alles wat jullie me hebben 
meegegeven, jullie zijn er altijd voor me ook als ik even niets van me laat horen omdat 
ik het te druk heb. Jullie interesse in mijn onderzoek en waar ik dan ook allemaal weer 
mee bezig ben zorgen voor lange maar erg leuke telefoongesprekken die ik zeer 
waardeer. Dank jullie wel voor jullie onvoorwaardelijke steun en liefde. 

Lieve Jan, ik wil je graag bedanken voor je geduld, begrip en liefde. De afgelopen vier 
jaar waren niet altijd even makkelijk maar je stond altijd voor me klaar. Door de verhuizing 
van Utrecht naar Leiden veranderde ook veel voor jou, je moest ineens gaan reizen. 
Gelukkig viel dat niet zo zwaar en hebben we nog genoeg tijd om over allerlei dingen 
te onderhandelen. Zonder jou onvoorwaardelijke steun zou dit proefschrift er niet zijn 
gekomen en ik verheug me op onze toekomst samen!
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